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Summary. Complementation of fission yeast mutants by
plant genomic libraries could be a promising method for
the isolation of novel plant genes. One important prereq-
uisite is the functioning of plant promoters and termina-
tors in Schizosaccharomyces pombe and Saccharomyces
cerevisiae. Therefore, we studied the expression of the
bacterial §-glucuronidase (GUS) reporter gene under the
control of the Cauliflower Mosaic Virus (CaMV) 35S
promoter and 35S terminator. We show here that
S. pombe initiates transcription at exactly the same start
site as was reported for tobacco. The 35S CaMV termina-
tor is appropriately recognized leading to a polyadeny-
lated mRNA of the same size as obtained in plant cells
transformed with the same construct. Furthermore, the
GUS-mRNA is translated into fully functional GUS
protein, as determined by an enzymatic assay. Interest-
ingly, expression of the 35S promoter in the budding
yeast S. cerevisiae was found to be only moderate and
about hundredfold lower than in S. pombe. To investigate
whether different transcript stabilities are responsible for
this enormous expression difference in the two yeasts, the
35S promoter was substituted by the ADH (alcohol dehy-
drogenase) promoter from fission yeast. In contrast to
the differential expression pattern of the 35S promoter,
the ADH promoter resulted in equally high expression
rates in both fission and budding yeast, comparable to
the 358 promoter in S. pombe. Since the copy number of
the 35S-GUS constructs differs only by a factor of two in
the two yeasts, it appears that differential recognition of
the 35S promoter is responsible for the different tran-
scription rates.
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Introduction

At present several approaches can be used to isolate plant
genes with regulatory functions in plant growth or devel-
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opment. One method requires the construction of cDNA
libraries from different developmental stages of a plant
organ. Differential screening of these cDNA banks al-
lows the isolation of stage-specific genes which are, how-
ever, usually not the regulatory genes themselves. An-
other method makes use of knowledge obtained from
studies on other organisms, such as animals or lower
cukaryotes. Specifically, heterologous probes, consisting
of either gene fragments or synthetic oligonucleotides,
are hybridized to plant gene banks. A third approach
employs an isolation procedure that selects for func-
tional, rather than for sequence, homology. Since the
function of a protein appears to be much more conserved
during evolution than its sequence, this method may be
particularly attractive for the isolation of genes which
cannot be obtained by cross-hybridization methods.
Specific temperature-sensitive yeast mutants are comple-
mented with either genomic or cDNA expression librar-
ies. Yeast is ideally suited for this purpose, since many
mutants are available and the respective genes have, in
many cases, been biochemically defined. Furthermore,
transformation and screening of large quantities of cells
is experimentally easy. This method has been successfully
employed for the isolation of the human CDC2 homo-
logue (Lee and Nurse 1987). For this purpose, a human
cDNA bank was cloned into an expression vector which
contained the SV40 promoter. As the SV40 promoter is
strongly recognized in S. pombe (Jones et al. 1985) the
human cDNA clones could be expressed and comple-
mented the mutant fission yeast cdc2 gene. For successful
complementation with genomic plant libraries, several
requirements must be fulfilled. These are proper tran-
scription (i.e. selection of start site, processing of introns,
termination and polyadenylation) and translation (in-
cluding post-translational modifications) of the plant
genes. Although the budding yeast S. cerevisiae has been
shown to recognize some, but not all, of several plant
promoters (Langridge etal. 1984; Cramer et al. 1985;
Coraggio et al. 1986), this yeast seemed unsuitable for
heterologous complementation, because of the unusual
branch point requirement of a TACTAAC box in the
introns.
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In contrast, the evolutionarily highly diverged fission
yeast, S. pombe, does not have this strict requirement and
was shown to process an animal intron correctly (Kdufer
et al. 1985). However, no proper analysis of the expres-
sion of plant genes in S. pombe has been carried out.
Therefore, we investigated the expression of the CaMV
35S promoter and 35S terminator in S. pombe. These
elements were selected as they have been used extensively
for expression studies of foreign genes in different plant
species. The promoter is recognized in a wide range of
species, both monocots and dicots (On-Lee et al. 1986;
Fromm et al. 1986; Ow et al. 1987; Nagata et al. 1987,
Ecker et al. 1986) and is one of the most active promoters
in plants, giving rise to equally high expression rates as
the chlorophyll a/b binding protein or the small subunit
of the ribulose bisphosphate carboxylase promoters
(Fluhr et al. 1986; Jones et al. 1985). The bacterial §-gluc-
uronidase (GUS) gene was put under the control of the
35S promoter and terminator and inserted into a yeast
episomal plasmid. Transformation into both budding
and fission yeast resulted in functional expression of en-
zymatically active GUS protein, though at highly differ-
ent levels. Concentrating on S. pombe, we could show
that both the 35S promoter and 358 terminator are prop-
erly recognized leading to transcript levels comparable to
that of the strong alcohol dehydrogenase (ADH) pro-
moter from S. pombe.

Materials and methods

Construction of yeast expression plasmids. The 2.7 kb Hind 111 frag-
ment of the plasmid pDHS51/GUS (Pietrzak et al. 1986) was inserted
into the Hind 111 site of the yeast vector pDB262 (Beach et al. 1982)
to give the plasmid pDB262/35S-GUS (Fig. 1 A). The 2.2kb
Bam HI/Hind 111 fragment of the vector pDH51/GUS was inserted
into the yeast expression vector pEVP11 (Russel and Nurse 1986) to
give the plasmid pEVP11/ADH-GUS (Fig. 1B).

Yeast strains and media. For transformation, S. cerevisize D1
(leu2, his3, ura3) and S. pombe leui-32, h™ were used. Yeasts were
grown in medium containing 2% glucose, 0.67% Yeast Nitrogen
Base and limiting amounts of auxotrophic requirements with and
without leucine. Transformation was performed as described by Ito
et al. (1983).

RNA preparation and Northern analysis. PolyA" RNAs were pre-
pared from total RNA by hybridization to oligo(dT)-cellulose (Aviv
and Leder 1972). Denaturation of RNA, agarose gel electrophore-
sis, transfer to nitrocellulose and hybridization were carried out as
described by Thomas (1980). Blots were probed with gene frag-
ments that were 32P-labelled by random-primed labelling (Feinberg
and Vogelstein 1983).

RNase protection assay. 10 pg of total S. pombe RNA were hy-
bridized to 15 000 cpm (Cerenkov) of antisense RNA and analyzed
as described by Wiebauer et al. (1988).

Construction of plasmids used for in vitro transcription. The con-
structs shown in Fig. 2 A and B were obtained in the following way.
The 2.7kb Pst1 fragment, containing the GUS gene under the
control of the CaMV 358 promoter and terminator (from pDHS51/
GUS), was ligated into the multiple cloning site of pPBLUESCRIPT
KS™. In order to obtain the vector used to transcribe probe C
(Fig. 2C), the GUS gene sequences between the Nru I site and the
Kpn 1 site were deleted by cutting and blunt end religation of the
vector shown in Fig. 2A.

In vitro transcription. 3 pg of template DNA were transcribed in
vitro as described by Miiller et al. (1988), except that T7 RNA
polymerase was used instead of T3 RNA polymerase.

Primer extension. Total RNA (15 pg) from transformed S. pombe
cells was annealed with 5 ng of a 5-32P-labelled 22-nt primer (Jef-
ferson 1987) in 200 pl of a solution containing 10 mM Tris-HCl
(pH 7.8), 2mM EDTA and 1% SDS. The sample was heated for
3 min at 86°C, cooled down slowly to 60°C and incubated 15 min
at this temperature. After annealing ata T,, of 58 °C for 30 min, the
sample was incubated at 37°C for 60 min. After precipitation and
washing, the sample was dried carefully and resuspended in 3 ul of
restriction-buffer A (BRL). After addition of 0.2 pl DTT (200 mM)
and 4 pl ANTP-mix (0.5 mM each), the sample was incubated at
42°C, and five units of reverse transcriptase were added. The reac-
tion was performed at the same temperature for 20 min. After
RNase-digestion the products were analyzed on a 7.5% polyacryl-
amide gel. Sequencing of the plasmid pDHS51/GUS was carried out
as in Chen and Seeburg (1985) with the above described oligonucle-
otide. The reaction products were analyzed on the same gel as the
primer extension reaction products.

Southern analysis. Preparation of yeast DNAs has been described
by Durkacz et al. (1986). Southern analysis and manipulations of
DNA were performed according to Maniatis et al. (1982).

Flyorimetric GUS assay. Yeast cells were grown in 10 ml liquid
medium until they reached an OD of 1.0. After harvesting by cen-
trifugation and resuspension in GUS extraction buffer, they were
frozen for 5 min at —70°C. Then, the cells were thawed and soni-
cated for 20 sec on ice. After centrifugation for 10 min at 10000 rpm
in a microcentrifuge at 4°C, the supernatant was transferred to new
tubes and stored at —20°C. Samples were then analyzed by a fluo-
rimetric f-glucuronidase assay as described by Jefferson (1987).
With each sample, a kinetic assay was performed for up to 120 min.
As controls, S.pombe or S.cerevisiae cells transformed with
pDB262 were incubated in parallel and used for standardization.
Final GUS enzymatic activities were calculated in [micromol
methyl-umbelliferone/minute x mg total protein].

Results
Yeast plasmid construction

To determine whether the plant DNA regulatory se-
quences responsible for CaMV expression in tobacco
might function in S. pombe, we constructed the yeast
plasmid pDB262/35S-GUS (Fig. 1 A) containing the bac-
terial GUS (f-glucuronidase) gene under the control of
the 35S promoter and the 35S terminator derived from
the plasmid pDHS51/35S-GUS (Pietrzak et al. 1986). The
yeast/E. coli shuttle vector pDB262 (Beach et al. 1982)
has the special feature that it can be propagated in both
of the evolutionarily highly diverged yeasts, S. cerevisiae
and S. pombe.

RNase protection analysis of 5’ and 3' ends of 355-GUS
transcripts in S. pombe

To determine the primary structure of the GUS tran-
scripts in S. pombe, both the 5 and 3’ ends of the
S. pombe transcripts were mapped. An RNase protection
assay was performed (Fig. 2) with two different probes
for the 3’ end (Fig. 2A and B) and one probe for the 5
end (Fig. 2C). In the case of the 3' end, two major and
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Fig. 1. Construction of yeast expression plasmids. A The 2.7 kb
HindIlI fragment, containing the 35S promoter-GUS gene-358S ter-
minator of the vector pDH51-GUS (Pictrzak et al. 1986), was in-
serted into the yeast vector pDB262 (Beach et al. 1982). B The

one minor transcription termination sites were observed.
The two major sites could be mapped to coincide with the
polyadenylation site of plants, the sequence AAUAAA
at the end of the 35S terminator. The minor termination
site was mapped to lie approximately 100 nucleotides
upstream, still being part of the 35S terminator, to a
sequence with the motif AAUUAA.

The RNase protection analysis of the 5" end of the
GUS transcripts in S. pombe is shown in Fig. 2C, map-
ping to a site which corresponds to the position at which
tobacco was found to initiate transcription (Odell et al.
1985). Confirmation of this result was obtained by primer
extension, as shown in Fig. 3 for S. pombe. The transcrip-
tion start site was located to lie exactly 26 nucleotides
downstream of the TATAA box, to the same nucleotide
which was reported to be used as a transcription start in
plants (Odell et al. 1985). During the preparation of the
manuscript, the same transcriptional start site was also
reported by Pobjecky et al. (1990).

These results show that fission yeast recognizes both
types of plant transcriptional control elements, the 35S
promoter and the 35S terminator.

35S8-GUS and ADH-GUS steady state transcript levels in
fission and budding yeast

To investigate the GUS transcripts in the two yeasts, a
Northern analysis was performed with pDB262/35S-
GUS transformed S. pombe and S. cerevisiae cells. To
ensure that equal amounts of RNA were applied to the
gel, the spectroscopically determined concentrations of
total RNAs were checked by ethidium bromide staining
of the ribosomal RNAs. As shown in Fig. 4 A, the level of
358-GUS transcripts in S. pombe (lanes 4 to 6) is at least
hundred times higher compared to S. cerevisiae (lanes 7
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2.2 kb BamHI/HindIII fragment, containing the GUS gene-35S ter-
minator of the vector pDH51-GUS, was inserted into the yeast
vector pEVP11 (Russel and Nurse 1986), which contains the S.
pombe ADH promoter

Pstl 4.7

to 9). In fact, the level in budding yeast is so low, that it
could not be detected at the indicated exposure time.

One reason for the variation of the GUS activities in
these organisms could be due to different stabilities of the
transcripts. For this reason a fragment, consisting of the
GUS gene fused to the 358 terminator, was inserted into
the yeast/E. coli vector pEVP11 (Russell and Nurse 1986)
which contains the S. pombe ADH (alcohol dehydroge-
nase) promoter (Fig. 1B). Analysis of the ADH-GUS
transcripts of both fission and budding yeast (Fig. 4,
lanes 1 to 3 and lanes 10 to 12, respectively) showed
similar expression levels. In S. pombe, the ADH-GUS
and 35S-GUS transcript levels differ only by a factor of
three. However, in S. cerevisiae transformants, the differ-
ence is at least hundredfold. Therefore, transcript stabil-
ity cannot be the determining factor for the enormous
difference in 35S8-GUS expression in the two yeasts. Fur-
thermore, we investigated whether the 35S-GUS tran-
scripts are found in the poly A™ fraction of the RNAs in
the two yeasts. As is shown in Fig. 4B, the 35S-GUS
transcripts seem to be polyadenylated in both yeasts.
However, S. pombe cells (1 ug in lane 1) contain about
hundred times more GUS transcripts than S. cerevisiae
cells (ten times the amount was applied, i.e. 10 pg in lane
2). Both yeasts produce GUS transcripts of the same
length (2.2 kb) as was found in N. tabacum cells which
were transformed with the same construct (data not
shown).

Taken together, the results indicate that the differ-
ences in GUS activities between the two yeast species
appear to be mainly due to different transcription rates of
the GUS gene.
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Fig. 2A—C. (top) Schematic maps of the antisense RNA probes
and of the RNase-protected fragments. Relevant restriction sites are
indicated. Radioactive antisense RNAs were transcribed from the
T7-promoter of pBLUESCRIPT KS*. For in vitro transcription,
vectors were cut with: A HindIl, B Xholl, C Pwull. In order to
obtain the vector used to transcribe probe C, the sequences between
the Nrul site and the Kpnl site 3’ of the 35S terminator (as shown
in Fig. 2A) were deleted by cutting and blunt end refigation of the
vector. A—C (autoradiogram) RNase protection mapping of the 3’
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and 5 ends of the GUS transcripts in S. pombe cells transformed
with pDB262/35S-GUS. Sizes and structure of the probes and of the
protected fragments are indicated. Lanes 1, 3 and 5: undigested
antisense RNA probes. Lanes 2, 4 and 6: protected fragments. Lanes
1 10 4: mapping of the 3’ end with antisense probes as depicted in
Fig. 2A and 2B, respectively. Lane 5 and 6: mapping of the 5 end
with an antisense probe as depicted in Fig. 2C. Hinfl-digested end-
labelled pBR322 DNA was denaturated and used as a size marker
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Fig. 3. Primer extension analysis of 5" end of GUS transcripts in S.
pombe transformed with the plasmid pDB262/35S-GUS. 15 ug of
total S. pombe RNA were used. 5 ng (20 000 cpm) of a 3?P-labelled
22 nt long primer was used for the reverse transcription (see Mate-
rials and methods). The products were analyzed on a denaturing
7.5% polyacrylamide gel. In parallel, the plasmid pDB262/35S-
GUS was sequenced with the same cold primer used for the primer
extension reaction. The sequence around the 5’ end of the trancript
(indicated with an arrow) is shown for clarity

Determination of copy numbers and integrity of 35S-GUS
constructs in budding and fission yeast

Since the copy number of one and the same plasmid may
differ considerably in the two yeasts (Heyer et al. 1986),
it is conceivable that different amounts of 35S-GUS plas-
mids are responsible for the observed expression pattern.
Therefore, we performed a Southern analysis with the
pDB262/35S-GUS transformed yeast cells. The radioac-
tively labelled probes consisted of the 35S promoter-GUS
gene-35S terminator and the LEU2 gene. The hybridiza-
tion pattern of the Hind 111-digested DNAs (S. cerevisiae
transformants, lanes 1—4; S. pombe transformants, lanes
7-10) is shown in the dilution series in Fig. 5. In both
yeasts, only two bands of the expected sizes of 2.5 kb (35S
promoter-GUS-35S terminator) and 10.0 kb (LEU2 of
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Fig. 4. A Northern analysis of steady state levels of GUS tran-
scripts in S. pombe and S. cerevisiae cells transformed with pDB262/
35S-GUS and pEVP11/ADH-GUS. Lanes 1 to 3: 10, 1 and 0.1 ug
total RNA of ADH-GUS transformed S. pombe cells. Lanes 4 to 6:
10, 1, and 0.1 pg total RNA of 35S-GUS transformed S. pombe
cells. Lanes 7 to 9: 10, 1 and 0.1 pg total RNA of 355-GUS trans-
formed S. cerevisiae. Lanes 10 to 12: 0.1, 1 and 10 pg total RNA of
ADH-GUS transformed S. cerevisiae. B polyA™ RNA of pDB262/
35S-GUS transformed S. pombe and S. cerevisiae cells. Lane 1: S.
pombe, 355-GUS, 1 pg; lane 2: S. cerevisiae, 35S-GUS, 10 ug

pDB262) showed hybridization, indicating that the con-
structs did not undergo any obvious rearrangements. As
controls, untransformed yeast DNAs were also digested
with Hind III and analyzed in Fig. 5, lanes 6 (S. cere-
visiae) and 12 (S. pombe). As expected, the LEU2 probe
did not cross-hybridize to the S. pombe DNA but rather
to the chromosomal, approximately 11 kb long, Hind 111
fragment in S. cerevisiae DNA. Apparently, in S. cere-
visiae the plasmid is present at a 1.5-2 fold higher copy
number than in S. pombe cells. In comparison to the sin-
gle copy LEU2 gene in the wild type S. cerevisiae, the
copy number of the pDB262/35S-GUS plasmids is 4—5
copies for S. pombe and 7-9 copies for S. cerevisiae.
Undigested transformed pDB262/35S-GUS yeast DNAs
showed typical plasmid bands [Fig. 5, lanes 5 (S. cere-
visiae) and 11 (S. pombe)], indicating the episomal status
of the constructs.

Enzymatically active GUS proteins are synthesized in both
yeasts

In order to test the yeast transformants for expression of
functional GUS protein, a fluorimetric enzyme assay was
performed with the protein extracts of the yeast cells. As
shown in Table 1, both yeasts seem to express GUS
protein, although an approximately 100 fold higher GUS
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Fig. 5. Southern analysis of pDB262/35S-GUS transformed fission
and budding yeast mutants. Lanes 1 to 4 and 7 to 10: 0.25,0.5,1 and
2 ug Hindi1-digested DNA of pDB262/355-GUS transformed S.
cerevisiae and S. pombe, respectively. Lane 5 and 11: 1 pg undigest-
ed DNA of pDB262/35S-GUS transformed S. cerevisiae and S.
pombe, respectively. Lanes 6 and 12: 1 pg HindIII-digested DNA of
untransformed S. cerevisiaze and S. pombe, respectively

Table 1. Fluorimetric analysis of GUS expression in S. pombe and
S. cerevisiae cells transformed with the plasmids pDB262/35S-GUS,
pEVP11/ADH-GUS and pDB262. Enzymatic GUS activities are
expressed in units of micromol methyl-umbelliferone/min x mg to-
tal protein

Construct §. pombe S. cerevisiae
GUS activity ~ GUS activity

pDB262/355-GUS 32 0.3

pDB262/ADH-GUS 48 52

pDB262 - -

activity was recorded in the S. pombe transformants (32
micromol methyl-umbelliferone/min x mg total protein)
compared to S. cerevisiae transformants (0.3 micromol
methyl-umbelliferone/min x mg total protein). As con-
trols, both fission and budding yeast cells were trans-
formed with the plasmid pDB262 alone, but no enzymatic
activity could be determined over a time period of 24 h.
Fluorimetric quantification of the pEVP11/ADH-GUS
transformed yeasts revealed that in S. pombe both the 35S
and the ADH promoters are strongly expressed. The 35S
promoter appears to be nearly as efficient as the strong
S. pombe ADH promoter (Table 1). In S. cerevisige, the
ADH promoter also gives rise to high levels of GUS activ-
ities (52 micromol methyl-umbelliferone/min x mg total
protein), resulting in a more than hundredfold higher
activity compared to the 35S promoter (0.3 micromol
methyl-umbelliferone/min x mg total protein).

Discussion

To determine whether genomic plant libraries can be used
for complementation of fission yeast mutants, plant
genes must be functionally expressed in this yeast. As a
first step, we investigated the functioning of typical plant
transcriptional elements, the CaMV 35S promoter and
35S terminator, which are frequently used to express var-
ious genes in a variety of plant species and which contain
all sequence elements necessary for expression in plants.

The bacterial S-glucuronidase (GUS) gene served as a
reporter gene whose expression could be easily quantified
by a sensitive fluorimetric assay (Jefferson 1987). RNase
protection mapping (Fig.2) and Northern analysis
(Fig. 3) of the GUS transcripts showed that the 35S pro-
moter is properly recognized in S. pombe, initiating tran-
scription at exactly the same nucleotide as in plant cells
(Odell et al. 1985). These results are confirmed by the
data of Pobjecky et al. (1990), who found the same start
site by S1 mapping, and also by the report of Gmiinder
etal. (1989), who showed that the bacterial neomycin
phosphotransferase Il gene is expressed in S. pombe when
fused with the 35S promoter. We could also show that the
35S terminator produces transcripts which are predomi-
nantly polyadenylated close to the typically eucaryotic
AAUAAA sequence. These findings suggest that
S. pombe and plants contain similar transcription ma-
chineries sharing functionally homologous and highly
conserved transcription and termination factors. Some-
how surprising was the observation that, although
S. cerevisiae seems to initiate and terminate at similar
sites as S. pombe (data not shown), the steady state levels
of the GUS transcripts were found to be several hundred
times lower.

Southern analysis (Fig. 5) revealed that the 355-GUS
construct was still intact and had not integrated into a
yeast chromosome. It also showed that the copy number
in S. cerevisine was maximally twice as high as in
S. pombe. Still, it could be possible that different stabili-
ties of the GUS transcripts in the two yeasts were respon-
sible for the different expression levels. Two observations
argue against this hypothesis. First, expression analysis
of a construct in which the 35S promoter was replaced by
the ADH promoter from S. pombe resulted in similar
GUS activities in both yeasts. Second, when the GUS
gene was replaced by the neomycin phosphotransferase
gene, Northern analysis of S. pombe and S. cerevisiae
transformed cells showed the same differences in tran-
script levels as with the GUS gene (data not shown).
Therefore, we conclude that the 35S promoter is respon-
sible for the higher transcription rate in S. pombe com-
pared with S. cerevisiae.

The reason for the differences in expression in the two
yeasts is not known but part of the answer may lic in the
differential expression pattern in the two yeasts. We have
obtained evidence that the 35S promoter is repressed un-
der rich medium conditions in S. cerevisiae, but not in
S. pombe. An up to twentyfold derepression was ob-
served in S. cerevisiae under starvation conditions (Hirt
et al., in preparation). Taken together, it appears that the
35S promoter is diversely recognized in fission and bud-
ding yeast and is thereby effecting these highly different
transcription rates.
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