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Abstract The bop gene codes for the membrane protein
bacterio-opsin (BO), which on binding all-trans-retinal,
constitutes the light-driven proton pump bacteri-
orhodopsin (BR) in the archaebacterium Halobacterium
salinarium®. This gene was cloned in a yeast multi-copy
vector and expressed in Saccharomyces cerevisiae under
the control of the constitutive ADH1 promoter. Both
the authentic gene and a modified form lacking the pre-
cursor sequence were expressed in yeast. Both proteins
are incorporated into the membrane in S. cerevisiae.
The presequence is thus not required for membrane
targeting and insertion of the archaebacterial protein in
budding yeast, or in the fission yeast Schizosaccha-
romyces pombe, as has been shown previously. However,
in contrast to S. pombe transformants, which take on a
reddish colour when all-trans-retinal is added to the cul-
ture medium as a result of the in vivo regeneration of the
pigment, S. cerevisiae cells expressing BO do not take on
a red colour. The precursor of BO is processed to a
protein identical in size to the mature BO found in the
purple membrane of Halobacterium. The efficiency of
processing in S. cerevisiae is dependent on growth
phase, as well as on the composition of the medium and
on the strain used. The efficiency of processing of BR is
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reduced in S. pombe and in a retinal-deficient strain of
H. salinarium, when retinal is present in the medium.
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Introduction

Bacteriorhodopsin (BR) is a membrane protein of the
archaebacterium Halobacterium salinarium and func-
tions as .a light-driven proton pump (Oesterhelt and
Stoeckenius 1971). It is present in the purple membrane
and contains all-trans-retinal as a chromophore cova-
fently bound to lysine 216. BR is a well-characterized
integral membrane protein with seven a-helices span-
ning the lipid bilayer. With respect to structure, BR is
similar to G-protein coupled receptors that form part of
membrane-associated signal transduction systems (Par-
do et al. 1992).

The bop gene, which encodes the apo-protein bacte-
rio-opsin (BO), has been isolated from H. salinarium and
sequenced (Dunn et al. 1981). Heterologous expression
of the gene has, to date, only been possible in Es-
cherichia coli (Dunn et al. 1987) and in the fission yeast
Schizosaccharomyces pombe (Hildebrandt et al. 1989).
The gene has also been reintroduced into Halobacterium
(Ni et al. 1990; Ferrando et al. 1993). The N-terminal
sequence of the precursor of BO consists of 13 amino
acids and its composition has no similarities with
known leader sequences in eubacteria or eukaryotes.
The bop gene has been modified in such a way as to
allow its integration into eukaryotic expression cas-
settes, either as the mature form (without the precursor
sequence) or as the precursor form (with the N-terminal
sequence) (Hildebrandt et al. 1991). Both forms of the
gene can be expressed in S. pombe and lead to formation
of functional, membrane-integrated bacteriorhodopsin
after in vivo incorporation of retinal. The apoprotein is
highly unstable in E. coli and E. coli is not able to pro-
cess BO even when it is expressed as a hybrid protein
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fused to various E. coli leader sequences (Karnik et al.
1990). The apoprotein precursor is processed in several
steps in fission yeast and in halobacteria, resulting in at
least two intermediate forms on Western blots (Wolfer
et al. 1988; Miercke et al. 1989).

The expression of BO in budding yeast is interesting
for several reasons. Firstly, it is still unclear how BO is
translocated into the membrane in Halobacterium
(Gropp et al. 1992) and in fission yeast. If BO can be
expressed in S. cerevisiae, specific mutant strains for
studying the translocation pathway are available
among the so-called sec mutants (Schwencke 1991). Sec-
ondly, BR is one of the seven-helix receptors and can
serve as a model for studying and comparing signal
transduction pathways in S. pombe and S. cerevisiae.
This paper describes our studies of the expression of BO
in S. cerevisiae as a basis for further analyses. The intra-
cellular location of the protein has been determined and
we show that S. cerevisiae is capable of processing the
apoprotein precursor, with an efficiency which is depen-
dent on culture conditions and the strain used.

Materials and methods
Strains and plasmids

The E. coli strain used was K12 SF8 (Chan and Tye 1980). The S.
cerevisiae strains used were AH22 (MATa leu2-3 leu2-112 his 4-
519 canl; Hinnen et al. 1978) and cl3-ABYS86 (MATa pral-1
prbl-1 cpsi-3 ura 3 A5 leu2-3 leu2-112 his~; kindly provided by
Professor D. Wolf, Stuttgart). The S. pombe strain used had the
genotype h~ leul-32 (Hildebrandt et al. 1989). E. coli was grown
in LB medium (0.5% Bacto-tryptone, 0.5% yeast extract, 1% Na-
Cl, pH 7.2); ampicillin was added at 50 pg/ml when needed. S.
cerevisiae was grown in either complete medium (YE: 0.5% yeast
extract, 2% glucose, pH 6.3) or minimal medium [YNB: 0.67%
yeast nitrogen base (Difco), 2% glucose, amino acids at 40 mg/1 as
required]. The antibiotic G418 (Geneticin, Sigma, Munich FRG)
was added for selection at 250 pg/ml in solid medium and at
100 pg/ml in liquid medium. S. pombe cells transformed with the
plasmid pEVBOp (containing the bop gene) were grown in mini-
mal medium with 6% glucose as described previously (Hilde-
brandt et al. 1991). H. salinarium strains JW5 and ET1001 (an
overproducer of purple membrane) were grown in complex medi-
um (Oesterhelt and Stoeckenius 1974). All-trans-retinal was pur-
chased from Sigma; retinal was added to the cultures at 6-h inter-
vals to a concentration of 2 pM.

The bacterio-opsin gene was cloned either as the precursor
(bop) or as the mature form (bom); the construction of the inserts
was described previously (Hildebrandt et al. 1989). The plasmid
pPT2a (Lang-Hinrichs et al. 1989) is a 2 um-based vector that
confers resistance to G418. A derivative of pPT2a containing the
multiple cloning site of pUC19 inserted downstream of the ADH1
promoter in pPT2a was used for constructing the expression vec-
tors {(pPT2b). Cleavage of pPT2b with BamHI and HindIIl and
insertion of the bop gene from plasmid pBSBOp (Hildebrandt
et al. 1989), followed by ligation of the Tn903 kanamycin resis-
tance gene (Lang-Hinrichs et al. 1989) as a selection marker at the
Poull site (as a HindII fragment; kanamycin resistance Genblock;
Pharmacia, Freiburg FRG) yielded pPBOpK. As an alternative
selection marker, the yeast (S. cerevisiae) LEU?2 gene, on a 2.8 kb
Hpal fragment from plasmid pDFM11, was inserted at the Poull
site of pPT2b, giving plasmid pPBOpL. [pDFM11 is a derivative
of pDam1 (Beach et al. 1980) bearing a 2.2 kb HindIII fragment of
pFL1 (Chevallier et al. 1980) carrying the 2 um DNA origin of
replication.] Plasmid pPBOmK was constructed in the same way
as pPBOpK; the bom gene was derived from plasmid pBSBOm

(Hildebrandt et al. 1989). Plasmid pKX1L34 (pKX34; Lang-Hin-
richs et al. 1989), containing the LEU2 gene but no BO gene se-
quences, was used as a control.

Transformations

Transformation of E. coli and yeast was carried out according to
standard procedures (Himeno et al. 1984; Ito et al. 1983). Regen-
eration of yeast cells for expression of G418 resistance was for
4-20 h before plating on selective medium (Lang-Hinrichs et al.
1989).

RNA preparation

RNA was extracted from yeast cells in the early log phase of
growth and analysed on agarose gels as previously described
(Lang-Hinrichs et al. 1990).

Protein extraction and immunoblotting

Whole-cell proteins were isolated from yeast cells after disruption
with glass beads (0.45 mm diameter) in TN buffer [150 mM NaCl,
50 mM TRIS-HC], pH 7.5, 1% sodium dodecyl sulfate (SDS),
2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF)]. Proteins were separated in 12.5% SDS/polyacrylamide
gel electrophoresis (PAGE) and electrophoretically transferred to
nitrocellulose filters (Sartorius, Gottingen FRG). A polyclonal
rabbit antiserum was raised against BR by immunization with
purple membrane; 200 ug of purple membranes in 1 ml phos-
phate-buffered saline (PBS) were mixed with 1 ml complete Fre-
und’s adjuvant in a bath sonifier and subcutaneously injected into
a rabbit. Booster injections with a suspension of incomplete Fre-
und’s adjuvant and purple membranes were administered four
times at intervals of 6 weeks. Two weeks later serum was prepared
in Corvac™ serum separator tubes (style HR 88831-302015;
Sherwood Medical, St. Louis, Mo., USA). The secondary antibody
used for detection of immune complexes was pig anti-rabbit anti-
body conjugated to horseradish peroxidase (Dako, Hamburg
FRG). The secondary antibody was detected using diaminoben-
zidine as a substrate or by using the ECL Western blotting system
(Amersham, Braunschweig, FRG) according to the recommenda-
tions of the manufacturer.

Isolation and fractionation of membranes

Crude membranes of S. cerevisiae were isolated from spheroplasts
as follows. Spheroplasts were carefully homogenized, and the sus-
pension was then centrifuged (5 min, 3000 x g) to remove cell de-
bris. Membranes were pelleted from the supernatant by spinning
for 1h at 38000 rpm in a Beckman SW28 rotor. Cytosolic
proteins were precipitated from the supernatant with 10%
trichloroacetic acid (TCA). The crude membranes were resus-
pended in 50 mM TRIS-HC], pH 7.5, 300 mM NaCl, 20 mM Mg-
Cl,, 1 mM PMSF, washed twice in the same buffer and finally
resuspended in 50 mM TRIS-HCI, pH 7.5, 150 mM NaCl.
Membrane fractions were obtained from cells grown to mid-
log phase (ODgyg o 8.0). Cells were washed with sterile water,
resuspended in 4% glucose, 100 mM TRIS-HCI, pH 8.0, 10 mM
EDTA, 0.2 mM PMSF and disrupted with glass beads (0.45 mm
diameter). The suspension was diluted with 20 volumes of STED-
10 (10% sucrose, 10 mM TRIS-HC], pH 7.6, 1 mM EDTA, 1 mM
DTT) and the cell debris was removed by centrifugation at
1000 x g for 10 min. The membranes were recovered by centrifu-
gation at 30000 x g for 30 min, resuspended in STED-10 and care-
fully homogenized. Fractionation was carried out following zonal
centrifugation in sucrose gradients. The membrane fraction was
first loaded onto a gradient of 20-53% sucrose, and centrifugation
was performed for 6 h at 13000 rpm in a Sorvall HB4 rotor. The
gradient was divided into two fractions at 35% sucrose; the mem-



branes in each fraction were recovered by centrifugation and load-
ed onto 20-40% and 40-60% sucrose gradients, respectively.
Fractions of 500 ul were collected and assayed for the following
marker enzymes: H* ATPase for plasma membrane; UDPase for
Golgi membranes; a-mannosidase for vacuolar membranes; cy-
tochrome ¢ oxidase for mitochondria, and NADPH cytochrome ¢
oxidoreductase for endoplasmic reticulum (ER). The assays were
performed according to the protocol of Fasano etal. (1991).
Protein concentration was determined using the micro-protein
assay of Bio-Rad (Munich FRG). Purple membranes of H. salinar-
ium were isolated essentially as described (Oesterhelt and Stoecke-
nius 1974). Plasma membranes were obtained from S. pombe cells
according to the protocol of Hildebrandt et al. (1991).

Results
Expression of bacterio-opsin in S. cerevisiae

The bop gene from H. salinarium was expressed as the
mature form (bom) and the precursor form (bop) from
the ADH1 promoter on 2 pum-based plasmids in S.
cerevisiae. The plasmids contained as a selection marker
either the Tn903 kanamycin resistance gene coding for
G418 resistance in yeast (plasmids pPBOmK and
pPBOpK) or the S. cerevisiae LEU2 gene (pPBOpL).
Both the mature form and the precursor form of the bop
gene were shown to result in transcripts (Fig. 1) and
translation products (Fig. 2) in the yeast.

The size of the major transcript was approximately
1100 nucleotides, corresponding well to the expected
length (780 bp of gene sequence+50bp of 5 un-
translated sequences + 200 bp of the terminator region
of the yeast TRP1 gene + polyA tail). Larger transcripts,
which probably start at sequences further upstream in
the promoter sequence (Ruohonen etal. 1991), were
also detectable. Transcription of the archaebacterial bop
gene in S. cerevisiae was also achieved using the ADH
promoter from S. pombe on a 2 pym-based plasmid and
the inducible GAL1 promoter of S. cerevisiaze on an
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Fig. 1 Northern blot analysis of RNA from Saccharomyces cere-
visiae AH22/pPBOmK (lane 1) and AH22/pPBOpK (lane 2). The
markers (lane 3; sizes given in nucleotides) are length standard I
from Boehringer Mannheim. Cells were harvested in early log
phase. The bop gene was used as a probe
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Fig. 2 Western blot analysis of whole cell proteins of S. cerevisiae
detected with polyclonal antibodies against H. salinarium purple
membrane. Lane 1, 20 ng of purple membrane as a positive con-
trol; lane 2, AH22/pPBOpL; lane 3, AH22/pPBOmK; lane 4,
AH22/pPBOpK; lane 5, AH22/pKXL34 as a negative control
showing the cross reaction of the antiserum with yeast proteins;
lane 6, c13-ABYS86/pPBOmK; lane 7; cl3-ABYS86/pPBOpK.
Yeast cells were harvested in late-log phase (OD,,, of 8-10);
100 pg of yeast protein was loaded in each lane. Note that AH22
expresses two BO species from pPBOpL but only the mature form
from pPBOmK. In strain cI3-ABYS86/pPBOpK, the mature form
is not seen

ars-based vector (data not shown). The best expression,
however, was achieved using the S. cerevisine ADH1
promoter on the 2 ym vector pPT2b.

Translation products of the bop gene were detected
by immunoblotting analysis using a polyclonal
antibody directed against purple membranes. The
proteins detected correspond in size to BR forms
present in the purple membrane of Halobacterium
(Fig. 2). BO could be detected both in strain AH22 and
in strain cl3-ABYS86. The latter strain was used as a
host because it is deficient in three major vacuolar
proteinases and has frequently been used to circumvent
degradation of heterologous proteins (Kopetzki et al.
1989).

Localization of bacterio-opsin in S. cerevisiae

Cells of strains AH22/pPBOpK and AH22/pPBOmK
were fractionated in order to determine the subcellular
location of BO. Crude membranes were prepared and
analysed for BO by immunological methods. BO was
clearly enriched in the membrane fraction of both
strains and was not present in the cytosolic fraction
(Fig. 3). BO was localized more precisely by density-gra-
dient fractionation of the cellular membranes. Mem-
branes were identified in the gradient fractions by using
antibodies directed against the mitochondrial Rieske
iron-sulfur protein, and by assays for marker enzymes
as described in the Materials and methods. BO was de-
tected at a sucrose concentration of 39—41% in fractions
that exhibited H*-ATPase activity and thus contained
plasma membranes (data not shown).
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Fig. 3 Western blot analysis of crude membrane preparations of
strains S. cerevisiae AH22/pPBOpK and AH22/pPBOmK grown
in complete medium. Lanes 1 and 6, 20 ng of purple membrane
protein; lane 2, crude membrane fraction of AH22/pPBOpK
(100 pg proteins); lane 3, cytosolic fraction of AH22/pPBOpK
(100 ug proteins); lane 4, crude membrane fraction of AH22/
pPBOmK (100 ug proteins); lane 5, cytosolic fraction of AH22/
pPBOmK (100 pg proteins). The asterisk marks the position of a
band that results from cross reaction with yeast protein (see also
Fig. 2). Note that BO is present only in the membrane fractions

Processing of bacterio-opsin in S. cerevisiae

Only one major translation product was detected in
strains expressing the bom gene, which encodes the ma-
ture form of BO, whereas two protein bands were ob-
served in strain AH22 expressing the precursor form
(bop; see Fig. 2, lane 2). These bands correspond in size
to the fully processed and the intermediate forms of BR
present in the purple membrane (Fig. 2). The unpro-
cessed form representing the primary translation
product can be detected in Halobacterium and in S.
pombe transformed with the BO gene when retinal is
present. In S. cerevisiae AH22/pPBOpK the unpro-
cessed form was not detected under these conditions
(see Fig. 4A).

The partially processed BO intermediate was detect-
ed both in strain AH22 and in the protease-deficient
strain cl3-ABYS86 (Fig. 2, lanes 2, 7). In strain AH22
the processing efficiency is dependent on the composi-

Fig. 4A Western blot analysis of plasma membranes of Schizosac-
charomyces pombe cells transformed with pEVBOp (lane 1; 5 pg
protein), purple membranes of Halobacterium salinarium (lane 2;
20 ng protein) and plasma membranes of S. cerevisiae AH22 cells
transformed with pPBOpK (lane 3; 100 pg protein). Cells were
grown in the presence of retinal. In S. cerevisiae, only the partially
processed intermediate is observed; the unprocessed form is still
not detectable even after prolonged exposure of the blot. B West-
ern blot analysis of plasma membrane proteins from H. salinarium
JW35 cells grown in the presence (lane 1) or absence (lane 2) of

A E g
O =
E 5 2
21 3|8
[75] s 17
1 2 3
kDa '
28.24 8 pre BO: 262 aa
2678 — | & T | = cBO: 24822
B
1 2
H. salinarium JW5
+ retinal - retinal
pre BR s
i . mature BO
S, | C! fragment
C
1 2
S.pombe| S.cerev.
ey e BO
= — truncated pre BO
— mature BO
oA —
- — C1 fragment

all-trans-retinal. (BR Bacteriorhodopsin, BO bacterio-opsin).
Note the appearance of the proteolytic C1 fragment in the cells
grown in the absence of retinal. C Western blot analysis of whole
cell proteins of S. pombe/pEVBOp cells (lane 1) and S. cerevisige
AH22/pPBOpL cells (lane 2). Both strains were grown in minimal
medium to late-log phase without the addition of retinal. Note
that the C1 fragment is only seen in S. pombe and that pre BO is
not observed in S. cerevisiae. 100 pg of protein was loaded in each
lane.



tion of the medium and on growth phase. Processing is
efficient in cells grown in minimal medium, but is in-
complete in cells grown in complete medium (data not
shown). Processing is also more efficient in the late log
phase than in the early log phase; this is in agreement
with observations made for strain ET1001 of H. salinar-
ium (Wolfer et al. 1988) and for S. pombe (Hildebrandt
et al. 1991). The proteinase-deficient strain cl3-ABYS86
is, however, unable to process BO completely. Expres-
sion of the precursor form of the BO gene in complete
medium results in only one protein band (Fig. 2, lane 7),
which corresponds in size to an intermediate, partially
processed form of bacterio-opsin.

Stability of bacterio-opsin in S. cerevisiae
and retinal incorporation

Retinal is necessary to allow BO to function as a proton
pump and also for the stability of the protein, both in
Halobacterium and in recombinant S. pombe cells ex-
pressing BO (Hildebrandt et al. 1993). In the Halobac-
terium mutant strain JWS5, which does not synthesize
retinal, degradation products of BO, such as the C1
fragment resulting from endopeptidase cleavage at
amino acid 71 (Fig. 4B), are observed. The same degra-
dation product is observed when recombinant S. pombe
cells are grown without the addition of exogenous all-
trans-retinal (Fig. 4C, lane 1). No such correlation is ob-
served in S. cerevisiae; the Cl fragment is seen only as a
very weak band in strain AH22/pPBOpL grown with-
out retinal (Fig. 4C).

Retinal must be incorporated into the protein in or-
der for functional bacteriorhodopsin to be formed. This
in turn leads to a reddish coloration of the cells. With S.
pombe transformants and retinal-deficient Halobacteri-
um mutants this colour change can be achieved by
adding all-trans-retinal to the culture medium. The S.
cerevisiae AH22 transformants were also cultivated in
the presence of the chromophore; however, the cells did
not take on a red colour under the growth conditions
that resulted in red S. pombe cells. Crude membrane
preparations of S. cerevisiae transformants (AH22/pP-
BOpK) also did not show a change of colour when reti-
nal was added. The lack of colour change might result
from the lower level of BO expressed in the S. cerevisiae
cells in comparison with S. pombe. Quantification of BO
was performed by Western blot analyses using BR in
purple membrane as a reference. The amount of BO
relative to whole cell proteins was calculated to be
0.01% in S. cerevisiae transformants and 0.1% in S.
pombe transformants.

Discussion

In this paper we have shown that archaebacterial bacte-
rio-opsin can be expressed as a membrane protein in the
budding yeast S. cerevisiae. This yeast is one of the best
characterized eukaryotic hosts for heterologous genes;
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the successful expression of bacterio-opsin provides the
basis for further studies on those elements and processes
necessary for the expression and function of membrane
proteins in this host.

Bacterio-opsin is found in the membrane fraction in
S. cerevisiae regardless of whether it is expressed from
the gene with the presequence (bop) or without the pre-
sequence (bom). This finding indicates that the prese-
quence is not required for translocation or membrane
insertion, and raises the question of how bacterio-opsin
is inserted into the membrane. It has not been estab-
lished whether membrane insertion occurs post-transla-
tionally or co-translationally in H. salinarium (Frevert
et al. 1989). It is assumed that two translocation mecha-
nisms exist in Halobacterium, as bacterio-opsin and bac-
terio-opsin-like proteins have a presequence different
from that of other membrane proteins, such as the
halobacterial glycoprotein CGS (Gropp etal. 1992).
Whether a translocation mechanism differing from the
normal pathway is used for the membrane insertion of
BO in the yeast S. cerevisiae will have to be examined in
further experiments by using S. cerevisiae translocation
mutants.

The 13-amino acid presequence encoded by plasmids
pPBOpL and pPBOpK has no influence on the stability
of the protein in S. cerevisiae, in contrast to the situation
in E. coli cells expressing BO (Karnik et al. 1990). Pro-
cessing of the 13-amino acid leader does occur in S.
cerevisiae, as proteins corresponding in size to mature
BO are present. Processing in S. cerevisiae is dependent
both on growth phase and growth medium and on the
strain used. Processing is more efficient in later growth
phases and when cells are grown in minimal medium.
An increase in proteolytic activity is generally observed
in yeast cells grown under conditions of nitrogen limita-
tion, or in cultures proceeding from logarithmic to sta-
tionary phase growth (Rendueles and Wolf 1988). Simi-
larly, BO can be detected in the precursor form in early
log phase in Halobacterium; the intermediate and ma-
ture forms are detected in late log phase and the mature
form is enriched in the stationary growth phase (Wolfer
et al. 1988).

BO is detected in S. cerevisiae in two forms, one cor-
responding in size to the intermediate, partially pro-
cessed form, the other to the mature form. The first pro-
cessing step, which leads to the intermediate, is proba-
bly very efficient and rapid, so that the largest precursor
has not been detected in S. cerevisiae to date. This step
also occurs in the proteinase-deficient strain cl3-
ABYS86, which is, however, unable to process BO com-
pletely. The reason for the incomplete processing is not
clear; the PEP4 gene product (one of the proteases miss-
ing in cl3-ABYS86) has pleiotropic effects and is also
involved in proteolytic processing of the vacuolar car-
boxypeptidase Y (Rendueles and Wolf 1988). It is note-
worthy that the same size classes of BO have previously
been detected in S. pombe transformants grown in the
presence of sub-optimal amounts of retinal (retinal was
added to the culture at irregular intervals and not after
every second cell division; Hildebrandt et al. 1991).
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The addition of retinal to the cultures did not result
in red S. cerevisiae cells. In contrast to recombinant S.
pombe cells, which become reddish when grown in the
presence of retinal, S. cerevisiae cells remain colourless.
We assume that the amount of BO capable of incorpo-
rating the chromophore is too low in S. cerevisiae trans-
formants to result in a visible change in colour. Further
experiments are necessary to determine whether the BO
formed in S. cerevisiae is present in the correct confor-
mation,

As shown in this paper, BO is one of the seven-helix
membrane proteins that can be expressed in yeast. Ex-
pression of membrane proteins of the same class has
previously been achieved in yeast for the human M1
muscarinic receptor (Payette et al. 1990), the human B,
adrenergic receptor (King et al. 1990), the rat 5SHT, sero-
tonin receptor, and the human D, dopamine receptor
(Sander 1992). Thus, S. cerevisiae seems to be well-suited
as host for the expression of seven-helix receptors, espe-
cially as several of these heterologous proteins have
been shown to be functional in this organism.
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