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PP2B activity is not essential for growth
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Protein phosphutase (PP2B) whose activity is stimulated 12~20-fold by Cu™*/calmedulin (CuM) was partially purified by ?aM-S:phugosc u.nd

heparin-agarose chromatographies fram cell extract of the yeust Seccharamyvees corovisiae, PP2B ativily wis not dctgcublc in » mutan! in which

wo genes (CALPL and CAP2) encoding homolags of mamimalian PP2B catulytic subunit were disrupted. We have _pre_wousl,v shown that the double

gene disruption has no significant effeet on the grawth ef yeast (1991, Mol Gen. Genel. 227, 52-59). The results indicuted that CAfPL und CMP2

are the only genes that encode the PP2B eatalytic polypeptide in S, cerevisiae, nnd PP2B ustivity is not essentiul for the growth of the yeast under
normal conditions.

Proicin phosphatase type 2B; Gene disruption: Suechuramyees cerevisiae

1. INTRODUCTION

Protein phosphatases (PPases) that dephosphorylate
phosphoserine/threonine are classified into four major
types, PP1, PP2A, PP2B and P®2C, according to sub-
strate specificity and mode of enzyme regulation (for
review see [11). It is recognized that PPases play impor-
tant roles in various cellular processes, as the extent of
phosphorylation of proteins depends on the relative ac-
tivities of protein Kinases and PPases that act on the
protein (for review see [1-3]). From genetic and bio-
chemical analyses of cell division cycle of eucuryotic
microorganisms, it has become clear that PPases such
as PP! and PP2A have essential regulatary functions in
vive [4-7]. Enzymalic properties of yeast PPl, PP2A
and PP2C have been demonstrated to be remarkably
similar to those of mammalian enzymes [5,8].

Recently, we cloned and characterized two 8. ¢cerevi-
siae genes (CM P! and CMP2) that encode the catalytic
subunit of PP2B [9]. The deduced amino acid sequences
of CMP! and CMP2 are 64% identical to each other,
and cach gene is 54% identical to the mammalian coun-
terpart. Mammualian PP2B, also designated as cal-
cineurin, consists of two polypeptides: the catalytic A
subunit and the regulatory B subunit. The B subunit is
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a Cua**-binding protein homologous to calmodulin
(CaM) (for review see [10]). In the presence of Ca?’,
CaM reversibly binds to the A subunit. As the activity
of PP2B is regulated by Ca®", the phosphatase is
thought to play important roles in various aspects of
cellular processes that are regulated by the Ca® signal.
Single or double disruption mutations of the CMP
genes, however, had no effects on growth rates, heat
shock responses. sensitivity to nitrogen starvation, mat-
ing or sporulation [9,11]. The lack of phenotype in the
double null mutant can be ¢xplained by either of the
following possibilities: PP2B may be dispensable for
normal growth due to functional complementation of
its loss by other classes of PPases; alternatively, PP2B
is essential, but there is a gene(s) homologous to CMPI/
2, and the function of the unidentified gene(s) is identi-
cal or overlapping with that of CMPI/2, Since the
amino acid sequernces of the catalytic domains of PPI,
PP2A and PP2B are homologous with each other {3], it
would be difficult to determine by genomic Southern
analysis at low stringency if there are more homologous
genes for CMPL/2.

To answer the question, we compared PP2B activity
of wild type (CMP! CMP2) 8. cerevisiae and a mutant
strain (dempf demip2) that lacks the two Cmp proteins.
The result shows that PPase activity that is stimulated
12-20-fold by Ca**/CaM is present in CaM binding
protiens isolated from 2 cell extract of the wild-type
strain. whereas the activily is not detectable in the dou-
ble null mutant.
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2. MATERIALS AND METHODS

2.0, Muaterials
Bovine brain CaM purified us previously deseribed [12] was used
throughout the experiments,

2.2, Yeast steaing

Succharanyees cevevisiae strains HTT-8b (MATa 1p) CAIPI
CMP2 leud urad pepded) und HHT-8c (AfATa npd dempl:: LEU2
denp2::URA3 pepd-3) were used for enzyme preparation, HTT.8b
and HTT-8¢ wers consiructed by crossing with u haploid pepd strain
THTI (& lferd ura3 CMP) CM P2 pepd-3) with YLL-2b (MAT2 lew2
urad hisd ep) CMPI CMP) ) or YLL «2d (MATa len2 urad his3 1rpl
cplLEU2 emp2:: 8RA3) [9), respectively. The strains with desired
genglic markers were obtained from a tetrud of spores. The pepd
phenotype was determined by stiaining with a chromogenic substrate
us deseribed [13)

2.3, Purtiad purification of PP28

8. eerevisiue cells were grown at 30°C to mid-log phase in YEPD
medium (9], Yeast eclts cultivated in 91 medium (4 x 10" cells, 1.7 ¢
protein) were harvested by centrifugation, snd washed in 20 mM
Tris-HCl, pH 7.5, containing } mM EDTA. The cells suspended in
Buffer A (20 mM Tris-HCL, pH 7.5, | mM EDTA. | mM EGTA. 3
mM S.mercaptocthunol and a mixiure of protease inhibitors that
contain 0.5 mM PMSF and 5 ug/ml cuch of pepstatin and leupeptin)
were disrupted by French press at 20,000 psi. Clear supernatant was
obtained by centrifugation ut 160,000 x g for | h, and the solution was
then loaded onto 4 20 mi column of DES2 cellulass equilibruted in
Buffer A, After washing the column with 200 m! of Bufler A, protein
wis cluted with 100 mi of Buffer A contuining 0.15 M NuCl. The
cluted proteins were precipitated by adding solid ammonium sulfate
to give 55% saturation. The precipitates were collested by centrilugn-
tion, dissolved in § ml of buller A and precipitated aguin with amme-
nium sulfate. These prucedures eliminate CaM present in the prepara.
tion. The precipitate was then dissolved in | ml of BufTer B (20 mM
Tris-HCl, pH 7.5, 0.1 mM CaCl;, | mM Mg(Ac),. 5 mM S.mercap-
toethanol snd protease inhibitors), and the solution was loaded onto
a 6 ml column of CaM -Sephurose equilibruted in bufTer B. The column
wias washed with 60 ml of Bulfer B, and then Bufler B ¢containing 0.2
M NaCl. Protein wax cluted from the column with 20 ml of Buffer C
{sume composition ns Buller B, except CaCly was repluced with | mM
EGTA). The CaM-binding proteins were dialyzed against bufler D (20
mM Trig-HCl, pH 7.0, | mM imiduzole, | mM Mg(Ae),, 0.1 mM
EGTA and § mM g-mercapieethanol). The CaM-binding proicins
were loaded onto a 1 mi hepurin-agarose (Pierce Chemical Co.) ol
umn cquilibrated in BufTer D [14). The column was washed with 10
ml of BufTer D and eluted with a 20-m! linear yradient of MaCl (0-0.6
M) in Buffer D. Each fraction wus assayed for PPuse uctivity,

24, Assay of PPase

PPuse activity was measured using *P-lubeled casein as substrate,
DcPhosphorylutcd cascin (Sigma Chemical Co.) wis labeled with
[7-*P]ATP (Amersham, Japun) as described previously 12}, Spesific
radiouctivity of labeled casein wits about 8 uCi ¥*P per mg protein. The
reaction mixture for PP2B assay contained the following in 100 ul: 20
mM Tris-HCl, pH 7.5, | mg/m! bovine serum albumin, 0.3 mM
Mg(Ac), 2 mM CaCl,, 10 ug CaM and PP eusein (cas. 40,000 epm).
‘When required, 2 mM EGTA was added instead of Ca**/CuM. Alter
an incubation at 30°C for 30 min, the reaction was terminated by the
addition of trichloroacetic acld to a final concentration of 10% (w/v).
Free ¥P that remained in the supernatant fraction after centrifugation
was determined by the Cerenkov counting in a liquid scintillation
countsr,

2.8, Western blotting

Antibodies aguinst S.-galuctosidase-Cmpl and f-galuclosidase
Cmp2 fusion proteins dessribed previously [9] were used for detection.
Antisera were first passed through a column of §-galactosidase cou-
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pled to Sepharose 4B, und unadsorbed proteins were further purified
through un aflinity column made with respective fusion pretein cou-
pled to CNBr.activated Sepharose 4B. Proteins were separated by
SDS-polyacrylamide gel clectrophoresis in a 10% polyacrylamide gel.
Weslern blotting wus performed as described [8). For detection of the
B subunit of PP2B, antiserum directed ugainst bavine brin eal-
cineurin B [15] was used. This antibody detects the B subunit of yeast
PPR2B {16).

3. RESULTS AND DISCUSSION

First, we investigated the subcellular distribution of
yeust PP2B between soluble and particulate fructions of
the cell extract of wild-type strain HTT-8b, using anti-
body against Cmpl and Cmp2 proteins. Both Cmpl
and Cmp2 proteins were present in the soluble fraction
as well as the particulate fraction (Fig. 1). Neither of
these proteins were detected in the sample similarly pre-
pared from a double null mutant HTT-8¢ (data not
shown). The cell extract from wild type and the null
mutant was applied to a DES2 column at pH 7.5, and
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Fig. 1. Subcellular localization of yeast PP2B. About 20 ug proteins

of subsellular fractions from S, cerevisiar (HTT-8b) calls wore sepa-

rated by SDS5-polyacrylamide gel electrophoresis (109% acrylamide

gel). Proteins were detested for Cmpl (A) and Cmp2 (B) by unti-Cmp1

and anti-Cmp2 antibodies, respestively. 1, Tatal pratein; 2, soluble
protein; 3, particulate protein,
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the protein bound to the column were eluted with buffer
containing 0.15 M NaCl. The CaM-binding proteins
were isolated from DES2 ecluate by CaMe.affinity
chromatography, and the Cmp proteins were analyzed
by Western blotting (data not shown). The Cmpl and
Cmp2 proteins of the wild-type sample were highly en-
riched in the CaM-binding protein fraction. These pro~
teins were not present in the unadsorbed fraction of the
affinity colunn, and neither of these proteins were de-
tected in the CaM-binding proteins isolated from the
null mutant (data not shown).

PP1, PP2A and PP2C with biochemical similarities to
mammalian enzymes have been detected in the yeast cell
extruct. However, the presence of PP2B in the cell ¢x-
tract prepared from yeast was not clear [8]. We first
measured PPase activity in the total cell extract using
MP.labeled casein as substrate. About half of the PPase
activity was inhibited by ckadaic acid, an inhibitor of
yeast PP1 and PP2A (8], suggesting that remainiug ac-
tivity contains those of PP2B and PP2C. However, the
release of *P; from casein in the presence of okadaic
acid was stimulated about 2-fold by the presence of
EGTA (data not shown). A siniila extent of stimulation
was observed in the absence of okadaic acid, These
results may suggest that the accessibility of phospho-
amino acids in casein to PPases changes with the pres-
ence or absence of Ca*. Thus, it was not possible to
quantitatively estimate PP2B purification in the follow-
ing experiments,

We next measured PP2B activity of the CaM-binding
proteins isolated from the cell extract of the parental
strain (HTT-8b). The affinity-purified sample contained
both the catalytic and the regulatory subunits (Fig. 2B).
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Fig. 2. FP2B of 8. cerevisiae. (A) PPase activity of the CaM-binding
roteins isolated from wild-type strain HHT-8b was measured with
*P-labeled cascin as substrate. (B) Two PP2B subunits of the affinity-
purified sample were detected by Western blstiing using antibedy
against the catalytic subunit (Cmpl and Cmp2) of yeast PP2B in 10%
gel (1), or the regulatory subunit of bovine brain enlcineurin in 15%
gel (2). Protein sizes in kDa are indicated,
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Fig. 3. Fructionation of the CaM-binding proteins by hepurin agarose

chromatography. (A) PPase of the sample prepared from the null

muiant strain HTT.8¢. Activity wus measured in the prescnse (@) or

ubisnee (0) of Tu®"/CuM, (B) PPase of (he sumple prepared from

wild-type strain HTT-8b. Aclivity was measured in the presence of
Cu**/CaM.

In a typical preparation, the PPase activity of this frac-
tion was stimulated about 12-20-fold by the presence of
Ca* and CaM (Fig. 2A). Both Ca** and CaM were
required for maximal enzyme activity. The Ca?*/CaM-
stimulated activity was not inhibited by okadaic acid up
to concentrations of 100 nM. PPI and PF2A from mam-
mals and yeasts, are inhibited by 30 nM and 0.1 nM
okadaic acid, respectively {4,8). More than 90% of
mammalian PP2B remains active in the presence of 100
nM of okadaic acid {17]. Thus, the yeast PPases appear
to be very similar to mammalian PPases in the pattern
of sensitivity to okadaic acid.

PI (CMPICMB2) P3 (cinplempl)
lm - = o -‘
80 - .
€
§ 60k L .
W
=
Z 4of :
[
<
20 e b o

g:;y'{ EGTA OA Sﬁi,{ EGTA Oa

Fig. 4. Propernies of PPass of Pi {(from CAPP? CMP2stmala)and P3

{from cmpl cmp2 strain) fractions of heparin-agarose chromatogra-

phy. PPuse activity of P3 from wild-1ype cells showed the same prop-
erties as those of the null mutant,
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Initial attempts to measure PPase activity of the
CaM-binding proteins isolated from a double null mu-
tunt HTT-8¢ indicated that the mutant contain much
weaker PPase activity than the wild-type strain (less
than 5%), and the activity of the mutant is independent
of Ca*/CaM (data not shown). Thus, PPaxses of the
CaM-binding proteins from wild type and the null mu-
tant were further fractionated by heparin-agarose
chromatography (Fig. 3B). The clution profile of wild
typs CaM-binding proteins showed three peaks (Pl, P2
and P3) of PPase activity (Fig. 3B). The activity of Pl
was stimulated about 20-fold by Ca**/CaM. and was
insensitive to 100 nM okadaic acid (Fig. 4A). The prop-
erties of PPase of the P2 fraction was very similar to
those of Pl activity. By Coomassie blue staining and
Woestern blot analysis of P1 and P2 fractions, it was
found that Cmp2 was the major protein of the Pl frac-
tion with Cmpl and un uitknown protein of 66.000 Da
as minor components, Several bunds including Cmpl
and Cmp2 were present in P2, The weak activity of P3
was not stimuluted by Ca?*/CaM, and it was sensitive
to okuadaic acid (Fig. 4B). Cmpl and Cmp2 proteins
were not detectable by Western blot analysis of the P3
fraction (data not shown). These results suggest that the
activity of the O3 fraction represents PPases of other
types which are possibly associated with a CaM-binding
protein,

The null mutant totally lacked the PPase activity cor-
responding to the Pl and P2 of wild-type enzymes, and
only the P3 activity was present (Fig. 3A). The P3 PPase
activity of the mutant, like that of the wild type. was not
stimulated by Ca?*/CuM, and the activity was sensitive
to okadaic acid. CaM-binding proteins were also iso-
lated from the particulate fraction of the mutant after
solubilization of the membranes by u-octylglucoside.
PP2B activity was not detectable in this fraction (data
not shown). Based on these results, we concluded that
PP2B activity is not detectable in the double null mutant
using casein as substrate. These results indicate that
CMPIl and CMP2 are the only genes that encode the
catalytic subunit of PP2B, and the activity is not essen-
tial for growth. Consistent with this possibility, all our
attempts to clone CMP!/Z homologs by various proce-
dures, including low-stringency Southern hybridization
using DNA fragments corresponding to the regulatory
domain of PP2B, PCR method based on ccnserved se-
quences of PP2B, and phenotypic complementation of
a defect of a double null mutant (sensitivity to vana.
date), were not suceessful (Liu et al., to be published).

In our previous paper [9], we have demonstrated that
double disruption of CMP} and CM P2 does not affect
cell viability, and causes no distinct phenotypes, includ-
ing changes in grewth rate, eensitivity to heat shock,
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utilization of various carbon-sources, sensitivity to ni-
trogen starvation, mating and sporulation [9). Consid-
ering the highly conserved structure of the yeast Cmp
proteins through eveolution, and the presence of a gene
family, it is most likely that the yeast PP2B is involved
in the regulation of basic cellular processes. However,
the present results indicate that PP2B activity is not
essential for the normal growth of S. cerevisine. PPases
of other types such as PP1, PP2A or PP2C may substi-
tute for the loss of function of PP2B in the double null
mutant. We recently found that growth of the double
null mutant is sensitive to high concentrations of NaCl
(1.5 M) or LiCl (0.1 M), and also sensitive to vanadate
(5 mM) (unpublished results). Furthermore, the null
mutant of PP2B is defective in the recovery from growth
arrest induced by e-factor [11]. Thus, PP2B may be
required only under certain stress conditions, and
PPases of other types are not sufficient to replace the
function of PP2B under these circumstances,
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