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The gene SI1T4 of S rcrvmtm-. whi¢h ¢odes far a protein struclurally related to 1w eutalyue subunit of mammalian protein phasphutuse 1A, wa

disrupied in vitra. Anulysis of glyeogen synthase setivity ralio in mutant haploid cells indicated that the enzyme was less agtive than in wild-type

cells. On the contrury, ulyccgm phusphurylase a ugtivity wiis mueh higher. The activation of glyeogen synthase observed in wild-type cells after

mcubmian with lithium ions was not detected in mutant cells, These results suggest that the product of gene SIT4, » pu!nhw. protein pho:phatnu. :
“cauld be involved in the ¢ontral af glycogen melabolism in yeust eells.

Protein phosphatuse; Glyeogen synthase; Glyeogen phosphorylise; ‘Gene disruption: §. cvrrvfm‘w:

1. INTRODUCTION -

vaalcm‘ modification of protéins by phosphary-

lation/dephosphorylation reactions is known to be n

major system for controlling many blological processes,

including metabolic pathways. Glycogen synthase and
glycogen phosphorylase, the key enzymes in glycogen
metabolism, are under control of protein kinase and
' protein ‘phosphatase = activities in eukaryotic celis,
Phosphorylation causes-the inactivation of glycogen
synthase and the activation of glycogen phosphorylase
whereas dephosphorylation reverses these effects [1-3].
In mammalian cells dephosphorylation of phospho-
sering and phosphothreonine residues is catalyzed by

serine/threonine protein phosphatases. These enzymeés’

have been divided into two groups: type 1 and 2. Type
1 enzymes are inhibited by nanomolar concentrations

of protein’ inhibitors (inhibitor-1 and -2) but type 2
phosphatases are much less sensitive. Type 2 enzymes .

can be grouped into 3 categories: type 2A (active in the
absence of divalent cations), type 2B (calcium depen-
dent) and type 2C {(magnesium dependent) [4-6]. In
mamrmalian cells, type | and 2A phosphatases appear 10
be responsible for the dephosphorylauon of glycogen

- synthase and phosphorylase {71. ‘
In yeast cells glycogen is the most important energy

reserve [B8] and, as in higher eukarvotic cells, inter-
conversion between phosphorylated and dephosphory-
lated forms of glycogen synthase and phosphorylase is

believed to be the main regulatory mechanism  in
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giveogen metabolism [9. 1t is generally accepted that
phosphorylation of  glycogen . synthase . and
phosphorylase is controlled by the levels of cAMP
through activation of the cAMP-dependent protein
kinase, although cAMP-independent mechanisms

. could be important in the regulation of glycogen

metabolism in yeast {10]. Despite that little work has
been done on yeast protein phosphatases (see [11] for

- review), it is known that there exist very remarkable

similarities between yeast and mammalian protein
phosphatases in terms of requirements for divalent ca-
tions and sensitivity to mammalian protein inhibitors
and to okadaic acid [12]. Recently, yeast genes en-
coding proteins showing a very high identity with the
catalytic subunit of mammalian protein phosphatase 1
(D18281) and protein phosphatase 2A (S8IT4) have been.
isolated and sequenced [13~14]. The gene SIT4 has been’

- found to be involved in the regulation of transcription.

of a certain number of genes and is 57% identical (71%
if conservative substitutions are considered) to mam-
malian protein phosphatase 2A. Since phosphatase 2A
has been shown to be involved in the control of gly-
cogen metabolism we considered it interesting to test

‘the possible role of the SIT4 gene product in this

metabolic'pathway. In the present paper we show that
the gene SIT4 is involved in the control of the act:vxty
of g]ycogen metabohzmg enzymes.

2. MATERIALS AND METHODS

2.1. Matermfs :
Restriction enzymes were from Boehringer Mannhexm Thermus

. aquaticus DNA polymerase {Tag polymerase) was from Perkin-

Elmer/Cetus. Oligonucleotide primers were synthesized on- an
Milligen 7500 DNA s__vnthesizer}
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2. Stratns and medic
S, eprevisioe M3 (\MTaIMATn homazygaus for Ieuz MHE ura

142 urpiy, generounly pravided by Dr [ Schaaff:Gersensbiger and

De F. Zimmermann, was wigd in gene dixrupiion experimenis. &, cali
NM33I2 way used to amplify playmid construetions, Yeast siriin was

grown at 30°C in YPD medium or, In 1he etse ofF those hatboring -

plasmids, In S0 syathetiv cemplete minimal medium {18] Jacking
tryptaphan (unless atherwiie siaied), The bacterial sirain was grown

in LB medium containing sn spfmi ampleilling when needed, for

phumnd selection.

2.3, Genetic methods and recombinant DNA mlunquu

Bacterial eelly were transformed by the method of Chung et al: (17).
Yeast cells were transformed afer preparation of apherophisis ax
deseribed In [16). Gene disruption was carried out by the ane-siep
gene replacement’ method (18], Terad analyxis and seoring of
markers were earrled out by siandard methods.

Totut genomic yeast DNA wax isolated as described in [19), DNA '

prnhes were labeled by the random hexanucicotide priming method as
awreribed In (20]. Restriction enzyme digestions, phosphatase alkaline
restment, DNA ligations and other standard molecular blofogy
technigues were performed exsentinlly ds deseribed in [21].

© 2.4, Amphﬁmuan and cloning of.SIT-! nene

The SIT4 gene was amplificd and cloned from total m:uﬂnm DMNA
using PCR techniques. Far that purpose two oligonugleotices were
synthesised  (SIT8A, GOATCCAGATCCATCTTTCTACGAG-
TAAT and SITdB, GUATCCGGATCCAAACCGTGOGAGOT-
GAC). Their sequence was based on the sequence of the gene reported
by Arndiet al. {14). Both oligonucleotides cantained repeated BamH|
recognilien sequences at their §° end. Total genomiz DNA (0.2 ug)
from 8. cerevisive X2180 was amplified in a mixwure containing 10
mM Tris.-HCl, pH 84, 50 mM potassium chloride, 1.5 ‘mM
magnesium chloride, 0,1 mg/ml gelatin, 0.2 mM each dNTP, 0.5 #M
each oligonucleotide and 2.5 units of Tag polymerase. Annealing was

performed at $5°C for 2 min and extension at 12°C for 4 min. Afler . ‘

30 cyclesthe mixure was incubated 4 additional minutes at 72°C. The
product was analyzed by agarose gel elecirophoresis and presented a
single amplification product with an estimated size annlogous’to the

expected (1.72 kb). The DNA was eluted from the gel, digesied with:

BamH! and claned into the BamH| site of plasmid Blueseript SK(-)
{Stratagene) to give plasmid pJA1, Idemification of the cloned DNA
as gene SIT4 was performed by restriction nnnlnys and partinl DNA
‘ scquen:mg

2.5, Preparation of yeast extracts

For glycogen synthase and phesphorylase activity measurements,
yeast cells (150 mg wet weight) were harvested by filtration under
vacuum il 0.5 am nitrocellulose filters (Millipore}, washed with cold
waler and immediately resuspended in 0.5 ml of cold buffer contain-
ing S0 mM “[ris-HC! (pH 7.4}, 100 mM KF, 5 mM EDTA, 2 mM
EGTA, 0.6 V. sucrose, 0.3 mM phenylmethylsulphony! fluoride, 0.5
mM benzamidine and 2 mM dithiothreitol, An equal volume of acid-
washed glass beads were added and homogenization was carried out
by vigorous .ortexing (five 60 s pulses with 60 s intervals at 4°C).
Samples were centrifuged at 4°C (3000 x g, 5 min) and supernatants

immediately vsed for enzyme activity measurement and prmem con-

centrauon determinations. -

2.6. Gilycogen synthase and phbsphbry!ase assays

Glycogen syathase activity was determined by the inéorporation of -

["*CJUDPG into glycogen as described in [22]. The state of activation
of glyeogen synthase is expressed as the ratio between the activity
measured in the absenge of exogenous glucose §-phosphate (a form)
and the activity measurgd in the presence of 6.6 mM glucose-6P (total
"activity). Glycogen phosphorvlase « was measured as radicactive

glucose incorporated into glycogen from [“C]slucose-lP gssentially

as descnbed in [23]
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2 7 Orhér dqverminations

Clucowe levels in the medium were measured anlns " Lnlum it
kit from Dachringer-Mannhelm, sdapled for a Cobasy Bios
autwandlyaer (Rochel Protein conveniration wax determined by the
Hiuret method as dmrihcd In (24} wving bovine AU albumin as
sandurd,

kN RESULTS

i, D:srupuan of gene SIT4

The plasmid YRp7 [25] was digested wuh EcoRI and
the 1.45 kbp DNA fragment containing the TRP1 gene
isolated, This feagmient was ligated into the EcoRI site
of plasmid Bluescript SK(-) and the resulting construg-
tion digested with Bg/lI and BamHl. Then, the 0.85 kbp
containing the TRP1 coding region but lacking the ARS
sequences was gel purificd. ‘ :

In parallel, plasmid pJA 1 was digested with 8gll in
order (o linearize the molecule by cutting specifically at -
the single Bg/Il site located in the coding region of
SIT4, The lincar molecule was then dephosphorylated
by incubation with alkaline phosphatase and ligsted
with the 0.85 kbp TRP! fragment. Therefore, the
resulting plasmid, pIA2, contains a copy of the S1T4
gene carryving a 0.85 kbp disruption at position 476 of
the coding region {Fig. 1A). ‘

A 2.57 kbp fragment containing the disrupted SIT4
gene was isolated from pl A2 by digestion with BAM HI-

~and used to transform diploid M5 cells, Transformants

were selected by their ability to grow in minimal

"medium  lacking . tryptophan. Transformants were

sporulated and the phendtype of the mutants analyzed
by dissection of the resulting. tetrads. Analysis of 12
tetrads indicated that two spores per tetrad showed the
Trp+ phenotype and that it was consistently associated
to a slow growing phenotype (Flg 1B). The presence of
a.copy of the disrupted gene in the yeast genome was
confirmed by Southern blot analysis using both SIT4

~ and TRPI probes (data not shown)

3.2. Anaiys:s of glycogen synthase and phosphorylase‘
. activilies
‘Several haploids carrying the SIT4- -TRP] disruption
were selected for glycogen synthase and phosphorylase
studies. For that purpose, cells were grown in YPD

- medium and aliquots were taken at different times, Ex-

tracts were immediately prepared and glycogen syn-
thase activity ratio and glycogen phaosphorylase @ activi-

| .1y wer¢ measured. As shown in Fig. 2A, wild-type

haploid cells presented a very high glycogen synthase
activity ratio during the exponential phase. When cells
reached stationary phase and glucose in the medium
was almost exhausted, the glycogen synthase activity
ratio dropped suddenly. However, activity ratio in the

-mutant haploid cells remained low even during the ex- -

ponential phase. Total synthase activity was not
significantly different in wild-type and mutant cells, In
order to verify that this difference was a result of the
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Fig. 1. Disruption of gene SIT4. (A) Graphic deseription af the
disrupted gene, A 0.85 kbp fragment corresponding to 8. cerovisioe
TRPI gene was ligated into the unique 2g/11 site in the cading reglon
of gene SIT4 (indicated as a black box). (B) Tetrad analysis of a
~ dipleid Trp+ strain abtained by transformation of M5 cells with the
2.57 kbp BumM1-BamH! fragment from the constryciion shown in
(A). Transformants were sporulated and asci disseeted. Slow growing
‘ coloniey were Trp+ in 23 out of 24 cases,

- disruption of $1T4, we constructed a multicopy plasmid
containing a wild-type copy of 81T4 by ligating the 1.72
kbp SIT4 fragment into the BamHI site of the shuitle

plasmid YEplacl93 [26]. Mutant haploid cells were then
transformed and glycogen synthase activity ratio
measured. As shown in Fig. 2A, the activity ratio in
transformed cells was almost |dent1cal to wxld -type
cells,

‘ Glycogen phosphorylase @ activity was very low in
both exponential and stationary phases in wild-type
cells, However, a dramatic increase in activity was
detected in mutant cells, reachmg the highest value at
~ stationary phase (Fig. 2B). When mutant cells carrying
extrachromosomal copies of SIT4 were grown, gly-
cogen phosphorylase a activity was reduced, although it
“was still higher than in wild-type cells.
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Fu., 2. Effects of disruption of gena SIT4 an glycogen synthase and
phosphorylase activities, Cells were grown in YPD medium and ali-
quats collected at different periods during growth, Exiracts were
prepired as described and glycogen synthase activity ratio (=glus
cose-6-P/ 4+ glugose-6-P) (panel A) or glycoger phosphorylase a
{(panel B} measurcd, (@——a) wildtype haplokl steain; (AmmA)

. SIT4:TRPI haploid strainy (Qiimm Q) SIT4:: TRP 1 strain harboring

a multicopy plasmid containing wild-type SIT4 gene. Data from 3-6
independent experiments s presented.

33, Ejfecr of lithium ions on glycogen symhase
_activity ratio
Since lithium ions are able to cause the activation of-
glycogen synthase in different cell types, we decided to

Table 1

Efl‘cu of hthmm ions on glycogcn synthase activity in wild- “type and
_tulant yeast cells

Glycogen synthase activity (imU/mpg)

—glucose-4-P  + glucose-6-P -/ + glucose-6-P

ratia
‘Wild-type o .
+20mM NaCl = 0,88 + 0,13 1,70 = 0.12 - 0.51 = 0.06
+ 20 mM LICI 1.58 = 0.32 2.06 + 0.29 0,73 + 0.09
81T4::TRP] mutant o |
+ 20 raM NaCl 092 + 08 220% 0.10 042 + 0.05
+ 20.mM LICl 1.00 £ 0.200 2,12 £ 0.22 0,47 + 0.06

Cultures in slauonary phase were made with 20 mM LiCI and further
incubated far 30 min at D°C with shakmg MNaCl (20 mM) was added
to control cultures. Cell extracts. were prepared as described and

- assayed for glycogen synthase activity in the presence and in the

absence of glucose-6-phosphate. Results are mean = SE from at least
4 independent experiments.
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test whether er not the ion ceuld activate 51‘ycpgm L¥YN-

thase in veast colls carrying a disruptian in the gene
SITS. Lithium was capable of activaling the ¢nzyme
. when added at a concentration af 20 mM 1o wild«type

cells in srationary phase. The effest was already
 detected after 15 min of incubation and, after 43 min,

glycogen synthase activity ratie was suill higher tham in.
-cantrol celts {data not shewn}. chever the lon failed

1o actival 2 glyeogen synthase in mutant cells a1 the dif-
ferent incubation times tested (Table Iy,

4, DISCUSSION ‘
Glycogen phosphorylase a activity was guite low dur-
ing exponential growth in hapioid ¢ells derived from
strain M35, as has been deseribed For other yeast strains
[27,28]. Disruption of gene SIT4 resulied in a
remarkable increase (about 10-fold) in phosphorylase @
activity and the increase was partially abolished in mu-

tant -cells containing extrachromosomal copies of the

original gene, It is worth noting hat it has been
reported thal a very strong increase in glycogen phos-
phorylase mMRNA levels occurs when the glucose in the
medium is decreased to values af about 50 mM (that is,
~about half of its initial concentration) (28], The increase
in glycogen phosphoryhse transcripts carrelales very
well with the inerease in total phosphorylase activity
reported by Francois et al. {27), although the enzyme
was essentially in the inactive form. These results are
- consistent with the idea that the product of gene SIT4
controls glycogen phosphorylase activity in yeast cells,
Since phosphorylase phosphatase activity has been
“described in yeast [29), a possible hypothesis would be

that the SIT4 gene product could dephosphorylate and
© inactivate yeast phosphorylase, Therefore, in wild-type

cells, glycogen phosphorylase would be induced at the
late exponential phase, but the enzyme would be mostly
inactive as a result of balanced kinase and phosphatase

activities, Thelack ofthe putative phosphatase encoded

_ by the gene SIT4 would upset such a balance and in-
crease the amount of the phosphorylated, morc. active,
form of glycogen phosphorylase.

In addition to the effect of the mutation on
phosphorylase activity, the activation state of glycogen
synthase was greatly reduced suggestmg a role of SIT4
-in the contro! of the activity of this enzyme. This effect
was a result of a decrease in the active form and not of
changes in the total amount of the enzyme. However,
the enzyme was never fully inactive in the absence of its
allosteric activator glucose-6-P. This resuli suggests the
idea that protein phosphatases able to control glycogen
synthase activity, other than the SIT4 gene product,
‘could exist in yeast cells. The existence of more than one
glycogen synthase phosphatase activity in yeast has
‘been previously postulated on the basis of chromato-

graphic analysis of yeast extracts [30], In fact, type I
- phosphatase activity, which is also involved in the con-
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el ur slyeﬂgcn membnilsm in mnmmal: has been de-

scribed in yeast [12]. Recently. two genes strecturally
very related to the vatalytie subunit of mammalivn pro-
1ein ‘phosphatase 1 have been isalated from S. pomibe
and shown 1o play an imporant rele in chromosome
dysjunction in mitasis [13). The same authors reporteed
the sequence of the S, cerevisiae homologue gene,
315281, Such a gene product could also be involved in

~glycogen metabolism in yeast, In this regard, o very re-

cent repare {31 describes a strain defective for glycogen
accumulation, 22R 1(gle?), whieh shows a glyeogen syn-
thase activity ratio lower than in wild-1ype cells. In-
terestingly, the gene apparently responsible for sueh a
defect (GLCT) appears to be identical ta DIS251, Ex-
periments carried out in aur laboratory showeel that
glycogen phosphorylase was dramatieally activated in

- diploid cclls earrying n disrupted aliele of DIS2S1. In
- addition, DIS2S1 was found 1o perform an essential ¢

role in the cell, since its disruption was lethal (Clotet &t

- al., unpubhshed obsewntlons) Therefare, although the

product of gene SIT4 is involved in the control of .
glycogen synthase activity, most probably it is not the
only phosphatase responsible for such contral, -

- Lithium iens have been shown in the past to cause the

. activation of glycogen synthase in. mammalian cells

{32-34] and, very recently, in yeast (31]. In our hands,
glycogen synthasc was also activated when cells were ex-
posed to lithium ions. Since the M5 strain shows a very
high glycogen synthase activity ratio during exponential
growth, we tested the offect of lithium in stationary
phase cultures. Lithium chloride was added directly to.
the cultures, instead of collecting the cells and resuspen-
ding them in fresh YEPD [31], because resuspension of
the cellsin medium containing high amounts of glucose
results by itself in a remarkable activation of glycogen
synthase (data not shown), In fact, the ability of glucose

- to actlvate glycogen synthase when the sugar is added to
. the medium has been reported previously [27]. In any

case, the fact that lithium ions failed to activate
glycogen synthase in the mutants suggests that the SIT4

-product could ‘be eithér a target for lithium or an in-

termediate step in the mechanism of action of the ion.
It is important to nete that our data, although sug-
gesting a role for the SIT4 protein in the control of the
activity of glycogen synthase and phosphorylase, do not
prove that it is a synthase and phosphaorylase
phosphatase. The possibility of an indirect mechanism
should always be considered. One course, it is very sug-
gestive, the fact that SIT4 was originally described as

_ structurally. related to mammalian phosphatase 2A,

which has been shown to be involved in the centrol of
glycogen metabolism. However, the molecular cloning
of two ¢cDNAs whose predicted proteins are even closer
to SIT4 than phosphatase 2A is, has been very recently
reported. One of them, termed PPX [35,36] was cloned
from a rabbit liver library and shows 61% identity to
SIT4 (74% when conservative substitutions are con-
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‘widered). The secand is a eDNA from Drosophila {36}
_ comprising almost nearly the coding region of a protein

61% identical to SIT4 (74%, considering conservative -

¢hanges). Those novel phasphatasex have not been

biologically eharacrerized and, therefore, their fung- |

tional rales remain unknown,
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