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We describe the utilization of a red fluorescent protein (DsRed) as an in vivo marker for Saccharomyces
cerevisiae. Clones expressing red and/or green fluorescent proteins with both cytoplasmic and nuclear local-
ization were obtained. A series of vectors are now available which can be used to create amino-terminal
(N-terminal) and carboxyl-terminal (C-terminal) fusions with the DsRed protein.

Green fluorescent protein (GFP) is a powerful tool for iden-
tifying the subcellular localization of proteins and to monitor
gene expression. The protein is capable of producing a strong
green fluorescence when excited by blue light, without any
exogenously added substrate or cofactor (3). Events inside
living cell can thus be visualized in a noninvasive way (3, 12,
16). For Saccharomyces cerevisiae, a series of plasmids has been
developed for the expression of N-terminal and C-terminal
in-frame fusions with the protein of interest (4, 5, 16). These
so-called pUG vectors have proved useful for localization and
expression studies in this yeast.

Recently, fluorescent proteins have been described that emit
light with a wavelength different from that of GFP. These
comprise blue-, cyan-, and yellow-shifted mutants of GFP and
the newly isolated DsRed (1, 6, 20). The latter is a red-emitting
fluorescent protein. The longer wavelength of the emitted light
minimizes problems associated with light scattering and auto-
fluorescence of the cells (21, 23). Fluorescent proteins with
different emission colors are valuable for in vivo multilabeling
experiments, allowing comonitoring of several events (8, 22).

In this study, we show the use of the red fluorescent protein
DsRed as a reporter in yeast cells. Based on the pUG plasmids,
a new set of vectors expressing DsRed was constructed, allow-
ing the production of amino-terminal (N-terminal) and car-
boxyl-terminal (C-terminal) fusion proteins. Our results indi-
cate that DsRed can be expressed in S. cerevisiae, and the
protein can be targeted specifically to the nucleus. Finally, we
show that cells with nuclei labeled with either red or green
fluorescent proteins can be used to follow mating in vivo.

The isogenic strains W303-1A (Mata) and W303-1B (Mata)
of S. cerevisiae (ade2-1 his3-11,15 ura3-1 leu2-3,112 trp1) were
used. Escherichia coli XL1-Blue was used as the bacterial host
for plasmids (2). E. coli strains were grown in Luria-Bertani

medium (LB) at 37°C (19). Yeast strains were grown in YPD
(17) or, for selective purposes, in a synthetic medium (24).

The plasmid pR1 was constructed by digesting the vector
pUG36 with XbaI. The product thus obtained was ligated to
the 681-bp XbaI fragment of the pDsRed vector (Clontech). U.
Güldener and J. H. Hegemann, Düsseldorf, Germany, kindly
provided all pUG vectors used in this study. The sequences of
all these vectors are available in the MIPS website (http://
www.mips.biochem.mpg.de/proj/yeast/info/tools/hegemann/gf-
p.html).

The yEGFP3 gene was removed from the plasmids pUG34
and pUG36 by digestion with XbaI followed by self-ligation.
Two plasmids were obtained pSL34 and pSL36, respectively.
The DsRed gene was obtained by PCR on the vector pDsRed
with the primers P1 and P2 (Table 1). After digestion with
BamHI and XbaI, the fragment was ligated into pSL34 or
pSL36 digested with the same enzymes. The resulting plasmids
were named pUR34 and pUR36, respectively. pUR23 and
pUR35 were obtained similarly by cloning a ClaI- and XhoI-
digested DsRed gene PCR product obtained by using primers
P3 and P4 (Table 1) into the ClaI- and XhoI-digested plasmids
pUG34 and pUG36, respectively. The vectors pUR34NLS,
pUR36NLS, and pUG36NLS were obtained by ligating an
NLS1 fragment into the BamHI- and XhoI-digested vectors
pUR34, pUR36, and pUG36, respectively. The NLS1 fragment
was obtained as follows. The oligonucleotide O1 and O2 (Ta-
ble 1) were mixed, boiled for 5 min, and then cooled overnight
in a water bath. The vectors pUR23NLS, and pUR35NLS were
obtained mainly as described above. In these constructs we
used the vectors pUR23 and pUR35, the enzymes BamHI and
SalI, and the oligonucleotides O3 and O4 (Table 1). DNA
manipulations and transformation procedures were performed
as described elsewhere (7, 10, 18, 19).

Cells collected from middle of the exponential growth phase
were used for fluorescence microscopy analysis. For colocal-
ization of DsRed, yEGFP3, and DNA, the cells were fixed as
follows. Approximately 109 cells were incubated in 100 mM
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phosphate buffer (pH 6.5) containing 3.7% formaldehyde at
room temperature during 2 h. Fixation was also performed
with 70% ethanol at 4°C during 30 min. To stain DNA, the
fixed cells were resuspended in 100 mM phosphate buffer con-
taining 49, 69-diamidino-2-phenylindole (DAPI; 0.5 mg/ml) at
room temperature for 10 min. The stained cells were washed
twice and subjected to fluorescence microscopy. For fluores-
cence microscopy a Zeiss Axioplan microscope equipped with
a mercury lamp and a 510–560 FT 580 (excitation), LP 590
(emission) filter set was used (17). The same microscope cou-
pled to a Bio-Rad 1024 system was used for confocal laser-
scanning microscopy with excitation by the 568-nm line of a
krypton-argon laser and using an emission filter LP 585.

Expression and subcellular localization of the DsRed pro-
tein. To assess whether the DsRed gene was expressed in S.
cerevisiae, the yEGFP3 gene in the vector pUG36 was replaced
by DsRed (4). When the resulting plasmid, pR1, was intro-
duced into S. cerevisiae, the cells emitted a red bright fluores-
cence when illuminated with UV light (Fig. 1I). We developed
a similar set of vectors, based on the pUG plasmids, expressing
a red fluorescent protein, DsRed. pUR23 and pUR35 allow
the production of C-terminal fused proteins and contain as
selective markers the HIS3 and URA3 genes, respectively. The
vectors for N-terminal fusions were called pUR34 (HIS3) and
pUR36 (URA3). While this study was in preparation, Baird
and coworkers reported the multimeric nature of DsRed (1, 9).
For some purposes, this oligomerization can be troublesome
since it may lead to misinterpretation of the results. Neverthe-
less, the new set of DsRed vectors that we described may be
very useful, since genes cloned on pUG vector can be easily
transferred to pUR vectors and vice versa. This allowed us to
test whether DsRed oligomerization interferes with trafficking
of the host protein. To use DsRed as a reporter gene, the
resulting protein should (i) not carry any specific target infor-
mation, (ii) result in a functional protein when fused in frame,
and (iii) not be toxic when expressed in S. cerevisiae cells. The
in silico analysis of the coding sequence of DsRed and yEGFP3
did not show significant differences with respect to the pre-
dicted localization (data not shown). Our data demonstrated
that when DsRed was expressed in S. cerevisiae a bright red
fluorescence was spread uniformly over the cell (Fig. 1I). This
result is in agreement with the localization of the protein in the
cytoplasm, indicating that the protein does not have its own
functional targeting signal in this organism. The expression of
DsRed did not appear to have any toxic effect on cell growth, as
judged by specific growth rates. In addition, ca. 90% of the cell
population emitted a red bright signal, and this signal was

stronger in cells grown in liquid media, with high rates of
oxygenation, than in cells from solid media.

The NLS (PKKKRKV132) of the simian virus 40 large T
antigen was used as a single cluster for nuclear targeting of
DsRed in S. cerevisiae (11, 13). A dimer of oligonucleotides
encoding this nuclear localization signal (NLS) was cloned in
frame in all pUR, resulting in a redistribution of the fluores-
cent signal to a single subcellular compartment (Fig. 1IIB). As
expected, counterstaining of the cells with DAPI confirmed the
nuclear localization of DsRed-NLS (Fig. 1II A, -B, and -C) and
yEGFP3-NLS (data not shown). Mozdy et al. have recently
used the DsRed protein with a mitochondrial target in S.
cerevisiae (15).

The fluorescence of the DsRed persisted after treatment of
the cells with either ethanol or formaldehyde. This allows ex-
amination of preparations fixed with these chemicals and the
utilization of antibodies. Clontech commercializes antibodies
for DsRed protein that are specific and do not recognize
yEGFP3.

Double labeling and potential applications. Clones of S.
cerevisiae expressing DsRed-NLS and yEGFP3 showed emis-
sion of both fluorescences (Fig. 1III). These cells showed green
fluorescence in the cytoplasm and red, orange, or yellow fluo-
rescence in the nuclei. The different colors of the nucleus may
be attributed to colocalization of the two proteins. It has been
demonstrated that some GFP can diffuse into the nuclei with-
out any signal (22). Nevertheless, differences in the superpo-
sition of the green and red fluorescence in the cytoplasm and
nuclei may occur. This fact may also explain the observed
range colors of nuclei. Reinforcing this idea, cells expressing
both DsRed-NLS and yEGFP3-NLS gave indeed rise to bright
yellow fluorescent nuclei (data not shown).

Taking advantage of the double labeling, we followed mating
in vivo. One of the mating types of the strain S. cerevisiae W303
was transformed with plasmid expressing DsRed-NLS, and the
other was transformed with plasmid expressing yEGFP3-NLS,
and conjugation was induced. Time-lapse digital imaging in a
confocal laser-scanning microscope allowed tracking the dy-
namics of the mating process in S. cerevisiae. An example of the
images obtained is shown in Fig. 1IV, where both nuclei have
moved toward the shmoo tips. Our data demonstrated that
DsRed-NLS can be used to stain the nuclei of live cells in a
manner that is compatible with the use of yEGFP3 and con-
focal laser-scanning microscopy. This has proven to be difficult
with the existing chemical fluorescent dyes for the nucleus (M.
van Hemert, unpublished data). In conclusion, our data show
that DsRed is well suited as a reporter gene for S. cerevisiae and

TABLE 1. Sequences of the oligonucleotides used in the constructions of the plasmids

Name Sequence (59-39)

P1 ............................................................................................................................GCTCTAGAATGAGGTCTTCCAAGAATGTT
P2 ............................................................................................................................CGGGATCCAAGGAACAGATGGTGGCGTCC
P3 ............................................................................................................................CCGCTCGAGCATAAGGAACAGATGGTGGCGTCC
P4 ............................................................................................................................CCATCGATACCGTCGACATGAGGTCTTCCAAGAATGTT
O1............................................................................................................................GATCGCCAAAAAAGAAGAGAAAGGTCGTTGTTAAATAG
O2............................................................................................................................TCGACTATTTAACAACGACCTTTCTCTTCTTTTTTGGC
O3............................................................................................................................GATCCATGCCAAAAAAGAAGAGAAAGGTCGTTGTTAAAT
O4............................................................................................................................TCGAATTTAACAACGACCTTTCTCTTCTTTTTTGGCATG
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FIG. 1. Fluorescent microscopy of S. cerevisiae cells: I, transformed with the pR1 vector; II, harboring the vector pUR36NLS, showing DNA
counterstained with DAPI in blue (A), red fluorescence of DsRed-NLS in red (B), and the overlap of both colors (colocalization) in violet (C);
III, harboring the vectors pUR36NLS and pUG34 (IV). Confocal laser scanning microscopy of S. cerevisiae cells during mating. The different
mating types are expressing yEGFP3-NLS or DsRed-NLS. The fluorescences of both yEGFP3-NLS and yEGFP3 are coded in green, and those
of DsRed-NLS and DsRed are coded in red.
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is an alternative to those techniques that modify cell structure.
Moreover, it allows studying dynamic processes in vivo. How-
ever, the slow maturation of DsRed (1, 9) can limit its use
under the control of an inducible promoter. If we take all of
the results together, DsRed should be envisaged more as an
addition tool than as a substitute for yEGFP3 in expression
studies.

In conclusion, DsRed, together with yEGFP3, can be used to
study competition between different strains or yeast species in
confined environments. This methodology also emerges as a
powerful technique to investigate fusion events of organelles
during mating. In fact, we are using this technique to assess
whether nuclear fusion occurs during the conjugation of Zy-
gosaccharomyces bailii prior to sporulation, since the produc-
tion of spores in this species does not seem to be a product of
meiosis (14).
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