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Heterologous complementation in yeast has been a successful tool for cloning and characterisation of genes from
various organisms. Therefore we constructed conditionally lethal Saccharomyces cerevisiae strains by replacing the
endogenous promoter from the genes of interest (glycosyltransferases) by the stringently regulated GAL1-promoter, by a
technique called chromosomal promoter replacement. Such yeast strains were constructed for the genes Alg 1, Alg7,
Sec59, Whp1 involved in N-Glycosylation, the genes Gpi2, Gpi3/Spt14, Gaal, Pis1, involved in GPl-anchor biosynthesis
and Dpm involved in both pathways. All strains show the expected conditionally lethal phenotype on glucose-containing
medium when expression of the respective gene is turned off.
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Introduction

The yeast Saccharomyces cerevisiae provides a powerful
model system for studying molecular biology of the eucaryotic
cell. Heterologous complementation of conditional lethal
mutants of yeast has been successfully used to isolate
functional homologues from various species. Based on the
high conservation of gene function in cells from different
eucaryotic species, many of the known or unknown essential
genes from yeast are potential targets for heterologous
complementation screens, which depend on the availability
of conditional lethal mutants of the gene of interest. So far
these mutants were mainly temperature sensitive mutants,
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which are often difficult to handle in complementation screens
and tend to revert with a certain, sometimes high frequency.

We decided to generate conditional lethal mutants of
essential genes by the well-known method of replacing the
natural promoter with the stringently regulated, glucose-
repressed GAL-1 promoter [1]. Such strains are viable on
galactose medium and stop growing on medium containing
glucose as only carbohydrate source when the GAL1-promoter
is turned off. As an example for this approach we wanted to
generate several conditional lethal mutants of genes involved
in protein glycosylation (N- and O-glycosylation and GPI-
anchor biosynthesis) by Chromosomal Promoter Replacement
(CPR).

N-glycosylation plays an important role in protein folding
and quality control in the ER and is crucial for biosynthetic
trafficking of proteins beyond the ER and throughout the
secretory pathway as reviewed in [2,3]. Glycosyl-Phosphati-
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dylinositol membrane anchors, a principle of anchoring
protein in plasma membranes which first has been described
in Trypanosoma brucei has meanwhile been shown to be, like
N-glycosylation, ubiquitous among ecucaryotes. There is a
growing body of evidence that these GPI-anchors exhibit a
variety of functions other than the mere anchoring of
membrane proteins [for review see 4,5,6]. Since glycosylation
is a hallmark of most surface proteins these biosynthetic
pathways play a particularly interesting role in the biology of
parasites since surface antigens and their carbohydrate
structures have to interact with the host’s immune system.
Through recombinant DNA technology it should be possible
to clone and express these enzymes which are not readily
accessible due to the often limited availability of parasite
material. Determination of key biochemical parameters for
these enzymes might have a profound impact on the
development of vaccines and new antiparasitic drugs based
on specific inhibitors for the parasite enzymes. We therefore
decided to clone and characterise enzymes involved in N-
glycosylation and GPI-anchor biosynthesis by using the
approach of heterologous complementation in yeast. We have
previously cloned the gene for the Dolicholphosphat-Mannose
Synthase from Trypanosoma b. brucei [7], using the tempera-
ture-sensitive yeast strain DPM 1-6 [8]. To circumvent the
problems of a high number of false positives often
encountered with ts-strains we decided to construct syntheti-
cally lethal yeast strains by replacing the endogenous
promoters of these genes by the stringent regulatable GAL1
promoter via homologous recombination, by transfecting yeast
with a His-Gal cassette PCR fragment. The construction of
such strains and their phenotypic characterisation will be
described and their usefulness for the cloning of glycosyl-
transferases will be discussed.

Materials and methods
Materials

Zymolyase 20000 was purchased from Seikagaku Corp.
Tokyo. Restriction endonucleases and other DNA modifying
enzymes used in recombinant DNA experiments were from
Boehringer-Mannheim, New England Biolabs or Stratagene
and were used in accordance with the manufacturer’s
instructions.

Strains and Media:

The following Saccharomyces cerevisiae and E.coli strains
were used in this work. YPH 499 [Mat a; ura3-52; lys2-
8012mber; ade2—101°"" trpl-D63; his3-D200; leu2-D1] (Stra-
tagene) was used for the construction of the synthetically
lethal strains. S. cerevisiae wild type strains were grown in
YPAD medium (1% Bacto yeast extract, 2% Bactopeptone,
2% dextrose, 4 mg/1 adenine) or SD medium (2% dextrose,
0.17% Bacto yeast nitrogen base) and the nutritional
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supplements necessary to complement strain auxotrophies.
Recombinant strains were plated on SGR-His after transfor-
mation (4% galactose, 2% raffinose, 1.5% agar for plates,
0.17% Bacto yeast nitrogen base, 0.5% ammonium sulfate and
the nutritional supplements necessary to complement strain
auxotrophies.)

Recombinant DNA techniques

Standard recombinant DNA techniques were performed
essentially as described by Sambrook et al [9]. Plasmid
isolation from yeast followed the protocol of Hoffman and
Winston [10]. Transformation of yeast was performed
according to [11].

PCR reactions were performed using the Hotwax Optistart
Kit for PCR Optimisation from Invitrogen in accordance with
the manufacturer’s instructions. 10ng Template (pGAL1/
HIS3) and 50ng of each primer (70 bp) were used for each
PCR. Whole cell PCR was performed using YPH499 as wild
type control and the corresponding promoter mutants for
verification of the correct insertion of the His Gal cassette. The
His GALI1 cassette was constructed by cloning of the GAL1-
promoter-fragment from p416GAL1 into pRS17 [12,13].

Results and Discussion
Strategy of Chromosomal Promoter Replacement (CPR)

The aim of this work was to use a well-known, quick and
reliable procedure to generate conditional lethal yeast mutants
involving various genes essential in glycan assembly. Such
mutants are suitable for use in heterologous complementation
screens. We decided to generate variants of several essential
genes, by bringing their expression under the control of the
stringently regulated GALIl-promoter. This promoter is
induced in the presence of galactose and the absence of
glucose but is tightly repressed in the presence of glucose [1].
This should allow to turn off the expression of any open
reading frame brought under control of this promoter.

We achieved our aim by using the technique of Chromo-
somal Promoter Replacement (CPR) in which the wild type
promoter of an essential gene of interest is exchanged by
the GALI-promoter (Fig. 1). The promoter replacement is
achieved by a classical one step replacement, in which the
target promoter is exchanged by a selection marker/promoter
HIS3/GALI1-cassette [14,29]. The vector pGALI1/HIS3
serves as a template for the PCR-reaction generating the
GALI1-promoter/HIS3-selection marker cassette flanked by
short segments for the homologous recombination. Target
sequences for the homologous recombination were chosen
200 bp upstream of the corresponding ATG-start codon in the
promoter region and at the ATG-start codon of the coding
region. Because homologous recombination in yeast is very
efficient the flanking regions for recombination can reduced to
50 bp, which allows to generate the HIS3/GAL1-replacement



Chromosomal promoter replacement in Saccharomyces cerevisiae 675

A)
: GALI
NP
7
PCR-AMPLIFICATION
\\
B)
RECOMBINATION
O oy

& \1\\\ ORFX

Figure 1. Schematic outline of the chromosomal CPR recombina-
tion. A: the vector pGAL1/HIS3 containing the GAL1/HIS3
cassette with the positions of the PCR primers being indicated.
B: Postulated recombination event between the amplified GAL1/
HIS3 cassette and the promoter region of the gene in question. C:
Scheme of the cassette integrated into the yeast chromosomal
DNA immediately upstream the targeted open reading frame.

cassette by the polymerase chain reaction [11,15,16,28]. For
the amplification of the HIS3/GALI cassette and replacement
of the endogenous promoter the primers used have to fulfil two
criteria: One part of the primer (19-mer) is needed for the
amplification of the His3/Gall cassette in the pGAL1/HIS3
vector. The second part of the primer (a 50-mer overhang)
must be complementary to the putative promoter region,
approximately 200bp upstream the gene of interest or to
sequences including the start-codon respectively. Thus the
endogenous promoter of the gene of interest should be
replaced by the Gall-promotor via homologous recombination
after transformation with the amplified His-Gal fragment as
depicted in Figure 1. The PCR-generated CPR-cassette can
then be transformed into yeast and transformants can be
selected on minimal medium lacking histidine and containing
galactose. Strains carrying the correct integration can be
verified by southern blot or PCR and should show the
expected conditional lethal phenotype when shifted to glucose-
containing medium.

Replacement cassettes of this type were generated for
promoters of the following genes: Dolichol-phosphate-man-
nose Synthase (DPM) [8]; Dolichol-cycle N-acetylglucosa-
mine-1-phosphate Transferase (Alg7) [17,18]; Dolichol-cycle
Mannosyl-I- transferase (Algl) [19]; Dolichol-Kinase (sec59)
[20]; Phosphatidylinositol-synthase [21]; N-oligosaccharyl-
transferase-subunit (Wbpl) [22]; GPI-N-acetylglucosaminyl-
transferase 2 (Gpi2) [23]; GPI-N-
acetylglucosaminyltransferase 3 (Gpi3/Sptl4) [23,24]; GPI-
Protein-Transamidase (Gaal) [25]. Sequences of the oligonu-
cleotides used and their locations in the corresponding
promoters relative to the ATG-start codon are shown in Table
1.

Transformation of 1 pg of the respective PCR-fragment into
the haploid strain YPH499 yielded routinely 5-25 transfor-
mants on galactose containing plates lacking histidine. Over
90% of the transformants showed the expected conditional
lethal phenotype when plated under non permissive conditions
on glucose medium (Fig. 2). Depending on the modified gene
some strains showed a residual slow growth for 10-30
generations on glucose plates, probably due to differences in
mRNA- and/or protein-stability of the corresponding proteins.

The correct insertion of the His-Gal fragment into genomlc
DNA was confirmed by whole cell PCR using primers 5 and 3’
adjacent to the integration sites. The sizes of the PCR
fragments were verified by agarose gels with corresponding
fragments from YPH 499 as control (Fig. 3). To finally
confirm that the lethality was due to repression of the gene in
question, the strains were transformed with plasmids harbour-
ing the corresponding wild type yeast genes. For all strains
rescue of the conditional lethal phenotype was observed (data
not shown).

Heterologous complementation of CPR mutants

To finally confirm the usefulness of these synthetically lethal
yeast strains for heterologous complementation screens, the
strain YPH-GAL1-DPM was transformed with the previously
cloned Dol-P-Man synthase from 7. b. brucei [7] and was
tested for the ability to grow on glucose only. Transformants
harbouring the recombinant 7. b. brucei gene showed the
expected phenotypic conversion (Fig. 4) thus confirming that
CPR strains can be used for the cloning of genes by
heterologous complementation

In addition the yeast strain YPH-GAL1-ALG7 was
transformed with a human cDNA library constructed from
human lung fibroblasts. 250 000 transformants were plated on
SD/His-medium, yielding 18 colonies growing under these
conditions. After a second screening step for loss of plasmid
by plating on FOA-medium [26], one clone could be identified
as the human N-acetylglucosamine-1-phosphate Transferase
[27]. These results confirm the main objective of the cloning
strategy presented here; cloning of genes by functional
complementation in yeast with only a few false positives to
be eliminated in a subsequent screening step.



Table 1. Compilation of the oligonucleotides used for the PCR-amplification of the HIS3/GAL1 promoter replacement cassettes. The
sequences are written in the conventional 5-3 direction. Sequences homologous to the vector are printed in italics. The 5-primer is com-
plementary to the putative promoter region, approximately 200 bp upstream the gene of interest and the 3-Primer is complementary to the start
of the open reading frame, beginning with the start codon ATG (see complementary TAC in each sequence next to the italicised vector
sequence, underlined).

DPM 5 TGTAATACAATATCATTCTATAGCACTCGCATCGCGTATTTTTTTTTTATTTT GGGCGAATTGGAGCTCCAC

3 ATGTTCAGCTTTTCATGGTAAGCGGGAACGATAACAGAGTATTCGATGCTCAT GGGGATCCACTAGTTCTAG
Sec59 5 TCTAGATGTATGGGTGTGCGGGAATGCTAAGATACGTTATTGAGGGCTGTCCG GGGCGAATTGGAGCTCCAC

3 TTCTGGGTTAGTTTAATTGTGGTAAAGGAAGCATGAGGTATTATAGCGACCAT GGGGATCCACTAGTTCTAG
Alg7 5 GTTACGAATACAAACACAGAGGTTGATGCATGAATTTTTTCTAGCTACTACCA GGGCGAATTGGAGCTCCAC

3 TTGGAATAGTAGATTAAGCATGTGATAAGTGCCAGTGAAAAAAGTCGCAACAT GGGGATCCACTAGTTCTAG
Pis1 5 TGAGATGAGATGAGATGAGCTCTAAATTTCCATAAAATTTTTTCATTTTATAA GGGCGAATTGGAGCTCCAC

3 TACCACAGAACGTGTTCTGCAGTAACCTTTTCTGGTGTTGAATTCGAACTCAT GGGGATCCACTAGTTCTAG
Gpi2 5 TAAACCAATTTAAAGGTACAATCACACTTTAAGTATTGTTGTTAGACGGT GGGCGAATTGGAGCTCCAC

3 CTGGGTACTCCTGTTTCAACCATAGTAGGCGCTTCCAGGGAGATCTTGTCAT GGGGATCCACTAGTTCTAG
Spt14 5 CCTTTGTATACTCATATGCGAACTTGTCTAATACAATGTATACCAAAAATAA GGGCGAATTGGAGCTCCAC

3 ATGTATTTGGAACACATGCTGTGAGCTAGACATACGCTATATTGAAGCCCAT GGGGATCCACTAGTTCTAG
Gaat 5 CCTAGAAAGGTTGAAGCTTATAAAACCGTGCCAACAGCTTTATAGTGGGG GGGCGAATTGGAGCTCCAC

3 GGGACAAGCCCCATATCAACAATCCTTCGATGCAACTTCTCCAATAAGGCCAT GGGGATCCACTAGTTCTAGC
Alg1 5 TCAGGTTCTACTTATGTTTGCTTTGTCGATTTTTGCATGCTTTGACTGTGACT GGGCGAATTGGAGCTCCAC

3 GAAAGGTATAATATTATTAAGGCAAGTAACCACCGAGGAATTTCCAAAAACAT GGGGATCCACTAGTTCTAG
Whbp1 5 GGGGCTCTCATTGTTTTATAGATACATATTAGTATACTACAATTAAAGATATC GGGCGAATTGGAGCTCCAC

3 ACGAAAATGGCCTGCAGAAGGATACAAAAGAAAAAATTCCAATCGGTCCGCAT GGGGATCCACTAGTTCTAGC
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Figure 2. Comparison of growth properties of several CPR-strains
on galactose and glucose respectively. The positions of the
individual strains are indicated on top of the figure, the enzymes
corresponding to the abbreviations are mentioned in the text. All
CPR strains show clear growth arrest on medium containing
glucose (SD) thus confirming the expected conditional lethal
phenotype.

Conclusions

The data presented here confirm that synthetically lethal yeast
strains can easily be constructed by promoter replacement via
homologous recombination as long as the genes of interest
are essential like those for N-glycosylation or GPI-anchor
biosynthesis. By using the stringent regulated GAL1 promoter
growth of the recombinant yeast strains can be controlled
easily by simply plating them on Galactose/Raffinose or
Glucose respectively. These strains can thus be used for the
functional cloning of genes by complementation by plating
them under non permissive conditions (SD) after transforma-
tion with expression cDNA libraries as could be demonstrated
by the cloning of the human GIcNAc-I-P-transferase.

The CPR-strains described here are now being used to
isolate the respective genes from cDNA libraries from humans
and parasitic protozoans. CPR-strains dependent on the
expression of cDNAs from other species can be applied
directly to in vivo tests of already known drugs which inhibit
those gene products. Furthermore they can be used to isolate
new species specific drugs in high throughput screens. This
strategy of using CPR-strains could in principle be adapted
to every disease-relevant protein which can complement the
function of an essential yeast gene.
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Figure 3. Example for whole cell PCR with three CPR-strains and
the corresponding wild type controls. The strains used are: Lane 1:
YPH-GAL1-DPM, Lane 3: YPH-GAL1-ALG1, Lane 5: YPH-GAL1-
ALG7. Lanes 2, 4, and 6: Yeast strain YPH 499 serving as wild type
control. Lane 7: Marker (1kb marker; GibcoBRL). The PCR-
analyses for the other CPR-strains revealed identical results.

Acknowledgements

This work was supported by grants from the Deutsche
Forschungsgemeinschaft to R. T. S. (Sonderforschungsbereich
286), DAAD(PRORCOPE), Fonds der Chemischen Industrie,
Hessisches Ministerium fiir Wissenschaft und Kunst and P.E.
Kempkes Foundation Marburg, Germany. R.M. thanks the
Friedrich Ebert Stiftung for a doctoral fellowship (St. Nr.
171859). The authors want to thank Drs. J. Rine (Alg7),
P. Orlean (DPM, GPI2/3), PW. Robbins (Algl), R. Schekman
(sec59), S. Yamashita (Pis), S. te Heesen (Wbpl) and H.
Riezman (Spt14/Gaal) for making available the correspond-



678

YPH-GAL1-ALG7

Trypanosoma
brucei
DPM

vector

YPH-GAL1-DPM

galactose

glucose

Figure 4. Rescue of the conditional lethal phenolype by hetero-
logous complementation. The two CPR strains YPH-GAL1-ALG7
and YPH-GAL1-DPM were transformed with the human alg7 and
the T. brucei DPM gene respectively and plated on either galactose
or glucose plates. The same strains transformed with the vector
pRS 426 Met25 (13) were used as controls.

ing yeast clones which were used as controls in this study and
Dr. Louis Schofield for reading the manuscript.

References

1

Johnston M, Davis RW (1984) Sequences that regulate the
divergent GAL1-GAL10 promoter in Saccharomyces cerevisiae.
Mol Cell Biol 4: 1440-8.

Kornfeld R, Kornfeld S (1985) Assembly of asparagine-linked
oligosaccharides. Annu Rev Biochem 54: 631-64.

Fiedler K, Simons K (1995) The role of N-glycans in the
secretory pathway. Cell 81: 309-12.

Eckert V, Gerold P, Schwarz RT (1996) GPI-Anchors: structure
and functions in Glycosciences: Status and Perspectives (H.-J.
Gabius and S. Gabius eds.) Chapman and Hall, Weinheim.
Takeda J, Kinoshita T (1995) GPI-anchor biosynthesis. Trends in
Biochem Sci 20: 367-71.

Ferguson MAJ (1999) The Structure, biosynthesis and functions
of glycosylphosphatidylinositol anchors, and the contributions of
trypanosome research. Journal of Cell Science 112: 2799-809.
Mazhari-Tabrizi R, Eckert V, Blank M, Miiller R, Mumberg D,
Funk M, Schwarz T (1996) Cloning and functional expression of
glycosyltransferases from parasitic protozoa by heterologous
complementation in yeast: The Dol-P-Man Synthase from
Trypanosoma brucei brucei. Biochemical J 316: 853-8.

Orlean P, Albright C, Robbins PW (1988) Cloning and
sequencing of the yeast gene for dolichol phosphate mannose
synthase, an essential protein. J Biol Chem 263: 17499-507.

10

11

12

13

15

16

17

18

19

20

21

22

23

24

25

26

27

Mazhari-Tabrizi et al.

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A
Laboratory Manual, 2nd ed. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Hoffman CS, Winston F (1987) A ten-minute DNA preparation
from yeast efficiently releases autonomous plasmids for transfor-
mantion of Escherichia coli. Gene 57: 267-72.

Manivasakam P, Weber SC, McElver J, Schistel RH (1995)
Micro-homology mediated PCR targeting in Saccharomyces
cerevisiae. Nucleic Acids Res 23: 2799-800.

Sikorski RS, Hieter P (1989) A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 122: 19-27.

Mumberg D, Miiller R, Funk M (1994) Regulatable promoters of
Saccharomyces cerevisiae: comparison of transcriptional activity
and their use for heterologous expression. Nucleic Acids Res 22:
5767-8.

Lorenz MC, Muir RS, Lim E, McElver J, Weber SC, Heitman J
(1995) Gene disruption with PCR products in Saccharomyces
cerevisiae. Gene 158: 113-7.

Baudin A, Ozier-Kalogeropoulos O, Denouel A, Lacroute E
Cullin C (1993) A simple and efficient method for direct gene
deletion in Saccharomyces cerevisiae. Nucleic Acids Res 21:
3329-30.

Wach A, Brachat A, Péhlmann R, Philippsen P (1994) New
heterologous modules for classical or PCR-based gene disruptions
in Saccharomyces cerevisiae. Yeast 10: 1793—1808.

Rine J, Hansen W, Hardeman E, Davis RW (1983) Targeted
selection of recombinant clones through gene dosage effects. Proc
Natl Acad Sci USA 80: 6750-4.

Zhu X, Lehrman MA (1990) Cloning, Sequence and Expression
of a cDNA Encoding Hamster UDP-GIcNAc:Dolichol Phosphate
N-Acetylglucosamine-1-phosphate Transferase. J Biol Chem 265:
14250-5.

Huffaker TC, Robbins PW (1983) Yeast mutants deficient in
protein glycosylation. Proc Natl Acad Sci US4 80: 7466-70.
Bernstein M, Kepes F, Schekman R (1989) SEC 59 encodes a
membrane protein required for core glycosylation in S. Cere-
visiae. Mol and Cell Biology 9: 1191-99.

Nikawa J, Kodaki T, Yamashita S (1987) Primary structure and
disruption of the phosphatidylinositol synthase gene of S.
cerevisiae. J Biol Chem 262: 4876-81.

te Heesen S, Janetzky B, Lehle L, Aebi M (1992) The yeast
WBP1 is essential for oligosaccharyltransferase activity in vivo
and vitro. EMBO J 11: 2071-75.

Leidich SD, Kostova Z, Latek RR, Costello LC, Drapp DA, Gray
W, Fassler JS, Orlean P (1995) Temperature-sensitive yeast GPI-
anchoring mutants gpi2 and gpi3 are defective in the synthesis of
N-acetylglucosaminyl phospahatidylinositol. J Biol Chem 270:
13029-35.

Schonbachler M, Horvath A, Fassler J, Riezman H (1995) The
yeast spt14 gene is homologous to the human PIG-A gene and is
required for GPI anchor synthesis. EMBO J 14: 1637-45.
Hamburger D, Egerton M, Riezman H (1995) Yeast Gaalp is
required for attachment of a completed GPI anchor onto proteins.
J Cell Biol 129: 629-39.

Boeke JD, Truehyrt J, Natsoulis G, Fink G (1987) 5-Fluoroorotic
acid as a selective agent in yeast molecular genetics. Methods
Enzymol 154: 164-75.

Eckert V, Blank M, Mazhari-Tabrizi R, Mumberg D, Funk M,
Schwarz RT (1998) Cloning and functional expression of the



Chromosomal promoter replacement in Saccharomyces cerevisiae 679

28

human GlcNAc-1-P transferase, the enzyme for the committed
step of the dolichol cycle, by heterologous complementation in
Saccharomyces cerevisiae. Glycobiology 8: 77-85.

Longtine MS, McKenzie A 3rd, Demarini DJ, Shah NG,
Wach A, Brachat A, Philippsen P, Pringle JR (1998) Additional
modules for versatile and economical PCR-based gene

deletion and modification in Saccharomyces cerevisiae. Yeast
14: 953-61.

29 McElver J, Weber S (1992) Flag™ N-terminal epitop over-

expression of bacterial alkaline phosphatase. Flag™ C-terminal
epitop tagging by PCR, one step targeted integration. Yeast 8:
S627, 16. Intl. Conference on yeast genetics and molecular
biology, Vienna, Austria, Aug. 15-21 1992.

Received 5 November 1999, revised 27 January 2000, accepted 1
February 2000



