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Cell cycle arrest of Saccharomyces cerevisiae in G, by the antimitogen a-factor is me- 
diated by activation of a signal transduction pathway that results in inhibition of the 
cyclin-dependent kinase Cdc28-Cln. The Farl protein is required for cell cycle arrest and 
associates with the Cdc28-Cln complex. The kinase activity of Cdc28-Cln was directly 
inhibited by Farl both in vivo and in vitro, thus demonstrating that Farl acts at the final 
step in the a-factor response pathway by inhibiting a G, cyclin-dependent kinase. 

Each  haploid cell type of the yeast S. cer- 
evisiae secretes a specific peptide phero- 
mone (a- or a-factor) that activates a 
signal transduction pathway and thereby 
induces changes in gene transcription, al- 
terations of cellular morphology, and cell 
cycle arrest in G1 ( I ) .  This pathway is 
initiated by binding of the pheromone to 
a receptor coupled to a heterotrimeric 
guanosine triphosphate-binding protein 
(G protein). The signal is subsequently 
propagated by an unknown mechanism to 
a cascade of   rote in kinases (2). The . , 

pathway terminates with StelZ, a tran- 
scr i~t ion factor that induces the exDres- 
sion of several genes by binding to their 
upstream regulatory regions (3). 

Cell cycle arrest in response to a-factor 
results from inactivation of the Cdc28 Dro- 
tein kinase, which is necessary for progres- 
sion from G1 into S phase (4). The Farl 
protein is specifically required for phero- 
mone-induced cell cycle arrest (5). Farl 
directly links the pheromone-triggered sig- 
nal transduction pathway to the cell cycle 
machinery by associating with the protein 
kinase Cdc28-Cln in an a-factor-depen- 
dent manner (6). The biological relevance 
of this association is indicated by the cor- 
relation between the abilities of farl mu- 
tants to form the complex and to induce 
cell cvcle arrest in vivo. 

There are several requirements for activity 
of the Cdc28-Cln protein kinase, any of 
which could be the target for inhibition by 
Farl. Active kinase requires association of the 
catalytic subunit, Cdc28, with a G1 cyclin 
encoded by one of the CLN genes (7). Fur- 
thermore, the Cdc28 subunit must be phos- 
phorylated on and unphosphorylated 
on Tyr19 (8). Inhibition of kinase activity in 
response to a-factor could therefore occur by 
degradation or dissociation of the cyclin sub- 
unit, or by changing the phosphorylation 
state of Cdc28. Activity of the Cdc28-con- 
taining kinase could also be inhibited by bind- 
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ing of an inhibitory protein such as p40 (9). 
To determine whether Farl acts by pro- 

moting degradation of the G l  cyclins, we 
expressed the CLN2 gene constitutively 
from the ADHl regulatory region, so that 
transcription of CLN2 was uncoupled from 
control by Cdc28 kinase (10). Cells consti- 
tutively expressing an epitope-tagged ver- 
sion of Cln2 (Cln2-HA) (I 1 ) exhibited cell 
cycle arrest in response to a-factor with 
kinetics indistinguishable from those of 
control cells (Fig. 1A) (12). These cells 
contained similar amounts of Cln2 protein 
(13), which decayed with comparable half- 
lives (-5 min) (14) whether or not the 
cells were arrested with a-factor (Fig. 1B). 
In contrast, when CLN2 expression was 
under the control of its own promoter, Cln2 
protein rapidly disappeared after addition of 
a-factor in a FAR1 -dependent manner (Fig. 
1C) (12). These results demonstrate that 
a-factor is able to induce cell cycle arrest in 
cells containing substantial amounts of 
Cln2 protein and indicate that Farl does 
not trigger degradation of Cln2. 

To examine the possibility that Farl af- 
fects the association of Cln2 and Cdc28 in 
vivo, we immunoprecipitated Cln2 from ar- 
rested or growing cells and analyzed the 
immunoprecipitates for the presence of 
Cdc28 protein by immunoblotting (13). 
Similar amounts of Cdc28 were co-immu- 
noprecipitated with Cln2 whether or not 
the cells were arrested with a-factor (Fig. 
2A). Most of the Cln2 protein migrated as 
a multiply phosphorylated species in both 
arrested and growing cells (Fig. 1, B and C; 
Fig. 2B) (15), as expected for Cln2 com- 
plexed with Cdc28 (14, 16). These obser- 
vations indicate that a-factor does not in- 
fluence complex formation between Cln2 
and Cdc28 and thus that Farl does not 
interfere with their association. 

Cyclin-dependent kinases (CDKs) are 
regulated both positively and negatively by 
phosphorylation (8). Phosphorylation of 
TyrlY and Thr18 in the adenosine triphos- 
phate (ATP)-binding domain of Cdc28 in- 
hibits its kinase activity (17). However, 
Cdc28 is not phosphorylated on these resi- 
dues in a-factor-arrested cells (18). Fur- 

thermore, cells expressing a mutant form of 
Cdc28 that cannot be phosphorylated on 
these residues are still arrested normally in 
response to a-factor (14, 18). Thus, Farl 
does not appear to promote inhibitory phos- 
phorylation of these Cdc28 residues. 

Phosphorylation of Cdc28 on Thr16' is 
mediated by CAK (CDK activating kinase), 
and phosphorylation of this residue is re- 
quired for kinase activity (19). Therefore, 
Farl could interfere with phosphorylation 
of Thr169 or be a direct inhibitor of the 
kinase activity of Cdc28-Cln. If a-factor 
reduced Cdc28-Cln activity by blocking 
phosphorylation of Thr169, Cln-associated 
kinase activity would be low irrespective of 
the conditions used to isolate the kinase. If, 
on the other hand. Cdc28-Cln were inacti- 
vated by an associated inhibitor, we might 
be able to dissociate this inhibitor durine - 
isolation of the Cln-associated kinase and 
recover fully active kinase from arrested 
cells. Therefore, Cdc28-Cln2 complexes 
were immunoprecipitated from extracts pre- 
pared from untreated cells or from cells 
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Fig. 1. Stability of Cln2 in cells exposed to a-fac- 
tor. (A) Wild-type cells (0) or a farl deletion strain 
(0) harboring a plasmid encoding Cln2-HA under 
the control of the constitutive ADHl promoter or 
wild-type cells expressing a control plasmid (A) 
were treated with a-factor (1 pg/ml). The percent- 
age of unbudded cells was determined micro- 
scopically at the indicated times. (B and C) 
Amounts of Cln2 protein in crude extracts pre- 
pared from wild-type (wt) or farl deletion (Afarl) 
strains expressing Cln2 with (pADH-CLN2-HA or 
pCLN2-HA) or without (No tag) the HA epitope 
were analyzed by immunoblotting with 12CA5 an- 
tibodies. Cells were treated with (+) or without (-) > ,  ~, 

a-factor (1 pg/ml) (a9 for 3 hours; arrest was con- 
firmed microscopically. Arrowhead, unphospho- 
rylated Cln2-HA (Cln2); arrow, fully phosphorylat- 
ed Cln2 (Cln2-P); asterisk, a protein that cross- 
reacts with the 12CA5 antibody. Cln2 was ex- 
pressed from the constitutive ADHl promoter (B) 
or from its own promoter (C). 

1 228 SCIENCE VOL. 265 26 AUGUST 1994 



arrested with a-factor and were washed ei- 
ther gently or under stringent conditions 
(20). The kinase activities of the Cln2 im- 
munoprecipitates were then assayed with 
histone H1 as a substrate. After mild wash- 
ing, Cln2 immunoprecipitates from a-fac- 
tor-arrested cells showed one-fifth to one- 
third the amount of histone H1 kinase ac- 
tivity as immunoprecipitates from exponen- 
tially growing cells (Fig. 2, D and E). This 
decrease in activity was dependent on Farl; 
no difference in histone H1 kinase activitv 
was detected for cells lacking Farl. In con- 
trast, after stringent washing, immunopre- 
cipitates from both wild-type and far1 mu- 
tant cells showed similar histone H1 kinase 

Fig. 2. Effect of a-factor on associa- 
tion of Cdc28 with Cln2 and on asso- 
ciation of an inhibitory factor with 
Cdc28-Cln2. Epitope-tagged Cln2 
was imrnunoprecipitated with 12CA5 
antibodies from extracts prepared 
from wild-type (wt) or far1 deletion 
(Afarl) strains either arrested (+)or not 
arrested (-) with a-factor (af). (A and 
B) lmmunoprecipitates were immuno- 

activities irrespective of whether the cells 
were arrested with a-factor or not (Fig. 2C). 
The stringent washing conditions removed 
associated Farl from the Cdc28-Cln2 com- 
plex (Fig. 2F). Thus, the Cdc28-Cln2 com- 
plex in a-factor-arrested cells is present in a 
potentially active form and therefore must 
be phosphorylated on T h P 9 .  These obser- 
vations are consistent with the idea that 
cell cycle arrest by a-factor is accompanied 
by a decrease in Cdc28-Cln2 activity due to 
an associated inhibitor. 

To  test directly whether association of 
Farl with the Cdc28-Cln2 complex inhib- 
ited kinase activity, we purified Farl from 
yeast cells induced for the pheromone path- 

A M Afarl wt C wt Afar1 wt --- --- 
No No 

pADH-CLN2-HA tag pADH-CLN2-HA tag 

blotted with affinty-purified antibodies I I"..- 
to Cdc28 (A) or wrth 12CA5 antibodies 
(B). Arrowhead, Gdc28; bracket, 

globulin G. (C and D) Immunoprecipi- 
Cln2-HA (Cln2); asterisk, immuno- 

* 
tates were washed under stringent (C) 
or mild (D) conditions (20) and then assayed for phosphorylatlon of histone 
HI in the presence of [y-32P]ATP. Phosphorylatton of histone H I  (arrow- 
head) was monitored by SDS-PAGE and autoradicgraphy. (E) Histone H I  
kinase assays were performed as in (D) and quantified by Phosphorlmager. 
Data are expressed as a percentage of maximal kinase activity deduced in 
three independent experiments; bars correspond to the lanes in (D). (F) 
lmmunoprecipitates were washed under stringent (+) or mild (-) conditions 
as in (C) and (D) and immunoblotted with affinity-puntied antibodies to Farl 
(upper panel) or with 12CA5 antibodies (lower panel. Arrowhead, Farl: 
bracket, Cln2-HA (Cln2). 

wt Afarl wt F - -  
No 

pADH-CLNBHA tag - 
Wash - - + - - 

4 Farl 

Fig. 3. Inhibition of Cdc28-Cln2 pro- 
A B Purified 

tein kinase in vitro by Far1 partially Cln2-HA No tag protein -- 
purified from yeast. (A) Far1 tagged 7a -a - + - -  + - + Gal 
with a 6His element was expressed 0 u + '  - - + - - + -Gal 
in yeast from the inducible GAL pro- 
moter and purified from cells grown 
in the presence (+Gal) or absence 
(-Gal) of galactose. The strain also + 

I 
carries GAL-STE4, which allows in- 

1 2  3 4 5 6  duction of the pheromone response 
pathway by galactose (28). The final 
preparation (-60% pure) was sub- .- 
jected to SDS-PAGE and stained .- 
with silver. Arrowhead, Farl -6His. 

&lo'/ 

a 2 50 
(B) Epitope-tagged Cln2 (Cln2-HA) % E 
was immunoprecipitated as de- 5 g 
scribed (22) and incubated either 
with fractions containing purified 0 1 2 3 4 5 6  
Farl (lane 2), an equal volume of 
control preparation (lane 3), or buffer alone (lanes 1 and 4). Histone HI kinase assays were performed in 
the presence of [y-32P]ATP and analyzed as described (20). Control immunoprecipitates from cells 
expressing Cln2 without the HA epitope were also assayed (lanes 5 and 6). (C) Three independent 
experiments were performed as described in (B). Phosphorylated histone HI was excised from the 
SDS-polyacrylamide gels and incorporated radioactivity was determined (Cerenkov counts). Activity in 
buffer controls was set as 100%. Bar numbers correspond to lane numbers in (B). 

way (21) and determined its ability to in- 
hibit Cdc28-Cln2 kinase activity in vitro 
(22). Farl was tagged at its COOH-termi- 
nus with the 6His element to facilitate pu- 
rification and was expressed from the induc- 
ible GAL1 promoter (Fig. 3A) (21). Frac- 
tions containing purified Farl inhibited im- 
munoprecipitated Cdc28-Cln2 protein ki- 
nase efficiently in vitro; no inhibition was 
detected with material from cells that did 
not produce Farl (Fig. 3B). The kinase 
activity of the Cdc28-Cln2 complex ex- 
posed to Farl was -10% of that of the 
uninhibited complex (Fig. 3C). 

To determine whether Farl is sufficient 
to inhibit the kinase activity of Cdc28- 
Cln2 in vitro, we expressed various versions 
of Farl as glutathione-S-transferase (GST) 
fusion proteins in Escherichia coli (23). The 
wild-type GST-Far1 fusion protein used 
here is fully active and complements a far1 
deletion mutant when expressed in yeast 
(6). Prior studies have shown that high 
concentrations of Farl protein are not suf- 
ficient to induce cell cycle arrest (24); 
phosphorylation of Farl is thought to be 
necessary for its activity in vivo (6). We 
therefore purified a mutant form of Farl 
from E. coli that is constitutively active. 
Yeast cells that express this mutant protein, 
Farl-22, from the inducible GAL1 promot- 
er were arrested in the absence of a-factor 
(Fig. 4A). In contrast, cells producing ei- 
ther wild-type Farl or a mutant Farl pro- 
tein (Farl-60F3) that binds only weakly to 
the Cdc28-Cln2 complex grew normally 
(Fig. 4A) (6). Purified GST-Farl-22 pro- 
tein isolated from E. coli inhibited the ki- 
nase activity of Cdc28-Cln2 and Cdc28- 
Clnl in vitro in a dose-dependent manner 
(Fig. 4, B and C; Fig. 5) (22); GST alone 
had no effect. Purified GST-Farl-60F3 in- 
hibited the activity of Cdc28-Cln2 only at 
high concentrations (Fig. 4C), suggesting 
that inhibition of Cdc28-Cln kinase re- 
quires binding of Farl to the kinase. GST- 
Farl-22 did not inhibit the activity of the 
mitotic Cdc28-Clb2 kinase or the S phase 
Cdc28-Clb5 kinase (Fig. 5). Together, 
these results demonstrate that Farl is a 
direct and specific inhibitor of the Cdc28- 
Cln protein kinase in vitro. 

Down-regulation of the kinase activity 
of Cdc28-Cln in response to a-factor in 
vivo is achieved both by direct inhibition 
by Farl and by a decrease in the amount of 
CLNJ and CLNZ transcripts, which results 
in a loss of Clnl and Cln2 proteins (7, 10). 
This second mode of inhibition may also 
result from the action of Farl. Because tran- 
scription of CLNJ and CLNZ is controlled 
by a positive feedback loop driven by 
Cdc28-Cln protein kinase ( lo),  inhibition 
of kinase activity by Farl may interrupt this 
loop and thereby reduce expression of Cln 
proteins. A decreased amount of Cln pro- 
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B Cln2-HA 
No 
tag 

Fig. 4. Effects of an activat

ed Far1 protein and a Far1 

mutant on Cdc28-C!n2 pro

tein kinase activity in vivo 

and in vitro. (A) A wild-type 

yeast strain, expressing 

from the inducible GAL pro

moter either a constitutively 

active Pari protein (22) or a 

Fan mutant (60F3) that 

binds only weakiy to the 

Cdc28-Cln2 kinase, was 

grown on plates containing 

galactose (Gai, upper panel) 

or glucose (Glc, iower pan

el). P ) GST-Far1-22, GST-

Fan-60F3, and GST pro

teins were purified from £ 

cofi and incubated with im-

munoprecipitated Cdc28-Cln2. Histone H1 kinase activity was determined as described [20). Bracket, 

histone H1 . (C) Two independent experiments were performed as in (B). Phosphoryfated histone H1 was 

excised from gels and incorporated radioactivity was quantified by measuring Cerenkov counts. Maximal 

(100%) activity corresponds to counts per minute incorporated into histone H1 after addition of buffer to 

the Cdc28-Cln2 immunoprecipitates. Values are means of both experiments. • , GST-Far 1 -22; # , 

GST-Far1-60F3;A fGST. 

10 20 30 40 50 

GST-Farl (jil) 

teins is apparently not absolutely required 
for cell cycle arrest in response to a-factor, 
because we have shown that Farl can pro
mote cell cycle arrest even when Cln2 is 
present in large amounts. Arrest under 
these conditions appears to be weaker than 
in the wild-type situation: Cells were able 
to form colonies after long incubation on 
plates containing a-factor (14). A decrease 
in Cln protein concentration in a-factor-
treated cells thus appears to contribute to 
stable arrest. 

Genetic and biochemical evidence sug
gests that Farl inhibits Cdc28-Clnl and 
Cdc28-Cln2 in vivo and vitro (Figs. 4 and 
5) (5, 12). In contrast, Farl does not appear 
to affect Cdc28-Cln3; although Farl asso
ciates with Cdc28-Cln3 after prolonged 
a-factor arrest, no change in kinase activity 
is apparent (25). Similarly, Farl does not 
inhibit mitotic Cdc28 complexes contain-

HA-tagged protein 

GST~Far1-22 

No 
tag 

C1n1 

Clb2 

Clb5 

•»tf 
JH1 

]H1 

]H1 

ing Clb proteins (Fig. 5), at least some of 
which are inhibited by the other known 
Cdc28 inhibitory protein, p40 (9). Farl and 
p40 may thus be specific inhibitors for Gx 

and mitotic forms of Cdc28, respectively. 
We now have substantial insight into 

the molecular mechanisms that underlie 
cell cycle arrest in response to an antimito-
genic factor in yeast: The mating factor 
response pathway activates Farl, and Farl 
then inhibits the essential cyclin-depen-
dent kinase Cdc28-Cln. Cell cycle arrest of 
mammalian MvlLu epithelial cells by the 
antimitogenic factor transforming growth 
factor-^ (TGF-(3) may be mediated in an 
analogous manner. In this case, TGF-(3 in
duces inactivation of the cyclin-dependent 
kinase Cdk2-cyclin E as a result of the 
action of the inhibitory protein p21klpl 

(26). Several other inhibitors of CDKs have 
been identified, some of which are deficient 
in cancer cells (27). It appears, therefore, 
that in yeast, as well as in mammalian cells, 
CDKs are regulated by expression or acti
vation of specific inhibitors in response to a 
variety of biological signals including anti
mitogenic factors and feedback control 
mechanisms. 
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cDNA Cloning and lnterferon y Down-Regulation 
of Proteasomal Subunits X and Y 

Kin-ya Akiyama, Kim-ya Yokota, Susumu Kagawa, 
Naoki Shimbara, Tomohiro Tamura, Hiroshi Akioka, 

Hans G. Nothwang, Chiseko Noda, Keiji Tanaka,* Akira Ichihara? 

Proteasomes are the proteolytic complex responsible for major histocompatibility com- 
plex (MHC) class I-restricted antigen presentation. Interferon y treatment increases ex- 
pression of MHC-encoded LMP2 and LMP7 subunits of the proteasome and decreases 
expression of two proteasome subunits, named X and Y, which alters the proteolytic 
specificity of proteasomes. Molecular cloning of complementary DNAs encoding X and 
Y showed that their proteins are proteasomal subunits with high amino acid similarity to 
LMP7 and LMP2, respectively. Thus, interferon y may induce subunit replacements of X 
and Y by LMP7 and LMP2, respectively, producing proteasomes perhaps more appro- 
priate for the immunological processing of endogenous antigens. 

Cytosolic proteasomes, which function as 
an e~tral~sosomal ,  adenosine triphosphate- 
dependent system for selectively degrading 
ubiquitinated proteins, are proposed to be 
involved in the processing of intracellular 
antigens into short ~ e ~ t i d e s ,  which are then 
transported into the endo~lasmic reticulum 
through the TAP112 heterodimeric peptide 
transporter ( 1  ). Two ~roteasomal polymor- 
phic genes, LMP2 and LMP7, are located in 
the MHC class I1 region, closely linked to 
the TAP1 and TAP2 genes, and are up- 
regulated by interferon y (IFN-y), a major 
immunomodulatory cytokine (2). Treat- 

ment with IFN-y induces a change in spec- 
ificity of proteasomes for peptide degrada- 
tion that is possibly responsible for effective 
generation of antigenic ~ept ides  associated 
with cell surface class I molecules (3 ,4) ,  but 
it is unknown how the specificity of protea- 
somes is changed. Not only is the synthesis of 
LMP2 and LMP7 induced, but the synthesis 
of two proteasome subunits, tentatively 
named X and Y, is reduced (4). To clarrfy the 
role of IFN-y, we isolated and characterized 
cDNAs encoding X and Y. 

For identification of proteasome sub- 
units X and Y, the exact subunit composi- 
tion of the human 20s proteasome was 
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that were induced by IFN-y treatment, were 
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