
tumor sets (8, 1 1 ,  18, 19). The proportion 
of incidental BRCAl LOH attributable to 
linked genes awaits isolation and charac- 
terization of these putative 17q tumor 
suppressor loci. Also, a proportion of the 
allelic losses observed may be explained 
by the background of random aneuploidy 
in breast tumors, which averages as much 
as 15% (20).  

If confirmed by further studies, the ab- 
sence of somatic BRCAl mutations implies 
that there mav be a fundamental difference 
between the genesis of sporadic tumors and 
those in genetically predisposed BRCAl 
carriers. For example, mutations in BRCAl 
may only have an  effect on tumor formation 
when present at a specific stage early in 
breast and ovarian development, a possibil- 
ity consistent with a primary role for 
BRCAl mutations in oremeno~ausal breast 
cancer. However, no clinical or pathologi- 
cal differences in familial versus s~orad ic  
breast and ovary tumors, other than age of 
onset, have been described (21). O n  the 
other hand, the finding of an increased 
frequency of TP53 mutation and microsat- 
ellite instability in breast tumors from pa- 
tients with a family history of breast cancer 
(22) is consistent with an etiologic differ- 
ence between familial and sporadic tumors. 
The absence of somatic BRCAl mutations 
may reflect the existence of multiple genes 
that function in the same pathway of tumor 
suppression as BRCAl but that collectively 
represent a more favored target for muta- 
tion in sporadic tumors. 

The data from primary tumors support a 
role for BRCAl in early-onset breast cancer 
and ovarian cancer and raise the possibility 
that BRCAl may have only a minor role in 
sporadic breast and ovarian tumor forma- 
tion. Of paramount concern is the function 
of wild-type BRCAl protein in breast and 
ovarian epithelial cells. The identification 
of a zinc finger domain in the BRCAl 
polypeptide, a motif found in several LINA 
binding proteins, indicates that BRCAl 
may regulate gene expression (1 2). For ex- 
ample, the function of BRCAl in hormone- 
sensitive tissues suggests that BRCAl may 
mediate hormonal signals in the breast and 
ovary. Ultimately, it will be important to 
identify the other genes in the pathway of 
tumor suppression in which BRCAl partic- 
ipates. These genes may play a significant 
role in breast and ovarian carcinogenesis 
and may represent alternative avenues for 
therapeutic intervention. 
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Phosphate-Regulated Inactivation of the Kinase 
PH080-PH085 by the CDK Inhibitor PH081 

Ken R. Schneider, Rebecca L. Smith, Erin K. O'Shea* 

Acomplex consisting of the cyclin-dependent kinase (CDK) pH085 and the cyclin pH080 
phosphorylates and is thought to inactivate the transcription factor pH04 when yeast cells 
are grown in medium containing high concentrations of phosphate. The CDK inhibitor 
PH081 inhibits the kinase activity of the PH080-PH085 complex when Saccharomyces 
cerevisiae cells are grown in medium depleted of phosphate. A region of pH081 with 
similarity to the mammalian CDK inhibitor pl6INK4 is sufficient for inhibition in vitro. These 
studies demonstrate that CDK inhibitors are used to regulate kinases involved in pro- 
cesses other than cell cycle control and suggest that the ankyrin repeat motif may be 
commonly used for interaction with cyclin-CDK complexes. 

T h e  PH05 gene encodes a secreted acid 
phosphatase in Saccharomyces cerevisiae 
whose transcription is regulated in response 
to extracellular concentrations of inorganic 
phosphate (1 ). PH05 expression is depen- 
dent on the activity of the transcription 
factor PHO4. When yeast cells are grown in 
medium containing a high concentration of 
phosphate, PHO4 is phosphorylated by the 
PH080-pH085 cyclin-cyclin-dependent 
kinase (CLIK) complex and transcription of 
PH05 is repressed (2). In medium depleted 
of phosphate, P H 0 4  is underphosphoryl- 
ated and transcription of PH05 is induced. 
p H 0 4  might become activated upon phos- 
phate starvation as a result of induction of a 
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p H 0 4  phosphatase or inactivation of the 
PH080-pH085 complex. 

To  investigate the mechanism of P H 0 4  
activation, we purified the PH080-pH085 
complex from yeast cells grown in low or 
high concentrations of phosphate and as- 
sayed its kinase activity in vitro with p H 0 4  
as a substrate. The PH080-pH085 com- 
plex was isolated by immunoprecipitation 
from a yeast strain expressing PH080 
tagged with three copies of the hemagglu- 
tinin epitope (HA,-PH080) (3). The  ki- 
nase activity of the PHOKO-pH085 corn: 
plex isolated from yeast cells grown in me- 
dium containing a high concentration of 
phosphate was approximately five times 
higher than that of the complex isolated 
from yeast cells grown in medium' depleted 
of phosphate (Fig. 1, lanes 1 and 2). Protein 
immunoblotting indicated that the ob- 
served difference in kinase activity was not 
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a result of different amounts of HA3- 
PH080 (Fig. 1A) or PH085 (Fig. 1C) in 
the immunoprecipitates. Thus, the kinase 
activity of the PH080-PH085 complex is 
regulated in response to the concentration 
of extracellular inorganic phosphate; its ac- 
tivity is high when yeast cells are grown in 
the presence of high concentrations of 
phosphate and decreased when they are 
starved for phosphate. 

Genetic studies suggest that PH081 may 
regulate or antagonize PH080-PH085 ac- 
tivity (I ). PH081 is required for induction 
of pH05 transcription (4); overexpression 
of PH081 causes constitutive expression of 
pH05 (5, 6), and epistasis studies indicate 
that PH081 acts upstream of PH080 and 
PH085 (7). To determine if PH081 is 
involved in controlling PH080-PH085, we 
tested whether PH080-PH085 activity was 
phosphate-regulated in a pho81 deletion 
strain (pho81 A). The PH080-PH085 com- 
plex isolated by immunoprecipitation from 

Fig. 1. The kinase activity of the PH080-pH085 
complex is regulated in response to phosphate in 
a PH081 -dependent manner. (A) HA3-pH080 (3) 
immunoprecipitates (30) from lysates of the indi- 
cated strains (33), grown in medium with either a 
low or high phosphate concentration (34), were 
divided into two samples and either assayed for 
kinase activity with pH04 as a substrate (top) (2) 
or boiled in sample buffer and assayed for the 
presence of H&-PH080 by protein immunoblot 
analysis with antibodies to HA (bottom) (23). A 
pho80A strain harboring the pACH&80 vector (3) 
(lanes 1 and 2) or no vector (lane 3) was grown in 
medium with a low phosphate concentration (lane 
1) or a high phosphate concentration (lanes 2 and 
3); apho87A strain harboring pACH&80 (lanes 4 
and 5) was grown in medium with a low phos- 
phate concentration (lane 4) or a high phosphate 
concentration (lane 5). (B) Quantitation of the ki- 
nase activity data from (A) with a Phosphorlmager 
(Molecular Dynamics). Kinase activity in (A), lane 2, 
was set to 100%. (C) HA3-PH080 immunopre- 
cipitates (30) from lysates of a pho80A strain 
grown in medium with a low or high phosphate 
concentration (34) were assayed for the presence 
of PH085 (top) and PH081 (bottom) by protein 
immunoblot analysis with antibodies to PH085 
(37 ) and PH081 (76), respectively (35). Apho80A 
strain harboring the pACHh80 vector (lanes 1 
and 2) or no vector (lane 3) was grown in medium 
with a low phosphate concentration (lane 1) or a 
high phosphate concentration (lanes 2 and 3). 

a pho81 deletion strain grown in the pres- 
ence of low or high concentrations of 
phosphate had similar amounts of kinase 
activity, which suggests that the decrease 
in PH080-PH085 activity observed 
when yeast cells are starved for phosphate 
is PH081-dependent (Fig. lA, lanes 4 
and 5) (8). HA3-PH080 immunoprecipi- 
tates from a wild-type strain grown in 
the presence of low or high concentra- 
tions of phosphate contained similar 
amounts of PH081 (Fig. lC), which in- 
dicates that PH081 is associated with the 
PH080-PH085 complex under both con- 
ditions. Thus, PH081 may directly par- 
ticipate in the phosphate-dependent 
modulation of the kinase activity of 
PH080-PH085. 

To investigate the requirements for the 
interaction of PH081 with the PH080- 
PH085 complex, we examined immuno- 
precipitates of PH081. Py2-PH081, an 
epitope-tagged version of PH081 contain- 

Phosphate - + + - + 

-- 4 pH04 

Strain: 804 806 804 816 814 

Phosphate - + - + 

Phosphate - + + 
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ing two copies of a polyoma medium T 
epitope tag (9), was immunoprecipitated 
from yeast whole-cell lysates containing 
overexpressed HA-PH080 (2) and Py2- 
PH081, and the samples were analyzed 
on silver-stained SDS-polyacrylamide gels. 
The PH080-pH085 complex was associated 
with F'y2-pH081 (Fig. 2A, lane 4) (10-12). 

We next examined if the interaction of 
PH081 with the PH080-PH085 complex 
is mediated primarily through the cyclin or 
CDK subunit. Pyz-PH081 was immunopre- 
cipitated from a strain that contains over- 
expressed HA-PH080 (2) but lacks PH085 
(pho85A) (Fig. 2A, lane 3) or from a strain 
that contains overexpressed PH085-HA 
(13) but lacks PH080 (pho80A) (Fig. 2A, 
lane 5). Pyz-PH081 interacted with the 
cyclin HA-PH080 in the absence of the 
CDK PH085, but not with PH085-HA in 
the absence of PH080 (10). PH085 was 
not displaced when PH081 interacted with 
the PH080-PH085 complex; in Py2- 
PH081 immunoprecipitates, both HA- 
PH080 and PH085 were observed (Fig. 
2A, lane 4) and in HA3-PH080 immuno- 
precipitates both PH085 and PH081 were 
present (Fig. 1C). Thus, PH081 associates 
specifically with the PH080-PH085 com- 
plex, and much of this interaction is medi- 
ated through the PH080 cyclin subunit. 
These biochemical results are consistent 
with genetic data that suggest that the de- 
fect in pH05 transcription observed in 
yeast cells carrying a dominant, constitutive 
allele of PH081 can be partially corrected 
by overexpressing PH080 but not PH085 
(6). 

To determine if the association of 
PH081 with PH080-PH085 affects its 
function, we immunoprecipitated the 
PH080-PH085 complex from yeast cells 
containing either endogenous or overex- 
pressed levels of PH081 and assayed its 
kinase activity. The amount of pH04 phos- 
phorylated by the PH080-PH085 complex 
isolated from yeast cells containing overex- 
pressed PH081 was reduced compared to 
that in similar samples derived from strains 
with endogenous levels of PH081 (Fig. 2B, 
lanes 1 and 4). It is unlikely that PH081 is 
a pH04 phosphatase because pH04 phos- 
phorylated by the PH080-PH085 complex 
was not dephosphorylated when incubated 
with immunoprecipitated PH081 (Fig. 2B, 
lane 2). Moreover, adenosine triphosphate 
and pH04 incubated with the PH081- 
PH080-PH085 complex could still be used 
by the PH080-PH085 complex, which 
suggests that pH081 does not act as an 
adenosine triphosphatase or pH04 protease 
(Fig. 2B, lane 5). These data suggest that 
PH081 is an inhibitor of the kinase activity 
of PH080-PH085. 

To test this model directly, we purified 
Py2-PH081 (9) from yeast cells and assayed 
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it for its ability to inhibit the kinase activity 
of the immunopurified PH080-pH085 
complex. Py2-PHO81 purified to apparent 
homogeneity migrated at approximately 
130 kD (Fig. 3A), close to its predicted 
molecular size of 132 kD (14), and was 
immunoreactive with antibodies to poly- 
oma medium T antigen (15) and antibodies 
to PH081 (1 2, 16). An acid phosphatase 
plate assay indicated that this epitope- 
tagged version of PH081 was functional in 
yeast, as overexpression caused constitutive 
pH05 expression (Fig. 3B). Purified Py2- 
PH081 inhibited the kinase activity of 
PH080-PH085 in a dose-dependent man- 
ner (Fig. 3C), and approximately 1 nM 
Py2-PH081 is required for 50% inhibition 
(IC50) (l7). 

Several CDK inhibitors involved in cell 
cycle control have been cloned (18, 19). 
pH081 has similarity to p16'NK4 (Fig. 4A), 
an inhibitor of mammalian CDK4 (19) that 
may be a tumor suppressor (20). The simi- 
larity between pH081 and p161NK4 is lim- 
ited to a region of PH081 containing six 
copies of the ankyrin repeat motif (14), a 
33-amino acid sequence postulated to par- 
ticipate in protein-protein interactions 
(21 ). To test directly if the ankyrin repeat- 
containing region of pH081 is functional 
as a CDK inhibitor, we expressed this re- 
gion of pH081 (amino acids 400 to 720) in 
Escherichia cob, purified it, and assayed it for 
its ability to inhibit the kinase activity of 
PH080-pH085 in vitro (Fig. 4, B and C). 
The ankyrin repeats of PH081, but not 
equivalent fractions from E. coli lacking the 
protein (1 2), inhibited the kinase activity 
of PH080-PH085 (Fig. 4C). The concen- 
tration of His-PH081 ankyrin repeats re- 
quired for IC5, is approximately 60 nM 
(17). .-. , 

pH081 was associated with PH080- 
PH085 when yeast cells were grown in 
either low or high concentrations of phos- 
phate, yet pH081 associated with PH080- 
pH085 is inactive as an inhibitor when 
yeast cells are grown in the presence of high 
phosphate concentrations (Fig. 1). In con- 
trast, overexpressed Py2-pH081 purified 
from yeast cells grown in the presence of 
high concentrations of phosphate is active 
as an inhibitor in vitro (Figs. 2B and 3). 
One model that accounts for these data is as 
follows: A molecule or enzyme may exist 
that inactivates pH081 when yeast cells 
are grown in medium containing high con- 
centrations of phosphate. When pH081 is 
overexpressed, such a molecule may become 
limiting, and as a consequence, most of the 
pH081 would escape inactivation. Previous 
studies are consistent with the idea that the 
activity of pH081 may be controlled after 
translation; PH05 mRNA induction is un- 
affected by cycloheximide treatment (22). 

Our findings and previous genetic data 

Fig. 2. Interaction of PH081 with the PH080- A 
PH085 complex inhibits the kinase activity of 
PH080-PH085. (A) Silver-stained SDS-polyacryl- b - P H O B 1  - - + + + 

amide gel (9%) of Py,-PH081 (9) immunoprecipi- PH085-HA - - + 

tates (30) derived from lysates of the indicated 
strains grown in medium with a high phosphate HA-PHOBO - + + + - 
concentration. Lane 1, pho81A; lane 2, pho85A 
overexpressing HA-PH080 (2); lane 3, pho85A 
overexpressing HA-PH080 and Py,-PH081 (9); 
lane 4, pho81A overexpressing HA-PH080 and 
Py,-PH081; lane 5, pho80A overexpressing 
PH085-HA (13) and Py,-PH081. (B) HA-PH080 
was immunoprecipitated (30) from the indicated 
strains grown in medium with a high phosphate 
concentration, and a kinase assay (2) was per- 
formed on the immunoprecipitate with purified 
pH04 as a substrate. The soluble portion of each , . 
kinase reaction was transferred to a second im- 1 2 3 4 5  
munoprecipitate (36) and incubated before elec- 
trophoretic separation on an SDS-polyacrylamide Strain: 8fA 85A 85A * l A  
gel (12%) and autoradiography (37). An HA- 
PH080 irnmunoprecipitate derived from a 
pho80A strain overexpressing HA-PH080 (2) was B 
transferred to Sepharose C U B  beads (lane 1) or .- 
to an HA-PH081 immunoprecipitate derived from 
a pho8lA strain overexpressing HA-PH081 (38) % * 
(lane 2). A control immunoprecipitate derived from 
a pho4Apho80A strain lacking HA-PH080 was 1 2 3 4 5  
transferred to Sepharose CL2B beads (lane 3). An HA-PH080 immunoprecipitate derived from apho80A 
strain overexpressing HA-PH080 and PH081 (26) was transferred to Sepharose C U B  beads (lane 4) or 
to an HA-PH080 immunoprecipitate derived from a pho80A strain overexpressing HA-PH080 (lane 5). 
The asterisk marks the position of a truncated pH04 protein that is phosphorylated. 

lead to the following model for the induc- scription of PH05. In medium depleted of 
tion of PH05 transcription. In the presence phosphate, pH081 is bound to and inhibits 
of high concentrations of phosphate, the kinase activity of PH080-PH085; in- 
pH081 is bound to PH080-PH085 but is hibition of PH080-pH085 allows under- 
inactive as an inhibitor. The kinase phosphorylated PH04 to activate transcrip- 
PH080-PH085 phosphorylates PH04, tion of PH05. 
thereby inactivating it and preventing tran- Our results indicate that PH081 is a 

Fig. 3. Dose-dependent inhibition of the 
kinase activity of PH080-PH085 by puri- 
fied PH081. (A) Silver-stained SDS-poly- 
acrylamide gel (8%) of purified Py,-PH081 
(32). The position of the molecular weight 
standards is indicated on the left in kilodal- 
tons. (B) Acid phosphatase plate assay (4) 
of strain NBW3 (5) carrying the indicated 
plasmid and grown on plates with a high 
phosphate concentration [top, vector 
alone; bottom, vector overexpressing 4/,- 
PH081 (9)]. Yeast cells that were not pro- 
ducing pH05 appeared white and those 
that did appeared dark. (C) HA-PH080 
was immunoprecipitated from a 
pho4Apho80A strain containing overex- 
pressed HA-PH080, and the immunopre- 
cipitates were incubated with various 
amounts of purified %-pH081 (7 7, 32). 
Kinase activity was measured with purified 
pH04 as a substrate (39). The data were 
quantitated with a Phosphorlmager (Mo- 
lecular Dynamics). Kinase activity in the 
buffer control (no Py,-PH081) was set to 
100%. 
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Fig. 4. Similarity of the A ~ - 

aniyrin repeat domain pH081 424 T N L L E ~ V D P I  456 

of PH081 to that of 459 DS I ~ G A N A S P I E  491 

p1 6INK4 and inhibition 507 V Q  I R S K Q ~ ~ A  539 

of PH080-PH085 ki- 557 TI R Y G A D P N E I D  588 

nase activity in vitro. (A) 591 N K  H N . R L B I E B D  623 
624 NQ R P L  L P S A P L  656 

Primary sequence 0 
comparison of the pl6-MTSl ., sADWLnTA . . 
ankyrin repeat region 
of PH081 (14) with 

36 :: 
69 T L T R '  - E  F I T L  H R A r  R L B V R B A  101 

~ 1 6 ' ~ ~ ~  (19) and with 102 *RL.V E E L  I R I  R A A  G G T R G S N  133 

an ankyrin repeat con- 
sensus sequence (21, AnkYrin G  T P L H L A A R  G H V E V V K L L L D  G A D V N A  T I  

24). The shaded re- COnSenSUS 
A  I S Q  N N L D I A E V  K  N P D  D 

V K T l 4 R  0 nT  N 
gions denote amino 
acids of p16INK4 and 
PH081 that match the 
ankyrin repeat consen- 
sus (21 ). (B) Purified 
PH081 ankyrin re- 
peats (28) were ana- 
lyzed by SDS-poly- 
acrylamide gel electro- 
phoresis and Coomas- 
sie staining (lane 1) or 
by protein immuno- 
blotting with antibodies . 
to PH081 (lane 2) (35). 21.5- 
The position of the mo- - 

.- 
4 pH081 

ankyrin 
repeats 

Y 2  

0-00 
[pH081 ankyrin repeats] (nM) 

lecular weight standards is indicated on the left in kilodaltons. (C) HA-PH080 immunoprecipitates were 
incubated with various amounts of purified PH081 ankyrin repeats (1 7, 28) and assayed for kinase 
activity with purified pH04 as a substrate (39). The data were quantitated with a Phosphorlmager 
(Molecular Dynamics). Kinase activity in the buffer control (no His-PH081 ankyrin repeats) was set to 
100%. 

CDK inhibitor for the kinase PH080- 
PH085 and suggest that the activity of 
PH081 is controlled in resDonse to extra- 
cellular phosphate levels by a posttransla- 
tional mechanism. In addition to contrib- 
uting to an understanding of the mecha- 
nisms of pH05 regulation, this system pro- 
vides an opportunity to study the function 
and regulation of a cyclin-CDK complex, its 
substrate, and a CDK inhibitor in a physi- 
ologically relevant context. 
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Polyclonal serum to PH081 was derived from rab- 
bits immunized with purified His-PH081 ankyrin re- 
peat protein (28). Antibodies to PH081 were affinity- 
purified from serum wlh  a His-PH081 ankyrin repeat 
column made by coupling the purified protein to 
AffiGel-10 (Bio-Rad). 
The concentration of Py,-PH081 was estimated by 
comparison to molecular weight standards of known 
concentration on a silver-stained SDS-pdyacryl- 
amide gel. The concentration of His-pH081 ankyrin 
repeats was similarly estimated with a Coomassie- 
stained gel. The error in these measurements is es- 
timated to be approximately fivefold. 
M. Peter and I. Herskowitz, Science 265, 1228 
(1 994); K. Polyak et a/., Cell 78, 59 (1 994); J. W. 
Harper et al., ibid. 75, 805 (1993); Y. Xiong et al., 
Nature 366, 701 (1993); Y. Gu, C. W. Turck, D. 0. 
Morgan, ibid., p. 707; M. Tyers and B. Futcher, Mol. 
Cell. Biol. 13, 5659 (1 993); M. Peter, A. Gartner, J. 
Horecka, G. Ammerer, I. Herskowitz, Cell 73, 747 
(1993); F. Chang and I. Herskowitz, ibid. 63, 999 
(1 990). 
M. Serrano, G. J. Hannon, D. Beach, Nature 366, 
704 (1 993). 
A. Kamb et a/., Science 264, 436 (1 994). 
P. Michaely and V. Bennett, Trends CellEiol. 2, 127 
(1992); S. E. Lux, K. M. John, V. Bennett, Nature 
344, 36 (1 990). 
J. M. Lemire, T. Willcocks, H. 0. Halvorson, K. A. 
Bostian, Md. Cell. Bid. 5, 2131 (1985). 
I. Wilson etal., Cell37, 767 (1984). 
Abbreviations for the amino acid residues are: A, Ala; 
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, 
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, 
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
M. Schena, D. Picard, K. R. Yamamoto, Methods 
Enzymol. 194, 389 (1 991). 
The vector for overexpressing untagged pH081 
(GPD-PH081) consists of the GPD promoter (25) 
followed by the entire pH081 open reading frame 
(14). 
Y. Uesono, K. Tanaka, A. Toh-e, Nucleic Acids Res. 
15, 10299 (1 987); A. Toh-e, K. Tanaka, Y. Uesono, 
R. B. Wickner, Mol. Gen. Genet 214, 162 (1988). 
The purified PH081 ankyrin repeats consist of 
pH081 amino acids 400 to 720, preceded by a 
polyhistidine tag. The predicted amino acid se- 
quence of the protein produced with the vector T7 
His-PH081 ankyrin repeats reads MGHHHHHHH- 
HHH-SSGHIEGRMLDEAL-PH081-KLR (24). Esch- 
erichia coli strain BL21 (DE3) harboring the T7 His- 
pH081 ankyrin repeats vector was grown to an ab- 
sorbance at 600 nm ( A d  of -0.5 in 2 liters of Luria 
broth with ampicillin and induced with 0.4 mM iso- 
propyl-6-D-thiogalactopyranoside for 90 min at 
25°C. Cells were harvested, resuspended in 30 ml of 
histidine-binding buffer (HBB) [20 mM tris-CI (pH 
8.0), 5 mM imidazole, 500 mM NaCI, 0.1% NP-40, 
and 1 mM phenylmethylsulfonyl fluoride (PMSF)] and 
lysed by sonication. All subsequent steps were done 
at 4°C. Debris was sedimented in an SS34 rotor for 
20 min at 15,000 rpm, and the supernatant was 
loaded onto a 0.7-ml iminodiacetic acid column (Sig- 
ma) that had been loaded with 0.2 M NiSO, and 
equilibrated with HBB. Thecolumn was washed with 
50 ml of HBB followed by 50 ml of imidazole wash 
buffer [60 mM imidazole, 500 mM NaCI, and 20 mM 
tris-CI (pH 8.011. The pH081 ankyrin repeats were 
eluted with imidazole elution buffer [ I  M imidazole, 
500 mM NaCI, and 20 mM tris-CI (pH 8.011, and 
fractions containing the purified protein were pooled 
and dialyzed overnight in 2 liters of storage buffer 
[500 mM NaCI, 20 mM tris-CI (pH 8.0), 10% glycerol, 
and 1 mM PMSF]. The final yield of purified protein 
was estimated to be -300 pg after dialysis. Mock 
purification of the pH081 ankyrin repeats was done 
in exactly the same manner except that the starting 
matedal was 2 liters of BL21 (DE3) cells lacking the 
expression vector and grown in Luria broth without 
ampicillin. 
E. Harlow and D. Lane, Eds., Antibodies: A Labora- 
tory Manual (Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY, 1988), pp. 522-523. 

6. C. L. Creasy, S. L. Madden, L. W. Bergman, Nucleic 15. G. Bollag, F. McCormick, R. Clark, EM80 J. 12, 30. ~~sate~re~arationandimmunoprecipitation wereas 
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described (21, except that cells were washed with 
H,O instead of phosphate-buffered saline (PBS) [ I  0 
mM sodium phosphate (pH 7.4) and 150 mM NaCI] 
before yss, and immunoprecptates were washed 
with PBS containing 0.1 % NP-40. lmmunoprecipita- 
tion was done with 25 p1 of either prote~n A-Sepha- 
rose coupled (29) to antibodies to HA (23) or proten 
G-Sepharose coupled (29) to antibodies to Py (75). 

31. Polyclona serum to pH085 was derived from rab- 
bits immunized with purified glutathione-S-trans- 
ferase (GST)-PH085 protein. The plasmd produc- 
n g  GST-pH085 conssts of pH085 DNA coding for 
amino acids 4 to 306 (27) cloned into pGB-2T 
(Pharmacia). Antbodies to pH085 were affinity-pu- 
rified from serum w~th a GST-PH085 column made 
by coupling the purified protein to AffiGel-10 (Bio- 
Rad). 

32. To purify Py,-PH081, we grew 4 liters of the stran 
Y57 pho87A carrying the GPD-Py,-pH081 expres- 
sion vector (9) to a value ofA,,, of -0.9 in synthetic 
medium containing a high concentration of phos- 
phate. Cells were harvested and resuspended in 50 
m of ice-cold Py, buffer [20 mM trs CI (pH 8.01, 100 
mM NaCI, 10% glycerol, 1 mM EGTA, 1 mM MgCI,, 
1 mM d~thiothreitol (DTT), 1 mM PMSF, 2 mM ben- 
zamdine-HCI, 80 mM P-glycerophosphate, 10 mM 
NaF, and 10 nM calyculin A (LC Laboratories, 
Woburn, MA)]. All subsequent steps except the elu- 
tion were done at 4°C. Acid-washed glass beads 
were added, and the cells were ysed in a bead 
beater (Biospec Products, Bartesviile, OK) by beat- 
ing for seven 30-s pulses with I - m n  interludes on 
ice. Beads were peleted by spnning the ysate for 5 
min at 2000 rpm in a Sorval RC-3B rotor. Debris was 
removed by spinning the supernatant In a Beckman 
Ti70 rotor for 90 min at 60,000 rpm. The supernatant 
contained -40 mg of proten in -40 m .  N-Octyglu- 
cos~de (Boehr~nger Mannheim) was added to the 
supernatant to a final concentratlon of 0.1 %, and 
PMSF was added to a final concentraton of 1 mM; 
the solution was spun again for 10 min In an SS34 
rotor at 10,000 rpm. The supernatant was combined 
with 750 p of a 1 : 1 slurry of proten G-Sepharose 
coupled (29) to antbodies to Py (75) and mixed on a 
rotating wheel for 60 mn. The resn was washed 
twice w~th 15 m of Py,-buffer containing 0.1 % N- 
octyglucoside, then twice with 15 ml of Py,-buffer 
containng 0.5% NP-40 and 1 mM DTT. F~nally, the 
resin was washed once with 10 ml of PBS with 0.1 % 
N-octyglucoside and then eluted by incubation for 
10 min at room temperature w~th 250 bl of PBS 
containing 0.1 % N-octylglucoside and 100 pg/m Py 
peptide (EYMPME) (24). The eluted protein was ap- 
proximately 10 to 20 k g  of highly purlfled Py,- 
PH081. 

33. Unless noted, all strains are isogenic derivat~ves of 
Y57 (MATa ura3-52 trp7-A63 leu2 his3-A7 p rb l -  
7722pep4-3prc7-407), which is protease-deficient 
but wild-type with respect to the PHO genes (2). 
Disruption strains were constructed by one-step 
gene replacement techniques [R. Rothstein; Meth- 
ods Enzymol. 194, 281 (1 991)l. 

34. Five-milliliter cultures of either Y57 pho87A or Y57 
pho80A harboring the pACHA,80 vector (3) were 
grown overnight to saturation in synthetic medium 
lacking uracil but with a high phosphate concentra- 
tion. The cells were harvested, resuspended in an 
equal volume of H,O, and then inoculated into 100 
ml of selective medium that had been depleted of 
inorganic phosphate [K. F. O'ConneI and R. E. Bak- 
er, Genetics 132, 63 (1 992)] and supplemented with 
either KH,PO, (1.5 mg/ml, high phosphate concen- 
tration) or KC (1.5 mg/ml, low phosphate concen- 
tration). These cultures were grown for approximate- 
ly 15 hours to a value of A,,, of 0.5 to 1 .O. Liquid 
whole-cell phosphatase assays were performed (22) 
to compare the levels of acid-phosphatase activity in 
these cultures. The relative amounts of such activity 
normalized to A,,, were pACHA380/pho80A (low 
phosphate concentration), 105; pACHA380/pho80A 
(h~gh phosphate concentratlon), 31; pACHA380/ 
pho8lA (low phosphate concentration), 7; and 
pACHA380/pho81A (high phosphate concentra- 
tion), 17. We believe that the relatively modest 
Induction that we observed In low phosphate con- 
centrations in thepho80A strain carryng the com- 

plementing pACHA380 plasmid is due at least in 
part to the presence of the pH03  constitutive acid 
phosphatase gene [W. Bajwa eta/., Nucleic Acids 
Res. 12, 7721 (1984)l. Lysates were prepared 
from these cultures (30) and processed as de- 
scrbed above. 

35. Alter transfer to nitrocellulose, the blot was probed 
with either affnity-purified antibodies to pH081 (76) 
or affnity-purified antibod~es to PH085 (37) in TBST 
[ I 0  mM tr~s-C (pH 8.01, 150 mM NaCl, 0.05% 
Tween-20, and 0.25 mM EDTA] containing 3% non- 
fat milk. Peroxidase coupled to donkey antibody to 
rabb~t immunoglobulin G (Amersham) was used as 
the secondary antibody. 

36. After immunoprecipitation (30) and a k~nase assay 
(2) were done, the beads were sedimented for 2 min 
In a m~crofuge, and 20 bl of the supernatant was 
transferred to a second mmunopreclpltate. This 
mxture was then incubated for an additional 5 min at 
room temperature before the reactions were 
stopped with SDS sample buffer. 

37. Silver-sta~ned SDS-polyacrylamide gels of HA- 
pH080 (2) immunoprecipitation reactions done in 
parallel indicated that each reaction contained ap- 
proximately the same amount of both HA-PH080 
and pH085 (72). Ths gel also indcated that pH081 
is present in the HA-pH081 immunoprecipitat~on 
and in the HA-pH080 mmunoprec~p~tations from 
strains overexpressing pH081 

38. HA-pH081 consists of amino acids 36 to 11 79 of 
pH081 preceded by a single copy of the HA epitope 

(23). The NH,-terminal sequence of the construct 
reads MGYPYDVPDYAEGRHTP-pH081 (24). The 
expression of this construct 1s under the control of 
the GPO promoter on a CEN-ARS plasmid (25). 

39. HA-pH080 was immunoprec~pitated (2) from a 
whole-cell extract [M. Woontner et al., Mol. Cell 5/01. 
11, 4555 (1991)l made from apho4Apho80A strain 
overexpressing HA-pH080 or from the same cells 
lacking the overexpressed HA-PH080. The immu- 
noprecipitates were washed with kinase buffer [20 
mM tris CI (pH 7.5) and 10 mM MgCI,] and incubated 
for 10 m n  at room temperature w~th e~ther pur~fied 
pH081 ankyrin repeats (281, equivalent fractions 
from bacteria not expressing the pH081 ankyrin re- 
peats, or purified Py,-pH081 (32). A kinase assay 
was then done with pH04 as the substrate (2). 
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Interaction of the Protein Kinase 
Raf-I with 14-3-3 Proteins 

Haian Fu,*-I Kai Xia,Wavid C. Pallas-I, Can Cui, Karen Conroy, 
Radha P. Narsimhan, Harvey Mamon, R. John Collier, 

Thomas M. Roberts$ 

Members of a family of highly conserved proteins, termed 14-3-3 proteins, were found 
by several experimental approaches to associate with Raf-I, a central component of a 
key signal transduction pathway. Optimal complex formation required the amino-terminal 
regulatory domain of Raf-I. The association of 14-3-3 proteins and Raf-1 was not sub- 
stantially affected by the activation state of Raf. 

Raf-1,  a mitogen-stimulated serine-threo- 
nine protein kinase, functions in the con- 
trol of cell growth, transformation, and dif- 
ferentiation ( 1  ). Binding of ligands to ty- 
rosine kinase receptors at the cell surface 
leads to an increase in the amount of the 
active [guanosine triphosphate (GTP)- 
bound] form of Ras (2) .  Activated Ras in- 
teracts directly with the NH,-terminal reg- 
ulatory domain of Raf-1 ( 3 ) ,  resulting in the 
recruitment of Raf-1 to the plasma mem- 
brane ( 4 , 5 ) .  There, Raf-1 is activated by an 
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unknown mechanism that is independent 
of Ras. Because Raf-1 exists as a large (300- 
to 500-kD) complex (5, 6) ,  identification 
and analysis of proteins that interact with 
Raf-1 are crucial for understanding how it is 
activated in the plasma membrane. 

To  search for proteins that directly par- 
ticipate in Raf function, we immunoprecipi- 
tated Raf-1 from 35S-methionine-labeled 
NIH 3T3 cells stably expressing human 
Raf-1 in amounts about five times greater 
than the amount of endogenous Raf-1. 
When Raf immune co~nplexes were ana- 
lyzed on two-dimensional isoelectric focus- 
ing-SDS-polyacrylamide gels, four major 
protein spots (of 27, 29, 50, and 90 kD) 
were found that were absent in preilnmune 
controls (Fig. 1, A and B) (7). The  90-kD 
and 50-kD proteins are the molecular chap- 
erones hsp90 and p50 (6). The migration of 
the p27 and p29 proteins on these gels was 
similar to that of 14-3-3 proteins, which 
had been identified previously as polyoma- 
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