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KB99 cells were transformed with the CAK1-HA in-
tegration vector, pFHES8, containing an 860-base
pair fragment of the Cak1 coding region (derived
from polymerase chain reaction amplification of
genomic DNA) fused to an HA tag (78) followed by an
actin terminator, in a vector (pRS305) containing the
LEUZ2 gene [R. S. Sikorski and P. Hieter, Genetics
122, 19 (1989)]. The COOH-terminal Cakl se-
qguence was thereby changed from EKP to EKE-
MAYPYDVPDYASLGPGL (79).
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(1992).

. Abbreviations for the amino acid residues are as

follows: A, Ala; D, Asp; E, Glu; G, Gly; K, Lys; L, Leu:
M, Met; P, Pro; S, Ser; V, Val; and Y, Tyr.

. Inatypical CAK preparation, log phase cells of strain

K899 were lysed by mechanical disruption in a Bead
Beater (BioSpec) in lysis buffer [25 mM Hepes (pH
7.4), 50 MM NaCl, 10% glycerol, 5 mM EDTA, 5 mM
dithiothreitol (DTT), 5 mM NaF, 5 mM B-glycero-
phosphate, 1 mM phenylmethylsulfonyl fluoride, leu-
peptin (1 ng/ml), and aprotinin (9 mU/ml)]. Nucleic
acids were precipitated with polyethyleneimine, and
the lysate was clarified by centrifugation (1 hour,
100,000g). CAK activity in the crude lysate (~11 g of
total protein) was precipitated with ammonium sul-
fate (30 to 60% saturation), resuspended in buffer D
[25 mM Hepes (pH 7.4), 1 M (NH,)),SO,,, 10% glyc-
erol, 1 mM EDTA, 1 mM DTT, 5 mM NaF, 5 mM
B-glycerophosphate], and loaded onto a 180-ml
phenyl-Sepharose column. The column was washed
with buffer A [25 mM Hepes (pH 7.4), 10% glycerol,
1 mM EDTA, 1 mM DTT, 5 mM NaF, 5 mM B-glyc-
erophosphate] plus 300 mM (NH,),SO, and then
eluted with buffer A. The eluate was loaded on an 80
ml DEAE-Sepharose column and eluted with a linear
NaCl gradient in buffer A Peak fractions were
passed through sulphopropyl (SP) Sepharose, load-
ed onto Cibacron blue Sepharose (8 ml), and eluted
with an NaCl gradient in buffer A. Peak fractions were
concentrated by ammonium sulfate precipitation
and fractionated on a Pharmacia Superdex 200 gel
filtration column (125 ml) equilibrated with buffer A
(Fig. 1A). Peak fractions were pooled and loaded
onto a heparin-Sepharose column (25 ml) and eluted
isocratically with buffer A. The eluate was concen-
trated with a 1-ml Mono Q column, loaded onto a
1-ml Cibacron blue Sepharose column, and eluted
with a linear NaCl gradient (Fig. 1B). Figure 1C illus-
trates the peak CAK fraction from a heparin-Sepha-
rose column in a separate preparation.

M. R. Gerber, A. Farrell, R. Deshaies, |. Herskowitz,
D. O. Morgan, Proc. Natl. Acad. Sci. U.S.A. 92, 4651
(1995).

For measurement of CAK activity, purified complex-
es of human CDK2-HA and a truncated form of
human cyclin A (CycAA171) (3) were immobilized on
protein A-Sepharose beads coated with monoclonal
antibody to HA (12CA5) and incubated for 15 min at
25°C with the desired sample and 10 mM MgCl, and
1 mM ATP. Beads were washed once with HBST [10
mM Hepes (pH 7.4), 150 mM NaCl, 0.05% Triton
X-100], once with HBS [10 mM Hepes (pH 7.4), 150
mM NaCl], and once with kinase buffer [25 mM
Hepes (pH 7.4), 10 mM MgCl,], and then incubated
for 10 min at 25°C with kinase buffer plus 100 uM
ATP, 5 ug histone H1, and 1 p.Ci of [y-32P]ATP,
Partially purified CAK was precipitated with acetone,
subjected to polyacrylamide gel electrophoresis, and
transferred to polyvinylidene difluoride membranes.
The 44-kD component (~300 to 500 ng) was ex-
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cised, digested with trypsin, and fractionated by re-
versed-phase high-performance liquid chromatog-
raphy on a 1.0-mm Reliasil C, 5 column. The masses
of four tryptic peptides were determined by matrix-
assisted laser-desorption time-of-flight mass spec-
trometry [H. Erdjument-Bromage, M. Lui, D. M. Sa-
batini, S. H. Snyder, P. Tempst, Protein Sci. 3, 2435
(1994); S. Geromanos, P. Casteels, C. Elicone, M.
Powell, P. Tempst, in Techniques in Protein Chem-
istry, J. W. Crabb, Ed. (Academic Press, San Diego,
CA, 1994), vol. 5, pp. 143-150], and two of these
peptides were sequenced by automated Edman
degradation [P. Tempst, S. Geromanos, C. Elicone,
H. Erdjument-Bromage, Methods 6, 248 (1994)].
Small amounts of two peptides from unrelated pro-
teins were also present in the 44-kD fraction and
presumably represent contaminants.

24. Yeast lysates were prepared by mechanical disrup-
tion in lysis buffer (20). Lysate (500 pg) or purified
mammalian CAK (CDK7-HA-cyclin H-MAT1, 100
ng) were subjected to immunoprecipitation with
12CA5 as described (27). To analyze CDK phospho-
rylation, we incubated immunoprecipitates for 10
min at 25°C in kinase assay buffer (22) with 5 p.Ci of
[y-22PJATP and 0.5 pg of each CDK-cyclin pair (ex-
cept that 1.5 ng of GST-CIb2 was used for Clb2
experiments). To analyze CDK activation, we incu-
bated immunoprecipitates for 15 min at 25°C with
500 ng of each CDK-cyclin pair (or 1.5 png of GST-
Clb2) and 10 MM MgCl,, 1 mM ATP, and 5 g of HA
peptide to reduce binding of HA-tagged substrates
to 12CA5 on the beads. To analyze histone H1 ac-
tivity, we incubated 5 ng (lanes 1 to 6, and 16 to 18)
or 50 ng (lanes 7 to 12) of the indicated cyclin-CDK
pair for 10 min at 25°C with kinase buffer plus 5 g of
histone H1 and 1 wCi of [y-32P]JATP.

25. Purified CDK2-HA, CDK2(T160A)-HA, and CycAA171
were prepared as described (3, 18). Cdc28-HA and
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the mammalian CAK trimer were expressed in Sf9
insect cells with recombinant baculoviruses and pu-
rified by conventional chromatography. A GST-Clb2
fusion protein was expressed in bacteria (27) and
purified with glutathione affinity resin followed by Hi-
Trap Q-Sepharose.

26. For immunodepletion experiments, 50 ng of
12CA5 and 100 pl of protein A-Sepharose were
added to 500 pg of lysate, incubated for 1 hour at
4°C, and removed by centrifugation. Control ly-
sates were incubated with beads alone. To analyze
Cak1 protein remaining after depletion, we immu-
noprecipitated 500 g of control or immunode-
pleted lysate with 12CA5 and analyzed the immu-
noprecipitates by immunoblotting with antibody to
HA (16B12). To assess CAK activity remaining after
depletion, we incubated 100 ng of each CDK-cy-
clin complex for 15 min at 25°C with 50 g of lysate
(or lysis buffer) and 10 mM MgCl, and 1 mM ATP.
Activated CDKs were recovered by immunopre-
cipitation with 12CA5 and tested for histone H1
kinase activity as described (22).
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Regulation of Interferon-y-Activated STAT1 by
the Ubiquitin-Proteasome Pathway

Tae Kook Kim and Tom Maniatis*

STAT proteins (signal transducers and activators of transcription) are latent cytoplasmic
transcription factors that are phosphorylated by Janus kinases in response to cytokines.
Phosphorylated STAT proteins translocate to the nucleus, where they transiently turn on
specific sets of cytokine-inducible genes. The mechanism that controls the amounts of
activated STAT proteins is not understood. STAT1 proteins activated by interferon-y
treatment in Hela cells were shown to be stabilized by a proteasome inhibitor and
ubiquitinated in vivo. Thus, the amount of activated STAT1 may be negatively regulated

by the ubiquitin-proteasome pathway.

Cytokines regulate many aspects of cellular
growth, differentiation, and activation and
play a critical role in immune and inflam-
matory responses. Analysis of the pathways
involved in interferon-o (IFN-a) and
[FN-vy induction has led to the identifica-
tion of the Janus kinase (Jak)-STAT path-
way of cytokine induction (I1). The binding
of IFNs to their corresponding cell surface
receptors results in the activation of Jak
kinases, which phosphorylate STAT pro-
teins. In the case of [FN-y, phosphorylation
of the STATI1 protein leads to STATI’s
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translocation into the nucleus, where it ac-
tivates specific target genes by binding to a
regulatory sequence termed GAS (IFN-y—
activated site). The amount of phosphoryl-
ated STATI protein is maximal between 15
and 30 min after [FN-y treatment and then
rapidly decreases to undetectable levels
within 1 to 2 hours (2, 3). This negative
regulation of STAT levels is very important
because the duration of the IFN response is
critical and cells must respond to numerous
cytokines simultaneously. Without this reg-
ulation, toxic amounts of gene products
could accumulate, and cells could not mod-
ulate or coordinate various cytokine re-
sponses. In this report, we address the pos-
sible role of ubiquitin-dependent proteolysis
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in the negative regulation of STATI.
To determine whether STAT1 is de-

graded by a proteasome, we examined the

Fig. 1. The pro- o Ba g

teasome  inhibitor 2 52 5

MG132 stabilzes ~=—=222
IFN-y-activated A
STAT1 DNA bind- & = STAT1-P

ing activity. Hela

cells were incu-

bated with medi-

um  containing

0.125% dimethyl o b b 0 s~ GAS
sulfoxide (DMSO) 1520314 .86

(lanes 1 and 4), 50 uM calpain inhibitor Il (Cl) (lanes
2 and 5), or 50 pM MG132 (lanes 3 and 6) for 1
hour. Cells were then treated without (lanes 1 to 3)
or with (lanes 4 to 6) IFN-v for 1 hour. Extracts were
prepared and analyzed by an electrophoretic mo-
bility-shift assay with a %2P-labeled GAS DNA
probe (2). STAT1-P, phosphorylated STAT1.

' CIP inhibitor
+oF ciP
MG132
IFN-v treatment
(min)
STAT1-P
STAT1

+ + + + R

0 3060 90 0 30 60 90 60 60

T

1 23 4 56 7 89 10
Fig. 2. MG132 preferentially blocks degradation
of phosphorylated STAT1 induced by IFN-vy. HeLa
cells were incubated with medium containing
0.125% DMSO (lanes 1 to 4) or 50 pM MG132
(lanes 5 to 10) for 1 hour. The cells were then left
untreated (lanes 1 and 5) or treated with IFN-y for
30 (lanes 2 and 6), 60 (lanes 3, 7, 9, and 10), or 90
min (lanes 4 and 8). Lanes 9 and 10 contained calf
intestinal phosphatase (CIP) with and without
phosphatase inhibitor mixture (73), respectively.
Degradation of STAT1 was followed by an immu-
noblot analysis with STAT1-specific antibodies.

Con. IFN-y  IFN-y + St.
- 4 - - - + Ub
- :| STAT1-Ub
:: STAT1-P
STAT1

1 2 3 4 5 6

Fig. 3. IFN-y induces phosphorylation and ubig-
uitination of STAT1 in vivo. Hel a cells were trans-
fected with Hisg (lanes 1, 3, and 6) or Hisg-ubig-
uitin (Ub) (lanes 2, 4, and 6) expression plasmids
(6) and then treated with IFN-y (lanes 3 and 4),
IFN-y plus staurosporine (lanes 5 and 6), or left
untreated (control, con.). Hiss-tagged proteins
were purified from lysates of the transfected cells
by nickel chromatography (7) before immunoblot
assay with anti-STAT1 (top). (Bottom) The immu-
noblot probed with anti-STAT1 without purifica-
tion of Hisg-ubiquitin—conjugated proteins.
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effect of the proteasome inhibitor MG132
on the amounts of activated STAT1 (4).
Because activated STAT]1 can interact spe-
cifically with the GAS DNA sequence, we
used a DNA binding assay for STAT1 ac-
tivation with extracts from HeLa cells treat-
ed with MG132 for 1 hour before IFN-vy
treatment (Fig. 1). Treatment of cells with
IFN-vy induced STAT1-GAS DNA com-
plex formation (lane 4). The presence of
MG132 during IFN-y treatment signifi-
cantly increased or stabilized the GAS
DNA binding activity of STATI1 (lane 6).
In contrast, STAT1 activation was unaf-
fected by the cysteine protease inhibitor
calpain inhibitor II (lane 5). These results
show that the amount of activated STAT
protein is controlled by a process that in-
volves degradation by the proteasome.

To further investigate the role of protea-
some in regulating STAT]1 activity, we used
an immunoblot assay and STAT 1-specific
antibodies to examine the effect of MG132
on STATI protein amounts. We incubated
HeLa cells with or without MG132 for 1
hour before IFN-y treatment and recorded
the amount of STAT1 as a function of time
(Fig. 2). As previously shown (2), a slower
migrating band corresponding to the phos-
phorylated STAT1 protein (STAT1-P) was
observed at the first time point 30 min after
induction (lane 2). Interestingly, STAT1-P
rapidly disappeared as a function of time
after induction, whereas the amount of un-
phosphorylated STAT1 remained almost
constant (lanes 2 to 4). In contrast, MG132

specifically blocked the disappearance of
phosphorylated STATT1 (lanes 5 to 8). This
result, in conjunction with the DNA bind-
ing data of Fig. 1, suggests that the phos-
phorylated form of STAT1 is preferentially
degraded during IFN-vy induction and that
this degradation requires the proteasome.

To determine whether activated STATT is
a direct target for the proteasome, we exam-
ined whether STAT]1 can be ubiquitinated in
vivo, because, in most cases, ubiquitination is
required for proteolysis by the 26S proteasome
(5). Specifically, we attempted to detect
multi-ubiquitinated STAT1 in cells treated
with IFN-y. A hexahistidine-tagged ubiquitin
(Hisg-ubiquitin) gene was transiently overex-
pressed in Hela cells treated with IFN-y (6)
and the His¢-ubiquitin and its conjugates were
then purified by nickel chromatography (7).
STAT]I was detected by immunoblot analyses
with antibodies to STAT1 (anti-STAT1). A
ladder of bands corresponding to multi-ubig-
uitinated STAT1 was clearly detected when
His,-ubiquitin was overexpressed in the Hela
cells treated with IFN-y (Fig. 3, lane 4). It is
interesting that overexpression of Hisc-ubig-
uitin resulted in a slight decrease in the phos-
phorylated STAT1 protein in IFN-y—treated
cells (Fig. 3; compare lanes 3 and 4). In
addition, ubiquitinated STAT1 could not be
detected in cells treated with IFN-y and stau-
rosporine (8), an inhibitor of IFN-y—depen-
dent phosphorylation of STATI protein
(lanes 5 and 6). Thus, IFN-y—dependent phos-
phorylation of STAT1 appears to be required
for its ubiquitination.

Fig. 4. Phosphorylation is important for ubig- A
uitination of STAT1 in IFN-y-treated cells. (A) T A L IFN-y B
Hela cells were treated with 0.125% DMSO -~ + * * MG132 B
(ane 1) or 50 M MG122 (anes 2o ) for1 0 2060 306  Tmelmn  — % PNy
hour before addition of DMSO (lanes 2 and 3) !
or IFN-y (lanes 4 ;nd 5). Cell extracts were ig;:ﬁ:gb = STATI-Ub
prepared as described (9) 30 (lanes 2 and 4) STATH
and 60 min (lanes 3 and 5) after addition of
DMSO or IFN-y. The extracts were then sub-
jected to immunoblot analysis with anti-STAT1. L L bt b == STATI-P - |gG
Bottom panel is a shorter exposure of top pan- bl
el to show the phosphorylation of STAT1 with Dyt
treatment of IFN-v. (B) Hela cells were
treated as described forlanes3and5in C S e

3 + - 4+ 4+ - - 4+ + IFN-y
(A), except that cell extracts were first A e A RS e T e MG132
immunoprecipitated with an anti-STAT1. = WT Y701F-S727A STAT1
The immunoprecipitates were purified
and analyzed by an immunoblot assay 1 STAT1-Ub
with anti-ubiquitin. The arrow marked 2?}'\}1 - “; .- =X STATI-P
lgG indicates immunoglobulin G heavy - "aee STAT1
chain in the immunoprecipitates. (C)
Transfection of U3A cells (77) was done
with plasmids expressing Hisg-tagged — Anti- 3 STAT1-Ub
wild-type (WT) or mutant (Y701F- Py —- STAT1-P
S727A) STATI1. After transfection, the
cells were incubated in the absence e e R T T Vb s

(anes 1, 3, 5, 7, 9, and 11) or presence

(lanes 2, 4, 6, 8, 10, and 12) of MG132 and then treated with (lanes 3, 4, 7, 8, 11, and 12) or without (lanes
1,2, 5 6, 9, and 10) IFN-y. His;-STAT1 proteins were purified from extracts (6, 9) and analyzed by
immunoblots with STAT1 antibody (top) or phosphotyrosine (P-Tyr) antibody (bottom). Ub, ubiquitin.
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To further demonstrate that STAT1 is
ubiquitinated upon phosphorylation in vivo,
we prepared cell extracts at different times
after treatment of Hela cells with IFN-y in
the presence of MG132, which stabilizes the
phosphorylated form of STATI (see Fig. 2).
STATI proteins in prepared extracts (9) were
then analyzed by immunoblot assays with an-
ti-STAT1. High molecular weight forms of
STATI1 were detected as phosphorylated
STAT1 accumulated after stimulation with
[FN-vy in the MG132-treated cells (Fig. 4A,
lanes 4 and 5). These bands were not readily
observed in extracts from Hela cells treated
with MG132 alone (lanes 2 and 3). Evidence
that these high molecular weight bands cor-
respond to ubiquitinated STATI was provid-
ed by the observation that they could be
specifically recognized by antibody to ubig-
uitin (Fig. 4B). Thus, consistent with the data
of Fig. 3, these results indicate that IFN-y
induces phosphorylation and ubiquitination
of STATI, and accumulation of ubiquitinated
STATI in the presence of the proteasome
inhibitor strongly suggests that activated
STATI is degraded by the proteasome.

Phosphorylation of Tyr™' and Ser???
residues in STATI is induced by IFN-y
(10). We confirmed the importance of
STATI phosphorylation in ubiquitination
by testing the phosphorylation-defective
double mutant of STATI1 (Y701F-S727A)
in which Tyr™! and Ser”*7 were substituted
by Phe™! and Ala™" in the in vivo ubig-
uitination assay (see Fig. 4A). U3A cells
(I1), which lack STATI1 protein, were
transfected with expression plasmids for
wild-type  or  mutant  (Y701F-S727A)
STATI. The transfected cells were incubat-
ed with MG132 and then treated with
[FN-vy. STATI and its tyrosine phospho-
rylation were detected by immunoblot
analyses with anti-STAT1 and anti-phos-
photyrosine, respectively (Fig. 4C). Ubiq-
uitinated forms of STAT1 were readily
detected in cells expressing wild-type
STATI after treatment of both MG132
and IFN-vy (Fig. 4C, lane 8). In contrast,
ubiquitination was greatly reduced in the
cells treated with MG132 and IFN-v that
expressed the phosphorylation-defective
STATI1 mutant (Fig. 4C, lane 12). Thus,
phosphorylation of STAT1 is a prerequi-
site for its ubiquitination. Consistent with
this conclusion, the tyrosine-phosphorylated
form of STAT1 was ubiquitinated (Fig. 4C,
bottom, lane 8). This regulatory mechanism
is reminiscent of the phosphorylation-de-
pendent degradation of G, cyclin (12) and of
the NF-«kB inhibitor IkBa (9, 13).

On the basis of these observations, we
propose that the amounts of phosphorylated
STATI protein in IFN-y—treated cells are,
at least in part, controlled by ubiquitin-
dependent proteolysis of STAT1. However,

they do not rule out the possibility that the
ubiquitin-proteasome pathway functions at
other steps in the IFN-y signal transduction
pathway—for example, at the level of the
[FN-y receptor or kinase (I14). It also is
possible that the amount of activated
STAT! in the nucleus is controlled by de-
phosphorylation (14). These mechanisms
are not mutually exclusive, because multi-
ple control points may be required for strin-
gent regulation of STAT activity.
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Regulation of a Neuronal Form of Focal
Adhesion Kinase by Anandamide

Pascal Derkinderen, Madeleine Toutant, Ferran Burgaya,
Marc Le Bert, Julio C. Siciliano,* Vittorio de Franciscis,
Michéle Gelman, Jean-Antoine Girault:

Anandamide is an endogenous ligand for central cannabinoid receptors and is released
after neuronal depolarization. Anandamide increased protein tyrosine phosphorylation in
rat hippocampal slices and neurons in culture. The action of anandamide resulted from
the inhibition of adenylyl cyclase and cyclic adenosine 3',5'-monophosphate—depen-
dent protein kinase. One of the proteins phosphorylated in response to anandamide was
an isoform of pp125-focal adhesion kinase (FAK+) expressed preferentially in neurons.
Focal adhesion kinase is a tyrosine kinase involved in the interactions between the
integrins and actin-based cytoskeleton. Thus, anandamide may exert neurotrophic ef-

fects and play a role in synaptic plasticity.

Focal adhesion kinase (FAK) is a 125-kD
cytosolic tyrosine kinase associated with fo-
cal adhesions in nonneuronal cells, where it
is phosphorylated in response to integrin

INSERM U 114, Chaire de Neuropharmacologie, College
de France, 11 place Marcelin Berthelot, 75231 Paris ce-
dex 05, France.

“Present address: Departamento de Histologia, Facultad
de Medicina, Montevideo, Uruguay.

+On leave of absence from Centro di Endocrinologia ed
Oncologia Sperimentale del CNR, Universita di Napoli
“Federico II,” Naples, ltaly.

#To whom correspondence should be addressed.
E-mail: girault@infobiogen.fr

SCIENCE e« VOL. 273 -

20 SEPTEMBER 1996

engagement and stimulation of various het-
erotrimeric GTP-binding protein (G pro-
tein)—coupled receptors (1). Autophospho-
rylated FAK recruits kinases of the Src fam-
ily and triggers signaling cascades similar to
those stimulated by growth factor receptors
(2). In addition, FAK is enriched in brain,
especially in hippocampus, and in young
neurons, where it is located in growth cones
(3). Phosphorylation of FAK is decreased in
knockout mice deficient for the tyrosine
kinase Fyn (4), which display abnormal hip-
pocampal development and synaptic plas-
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