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Disruption of TPS2, the gene encoding the 100-kDa subunit

of the trehalose-6-phosphate synthase/phosphatase complex

in Saccharomyces cerevisiae, causes accumulation of trehalose-6-phosphate
and loss of trehalose-6-phosphate phosphatase activity
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Preparations of the trehalose-6-phosphate synthase/phosphatase complex from Saccharomyces
cerevisiae contain three polypeptides with molecular masses 56, 100 and 130 kDa, respectively.
Recently, we have cloned the gene for the 56-kDa subunit of this complex (TPS1) and found it to
be identical with CIF1, a gene essential for growth on glucose and for the activity of trehalose-6-
phosphate synthase. Peptide sequencing of the 100-kDa subunit of the trehalose-6-phosphate syn-
thase/phosphatase complex (TPS2) revealed one sequence to be 100% identical with the deduced
amino acid sequence of the upstream region of PPH3 on the right arm of chromosome TV. This
sequence was used to clone an upstream region of PPH3 containing an open reading frame of 2685
nucleotides, predicted to encode a polypeptide of 102.8 kDa. The N-terminal sequence, as well as
three internal amino acid sequences, obtained from peptide sequencing of the 100-kDa subunit,
were identical with specific regions of the deduced amino acid sequence. Thus, the sequence cloned
represents TPS2, the gene encoding the 100-kDa subunit of the trehalose-6-phosphate synthase/
phosphatase complex. Interestingly, a stretch of about 500 amino acids from the first part of TPS2
was 33% identical with the entire TPS1 sequence. Disruption of 7PS2 had no effect on trehalose-6-
phosphate synthase activity but caused complete loss of trehalose-6-phosphate phosphatase activity,
measured in vitro, and accumulation of excessive amounts of trehalose-6-phosphate instead of tre-
halose upon heat shock or entrance into stationary phase in vivo. These results suggest that TPS2
codes for the structural gene of the trehalose-6-phosphate phosphatase. Heat shock induced an
increase in trehalose-6-phosphate phosphatase activity and this was preceded by an accumulation in
TPS2 mRNA, suggesting that the trehalose-6-phosphate phosphatase is subjected to transcriptional

control under heat-shock conditions.

Trehalose (a-D-glucopyranosyl-a-D-glucopyranose) is a
disaccharide found in as diverse organisms as algae, bacteria,
insects, invertebrates and yeasts (Elbein, 1974). Since trehal-
ose accumulates in most of these organisms upon nutrient
limitation as well as upon physical and chemical stresses, it
probably functions not only as a carbohydrate reserve but
principally as a protectant against damage imposed by
stresses (for review see Van Laere, 1989; Wiemken, 1990).
We have become interested in the close correlation between
the accumulation of trehalose and the acquisition of tolerance
to short term heat stress in yeast (Hottiger et al., 1987a and
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b, 1989 and 1992; Attfield, 1987; De Virgilio et al., 1990 and
1991). This prompted us to study the regulation of trehalose
biosynthesis.

Trehalose is known to be formed in a two step process
(Cabib and Leloir, 1958). In the first step, trehalose-6-phos-
phate synthase (UDP-glucose:D-glucose-6-phosphate-1-glu-
cosyl transferase) transfers a glucosyl residue from UDP-glu-
cose to glucose-6-P to yield trehalose-6-phosphate (Tre6P).
In the second step, this compound is split into trehalose and
P; by a specific trehalose-6-phosphate phosphatase (trehal-
ose-6-phosphate phosphohydrolase). Several studies have
dealt with the purification and kinetic properties of Tre6P
synthase and Tre6P phosphatase in yeast (Elander, 1968;
Vandercammen et al.,, 1989; Londesborough and Vuorio,
1991; Vuorio et al., 1992; Bell et al., 1992). Fructose-6-P
was found to be a strong activator of Tre6P synthase (Vuorio
et al., 1992), whilst inorganic P; inhibited Tre6P synthase and
activated Tre6P phosphatase (Vandercammen et al, 1989;
Vuorio et al., 1992). Furthermore, evidence was presented
that both Tre6P synthase and Tre6P phosphatase were sub-
jected to catabolite inactivation and repression during growth
on glucose (Frangois et al., 1991). In addition, substrate
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availability (Winkler et al, 1991) and post-translational
modification (Panek et al., 1987; De Virgilio et al., 1990)
may regulate activities of these enzymes. In contrast to tre-
halase, Tre6P synthase activity is probably not regulated by
protein phosphorylation (Frangois et al., 1991).

Recently, a proteolytically modified Tre6P synthase/
phosphatase complex of 800 kDa has been purified from Sac-
charomyces cerevisiae, consisting of three polypeptides of
57, 86 and 93 kDa (Londesborough and Vuorio, 1991). Using
a different purification protocol, we have purified an enzyme
complex with less proteolytic modifications, consisting of
three major polypeptides of 56, 100 and 105 kDa and we
have cloned TPSI, the gene for the 56-kDa subunit (Bell et
al,, 1992). TPS1 is identical with CIFI, a gene reported to
be essential for growth on glucose (Gonziles et al., 1992).
Hence, TPS1 seems to play an important role in the regu-
lation of glucose and trehalose metabolism.

In the present study, we employ the previously reported
purification protocol (Bell et al., 1992) with special care to
prevent proteolytic modification, and we report the isolation
of a Tre6P synthase/phosphatase complex with three major
polypeptides of 56, 100 and 130 kDa. Tre6P synthase and
Tre6P phosphatase co-purified throughout the purification.
Using this preparation, we identified and cloned TPS2, the
gene encoding the 100-kDa subunit of the Tre6P synthase/
phosphatase complex. We show that disruption of TPS2
causes loss of the activity of Tre6P phosphatase but not of
Tre6P synthase in vitro and accumulation of Tre6P in vivo,
suggesting that TPS2 is the structural gene for the Tre6P
phosphatase.

MATERIALS AND METHODS
Yeast strains and culture conditions

As in our previous work (Bell et al., 1992), strain C13-
ABYS86 (MATa, his3, leu2, ura3, can’, pral-1, prbl-1, prc1-
1, cps1-3), kindly supplied by D. H. Wolf, University of Frei-
burg, FRG, was used for purification of the Tre6P synthase/
phosphatase complex. Strain RH 144-3A (MATa, ura3, his4,
leu2, bari-1), a kind gift of H. Riezman, Biocenter Basel,
Switzerland was used for gene disruption.

8. cerevisiae media were prepared according to Sherman
et al. (1986). For purification of the Tre6P synthase/phospha-
tase complex, cells were grown to stationary phase in liquid
YPD media (1% yeast extract, 2% bactopeptone, 2% glu-
cose). Cultures well adapted to exponential growth (at least
five generations of exponential growth) at a density of 0.5—
1.0 107 cells/ml were used for the heat-shock experiments
{temperature shift of 27—43°C).

Bacterial strains and media

Escherichia coli IM 101 (supE, thi, A(lac-proAB), [F*,
traD36, proAB, lacl®Z4AM15]) was used as host for plasmid
constructions. Bacterial media were used as described by
Sambrook et al. (1989).

Purification of the trehalose-6-phosphate
synthase/phosphatase complex and protein sequences

The purification of the Tre6P synthase/phosphatase com-
plex was performed exactly as described in Bell et al. (1992),
using stationary-phase cells of the S. cerevisiae strain C13-
ABYS86 lacking proteases A and B and carboxypeptidases

Y and S. In order to minimize proteolytic degradation of the
Tre6P synthase/phosphatase complex, special care was taken
to speed up the overall purification procedure from approxi-
mately one week to three days.

The intact purified Tre6P synthase/phosphatase complex
was subjected to polyacrylamide gel electrophoresis in the
presence of SDS (Laemmli, 1970) using 10% acrylamide.
After staining (0.1% Coomassie brilliant blue R-250), the
band containing the 100-kDa subunit of the Tre6P synthase/
phosphatase complex was cut out from the gel, equilibrated
in 0.1 M NH,HCO,, 0.1% SDS and subjected to electroelu-
tion (Electro eluter 422, BioRad). The dried eluate was resus-
pended in 90% ice-cold ethanol and incubated overnight at
—20°C. After centrifugation (10 min at 10000 g), the dried
protein pellet (15 pg) was dissolved in 50pl 04 M
NH,HCO,, 8 M urea and treated with 5 ul 45 mM dithio-DL-
threitol at room temperature. Cysteine residues were alkyi-
ated in the dark with 5 pl 0.1 M iodoacetamide for 15 min
at room temperature. Subsequently, the protein solution was
diluted with 140 pl water and digested overnight at 37°C
with 0.75 pg trypsin (Boehringer, sequence grade). The pep-
tides in the incubation mixture were separated by reverse-
phase HPLC on a Vydac 218TP 52 (2.1 mm X 250 mm) col-
umn with a linear acetonitrile gradient (0—70%) in 0.05%
trifluoroacetic acid over three hours at a flow rate of 150 ul/
min, using a Hewlett Packard 1090 apparatus. Ultraviolet-
absorbing peaks were collected manually and selected peaks
were then subjected to sequence analysis.

Microsequencing was performed using automatic Edman
degradation with on-line HPLC analysis of phenylthiohydan-
toin (PTH)-labelled amino acids on an Applied Biosystems
477A microsequenator and a 120A PTH amino acid analyser.

Cloning of the S. cerevisiae TPS2 gene

The peptide sequences were used for a search of homolo-
gous sequences in the data bank at EMBL (Heidelberg, FRG)
using the TFASTA program. One sequence (LLSFTDXFD-
LEVM) was 100% identical with the deduced amino acid
sequence of the upstream region of PPH3 on the right arm
of chromosome IV (Ronne et al., 1991; EMBL accession no.
X 58858). The length of the potential open reading frame
(ORF) in the data bank was 870 bp. A 565-bp fragment of
this region was isolated by the polymerase chain reaction
(PCR) method with the two synthetic oligonucleotides TAA-
CTTGGCATTATAGACGTACCGTT and TAAAAAGGGT-
GTTTCAAACCTTTGCG as primers and genomic DNA of
RH 144-3A as template, using the PCR Kit (Perkin Elmer
Cetus) according to the manufacturers instructions. The frag-
ment obtained was labeled with [a-**P]dATP (Amersham),
using the Random Primed DNA Labeling Kit from Boehr-
inger Mannheim (FRG), and subsequently used to screen a
genomic DNA library (in Psey8; kindly provided by M. Hall,
Biocenter, Basel, Switzerland) as described in Sambrook et
al. (1989). Positive clones were confirmed by nucleotide se-
quencing. We found two overlapping clones (pSEY-TP6 and
pSEY-TP12; Fig. 1), both about 8 kb in length, which to-
gether covered the whole PPH3 gene and an additional 7 kb
of the upstream region of the latter gene. A segment of
3915 bp, covering the whole sequence of the ORF upstream
of PPH3, was sequenced in both directions.

Gene disruption and Southern-blot analysis

Gene disruption was accomplished by the one step pro-
cedure of Rothstein (1983). The EcoRI--BglIl fragment of
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Fig. 1. Restriction map, sequencing strategy and gene disruption
of TPS2 of S. cerevisiae. Top, position of the gene disruption of
TPS2 by insertion of a Bg/lI—Bglll fragment containing URA3.
tps2::URA3 was constructed by transforming strain RH 144-3A with
the linearized 3.4-kb EcoRI—Sall fragment containing URA3. Pos-
itions of the overlapping clones pSEY-TP6 and pSEY-TP12 and the
OREF of TPS2 and PPH3 are shown below the restriction map. Hori-
zontal arrows indicate the direction and length of each individual
sequencing reaction. Oligonucleotides were used to promote DNA
synthesis for the sequencing, thus allowing the coverage of both
strands. Bottom, fragment A was used as probe for DNA-blot analy-
sis. B, BamHI; E, EcoRI; G, Bgll; H, Hindlll; S, Sall.

TPS2 was cloned at the EcoRI—BamHI site in the multi clon-
ing site of Ycplac 111 (Rose et al., 1987). A 1.18 kb Bglll—
Bglll fragment, containing the URA3 gene (obtained from
pVT101-U, Vernet et al., 1987) was cloned into the BamHI
site (situated in the first third of the coding sequence of
TPS2) of the EcoRI—Bglll fragment. The disrupted sequence
was then excised from the corresponding plasmid with EcoRI
and Sal I (polylinker of Ycplac 111) and transformed into
strain RH 144—3A. The resulting gene-disruption mutant
was called CDV 64 (MATa ura3, leu2, his4, barl, tps2::
URA3). Gene disruption was confirmed by DNA blot analy-
sis (Southern, 1975), probing genomic DNA digested either
with BamHI or Hindlll with the EcoRI—Bg/Il fragment of
TPS2 labelled with [a-**P]dATP.

DNA sequencing and sequence analyses

Sequences were obtained from plasmids prepared by
CsCl gradients, using the dideoxy chain termination method
(Sanger et al., 1977) with sequenase (United States Bio-
chemical Corporation) and [¢-*°S]dATP (Amersham). Oli-
gonucleotides were synthesized with an Applied Biosystem
DNA synthesizer. Sequence analyses were carried out with
the GCG package (Devereux et al., 1984).

RNA isolation and analysis

RNA was extracted as described by Domdey et al.
(1984). Briefly, log-phase cells (60 ml; 1 X107 cells/ml) were
harvested by filtration, washed three times with 10 ml di-
ethylpyrocarbonate-treated water, suspended in 0.5 ml water,
and frozen in liquid nitrogen. Cells were disrupted in 0.3 ml
lysis buffer (10 mM EDTA, 150 mM LiCl, 20 mM NaCl,
0.1% SDS, 20 mM Tris/HCI, pH 7.5) and 0.5 ml phenol at
60°C for 10 min and rapidly frozen in liquid nitrogen. Fol-
lowing centrifugation for 10 min at 15000 g, the phenol
phase was removed, leaving the interphase intact. A second
aliquot of phenol (0.5 ml) was added and the extraction was
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repeated. The mixture was rapidly chilled in liquid nitrogen.
After centrifugation (10 min at 15000 g), the aqueous phase
was transferred to a new tube and extracted once with a 1:1
mixture of phenol/chloroform at room temperature. Then,
after centrifugation for 10 min at 15000 g, the aqueous phase
was brought to 0.8 M LiCl, and 2.5 volumes of ethanol were
added to precipitate RNA. The pellet was washed once with
ice-cold 70% ethanol and dissolved in 50 ul diethylpyrocar-
bonate-treated water. The RNA concentrations were equal-
ized after the A, was measured, and their quality was con-
firmed in a ‘pre-run’ with ethidium bromide stained probes
on a 1% formaldehyde/agarose gel. Total RNA (10 ug) was
then subjected to electrophoresis in 1% agarose gels contain-
ing 2.2 M formaldehyde, blotted onto nitrocellulose filters
(BA 83; Schleicher and Schuell AG) and hybridized with
radioactive probes at 42°C (Maniatis et al., 1989). The radio-
active DNA probes were generated with the Random Primed
DNA Labeling Kit (Boehringer Mannheim), using PCR-gen-
erated fragments covering either the whole ACTI-coding or
TPS2-coding regions as templates.

Quantification of bands on autoradiograms was done us-
ing a Bio-Profil scanning densitometer (Vilbert Lourmat).

Enzyme assays and determination of metabolite levels

The activity of Tre6P synthase was measured in permea-
bilized cells (Miozzari et al., 1978). 40 ml log-phase (1 ml
stationary-phase) cultures were filtered (Whatman GF/C), re-
suspended in 1 ml 0.2 M Tricine (Na*), pH 7.0, 0.05% Triton
X-100, and immediately frozen in liquid nitrogen. After
thawing (2 min at 30°C), the cells were centrifuged (1 min
at 3000 g), washed twice with ice-cold 0.2 M Tricine (Na*),
pH 7.0, and immediately used for the assay of Tre6P syn-
thase activity at 50°C (temperature optimum) in a total vol-
ume of 240 pl, using the procedure of Hottiger et al. (1987).

The activity of Tre6P phosphatase was measured in per-
meabilized cells prepared as described above, but resus-
pended in 50 mM (Na*/K*) phosphate buffer, pH 6.0, in an
assay mixture containing 1.6 mM Tre6P (Sigma), 10 mM
MgClL, 25 mM (Na*/K") phosphate buffer, pH 6.0, and 50
pl extract in a total volume of 0.1 ml. After a 20-min incu-
bation at 30°C, the reaction was stopped in a boiling water
bath for 3 min. The assay mixtures were then centrifuged
(5 min at 15000 g) and the amount of trehalose formed was
directly measured by HPLC analysis on a CarboPac PA-100
anion-exchange column, using a DIONEX DX-300 Gradient
Chromatography System coupled with pulsed amperometric
detection. Before injection, the column was equilibrated with
0.1 M NaOH for at least 10 min. The column was eluted with
0.1 M NaOH for 3 min, followed by a sodium acetate gradi-
ent of 0—0.2 M in 0.1 M NaOH over 3—8 min, at a flow rate
of 1 ml/min. Under theses conditions, the retention times of
trehalose and Tre6P were 2.8 min and 7.9 min, respectively.
In most cases, a small peak of glucose (retention time
4.2 min) was also present, probably because the trehalose
formed was hydrolyzed by the trehalases which are also pre-
sent in permeabilized cells. However, this amount did not
exceed 5% of the trehalose formed in any of the assays.
Glucose 6-phosphate (retention time 10.4 min) was not pre-
sent in any of the assays performed. For determination of
trehalose and Tre6P, 10 ml exponentially growing cells or
1 ml stationary-phase cells were filtered (Whatman GF/C),
washed four times with 5 ml distilled H,O, resuspended in
1 ml H,O and transferred to a boiling water bath for 5 min.
After centrifugation (5 min at 15000 g), trehalose and Tre6P
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Table 1. Amino acid sequences of the N-terminus and of tryptic
fragments of the 100 kDa subunit of the trehalose-6-phosphate
synthase/phosphatase complex. The first amino acid sequence was
derived from the N-terminus, whilst the other three sequences were
obtained from tryptic fragments of TPS2. X denotes cycles in which
amino acids were not unequivocally identified. Each peptide se-
quenced could be unequivocally assigned to the positions indicated
of the deduced amino acid sequence of the open reading frame of
TPS2 (Fig. 2).

Number Amino acid sequence Corresponding
amino acid

position in TPS2

1 XXXAQDNXXK 2—- 11
2 DAIVVNPWDXVAVA 485—498
3 XVSCQDXVNLTEXVD 645—659
4 LLSFTDXFDLEVM 712—-724

were determined in the supernatant by HPLC analysis as de-
scribed above. Protein was quantified by the method of
Lowry et al. (1951) using bovine albumin as standard.

RESULTS

Purification of the yeast trehalose-6-phosphate
synthase/phosphatase complex

In previous work we reported that SDS/PAGE analysis
of the Tre6P synthase/phosphatase enzyme complex revealed
three main bands with apparent molecular masses of 56, 100
and 105 kDa (Bell et al., 1992). However, despite of the use
of the C13-ABYS86 strain, the larger polypeptide displayed
signs of proteolytical degradation during the purification
(data not shown). To eliminate this problem, special care was
taken in the present study to reduce the time for purification.
The purification, carried out as described in Bell et al.
(1992), was performed within 3 days, whereas previously it
took more than a week. SDS/PAGE analysis of the purified
Tre6P synthase/phosphatase complex revealed three major
polypeptides with apparent molecular masses of 56, 100 and
130 kDa. The specific activities of both Tre6P synthase and
Tre6P phosphatase were increased up to 300-fold during the
purification of the Tre6P synthase/phosphatase complex
(data not shown).

Protein-sequence analysis and cloning
of the 100-kDa subunit of the
trehalose-6-phosphate synthase/phosphatase complex

The 100-kDa polypeptide was eluted from the gel and an
N-terminal sequence was obtained as well as three sequences
of peptides generated by tryptic digestion (Table 1). A data
bank search showed one sequence (number 4 in Table 1) to
be identical with the deduced amino acid sequence of the
upstream region of PPH3 on the right arm of chromosome
IV (Ronne et al., 1991). This sequence was used to clone the
whole upstream region of PPH3 (see Materials and Meth-
ods). Subsequently, we sequenced a segment of 3915 bp of
this upstream region, containing an ORF of 2685 nucleotides
(Fig. 2). Upstream of the predicted start site, there was no in-
frame ATG not followed by stop codons. The stop codon of
this ORF was situated 575 bp in front of the PPH3 start co-
don. The N-terminal sequence of the 100-kDa polypeptide,
with five amino acids unequivocally determined in 10 se-

quencing cycles, corresponded to the predicted N-terminal
sequence of codons 2—11 of the ORF, based on initiation at
the first ATG (Table 1; Fig. 2). We therefore conclude that
the start codon is at position 972, as numbered in Fig. 2, and
that the mature protein has lost its N-terminal methionine. In
addition, all three tryptic peptides sequenced could be un-
equivocally assigned with 100% identity at all positions
identified, to specific regions of the deduced amino acid se-
quence (Table 1; Fig. 2). From these results, we infer that we
have cloned and sequenced the gene coding for the 100-kDa
subunit of the Tre6P synthase/phosphatase complex.

The deduced amino acid sequence corresponds to a pro-
tein of molecular mass 102.8 kDa (Fig. 2), which is in ac-
cordance with the apparent molecular mass of the subunit
determined on denaturing gels. The p/ value of the predicted
gene product is 7.90. According to our previous nomencla-
ture, we named the gene TPS2.

To our surprise, we found that the first 552 amino acids
of the TPS2 gene product were 33 % identical, upon optimal
alignment with the entire TPS1 (= CIF1) amino acid se-
quence (Fig. 3). Furthermore, a search for homologous amino
acid sequences in the data bank revealed a third deduced
gene product, described as a CIF homolog [Manning, A. M.,
Rosenbloom, C. L. & Beaudet, A. L. (1992) EMBL ac-
cession number M88172], which shared 36 % and 29 % ident-
ity with TPS1 and TPS2, respectively, over a siretch of about
500 amino acids (Fig. 3). In contrast to the situation in TPS1
and TPS2, this stretch was an internal part of the deduced
sequence.

TPS2 codes for the trehalose-6-phosphate phosphatase

In order to determine the phenotype of a null mutant of
TPS2, a gene disruption was carried out (see Materials and
Methods and Fig. 1). Southern-blot analysis confirmed that
integration of the 1.18-kb Bg/ll—Bg/lIl fragment containing
URA3 occurred at the TPS2 locus (data not shown). Since
viable fps2 haploids could be isolated, the TPS2gene is not
essential under normal growth conditions.

When a haploid yeast strain bearing the 1ps2 gene disrup-
tion (CDV 64) was either heat shocked or grown to stationary
phase, Tre6P synthase was almost as active as in the wild-
type strain (Table 2). However, Tre6P phosphatase activity
was almost completely absent in log-phase, stationary-phase
and heat-shocked cultures (Table 2). The low basal activities
in CDV 64 were probably due to the activity of unspecific
cleavage of Tre6P by other phosphatases present in permea-
bilized cells, since they were similar to the phosphatase ac-
tivities with glucose-6-P as substrate (data not shown). In
contrast to cells of the strain CDV 64, wild-type cells showed
normal activity of Tre6P phosphatase in the log phase and
displayed a three-fold increase in Tre6P phosphatase after
1 h heat shock or upon entry into stationary phase (Table 2).

In accordance with these observations, cells of the strain
CDV 64 were only able to accumulate low amounts of trehal-
ose (less than 8% when compared with the wild-type cells)
under heat-shock conditions (Fig. 4A). However, they ac-
cumulated up to 0.45 g Tre6P/g protein after 1 hour at 40°C
(Fig. 4B). Wild-type cells accumulated trehalose normaily
upon heat shock, whilst Tre6P levels were below the detec-
tion limit. Additionally, we also observed a large increase in
the total Tre6P content in CDV 64 cells entering the station-
ary phase. Whilst wild-type cells accumulated about 1.0 g
trehalose/g protein and no Tre6P, CDV 64 cells accumulated
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TCGACGCAACCGCCARGAAATCTAARAACTCTTCCGATAGTGATCAATATCAAGTGTCTGTGTACGGTGGTGACGTACTCGTAGATTCTT TGCC TATAGGTGTTAACACAACTCAAATAC
D AT AU K K S KNS5 5 D S5 DQYQVSsSV Y G GDP VL VD SL P I GV NTTOTIL

TGAAAGATGCTTTCACGAAGGATATAGATTCCAAGGTTCTTTCCATCAAGCARGCTTATCAACAAAAATATATTGGTAGAGATCGTCTGGATTCCGTCAGA TGCGTTCAAAAATTAA
K DA F T KD ID S KV L SI KO QA AYOQOQI K YTIOGGGRDURILUD SV RGCV Q KTULR

GAGCTTTTGARACTTTCTTGGCCATGTATCCAGAATGGCGAGATCAAGTGGTATTGATCCAGGTCAGCAGTCCTACTGC TAACAGAAATTCCCCCCARACTATCAGAT TGGAACAACARG
A F ETVFLAMYUPE W RDOQV VL IQV S5 5 PTANUR RNUGSZPOQTTIIRILTED QR QUV

TCAACGAGTTGGTTAATTCCATAAATTCTGAATATGGTAATTTGAATTTTTCTCCCGTCCAGCATTATTATATGAGAATCCCTAAAGATGTATACT TGTCCTTAC TAAGAGTTGCAGACT
N E L VN 5 I NS EY GNILNTF S PV QH Y ¥ MRTIO®PXKXDV YL S$ F L L V AUDL

TATGTTTAATCACAAGTGTTAGAGACGGTATGAATACCACTGCTTTGGAATACGTCACTGTGAAATCTCACATGTCGAACTTTTTATGCTACGGARATCCATTGAT TT TAAGTGAGT TTT
¢ L I TS VRDGMNTTALEUYV TV K S HMSNUVFULTCYGNUPILTIULSETFS

CTGGCTCTAGTAACGTATTGAAAGATGCCATTGTCGTTAACCCATGGGATTCGGTGGCCGTGGC TAAATCTATTAACATGGCTTTGAAAT TGGACAAGGARGAARAGTCCAATTTAGAAT
6 8 $ NV L KD ATIV YV NZPWD S YV AV A KJSINMATLIKTLDIKTETEI KSNTILTE 5

CAAAATTATGGAAAGAAGTTCCTACAATTCAAGATTGGACTARTAAGTTTTTGAGTTCATTAAAGGAAAAGGCGTCATCTGATGATGATGTGGAARGGAARATGACTCCAGCACTTAATA
K L W K E VP TI QD WTNIKVFULS SL XKEKASSDDUDVERIKMTUZPATILNR

GACCTGTTCTTTTAGAAAACTACAAGCAGGCTAAGCGTAGATTATTCCTTTTTGATTACGATGGTACTTTGACCCCAATTGTCARAGACCCAGCTGCAGCTATTCCATCGGCARGACTTT
P VL L ENZYKXKQAI KR RU RILTFTILTFDYDGTULTU®PTIV KDUZPARAaATIUZPSARTILY

ATACAATTCTACAAAAATTATGTGCCGATCCTCATAATCARATCTGGATTATTTCTGGTCGTGACCAGARGTTTTTGAACAAGTGGTTAGGCGGTAAACTTCCTCAACTGGGTCTAAGTG
T I L Q K L C A D P BNOGQTIMW®WTIIS G RDOQCI KT FULNUNI KWLGGIEKULUPUGQULGTL S5 A

CGGAGCATGGATGTTTCATGARAGATGT TTCTTGCCAAGATTGGGTCAATTTGACCGAAAAAGTTGATATGTCTTGGCAAGTACGCGTCAATGARGTGATGGAAGRATTTACCACAAGGA
E H G CF M KDV s C QD WUVNULTEIZ KV VIDMSWOQVRVYVNZEVMETETFTTRT

CCCCAGGTTCATTCATCGAAAGARAGRAAGTCGCTCTAACTTGGCATTATAGACGTACCGTTCCAGAATTGGGTGAATTCCACGCCARARGAACTGARAGAAARATTGTTATCATTTACTG
P 6§ FI EREKIKVALTW®WMHY®RURTUVU®PETLSGTETFHATI KTETLI KTEI KTLTLST FTTD

ATGACTTCGATTTAGAGGTCATGGATGGTAAAGCAAACATTGAAGTTCGTCCARGATTCGTCAACAARGGTGARATAGTCAAGAGACTAGTCTGGCATCAACATGGCAAACCACAGGACA
D FDLEVMDGE K ANTEV VR RZPRTPEFVNIEKSGETLIV VI KR RILUVMWHOQHGIE KT? E?PQDM

TGTZGAAGGGAATCAGTGAAAAACTACCTAAGGATGAAATGCCTGATTTTGTATTATGTCTGGGTGATGACTTCACTGACGAAGACATGTTTAGACAGTTGAATACCATTGARACTTGTT
L K G I s E KL P KD EMZ®PUDTFUVLCLSG?DUDTFTDEUDMMFIRQLNTTIETTCHUHW

GGAAAGAARAAATATCCTGACCAAARAAATCAATGGGGCAACTACGGATTCTATCCTGTCACTGTGGGATCTGCATCCAAGAARAC TGTCGCAAAGGCTCATTTAACCGATCCTCAGCAAG
XK E K Y P D.OKNQWG N Y GF Y P VTV G S A S KI KTVAI KA AIH TLTUDUZPOQOQYV

TCCTGGAGACTTTAGGTTTACTTGTTGGTGATGTCTCTCTCTTCCARRGTGC TGGTACGGTCGACCTGGATTCCAGAGGTCATGTCAAGAATAGTGAGAGCAGTITTGAAATCARAGC TAG
L B TULGLULV DV S5 LF Q5 AGTVDILDSRGHV KNSE S SsSs L K S5 KILA

CATCTAAAGCTTATGITATGAAAAGATCGGCTTCTTACACCGGCGCAAAGGTTTGAAACACCCTTTTTAACGAAATGGTTATGAC TAGACAGACATCTTACGTCTTACTCCTTCATGCTT
S KA Y VMIE KU RGSAS Y TG AI KV *

TATTTITTTCTTIGTATTGTAT T TGAACAGTCAATATGCTGGTGTIGCGACGAAGGCATATATATAATAGTCTCAACCCACCATTTTCGAAGATTTACATACACAT TATATT TTTATARAC

TTTCAATATGTAAATAACTTTATATGATATGTAACTTCTCACTACTATCCCTACTATTAAACGGTTTTTAATAAA 3915
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Fig. 2. Nucleotide sequence and deduced amino acid sequence of the gene TPS2 of S. cerevisiae. The predicted amino acid sequence
is shown in the single-letter code. The start codon is marked with an asterisk.
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Fig. 3. Comparison of the amino acid sequences of the CIF homolog (1), TPS1 (2} and TPS2 (3). Gaps (—) were introduced to optimize
the alignment. Bottom line, consensus sequence (C) showing residues identical in at least two sequences (capital letters). Amino acids
conserved in all three amino acids are underlined. The sequences aligned correspond to the following positions in the original polypeptides:

1-495 in TPS1; 1—552 in TPS2; 275—779 in the CIF homolog.

Table 2. Activities of trehalose-6-phosphate synthase and trehal-
ose-6-phosphate phosphatase in wild-type yeast (RH 144-3A)
and the fps2 disruption mutant (CDV 64) under various con-
ditions.

Culture Tre6P synthase activity =~ Tre6P phosphatase
condition for activity for
strain
RH 144-3A CDV64 RH 144-3A CDV64
nkat/g protein
Log phase
(27 °C) 390.0 240.0 57.1 39
Heat shock
(40 °C) 3100.0 2610.0 186.2 4.0
Stationary phase 2540.0 2000.0 185.7 6.3

up to 1.4 g Tre6P/g protein but almost no trehalose upon
entrance in the stationary phase {data not shown).

These results suggest that T7PS2 is the structural gene of
the S. cerevisiae Tre6P phosphatase.

Kinetics of TPS2 mRNA accumulation after a heat shock

The elevated levels of the Tre6P phosphatase activity in
heat-shocked S. cerevisiae cells could be due to either tran-
scriptional regulation or to post-transcriptional processes. As
an initial step towards elucidating the control of Tre6P phos-
phatase activity under heat-shock conditions, we studied the
kinetics of 7PS2 mRNA accumulation after a heat shock. For
this purpose, logarithmically growing cells of the wild-type
strain RH 144—3A were removed from cultures at various
times after a shift over 27—40°C, and RNA was isolated and
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Fig.4. Trehalose (A) and trehalose-6-phosphate (B) levels of
wild-type cells and a ¢ps2 disruption mutant during heat shock.
Log-phase cultures were shifted over 27—40°C at 0 min. Full
circles, wild-type (RH 144—3A); open circles, #ps2 disruption mu-
tant (CDV 64).

analyzed as described in Materials and Methods. Exponen-
tially growing cells displayed a very low level of TPS2
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Fig.5. Autoradiograms of blots of total cellular RNA probed with either TPS2 DNA or ACTI DNA as a function of time after a
temperature shift of 27-40°C. RH 144-3A wild-type cells were grown in YPD at 27°C and transferred to a water bath at 40°C at time
zero. RNA isolated from these cells, harvested at various times after heat shock, was electrophoresed and blotted as described in Materials
and Methods. Blots were probed with **P-labeled TPS2 DNA (upper lane) and ACT! DNA (lower lane) genes. The time after the upshift

of the culture to 40°C is indicated at the top of the figure.
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Fig. 6. Growth of wild-type cells and a tps2 disruption mutant
after a shift of 27—40°C. Log-phase cells of RH 144—3A (wild-
type cells; closed circles) and CDV 64 (ps2 disruption mutant; open
circles) were shifted over 27—40°C at the time indicated by the
arrow.

mRNA. However, the level of 7PS2 mRNA increased drasti-
cally after the temperature upshift, reaching the maximum
approximately after 10 min (Fig. 5). Quantification of the
band on the autoradiogram by scanning densitometry re-
vealed that the level of TPS2 mRNA increased more than 20-
fold within 10 min after the shift to 40°C (data not shown).
Thereafter, the mRNA levels decreased again and reached
almost the level attained before heat shock 60 min after the
temperature upshift. As an internal control, the RNA blot
used for probing with the TPS2 gene was additionally probed
with the radiolabelled ACTI gene (Fig. 5, lower lane). The
RNA blot analysis with the tps2 disruption mutant revealed
that the 3.0-kb 7PS2 mRNA was absent and that a smaller
1.2-kb fragment hybridyzed to the TPS2 probe (data not
shown). This result confirms the disruption of the TPS2 gene
in the #ps2 disruption mutant.

TPS2 gene disruption results
in temperature-sensitive growth

Whilst wild-type cells (after a short lag-phase of 30 min)
were able to resume growth upon a shift of 27—40°C, CDV
64 cells stopped growth permanently at 40°C (Fig. 6). We
suggest that the accumulation of high levels of the metabolic

intermediate Tre6P may be inhibitory to growth. CDV 64
was also unable to grow at 37°C, even after a prolonged
incubation time (fwo days). However, after two days at 37°C,
colonies able to grow at this temperature appeared at a rela-
tively high frequency of 6/10° cells.

DISCUSSION

To minimize proteolysis during purification, a problem
encountered in previous work (Londesborough and Vuorio,
1991), we used the strain C13-ABYS86 (Achstetter et al.,
1984) which lacks four major vacuolar proteases (Bell et al.,
1992), and we took special care to reduce the overall purifi-
cation time. We found the Tre6P synthase/phosphatase com-
plex to be composed of three polypeptides, namely TPS1,
TPS2 and TPS3, with molecular masses of 56, 100 and
130 kDa, respectively. In our previous work (Bell et al.,
1992), we found three polypeptides with similar molecular
masses except for the largest one, which was only 105 kDa,
suggesting that this subunit was particularly sensitive to pro-
teolysis. The polypeptides we describe now are probably the
same as the ones reported by Vourio et al. (1992), although
these authors suggested that only the two major polypeptides
of 56 kDa and 130 kDa, but not the weakly stained 99-kDa
band, belonged to the purified Tre6P synthase/phosphatase
complex.

In our earlier work, we have already identified the gene
TPSI coding for the 56-kDa subunit of the Tre6P synthase/
phosphatase complex (Bell et al., 1992). We showed that
TPS1 is identical with CIFI which was originally isolated by
complementation of the cifl mutant deficient in growth on
fermentable carbon sources (Navon et al.,1979; Gonzales et
al., 1992). The cif] mutation was found to be allelic to fdpl
and bypl (Hohmann et al., 1992) and the gene has been re-
named GGSI (Thevelein, 1992). All these mutants have low
levels of Tre6P synthase activity, indicating that TPS! is an
essential component of the Tre6P synthase/phosphatase com-
plex. One additional characteristic property of all these mu-
tants is that they accumulate hexose phosphates upon ad-
dition of glucose, although they do not have any defect in
glycolytic enzymes (van de Poll and Schambhart, 1977). It is
most unlikely that the Tre6P synthase activity itself is in-
volved in this phenotype, since Tre6P synthase activity is
very low in growing wild-type cells. Therefore, we suggest
that TPSI has strictly regulatory functions. These functions
may be related to the control of the Tre6P synthase/phospha-
tase complex (Bell et al., 1992) as well as to the control
of glucose influx and glucose-induced signalling pathways
(Thevelein, 1992).
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In this study, we report the identification of the gene
TPS2 which codes for the 100-kDa subunit of the Tre6P syn-
thase/phosphatase complex. Disruption of TPS2 results in the
almost complete absence of Tre6P phosphatase activity in
log-phase, stationary-phase and heat-shocked cells. In con-
trast, under the same conditions, Tre6P synthase activities in
the ps2 disruption mutant differ only slightly from those in
the wild type. In vivo, the tps2 disruption mutant accumulates
high amounts of Tre6P under conditions that normally lead
to the accumulation of trehalose in wild-type cells. Taken
together, these results suggest that 7PS2 codes for the struc-
tural gene of Tre6P phosphatase.

The large increase in TPS2 mRNA upon heat shock indi-
cates that the heat-induced increase in Tre6P phosphatase
activity might be due mainly to transcriptional regulation.
The rapid and transient accumulation of the mRNA re-
sembles the pattern described for members of the heat-shock
gene family (Werner-Washburne et al., 1989). These results
provide further evidence for our previously reported sugges-
tion that trehalose is an important factor of the heat-shock
response in S, cerevisiae (Hottiger et al., 1989 and 1992; De
Virgilio et al., 1990 and 1991).

Disruption of TPS2 caused temperature-sensitive growth
and the permanent stop of cell proliferation upon a tempera-
ture shift over 27—40°C. This might be due to the excessive
accumulation of Tre6P at elevated temperatures. Alterna-
tively, the fixation of a great part of the cells P; into Tre6P
might result in a shortage of the intracellular P; and ATP,
even though cells are not starved for P,

A further interesting observation is that incubation of a
tps2 disruption mutant for more than two days at 37°C re-
sulted in the appearance of growing colonies. This obser-
vation has also been made in the trel.] mutant, formerly
reported to be possibly defective in the structural gene of
Tre6P phosphatase (Piper and Lockheart, 1988). It might be
that spontaneous mutations arise which can overcome the
metabolic consequences of Tre6P accumulation. In this con-
text, it is worth noting that inhibition of growth on glucose
in cifl mutants can be suppressed by second-site changes in
expression of FPSI and FPS2 (Thevelein, 1992).

Finally, as the #ps2 disruption mutant had normal Tre6P
synthase activities, we hypothesize that the polypeptide re-
sponsible for Tre6P synthase activity may be the 130-kDa
subunit of the Tre6P synthase/phosphatase complex. Interest-
ingly, the CIF homolog [Manning, A. M., Rosenblom, C.
L. & Beaudet, A. L. (1992) EMBL accession number
M88172] which shares a homologous stretch of about 500
amino acids with both TPS1 and TPS2, would have a pre-
dicted molecular mass of 118.8 kDa. We are currently in-
vestigating whether the CIF homolog is involved in the tre-
halose metabolism and especially, whether TPS3 might be
encoded by the latter gene. This would mean that the Tre6P
synthase/phosphatase complex is composed of three different
proteins which share a long stretch of sequence homology.

We are grateful to T. Mini for oligonucleotide synthesis and
amino acid sequencing. We thank P. Linder for many helpful com-
ments and R. Doelz for the maintenance of computer facilities. This
work was supported by the Swiss Science Foundation, grant 31-
27923.89.
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