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O-mannosyltransferases Pmtlp and Pmt2p function as heterodimer
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Abstract The protein O-mannosyltransferases Pmtlp and
Pmt2p are catalyzing the O-glycosylation of serine and threonine
residues in the endoplasmic reticulum of yeast. Deletion of each
of these proteins by disruption of the corresponding gene leads to
a dramatic decrease of mannosyltransferase activity in vitro.
With an anti-Pmt1p immunoaffinity column a complex of Pmtlp
and a second protein was purified; this protein turned out to be
Pmt2p. Overexpression of Pmtlp or Pmt2p, respectively, does
not increase mannosyltransferase activity in vitro. Overexpres-
sion of both mannosyltransferases together, however, raises in
vitro activity threefold. These data indicate that Pmtlp and
Pmt2p function as a complex catalyzing protein O-glycosylation
in yeast.
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1. Introduction

Glycosylation is a complex and common modification of
proteins. Glycoproteins carry their carbohydrate chains N-
linked to special asparagine residues or O-linked to hydroxy
amino acids [1]. In Saccharomyces cerevisiae, mannose transfer
to specific serine and threonine residues is catalyzed in the
endoplasmic reticulum and requires dolichyl phosphate-p-man-
nose as immediate sugar donor [2]. The enzyme Dol-P-
Man:protein O-mannosyltransferasel (Pmtlp) catalyzing the
initial reaction of protein O-glycosylation has been purified to
homogeneity and the corresponding gene PMTI has been
cloned [3.4]. By sequencing chromosome I of Saccharomyces
cerevisiae, an open reading frame (YAL023/FUN25) was iden-
tified, the gene product of which possessed significant similarity
to Pmtlp and was also shown to be involved in protein
O-glycosylation [5]. Pmtlp and Pmt2p consist of 817 and 758
amino acids, respectively, and share 33% identity. The pre-
dicted proteins have almost identical hydropathy profiles which
indicate integral membrane proteins with a tripartite structure.
The N- and C-terminal thirds are lipophilic with multiple po-
tential transmembrane helices, whereas the central part is hy-
drophilic. Recently, four more PMT genes (PMT3-6) have
been detected ([6,7], Dommaschk et al., unpubl.).

*Corresponding author. Fax: (49) (941) 943 3352.

Abbreviations: Ac, acetyl; Dol-P, dolichyl phosphate; Man, mannose;
PMSF, phenylmethylsulfonyl fluoride; Tris, Tris-hydroxymethylami-
nomethane; PAGE. polyacrylamide gel electrophoresis; WT, wild type.

In this study, we report that Pmtlp and Pmt2p form a heter-
odimer. Using an anti-Pmtlp immunoaffinity column a com-
plex composed of Pmtlp and Pmt2p could be isolated. It will
be shown that concurrent overexpression of both proteins leads
to a significant increase in mannosyltransferase activity,
whereas the individual overexpression of each protein has no
effect.

2. Materials and methods

2.1. Yeast strains and media

The following strains were used: SEY 6210 (Mata leu2-3,112 ura3-52
his3-4200 lys2-801 trpl-4901 suc2-49), SEY6210 pmtid::URA3 [4],
SEY6210 pmr24:LEU2 [5), SEY6210 pmtl14::URA3 pmi2A::LEU2 [5],
SEY6210 pmt3::HIS3 [6], SEY6210 pmt4.:TRP! [6], SEY6210
pmi3:HIS3 pmi4::TRPI [6), GFUIL-4B (Mata ura3—52 leu2-3,112 his),
BYS232-31-4 (Mata prbl—1 prcl-3 cpsi—1 ade2—1 ura3—52 leu2-3,112).
Standard yeast media and yeast DNA technology methods have been
used as described [8].

2.2. Muannosyltransferase assay

The peptide assay for Dol-P-Man:protein O-mannosyltransferase
activity was performed as described by Strahl-Bolsinger and Tanner [3].
The blocked peptides Ac-SSSSS-NH, and Ac-YNPTSV-NH, were
added to a concentration of 4.5 mM and 3 mM, respectively, in a total
test volume of 70 ul. To measure enzyme activity in yeast extracts
overproducing Pmtlp and Pmt2p, S ug of membrane protein and 4.5
mM of the blocked peptide Ac-YATAV-NH, were used.

2.3. Isolation of membranes

Cells were grown to the middle of the log phase, washed in TM buffer
(50 mM Tris-HCL, pH 7.5, 50 mM MgCl,, | mM PMSF) and broken
with glass beads in the same buffer. After centrifugation at 3000 x g,
membranes were collected by centrifugation at 48,000 x g for 45 min
and resuspended in TM buffer.

2.4. Immunoaffinity chromatography

Solubilizing of membranes, coupling of anti-Pmtlp antiserum to
protein A-Sepharose and incubation of solubilized extracts with the
affinity resin were carried out as described [4]. The complex was eluted
with 100 mM glycine-HCI, pH 3.0, 0.05% Lubrol PX, 15% glycerol.

2.5. Overexpression of PMTI and PMT?2

The LEU2 gene and the GAL10 promotor were placed immediately
upstream of the open reading frame of the chromosomal PMT! gene
of GFUII-4B by homologous recombination (Strahl-Bolsinger, un-
publ.). The resulting strain TF1.8 was Leu* and showed galactose-
dependent growth [9]. Transformation of the yeast multicopy vector
YEp352 containig PMT2 (YEp352-PMT2) [5] into TF1.8 and GFUII-
4B led to overexpression of PMT2. The same strains were transformed
with YEp352 and used as a control. Cells were grown in selective
medium containing 2% galactose or 2% glucose and membranes pre-
pared as described.

2.6. Other procedures

Proteins were separated by SDS-PAGE in Laemmli system [10]. For
immunoblots, proteins were transferred to nitrocellulose and visualized
using enhanced chemoluminescence (Amersham). For production of
polyclonal antibodies, a rabbit was immunized with purified protein,
which was isolated after separation by SDS-PAGE.
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3. Results

3./, Pmtlp and Pmi2p are necessary for O-mannosylation
activity in vitro
With wild type membrane extracts of S. cerevisiae the
blocked peptides Ac-SSSSS-NH, and Ac-YNPTSV-NH, func-
ticn as suitable mannosyl acceptors for the reaction:

Dol-P-Man + Peptide (Ser/Thr) —
Peptide (Ser/Thr)-Man + Dol-P.

Less than 11% of the mannosyl transfer activity is found in
ex racts of the single knock out mutants pmtI or pmt2 (Table
1} The data indicate that at least with these two peptides and
ur der the test conditions used the deletion of Pmt2p or of
Pritlp results in the loss of most of the in vitro activity. There-
fo e, both proteins seem to be essential to reach wild type
ac ivity. If this is the case, the low activity in a single knock out
m.itant pmt! or pmt2 could be due to a minor activtiy of the
rernaining mannosyltransferase. Indeed, Pmtlp expressed
soely in E. coli possesses a low mannosyl transfer activity,
wlich was less than 5% of the in vitro activity obtained with
a . omparable amount of Pmtlp in extracts of yeast wild type
ce ls [4].

3... Isolation of a Pmtip-Pmt2p complex

[o prove that Pmtlp and Pmt2p form a complex, an anti-
Prnitlp antibody was used to prepare an immunoaffinity col-
unn. After elution of the column and following SDS-PAGE,
the Pmtlp with a molecular mass of 92 kDa but also a second
protein with an apparent molecular mass of approximately 78
kI'a could be visualized (Fig. 1). This 78 kDa protein was
isciated and used to immunize a rabbit. The analysis of the
ral:bit serum is shown in Fig. 2. Membrane extracts of wild type
an.l mutants were transferred to nitrocellulose and probed
ag.inst the anti-78 kDa protein antibody. Only membranes
frcm pmi2 and pmtl pmi2 strains turned out to show no reac-
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Fig. 1. Solubilized membrane extracts were prepared and purified by
an anti-Pmtlp affinity column as described [4]. The eluate of the affinity
column was separated by 8% SDS-PAGE for analytical purpose and
visualized by silverstaining (A) or separated in preparative scale by 10%
SDS-PAGE and visualized by Coomassie staining (B). Besides the 92
kDa protein Pmtlp a 78 kDa protein is visible.
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Fig. 2. Immunoblot analysis of the antibody directed against the 78 kDa
protein that co-purifies with Pmtlp. Membranes were isolated from the
wild type (WT, SEY6210) and various disruptants and analysed by
Western blotting.

tion with the antibody. Since these strains do not produce
Pmt2p it is evident that the antibody is directed against Pmt2p.
Therefore, it had to be concluded that Pmt2p was co-purified
with Pmtlp using the anti-Pmtlp affinity column. It is impor-
tant to mention that the Pmtlp antibody does not cross-react
with Pmt2p. Thus, the reason for co-purifcation Pmt2p is that
Pmtlp and Pmt2p are interacting in a complex.

3.3. Overproduction of Pmtlp together with Pmt2p results in
increased O-mannosylation activity in vitro

The GAL10 promotor was inserted upstream of the chromo-
somal PMTI gene and, in addition, yeast cells were trans-
formed with a multicopy vector to overexpress PMT2 (see
section 2). To verify the overexpression, yeast membrane ex-
tracts were subjected to SDS-PAGE and analysed by Western
blotting using an anti-Pmtlp and an anti-Pmt2p antibody. In
addition, the same membrane preparations were used to meas-
ure enzyme activity in vitro (Fig. 3). Overproduction of Pmt2p
(lane 4) or Pmtlp (lane 5) alone in wild type cells does not
significantly increase the in vitro activity in comparison to the
wild type level (lane 1). Concurrent overexpression of both
proteins (lane 6), however, results in a threefold increase in
mannosyltransferase activity. These data indicate that Pmtlp
and Pmt2p each are limiting for the activity of the complex. The
observation that overproduction of Pmt2p in the absence of
Pmtlp (lane 3) does not raise the in vitro activity when com-
pared with the control level of Pmt2p in the absence of Pmtlp
(lane 2) also agrees with the conclusion that only the hetero-
dimer shows high activity.

4. Discussion

In this study, it has been shown that the protein O-manno-
syltransferase Pmt2p co-purifies with Pmtlp using an anti-

Table |
Dol-P-Man: protein O-p-mannosyltransferase activity in vitro

["“C]Mannose transferred (cpm) to acceptor peptide
Ac-SSSSS-NH, Ac-YNPTSV-NH,

Wild type 3008 13974
pmtl 310 215
pmt2 295 1247
pmtl pmi2 22 16
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Fig. 3. Overproduction of Pmtlp and/or Pmt2p yeast membrane ex-
tracts were subjected to SDS-PAGE and analysed by Western blotting
using an anti-Pmtlp and an anti-Pmt2p antibody. The corresponding
mannosyltransferase activities measured in vitro are indicated below.
Lane 1, wild type GFUII-4B transformed with YEp352; lane 2, TF1.8
transformed with YEp352 and grown on glucose to repress PMT1; lane
3, TF1.8 transformed with YEp352-PMT2 and grown on glucose to
repress PMTI; lane 4, GFUII-4B transformed with YEp352-PMT2;
lane 5, TF1.8 transformed with YEp352 and grown on galactose to
overexpress PMTI; lane 6, TF1.8 transformed with YEp352-PMT2
and grown on galactose to overexpress PMT].

Pmt1 affinity column. Moreover, it has been assessed that both
mannosyltransferses are necessary for in vitro mannosyltrans-
ferase activity and that the activity is increased only by concur-
rent overexpression of both enzymes. These data strongly indi-
cate that Pmtlp and Pmt2p are forming a complex to catalyze
protein O-glycosylation. Since both proteins appear in approx-
imately equal amounts (Fig. 1) it is likely that the proteins form
a 1:1 heterodimer.

For N-glycosylation, it is known that the oligosaccha-
ryltransferase  catalyzing the en Dbloc transfer of
Gle,ManyGleNAc, to asparagine residues is a heterooligomeric
membrane protein complex. Related oligosaccharyltransferase
complexes have been isolated from yeast and mammalian cells
(11-14].

Although a number of reports on glycosyltransferases cata-
lyzing O-glycosylation in eukaryotic cells exist {15-17], to our
knowledge this is the first one presenting evidence for a heter-
odimer. Whereas the initial reactions of N-glycosylation are
highly conserved in all eukaryotes, protein O-glycosylation dif-
fers among organisms. In mammalian cells, protein O-glycosyl-
ation is generally initiated within the Golgi by the transfer of
GalNAc from UDP-GalNAc [18]. In yeast, mannose is at-
tached to the glycoproteins in the endoplasmic reticulum using
dolichyl phosphate-p-mannose as immediate sugar donor
[2,19,20]. To date, no homolgy between yeast protein O-manno-
syltransferases and protein O-glycosyltransferases of higher
eukaryotes has been found.

So far, the protein O-mannosyltransferase family of S. cere-
visiae consists of 6 members. In this study, the interaction of
Pmtlp and Pmt2p has been analysed. Since all protein O-man-
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nosyltransferases possess almost identical hydropathy profiles
pointing to integral membrane proteins, they consequently
should have similar secondary structures. Thus, it is conceiv-
able that also other Pmt proteins function as heterodimers.
Future work will show whether and in what combination they
interact and what functional consequences this may have.

Acknowledgements: We thank Sabine Strahl-Bolsinger for providing the
anti-Pmt1p antibody and the construct for overexpressing PMTI. We
also wish to thank Marc Lussier for the plasmid used to overexpress
PMT2. We are grateful to Maria Reithmeier for expert technical as-
sistance. The blocked peptides were a gift from Dr. M. Marriott, Glaxo,
UK. This work was supported by the Deutsche Forschungsgemein-
schaft (SFB 43) and the Fonds der Chemischen Industrie.

References

{1] Lehle, L. and Tanner, W. (1995) in: Glycoproteins, Vol. 29a
(Montreuil, J., Schachter, H. and Vliegenhart, J.F.G., Eds.)
pp. 475-509. Elsevier, Amsterdam. The Netherlands.

[2] Haselbeck, A. and Tanner, W. (1983) FEBS Lett. 158, 335-338.

[3} Strahl-Bolsinger, S. and Tanner, W. (1991) Eur. J. Biochem. 196,
185-190.

[4] Strahl-Bolsinger, S., Immervoll, T., Deutzmann, R. and Tanner,
W. (1993) Proc. Natl. Acad. Sci. USA 90, 8164-8168.

[5] Lussier, M., Gentzsch, M., Sdicu, A.-M., Bussey, H. and Tanner,
W. (1995) J. Biol. Chem. 270, 2770-2775.

[6] Immervoll, T., Gentzsch, M. and Tanner, W. (1995) Yeast, in
press.

[71 Guerreiro, P., Barreiros, T., Soares, H., Cyrne, L., Silva, A.M. and
Rodrigues-Pousada, C. (1995) Yeast, in press.

[8] Guthrie, C. and Fink, G.R. (Eds.) (1991) Guide to Yeast Genetics
and Molecular Biology. Methods in Enzymology, 194. Academic
Press, San Diego, CA.

[9] Johnston, M. (1987) Microbiol. Rev. 51, 458-476.

{10] Laemmli, U.K. (1970) Nature 227, 680-685.

[11] Kelleher, D.J., Kreibich, G. and Gilmore, R. (1992) Cell 69, 55-
65.

[12] TeHeesen, S., Knauer, R., Lehle, L. and Aebi, M. (1993) EMBO
J. 12, 279-284.

[13] Knauer, R. and Lehle, L. (1994) FEBS Lett. 344, 83-86.

[14] Kelleher, D.J. and Gilmore, R. (1994} J. Biol. Chem. 269, 12908
12917.

[15] Homa, F.J. Hollander, T., Lehman, D.J., Thomsen, D.R. and
Ellhammer, A.P. (1993) J. Biol. Chem. 268, 12609-12616.

[16] Bierhuizen, M.F.A. and Fukuda, M. (1992) Proc. Natl. Acad. Sci.
USA 89, 9326-9330.

[17] Gillespie, W., Kelm. S. and Paulson, J.C. (1992) J. Biol. Chem.
267, 21004-2110.

[18] Roth, L. (1995) in: Glycoproteins, Vol. 29a (Montreuil, J.,
Schachter, H. and Vliegenhart, J.F.G., Eds.) pp. 287-312, Elsevier,
Amsterdam, The Netherlands.

[19] Babczinski, P. and Tanner, W. (1973) Biochem. Biophys. Res.
Commun. 54, 1119-1124.

[20] Orlean, P.(1990) Mol. Cell. Biol. 10, 5796-5805.



