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The phosphoprotein phosphatase 2A (PP2A) catalytic
subunit contains a methyl ester on its C-terminus,
which in mammalian cells is added by a specific car-
boxyl methyltransferase and removed by a specific
carboxyl methylesterase. We have identified genes in
yeast that show significant homology to human car-
boxyl methyltransferase and methylesterase. Extracts
of wild-type yeast cells contain carboxyl methyltrans-
ferase activity, while extracts of strains deleted for one
of the methyltransferase genes, PPM1, lack all activ-
ity. Mutation of PPM1 partially disrupts the PP2A
holoenzyme in vivo and ppml mutations exhibit syn-
thetic lethality with mutations in genes encoding the B
or B’ regulatory subunit. Inactivation of PPMI or
overexpression of PPEI, the yeast gene homologous to
bovine methylesterase, yields phenotypes similar to
those observed after inactivation of either regulatory
subunit. These phenotypes can be reversed by over-
expression of the B regulatory subunit. These results
demonstrate that Ppml1 is the sole PP2A methyltrans-
ferase in yeast and that its activity is required for the
integrity of the PP2A holoenzyme.

Keywords: carboxyl methylation/catalytic subunit/
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Introduction

Reversible protein phosphorylation plays a major role in
regulating most cellular processes: as many as 25% of all
cellular proteins are subject to reversible phosphorylation
(Chelsky et al., 1985). Much of the specificity of protein
phosphorylation resides in the kinases responsible for
transferring the phosphate group from ATP to the target
proteins, as witnessed by the rich diversity of cellular
kinases (Hunter, 1994; Plowman et al., 1999). However,
specificity is also imparted by phosphoprotein phospha-
tases, whose complexity, achieved in part through
combinatorial subunit interactions, may rival that of
protein kinases (Virshup, 2000). Phosphoprotein phospha-
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tases play critical roles in the timing, extent and localiza-
tion of protein phosphorylation and in regulating those
cellular processes modulated by phosphorylation.

Phosphoprotein phosphatase 2A (PP2A) is one of the
four major classes of eukaryotic serine/threonine phos-
phoprotein phosphatases (Cohen, 1989; Wera and
Hemmings, 1995). It affects such diverse cellular pro-
cesses as metabolism, signal transduction, cell cycle
progression, apoptosis, transcription, DNA replication
and protein synthesis (Virshup, 2000). It exists predom-
inantly as a heterotrimeric protein, consisting of a catalytic
subunit (C), a regulatory subunit (B) and a scaffold protein
(A) on which the catalytic and regulatory subunit sit
(Cohen, 1989; Wera and Hemmings, 1995; Groves et al.,
1999). Mammalian cells contain multiple isoforms of the
C and A subunits. In addition, mammalian cells contain a
number of regulatory subunits, which fall into three
distinct and non-homologous families, B, B and B”, each
of which is represented by several isoforms (Kamibayashi
et al., 1994; McCright and Virshup, 1995; Csortos et al.,
1996; Zolnierowicz et al., 1996). Each regulatory subunit
is capable of binding an AC dimer and probably imparts a
particular substrate specificity to the C subunit (Hubbard
and Cohen, 1993; Molloy et al., 1998). While the
heterotrimeric forms of PP2A probably account for the
main biological activities of the phosphatase, cell extracts
contain catalytically active AC dimers and free C subunits
and these may contribute to the biological function of the
phosphatase (Cohen, 1989). C subunits also form hetero-
dimers with a subunit, called o4 in mammalian cells and
Tap42 in budding yeast (Saccharomyces cerevisiae),
whose association with C may inhibit its catalytic activity
(Di Como and Arndt, 1996; Murata et al., 1997; Chen
et al., 1998; Jiang and Broach, 1999). In yeast, association
of Tap42 with the C subunit is essential for viability (Di
Como and Arndt, 1996; Beck and Hall, 1999). Thus, PP2A
consists of a large collection of distinct entities with
different ternary structures, subunit compositions and
substrate recognition properties.

Genetic analysis of PP2A in S.cerevisiae has helped
clarify the diverse roles PP2A that plays in the cell. Two
highly homologous genes, PPH21 and PPH22, redun-
dantly encode the C subunit of PP2A (Sneddon et al.,
1990). Inactivation of both genes severely retards growth
and analysis of temperature-sensitive alleles has identified
a requirement for PP2A in actin cytoskeletal organization
and progression through mitosis (Ronne et al., 1991; Lin
and Arndt, 1995; Evans and Stark, 1997). Inactivation of
PPH3, a gene with homology to PPH21/22, in a pph2I
pph22 background is lethal, suggesting that Pph3 is a
partially redundant isoform of C (Ronne et al., 1991).
CDC55 and RTSI encode proteins homologous to the
mammalian B and B’ regulatory subunits, respectively
(Healy et al., 1991; Shu et al., 1997). The yeast genome
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Fig. 1. Sequence relationship of putative human, S.cerevisiae, S.pombe, D.melanogaster and C.elegans PP2A carboxyl methyltransferases. Predicted
amino acid sequences of human methyltransferases (hsmtl, AAF18267; hsmt2, BAA25473) and those of related proteins predicted from the genomic
sequences of S.cerevisiae (PPM1, YDR435c; PPM2, YOL141w), S.pombe (spmtl, CAA21793; spmt2, CAA19576), D.melanogaster (dmmt,
AAF53483) and C.elegans (cemt, CAA84295) are aligned using the PILEUP program from the University of Wisconsin GCG.

does not encode a protein homologous to the B” subunit.
Inactivation of CDC55 renders growth cold sensitive and
causes defects in cytokinesis and in the spindle check-
point, while inactivation of RTS/ causes temperature-
sensitive growth, reduced ability to use non-fermentable
carbon sources and cell cycle arrest in G,. Thus, the two
regulatory subunits appear to affect different cellular
processes, presumably as a result of targeting the
phosphatase to distinct substrates. Inactivation of the A
subunit, encoded by TPD3, results in a phenotype that
approximates the sum of the phenotypes induced by
inactivation of the individual regulatory subunits (van Zyl
et al., 1992). Tap42 competes in vivo with A and B for
association with the C subunit (Jiang and Broach, 1999).
The association of Tap42 with C is required for mitotic
growth and this association is disrupted by nutrient
starvation or treatment of cells with the macrolide drug
rapamycin (Di Como and Arndt, 1996; Schmidt et al.,
1998). Thus, yeast PP2A participates in a number of
different cellular processes, dictated in part by the
regulatory subunits with which it associates.

The C subunit of mammalian PP2A is subject to at least
three post-translational modifications: methyl esterifica-
tion of the C-terminal leucine, phosphorylation of a
conserved tyrosine located two residues from the
C-terminus and phosphorylation of an as yet unidentified
threonine (Chen et al., 1992, 1994; Guo and Damuni,
1993; Lee and Stock, 1993; Xie and Clarke, 1994).
Phosphorylation of either the tyrosine or the threonine site
inhibits phosphatase activity in vitro. On the other hand,
carboxyl methylation of the C subunit does not affect
phosphatase activity in vitro (Tolstykh et al., 2000).
However, purified PP2A carboxyl methyltransferase
methylates the C subunit only in the context of an AC
dimer and the resulting dimer containing the methylated C
subunit has a higher affinity for a B regulatory subunit than
does a dimer with an unmethylated C subunit (Tolstykh
et al., 2000). Consistent with this observation, a tagged
version of a mammalian PP2A C subunit containing a
mutation of the conserved C-terminal leucine showed

reduced participation in ABC heterotrimers in vivo but
normal participation as an AC heterodimer (Chung et al.,
1999). These observations suggest that carboxyl methyla-
tion could affect the association of the C subunit with
regulatory subunits in vivo and, as a result, alter targeting
of the phosphatase towards certain substrates relevant for
its normal biological activity.

To examine this hypothesis, we have identified the gene
encoding the budding yeast PP2A carboxyl methyltrans-
ferase and characterized strains lacking its activity. We
have found that the PP2A heterotrimer is destabilized in
strains lacking methyltransferase activity and that the
phenotypes of such strains are quite similar to those of
strains lacking the PP2A regulatory subunits. These
observations confirm the biological role of PP2A carboxyl
methylation and raise the possibility that this reversible
modification participates in regulation of cellular growth.

Results

Isolation of cDNA for the human PP2A carboxyl
methyltransferase

By conventional chromatographic techniques we previ-
ously purified PP2A methyltransferase (PPMT) to homo-
geneity from extracts of bovine brain (Lee and Stock,
1993). We digested the resulting 47 kDa protein with
chymotrypsin or endoproteinase Lys-C and obtained
sequence data from the N-terminus of several of the result-
ing fragments. A search of the DDBJ/EMBL/GenBank
expressed sequence tag (EST) database revealed nine
human and one mouse entry that encoded sequences
highly homologous to one or more of the peptides. From
the overlap of the human cDNA entries, we assembled a
300 bp fragment with a 98 amino acid contiguous peptide
sequence of the putative human methyltransferase. Using
this assembled sequence, we recovered and sequenced
four human cDNA clones, one of which appeared to
contain the entire PPMT open reading frame. The
sequence of the gene was identical to that recently
reported by De Baere et al. (1999) and the predicted
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Fig. 2. PPM1 and PPE] encode a PP2A carboxyl methyltransferase
and a PP2A carboxyl methylesterase, respectively. (A) Extracts from
W303-1A (PPM1 PPM2), Y2752 (ppml), Y2739 (ppm2) and Y2740
(ppml ppm2) were incubated at 30°C for 30 min with or without
bovine AC dimers and [’H]AdoMet, and then subjected to SDS-PAGE.
The C subunit was analyzed for incorporation of [*H]methyl esters as
described in Materials and methods. The data shown are means = SD
of duplicates from two separate experiments. (B) Extracts from Y2762
(pph21 pph22, lanes 1-4), Y2760 (pph21 pph22 ppml, lane 5) or
Y2761 (pph21 pph22 ppel, lane 6) expressing triple HA-tagged Pph22
containing the indicated mutations were separated by SDS-PAGE and
then transferred to PDVF membranes. The membranes were probed
with a monoclonal antibody against HA, monoclonal antibody 6A3
(which recognizes both methylated and unmethylated C subunit) and
monoclonal antibody 4D9 (which recognizes only methylated C
subunit). Extracts were run as separate sets of tracks for each antibody.

protein sequence of human PPMT derived from the DNA
sequence contains the peptide fragments we identified.

To confirm that the recovered cDNA clone encoded
human PPMT, we expressed the full-length cDNA in
Escherichia coli under the control of an inducible LacZ
promoter and assayed PPMT activity in extracts of cells
expressing this cDNA. Extracts from induced cells but not
from uninduced cells were capable of transferring
[*H]methyl from S-adenosyl methionine to bovine PP2A
AC dimer (data not shown). This confirmed that the human
cDNA clone we isolated on the basis of homology to
peptides derived from bovine PPMT encodes human
PPMT.

Identification of yeast genes encoding PP2A
carboxyl methyltransferase and methylesterase
BLAST analysis identified two genes in S.cerevisiae
(YDR435c and YOL141w), two in Schizosaccharomyces
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pombe (emblCAA21793| and emblCAA19576l), one in
Caenorhabditis elegans (emblCAA84295] and WormPD
B0285.4) and one in Drosophila melanogaster
(gblAAF53483l) and an additional human cDNA
(dbjIBAA25473]) that encode proteins with extensive
homology to human PPMT. The larger of the two genes
from S.cerevisiae (YOL141w) and from S.pombe
(CAA19576), as well as the second human gene, encode
proteins that show homology to the entire human PPMT
protein in their N-termini but extend for an additional 300
amino acids C-terminal to the region of homology. The
C-terminal extensions of the three proteins show hom-
ology to each other (data not shown). The sequence
relationships among these different genes are represented
in Figure 1. On the basis of the homology to human PPMT
and the data presented below, we have designated
YDR435¢c and YOL141w from S.cerevisiae as the phospho-
protein phosphatase 2A methyltransferase genes, PPM1 and
PPM?2, respectively.

Lee et al. (1996) identified and purified to homogeneity
a bovine methylesterase (PPME) specific for methylated
PP2A C subunit. Ogris et al. (1999) subsequently found
that this protein co-precipitated with a mutant form of the
PP2A C subunit and proceeded to clone the gene encoding
the methylesterase. By BLAST analysis, we identified a
single open coding region in S.cerevisiae (YHR075C)
with significant homology to the bovine enzyme. Our
subsequent analysis, described below, confirmed that this
gene promotes PPME activity. Accordingly, we have
designated this gene PPE].

To determine whether either of the two identified
S.cerevisiae genes homologous to bovine PPMT
encodes a protein with PPMT activity, we created
null alleles of PPM1 and PPM2 by replacing the entire
open reading frame of each gene with a selectable
marker. We then generated isogenic strains in a W303
background that contained a deletion of one or the
other of these genes. We tested extracts of these
strains for PPMT activities by incubating them with
purified bovine AC dimer and S-[*H]adenosyl-
methionine, and assessing the extent of radioactivity
incorporated into the C subunit as described in
Materials and methods. As shown in Figure 2A,
wild-type yeast extract contains a significant level of
PPMT activity, as do strains deleted for PPM2.
However, extracts of ppml strains have no detectable
PPMT activity. From these data we conclude that
PPM1 encodes the entirety of yeast PPMT.

To confirm the assignment of PPMT activity to
PPM1 and PPME activity to PPMEI, we examined the
methylation state of the PP2A C subunit in wild-type
and various mutant yeast cells. We have previously
raised monoclonal antibodies against an amidated
peptide corresponding to the C-terminal domain of
the C subunit of PP2A (Tolstykh et al., 2000). One of
these monoclonal antibodies, 6A3, recognizes the C
subunit of both the methylated and unmethylated
protein. However, a second monoclonal antibody,
4D9, binds only to the carboxyl methylated C subunit.
These reagents can thus be used to assess the in vivo
methylation state of the PP2A C subunit. Accordingly,
we constructed isogenic wild-type, ppmIA and ppelA
strains expressing a hemagglutinin (HA)-tagged version
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Fig. 3. Loss of Ppm1 activity affects the interaction of PP2A
regulatory subunits with the C subunits. Extracts from Y2480

[pph22:: (HA);PPH22] and Y2734 [ppml pph22:: (HA);PPH22] cells
were immunoprecipitated with anti-HA epitope monoclonal antibodies.
Samples of the precipitates (‘IP”), extracts before precipitation (‘Ext’)
and extracts after precipitation (‘Sup’) were separated by SDS-PAGE
and then transferred to PVDF membranes. The membranes were
probed separately with anti-HA, anti-Tpd3, anti-Cdc55 (A) and
anti-Tap42 (B) polyclonal antibodies.

of either Pph21 or Pph22 and performed western
analysis on extracts of these strains. We also per-
formed western analysis on extracts of wild-type cells
expressing HA-tagged versions of the C subunit
carrying various mutations affecting the C-terminal
domain of the protein. The results of this analysis are
shown in Figure 2B. Both the methylation-specific and
the -nonspecific monoclonal antibodies recognized the
HA-tagged PP2A C subunit present in extracts of wild-
type cells. The methylation-nonspecific antibody bound
to mutant protein carrying a leucine to alanine
substitution of the C-terminal amino acid, but the
methylation-specific antibody did not. This is consistent
with the apparent requirement of a terminal leucine
residue in order for the C subunit to be methylated by
PPMT. Furthermore, as evident from the figure, protein
present in a ppml strain showed no cross-reactivity
with the methylation-specific antibody, while protein
present in a ppel strain showed increased cross-
reactivity with the antibody relative to that seen in
the PPMI PPE] strain. As evident from lanes reacted
with anti-HA antibodies, the PP2A C subunit was
expressed at equal levels in all the strains. These
results indicate that methylation of the C subunit of
PP2A is reduced in ppml strains and enhanced in ppel
strains, consistent with the hypothesis that PPM]I
encodes the yeast PPMT and PPE! the yeast PPME.
Given the degree of increased cross-reactivity of the
4D9 antibody with PP2A C in ppel cells compared
with wild-type cells, we conclude that at least 50% of

PP2A methylation in yeast

the C subunit in exponentially growing cells is
unmethylated.

Methyltransferase activity is required for stable
association of the PP2A C subunit with its
regulatory subunits in vivo

In vitro experiments using purified PP2A components
have shown that C subunit methylation enhances the
binding of the B subunit to the AC dimer (Tolstykh et al.,
2000). To examine in vivo the effect on heterotrimer
stability of C subunit carboxyl methylation, we assessed
the stability of PP2A heterotrimers in a strain lacking
methyltransferase activity. We immunoprecipitated HA-
tagged C subunit from extracts of PPM1 and ppm] strains
using anti-HA antibody under non-denaturing conditions.
We then fractionated the immunoprecipitates by gel
electrophoresis, transferred the fractionated proteins to a
PVDF membrane, and probed the membrane with anti-
bodies specific for Tpd3, Cdc55 or HA. As seen in
Figure 3A and as noted previously (Jiang and Broach,
1999), a significant fraction, but by no means all, of the A
and B subunits in extracts of the PPMI strain co-
precipitated with Pph21 and Pph22. In contrast, but
consistent with previous in vitro results (Tolstykh et al.,
2000), significantly less CdcS5 co-precipitated with Pph21
or Pph22 from extracts of the ppmiA strain. Unexpectedly,
though, we observed a comparable diminution in the
amount of Tpd3 that co-precipitated with Pph21 or Pph22
from extracts of the ppmlIA strain. We confirmed this
observation by immunoprecipitating Tpd3 from extracts of
the ppmlIA strain and finding less co-precipitation of
Pph21 or Pph22 than obtained from extracts of the wild-
type strain. Thus, we conclude that the absence of PP2A
carboxyl methyltransferase activity destabilized not only
the PP2A ABC heterotrimer but also the AC heterodimer
in vivo.

A portion of the PP2A C subunit is associated with
Tap42 in exponentially growing yeast cells. This associ-
ation is diminished in stationary phase cells and in cells
treated with rapamycin, and is increased in cells deleted
for Tpd3 (Di Como and Arndt, 1996; Jiang and Broach,
1999). Accordingly, we investigated whether loss of Ppm1
activity affected the extent of association of Tap42 with
the PP2A C subunit. As shown in Figure 3B, a slightly
larger amount of Tap42 co-precipitates with PP2A C from
extracts of the ppmIA strain than from an isogenic wild-
type strain. Quantification of signals on the western blot
suggests that the increase is ~50%. While this increase is
small, we obtained essentially the same results with
different extracts of several different strains, so we can
conclude that the interaction of Tap42 with PP2A C does
not depend on Ppm1 activity and may even be enhanced in
its absence.

Phenotypes of ppm1 strains are similar to those of
cdc55 and rts1 strains

Because of the reduced association of the PP2A regulatory
subunits with the C subunits in ppml strains in vivo, we
examined whether such strains were phenotypically simi-
lar to those lacking these regulatory subunits. cdc55
mutants were originally identified as isolates exhibiting
cytokinesis and morphological defects at low temperature,
and subsequently as mutants defective in cell cycle arrest
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Fig. 4. Genetic interactions between Ppm1 and PP2A B regulatory
subunit genes. Exponentially growing cultures of W303-1A (wild type),
Y2752 (ppml), Y2739 (ppm2), Y2740 (ppml ppm2), Y2483 (cdc55),
Y2745 (ppml cdc55), Y2741 (ppm2 cdc55), Y2742 (ppml ppm2
cdc55), Y2736 (rtsl), Y2737 (ppml rtsl), Y2738 (ppm2 rtsl) and
Y2744 (ppml ppm?2 rtsl) were 10-fold serially diluted and spotted on
to YEPD plates. Growth is shown after 2 days at 30 or 37°C.

in response to spindle damage (Healy et al., 1991;
Minshull et al., 1996; Wang and Burke, 1997). These
two defects may both derive from a role of Cdc55 in
promoting dephosphorylation of Cdc28, since certain
cdc20 and cdc28 alleles suppress both the checkpoint
and morphological defects caused by cdc55 mutations
(Minshull er al., 1996; Wang and Burke, 1997). More
recently, we have shown that Cdc55 antagonizes the Tor
signaling pathway, in that cdc55 mutants exhibit rapamy-
cin resistance as well as an enhanced association in vivo
between the Tap42 and the C subunit of PP2A (Jiang and
Broach, 1999). RTSI was initially identified by homology
to a mammalian B’ subunit and subsequent characteriza-
tion revealed deletion mutants to be temperature sensitive
for growth, deficient for growth on non-fermentable
carbon sources and defective in the G,—M transition in
the cell cycle (Shu et al., 1997). Accordingly, we tested
ppml strains for many of these phenotypes associated with
inactivation of CDC55 or RTS1.

As shown in Figure 4, ppmlIA strains showed no
growth defects on rich media. While cdc55 strains do
not exhibit a growth defect at reduced temperatures, as
measured by plating efficiency, they are morphologi-
cally distinctive, mainly because of a defect in
cytokinesis. We saw no such morphological defect
for ppmIA strains in the W303 background or in the
S288C background, in which the cdc55 morphological
phenotype is more pronounced (data not shown). As
noted above, rtsl strains were reported to be deficient
in growth on non-fermentable carbon sources.
However, we observed no growth defect of any of
the mutants on YEP media with glycerol, ethanol or
glycerol plus ethanol as carbon source (data not
shown).

The macrolide drug rapamycin inhibits yeast growth by
inhibiting those essential activities of Tor kinase mediated
at least in part through Tap42. cdc55 strains are resistant to
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Fig. 5. ppm1 cells are resistant to and supersensitive to benomyl.
Exponentially growing cultures of wild-type cells, Y2752 (ppml),
Y2739 (ppm2), Y2483 (cdc55), Y2736 (rtsl), Y2745 (ppml cdc55)
and Y2737 (ppmlI rts1) were 10-fold serially diluted and spotted
on to YEPD plates containing 100 nM rapamycin (A) or 12 pg/ml
benomyl (B). Growth is shown after incubation at 30°C for 2 days
without drug or 4 days in the presence of rapamycin and benomyl.

rapamycin, since Cdc55 is required to reverse Tor-
mediated phosphorylation of Tap42. As shown in
Figure 5A, the ppml strain can grow in the presence of
100 nM rapamycin, a concentration to which the isogenic
wild-type and ppm?2 strains are sensitive but on which
cdc55 strains can grow. Thus, ppml strains mirror this
phenotype of cdc55 strains.

To test whether ppm 1 strains exhibit a checkpoint defect
similar to that caused by loss of CDCS55, we examined the
benomyl sensitivity of such strains. Strains defective in the
spindle checkpoint pathway are more sensitive to low
levels of benomyl, a microtubule-depolymerizing agent,
probably due to an increased proportion of cells that transit
mitosis in the absence of an intact spindle (Hoyt et al.,
1991; Li and Murray, 1991). As shown in Figure 5B, both
cdc55 and ppml strains show substantially lower plating
efficiency on benomyl than does the wild-type strain. rts/
strains were also more sensitive to benomyl, which was
surprising since Rts1 had not previously been implicated
in spindle checkpoint function. However, in a systematic
study of phenotypes of yeast strains carrying insertions
in individual genes, K.H.Cheung, A.Kumar, X.Liu
and P.Ross-Macdonald (http://ygac.med.yale.edu/) list
rtsl::Tn strains as benomyl supersensitive, confirming
our results.
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Fig. 6. ppml, cdc55 and rtsl are required for spindle assembly
checkpoint activity. Exponentially growing cultures of W303-1A (wild
type), Y2752 (ppml), Y2739 (ppm2), Y2483 (cdc55) and Y2736 (rtsl)
were incubated in the presence of o-factor for 3 h at 30°C and then
transferred into fresh YEPD medium containing 12 pg/ml nocodazole.
At different times after release from cell cycle arrest, cells were
removed, sonicated, counted and then plated on to YEPD plates. Viable
colonies were counted after 2 days. Squares, wild type; diamonds,
cdc55; circles, rtsl; upward pointing triangles, ppmlI; downward
pointing triangles, ppm?2.

To confirm the checkpoint deficiency of ppml
strains, we examined the loss of viability of a ppml
strain as a function of cell cycle progression in the
presence of nocodazole, another microtubule-depoly-
merizing agent. Cells of the test strain were arrested at
G, by treatment with o-factor and then released from
the G; block in the presence of nocodazole. Samples
were removed at various times after release and
analyzed for position in the cell cycle and for viability.
Cells with an intact spindle checkpoint arrest in
mitosis and retain viability, whereas cells defective
for the spindle checkpoint proceed through mitosis in
the absence of a spindle and lose viability.
Accordingly, loss of viability coincides with transit
through mitosis. As evident from Figure 6, both the
wild-type strain and the ppm2 strain arrest with a G,
content of DNA and retain viability during the course
of the experiment. In contrast, the viability of cdc55,
rts] and ppml strains declines steeply, coincident with
transit through mitosis. From these results we conclude
that the ppml and rts/ mutants show a checkpoint
defect similar to that of cdc55 mutants.

PPE1 overexpression causes phenotypes similar to
those of ppm1 strains

If the in vivo level of methylation of PP2A results from a
dynamic equilibrium between the activities of PPMT and
PPME, we would expect that overexpression of PPE]
should induce phenotypes similar to those associated with
loss of PPM1. As shown in Figure 7, this is the case. A
strain containing PPEI on a high-copy-number vector
exhibits rapamycin resistance equivalent to that of a ppm1
strain. This strain is also supersensitive to benomyl (data
not shown). We have not seen any obvious phenotypes
associated with loss of Ppel despite the fact that such
strains exhibit enhanced methylation of PP2A (Figure 2B).
ppel strains grow normally at all temperatures on
fermentable and non-fermentable carbon sources, and
show wild-type sensitivities to nocodazole, benomyl and
rapamycin (data not shown). Thus, while reduced
methylation of PP2A, whether achieved by reduced
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Fig. 7. Overexpression of PPE] induces rapamycin resistance.
Exponentially growing cultures of strain W303-1A containing plasmid
pRS425 (2u), pJW131 (2u PPM1) or pJW141 (2u PPEI) and strain
Y2752 (ppml) containing plasmid pRS425 or pJW141 and strain
Y2746 (ppel) containing plasmid pRS425 or pJW131 were 10-fold
serially diluted and spotted on to SD — Leu plates without rapamycin
or with 100 nM rapamycin. Growth is shown after 2 days at 30°C in
the absence of rapamycin or after 4 days in the presence of rapamycin.

-URA -URA
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Wt + 2u CDC35
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Fig. 8. Overexpression of Cdc55 restores rapamycin sensitivity to ppml
strains. Exponentially growing cultures of strains W303-1A and Y2752
(ppml) containing either pRS426 (2u) or YEpCDCS55 (2u CDC55)
were 10-fold serially diluted and spotted on to SD — Ura plates
containing no rapamycin or 100 nM rapamycin. Growth is shown after
incubation at 30°C for 2 days in the absence of rapamycin or after

4 days in the presence of rapamycin.

PPMT activity or increased PPME activity, yields observ-
able phenotypes, we have not yet identified phenotypes
associated with increased methylation.

Overexpression of CDC55 reverses the rapamycin
resistance of ppm1

We hypothesize that the phenotypic alterations seen in the
ppml strain derive from a reduced association between the
regulatory and C subunits rather than a diminished activity
of the C subunit. If our hypothesis were correct, then we
would anticipate that increased expression of CDC55
might increase the concentration of PP2A heterotrimer by
mass action and reverse the phenotypes of the ppm1 strain.
To test this, we introduced CDC55 under its own promoter
on a high-copy 2 plasmid into a ppml strain and then
examined the rapamycin sensitivity of the resulting strain.
As is evident from Figure 8, overexpression of CDC55
restored rapamycin sensitivity to the ppml strain.

Discussion

Yeast cells contain a number of proteins modified by
carboxyl methylation (Hrycyna et al., 1994). The identities
of most of these proteins are unknown, as are the identities
of the methyltransferases responsible for their modifica-
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tion. However, three such proteins, Ras, a-mating factor
and Stel§, the y subunit of the heterotrimeric G protein,
are substrates of a single methyltransferase encoded by
STEI4. Loss of Stel4 activity completely eliminates a-
mating factor activity, has no apparent affect on Ras
activity and reduces basal, but not induced, pheromone
signaling mediated by Stel8 (Hrycyna et al., 1991,
Sapperstein et al., 1994). Thus, carboxyl methylation can
have varied, and sometimes substantial, effects on the
activities of proteins.

We have identified two genes in Saccharomyces that
show homology to bovine PPMT and provided evidence
that inactivation of one of these genes, PPM1, eliminates
in vivo PPMT activity. Despite the high level of homology
between the two yeast genes, mutation of the second gene,
PPM?2, does not reduce PPMT activity in vitro or lead to
any of the phenotypes associated with altered PP2A
function in vivo. PPM2 encodes a protein with a 300
amino acid N-terminal domain homologous to yeast and
human PPMT but also includes a 300 amino acid
C-terminal extension region. A gene fully homologous to
both domains of this extended form is present in S.pombe
and in the human genome, although not in C.elegans or
D.melanogaster, suggesting a conserved function for this
protein. The high degree of sequence conservation with
yeast and mammalian PPMT argues for a functional
conservation too. Accordingly, we are examining yeast
cells for their spectrum of carboxyl-methylated proteins in
isogenic ppm2- and PPM2* strains in an attempt to identify
a substrate for this likely carboxyl methyltransferase.

In vitro analysis has shown that methylation of the C
subunit of PP2A by bovine PPMT increases the affinity of
the C subunit for at least one B regulatory subunit
(Tolstykh et al., 2000). The effect of methylation on other
regulatory subunits was not tested, so we do not know
whether methylation diminishes the affinity of all regula-
tory subunits equally or whether it affects some subunits
more than others. These results are consistent with
previous analyses of C subunit mutants. Chung et al.
(1999) recently showed that a human PP2A C subunit
mutated at the carboxyl methylation site (L309Q)
exhibited reduced association with B subunits in extracts
of COS-7 cells but was still able to associate with 04.
Evans et al. (1999) showed that deletion of the C-terminal
leucine did not impair the ability of human PP2A C
subunit to complement a pph2l pph22 yeast strain,
although more substantial alterations of the C-terminus
eliminated complementing activity. The results presented
in this report indicate that loss of methylation even of the
wild-type C subunit abrogates its association in vivo with
the B subunit. We have also shown that mutation of the
terminal leucine to alanine completely eliminates carboxyl
methylation. However, the loss of methylation only
diminishes, rather than fully abrogating, PP2A function.
Thus, our results are consistent with the previous obser-
vation that mutation of the C-terminal leucine does not
render the gene inactive.

The in vitro observations with bovine PP2A
prompted us to test whether inactivation of yeast
PPMT would have effects similar to those seen in
mutants lacking one or the other B regulatory subunit.
We indeed found that ppml strains mirror many, albeit
not all, of the phenotypes of cdc55 (lacking the B
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subunit) or rts/ (lacking the B’ subunit) strains. In
particular, ppml strains show the same rapamycin
resistance as cdc55 strains, the same temperature
sensitivity as the rzs/, and the same sensitivity to
benomyl and nocodazole as both rts/ and cdc55
strains. This latter observation indicates that ppml
strains probably have the same spindle checkpoint
defect as cdc55 strains. In cdc55 strains, the check-
point defect results from premature inactivation of
Cdc28 in arrested cells, probably due to persistent
phosphorylation of Cdc28 Tyrl5 (Minshull er al.,
1996; Wang and Burke, 1997). PP2A does not directly
dephosphorylate Cdc28 Tyrl5, so the precise protein
substrate for Cdc55-targeted PP2A activity that main-
tains Tyrl5 in the phosphorylated state under arrest
conditions is not known. The results presented in this
report revealed that Rtsl activity is also required for
spindle checkpoint integrity. We do not know from
these observations whether the substrate for Rtsl-
directed PP2A activity in maintaining checkpoint
integrity is the same as that of Cdc55-directed activity.
In sum, though, our results indicate that PPMT activity
is required for full PP2A activity in vivo.

The phenotypes of cdc55 or rtsl are not identical to
those of a ppm! strain. For instance, ppml strains do not
show the morphological abnormalities manifested by
cdc55 strains. This probably reflects the fact that the
affinity of the C subunit for its regulatory partners is
diminished but not eliminated, so that ppmI strains retain
some Cdc55- and Rtsl-directed PP2A activity. This
interpretation is strengthened by the observation that
ppml deletion shows synergistic effects with cdc55 or rts1
deletion (Figure 4), indicating that loss of Ppm1 activity is
not completely equivalent to loss of Cdc55 or Rtsl.
Furthermore, overexpression of Cdc55 reversed at least
one of the phenotypes of ppmI strains, suggesting that the
C subunit in this strain is capable of binding the B subunit
but does so with reduced affinity.

In contrast to its effect on heterotrimer formation,
loss of PPMT activity does not diminish the affinity of
the C subunit for another regulatory partner in the cell,
Tap42. The retention of interaction of the unmethy-
lated C subunit with Tap42 is consistent with the
rapamycin resistance of ppml strains, since resistance
to rapamycin depends on retaining association between
Tap42 and the C subunit (Di Como and Arndt, 1996;
Jiang and Broach, 1999). This difference in the effect
of carboxyl methylation on affinity of the C subunit
for B regulatory subunits compared with Tap42/04
raises the possibility that methylation could provide a
mechanism for modulating the distribution of the C
subunit among these different regulatory elements. Our
results indicate that methylation of the PP2A C
subunits is in dynamic equilibrium through the com-
peting reactions catalyzed by Ppml and Ppel.
Accordingly, inhibition of PPMT or activation of
PPME would tend to diminish PP2A activity while
strengthening the Tor-mediated pathway. Thus, PPMT
or PPME could serve as a locus through which internal
or external signals impinged on cellular proliferation.
To investigate this possibility, we are currently
exploring whether C subunit methylation responds to
internal or external signals.
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Table 1. Saccharomyces cerevisiae strains used in this study

Strain Genotype Source

Y2480 MATa pph22::(HA);PPH22 laboratory stock
Y2483 MATa cdc55::LEU2 laboratory stock
Y2734 MATo. pph22::(HA);PPH22, ppml::HIS3 laboratory stock
Y2736 MATa rtsl::URA3 this study
Y2737 MATa rtsl::URA3, ppml::HIS3 this study
Y2738 MATo rtsl::URA3, ppm2::TRP1 this study
Y2739 MATa ppm2::TRP1 this study
Y2740 MATa ppml::HIS3, ppm2::TRP1 this study
Y2741 MATa cdc55::LEU2, ppm2::TRPI this study
Y2742 MATa cdc55::LEU2, ppml::HIS3, ppm2::TRP1 this study
Y2744 MATa rtsl::URA3, ppml::HIS3, ppm2::TRP1 this study
Y2745 MATa cdc55::LEU2, ppml::HIS3 this study
Y2746 MATa ppel::TRP1 this study
Y2752 MATa ppml::HIS3 this study
Y2754 MATa ppml::TRP1 this study
Y2765 MATo pph21::LEU2, pph22::HIS3, ppmi::TRP1 + [pRS416—(HA);PPH22] this study
Y2766 MATo pph21::LEU2, pph22::HIS3, ppel::TRPI + [pRS416—(HA);PPH22] this study
Y2767 MATo. pph21::LEU2, pph22::HIS3 + [pRS416—(HA);PPH22] this study
Y2768 MATo. pph21::LEU2, pph22::HIS3 + [pRS416—(HA);PPH2277A] this study
Y2769 MATo. pph21::LEU2, pph22::HIS3 + [pRS416—(HA);PPH2277A] this study
Y2770 MATo. pph21::LEU2, pph22::HIS3 + [pRS416—(HA);PPH22V368str] this study

All strains were derived from W303-1A (Y2096 MATa ura3-1 leu2-3,112 his3-11,15 trpl-1 ade2-1 canl-100) or W303-1B (Y2092 MATo. ura3-1

leu2-3,112 his3-11,15 trpl-1 ade2-1 canl-100).

Materials and methods

Yeast strains, plasmids and media

The strains used in this study (listed in Table I) were all derived from
W303-1A or W303-1B. Cells were grown at 30°C in YEPD or synthetic
(SD) medium (Kaiser et al., 1994). Rapamycin was added to solid
medium to a final concentration of 100 nM from a stock of 1 mM in 100%
ethanol. Benomyl was added to solid medium to a final concentration of
15 pg/ml from a stock of 3 mg/ml in dimethylsulfoxide (DMSO).
Nocadazole was added to liquid YEPD to a final concentration of 12 pg/
ml from a stock of 2 mg/ml in DMSO. o-factor was added to liquid YEPD
to a final concentration of 8 pg/ml from a stock of 2 mg/ml. The plasmids
YEpCDCS55 (Jiang and Broach, 1999), pRS (Christianson et al., 1992)
and pCR'™2.1 (Invitrogen) have been described previously. pJW131 was
constructed by inserting a 1.5 kb BamHI-Sall PPM1 PCR fragment from
W303-1A genomic DNA into pRS426. pJW142 was constructed by
inserting a 1.6 kb BamHI-Sall PPE] PCR fragment from W303-1A
genomic DNA into pRS426.

Site-directed mutagenesis

Site-directed mutagenesis of PPH22 was performed using a QuickChange
Site-Directed Mutagenesis Kit from Stratagene. All reactions were
carried out using plasmid pJ295 (Jiang and Broach, 1999).

Gene deletion and epitope tagging

PPM1 was amplified by PCR from Y2098 genomic DNA as a 1.7 kb
fragment, including 430 bp upstream and 300 bp downstream from the
open reading frame. The fragment was cloned into the pCR"™2.1 vector,
resulting in the plasmid pJW100. PPM1 was excised from pJW100 using
EcoRlI, then ligated to EcoRI-digested pUC18, resulting in pJW103. HIS3
was amplified from pRS413 and cloned into pCR™2.1 (giving
pJW105A). The ppml::HIS3 allele was constructed by replacing the
690 bp EcoRV-Ncol fragment in pJW103 with the HIS3 EcoRV-Ncol
fragment from pJW105A, resulting in pJW106. Yeast ppmi::HIS3 strains
were obtained by transforming cells with BamHI-digested pJW 106 DNA.
The ppmt2::TRP1 allele was constructed using a PCR-based method that
has been described previously (Lorenz et al., 1995). The TRPI gene was
amplified from pRS414 using a pair of primers, one of which included
50 bp of sequence immediately 5” of the PPM2 coding sequence and one
of which included 50 bp of sequence immediately 3" of PPM2. The PCR
product was used directly for transformation into yeast. The rtsl::URA3
allele was made by the same method. All marker integrations were
verified by PCR. CDC55 was deleted as described previously (Jiang and
Broach, 1999). The double and triple deletion strains were made by
mating the single allele strains and isolating the desired haploid strains

after sporulation and dissection. Constructs designed to yield HA-tagged
Pph21 and Pph22 have been described previously (Jiang and Broach,
1999).

Assay of methyltransferase activity

To prepare yeast extracts, cells were grown overnight in YEPD to
~5 X 107 cells/ml. Cells were washed once with double-distilled water
and once with buffer B [20 mM MOPS pH 7.2, | mM EDTA, 1 mM
dithiothreitol (DTT)]. Cells were resuspended in 250 pl of buffer B plus
protease inhibitors, and glass beads were added to ~50% final volume.
Cells were then lysed by vortexing at 4°C for 7 min. Beads and cellular
debris were removed by microcentrifugation. Methyltransferase activity
in crude extracts of E.coli or yeast strains was determined by incubating
~40 pg protein at 30°C for 30 min in 40 ul of 50 mM MOPS pH 7.2,
1.0 mM EDTA, 5.0 mM DTT, 0.7 uM [*H]AdoMet (80 Ci/mmol) and
1 pmol of purified bovine AC dimer (Tolstykh et al., 2000). Reactions
were terminated by addition of TCA to 10% and the extent of *H
incorporation into the C subunit was determined as previously described
(Stock et al., 1984).

Immunoprecipitation

Yeast cells were grown in YEPD to ~2 X 107 cells/ml. Cells were
harvested and washed once with double-distilled water and once with
cold 10 mM NaNj3. Spheroplasts were then prepared by incubating cells
for 1 h at 37°C in spheroplast buffer (1.4 M sorbitol, 50 mM K,HPO, pH
7.5, 5 mM NaNj3, 40 mM B-mercaptoethanol) with 10 ug of Zymolyase
100T (ICN) per OD unit of cells. Spheroplasts were harvested and
disrupted in lysis buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 2%
Triton X-100, protease inhibitors). The lysate was diluted 4-fold with
buffer A [20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100, protease inhibitors (Complete Protease Inhibitors Set,
Roche Molecular Biochemicals)]. Insoluble debris was removed by
centrifugation. Supernatant containing 0.7 mg of protein was incubated
with 5 pl of anti-HA antibody on a nutator at 4°C for 2.5 h. Protein A
beads were added to precipitate the immunocomplex for 90 min at 4°C.
Beads were washed three times with buffer A. Beads were boiled for 5 min
in 300 pl of 1X SDS loading buffer. Various volumes (4-16 ul) of each
sample were loaded on to 10% SDS—polyacrylamide gels and subjected to
electrophoresis. Samples were then transferred on to PVDF membranes.
The membranes were probed with antibodies against HA epitope
(1:3000), Tpd3 (1:2000) and Cdc55 (1:2000). Anti-HA (12CAS5) cell
culture supernatants were obtained from the Princeton University
Monoclonal Antibody Facility. Anti-Tpd3 and anti-Cdc55 poly-
clonal antibodies were raised in rabbits against recombinant glutathione
S-transferase (GST)-Tpd3 and GST-Cdc5S5, respectively (Jiang and
Broach, 1999).
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