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par  fragment of the Cakl codng regon lder~ved 
froni polymerase cha~n ~eactlon a~npl f~cat~on of 
genomc DNA) f-~sed to an HA tag (78) follo~;!ed b f  an 
actn t e~n ina to~  n a ';ecto~ (pRS3051 containng the 
L E U  gene [R S. Sikorsk and P H~eter Gerer,cs 
122. 19 1989); The CO3H-terminal Cakl se- 
qclence \!:as :hereb!l changecl i ~ o m  EKP to EKE- 
l~.IAYFYD\!PDY4SLGPGL I i S) 
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'3  Abbre;~at~ons f o ~  the a r n o  ac~d  res~d~.es are as 
foov:s: A,  Ala D Asp E GI-I: G Gly. K. Lfs; L Leu 
\bll \vlet P, PIC S Ser: \! Sia arid Y. Tfr. 

20 In a t fp~cal CHK preparat~on log phase cells of straln 
K699vrere ysed b f  mechanca d s ~ u p t o n  n a Eead 
Beater (BoSpec) n Iysis buffel- [25 mbl Hepes (pH 
7 3) 50 mbl NaCl 10% gl!~cerol, 5 mbl EDTA. 5 mlvl 
d~th~othreito \DT-I, 5 m\vl NaF, 5 mC1 p-gI!lcero- 
phosphate 1 ml,.l phenylrnetli~~ls~~Ifon!~l f l ~ ~ o r d e  ~ L I -  

peptn (1 k g  m ~ ,  and a p ~ o t n n  9 mU ml:]. N - ~ c e c  
acds were preclptated v:th polyeth!~leneim~ne, and 
the ysate ''!!as clar~f~ed by cent r~ f~~gat~on \I I i ou~ ,  
100 000g) C4K act';tf n the cr11:Ie !/sate \ - I  1 g of 
total protenj was precptated "!!th a m m o n ~ ~ m  su-  

csed dgested "!!th t r p s n ,  and fractonated b !~  le- 
versed-phase h~gti-pedo~niance I I C ~ L I I ~  chromatog- 
raphy on a 1 .O-mm Rellas C;, co -~mn  The masses 
of foul tr:pt~c peptdes \!ere determned by matlx- 
assstecl laser-desorpton tme-of- fght mass spec- 
t ~ o m e t r ~  [H E~:(~~ment-Bromage \vl LLII D lvl. Sa- 
b a t l i ,  S H. Snfde~ F Tempst ?rore,l Set 3. 2/35 
I 13941. S Geromanos. P. Casteels C Ellcone, PA, 
Fov:e F. Tempst in Techr-,obes , q  Pro:e,r She.-n- 
,sir7/, J. I?.'. Crabb Ed 'Academe P~ess. San Diego, 
C 4  19941 vol 5, pp 143-150], and tv:o of these 
peptldes v:ele sequenced b f  auto~r,ated Edman 
:legrada:on [P. Tempst. S Geromanos, C Ellcone 
H Erdj~~nient-B~omage, X:e:'locs 6 2-8 I 199411. 
Small arrounts of tv!o pept1:Ies from unrelated pro- 
tens ,!,ere also present n the L4-kD fracton and 
presumab!~ represent contamnants 

21  Yeast ysates :ve~e prepa~ed by mechanca : Is r~~p-  
tlon n I!I~IS buffer (20) Lfsate 1500 11.g~ or [ J L I I I ~ I F ~  

mam~r,alla~i CAK lCDK7-HA-cycn H-l,.IATl 100 
ngl \^:ele subjected to mml~noprecip~tation 1;!1th 
12CH5 as descrbed \ 2 i ) .  To ana;ze CDK phosptio- 
rylat~on :r!e nc~ lbated m m ~  noprec~p~tates for 10 
m n  at 25 C n k~nase assay buffer 122) v!th 5 /LC of 
[y-"F;4TF and 0 5 I L ~  of each CDK-~!ICII~ pa11 ~ex -  
cept that 1 5 11g of GST-Cb2 ''!!as ~ s e d  for C b i  
experments). To anal\lze CDK actl';aton. l;!e ~ncu-  
bated mrn~~nop rec l~ ta tes  for 15 m n  at 25°C "!!th 
500 ng of eacli CDK-c f cn  par  lor 1 5 1 ~ g  of GST- 
Cb21  and 10 mlvl \ilgCIL 1 m\vl 4TP a W  5 j ~ g  of HA 
peptide to ~ e d ~ ~ c e  ~ n d n g  of HA-tagged s~~bs t~a tes  
to i i C H 5  on rhe beads. To anafze hstone H I  ac- 
t > l t y  "!!e ncubated 5 ng (lanes 1 to 6 ,  and 16 to 15) 
01 50 ng (lanes 7 to 121 of the ndcated c!lcI~n-CDK 
par  f o ~  10 ~ r n  at 25°C v:th knase b ~ f f e r  pus  5 lpg of 
l istone H I  and 1 11.C of i;- ' FIHTP 

25 P~rlfled CDK2-H4 CDK2t Tl6OHj-HA, and C!1c41171 
\,!ere p~epared as described (3, 18:. Cdc28-HA and 

the mammaan C4K trmer "!!ere expressed n Si3 
nsect cells ~:!th recombnant b a c u ~ ; r ~ s e s  and p ~ -  
r ~ f ~ e d  by con';entona chromatog~aph!~ H GST-Cb2 
f~lslon proten ''!!as expressed n bac te~~a  27 )  and 
p ~ r f e d  :.!th gl- tath hone a f fn t f  resn follo:.!ed b f  HI- 
Trap G-Sepharose. 

26 For mm~~nodeplet ion exper~ments. 50 k g  of 
12C45 and 100 I l l  of proten A-Sepharose :vet.€ 
added to 500 1p.g of ysate n c ~ ~ b a t e d  for 1 hour at 
L-C,  and re l~oved  by centr~f l~gat~on Control y -  
sates \!:ere inc- bated v!th beads alone To ana\lze 
Cak l  proten remanng after depeton,  v:e ~ I T - I -  
noprec~p~:ated 500 1j.g of control or lrrmunode- 
peted Iysate v!ltIi 12CA5 and analyzed the mrr,u- 
noprecpitates by ~mmunoblott~ng "!!~th antbod!/ to 
HA 11 6B121. To assess CAK activty rema~nng after 
depletion v:e ncubated 100 ng of each CDK-cy- 
c n  complex for 15 m n  at 25,C :vth 50 of !/sate 
(or lyss b ~ ~ f f e ~  I and 10 mbl l,.lgCIL and 1 m\vl ATF. 
Act~';ated CDKs were recoveled by mmunopre- 
cp i ta ton v:th 12CH5 and tested for l istone H I  
knase actvlty as descrbed 22).  

27. '!Ve thank R F~sher. H. Chamberlin, and D. Kelogg 
for reagents; 4.  l,.lblrra\l for val~able advce: K LLI 
an: merrbers of the Clorgan laboratory for com- 
lr,ents on the man~lscrpt:  and bl. L u  for assstance 
v!th proten str~lctural analys~s Su'?ported b f  grants 
(to D 0 lvl j from the Nat~onal Inst~t-~te of Genela1 
b ledca Sclences tlie \v1a1 key Charliable Tr-1st and 
the R~ta  Allen F o ~ ~ n d a t o n  as  ell as grants from the 
NSF \to F.T ) and the Nat~onal Cancer I ns t t~~ te  (to the 
Sloan-Ketter~ng Secjuencing Lab). F H E IS support- 
ed b f  a Jn\./ersty of California Pres~dents feo:v- 
shp  A.F s s~ppo l i ed  b f  a postgrad~~ate schoal- 
shp  f ~ o m  the Natural Scences and Englneerng Re- 
sea~ch C o - ~ n c  of Canada. 

23 JL I I~  1996: accepted 20 4ugJSt 1936 

fate (30 to 6Od, sat~ l ra ton j  resuscended n b-~ffer D 
i r  m i l  He l~es (pH 7 L I  I .I INH,I,SO lod. g~yc -  Regulation of Interferon- y-Activated STAT1 by 
erol. 1 r l \ . l  EDTA 1 m\vl DTT 5 mbl NaF 5 m\vl 
p-c~lycerophosphate] and loaded onto a 150-ml 
~hen\glSeoharose column The colk~mn \!:as ~;!asliecl 

the hlbiquitin-Proteasome Pathway 
~:!th b u ~ e l  H (25 lm\A Hepes (pH 7 4: loC, glyce~ol, 
I m\vl EDTA I IT~\.I D T T  5 m\vl N ~ F .  5 ~ \ i l  p-g~!lc- Tae Kook Kim and Tom Maniatis* 
erophosphate] p l ~ s  300 ml,.l INH ,,,S3, ancl then 
el-lied v!th buffel 4 The elllate !;!as loaded on an 80 
ml DEHE.Sepllarose colLlmn and elLlted v:ith a linear STAT proteins (signal transducers and activators of transcription) are latent cytoplasmic 
NaCl gradlent n b ~ r e r  A Peak f~actions \!:ere transcription factors that are phosphorylated by Janus kinases in response to cytokines. . . 
passed suphoprop!l :SF) SelJhalose load- Phosphorylated STAT translocate to the nucleus, where they transiently turn on 
ed onto Cbacron b ~ e  Sepharose 15 m l ~  and eluted 
,,.,!lthanNaClgradlent in burerH, F;akfl;;ctlonsv:ere specific sets of cytokine-inducible genes. The mechanism that controls the amounts of 
concentrated b ) ~  ammonlum sulfate r,recll,ltat~on activated STAT proteins is not understood. STAT1  rotei ins activated bv interferon-y 
and fractonatecion a Pharmaca ~~1pel':iex i 0 0  gel treatment in ~ e i a  cells were shown to be stabilized by a proteasome.inhibitor and 
f t ra t~on column 1125 mlj equbrated v:ith buffel A 
( F I ~  1Aj Peak fract~ons :.!ere pooled and loaded ubiquitinated in vivo. Thus, the amount of activated STAT1 may be negatively regulated 
onto a Iieparn-Sepharose coI~~ l r ,n  2 5  ml) and eluted by the ubiquitin-~roteasome pathway. 
~socrst~caly :~11th b ~ ~ r e ~  4 The eluate .,.as concen- 
trated v:~th a I - m  Mono O column oadeci onto a 
I - l r  Cbacron b ~ e  Sepliarose c o l ~ ~ m n  and eluted 
',!!lth a nea r  NaCl gradent \Fly 1 5 )  F~g~ l re  1 C u s -  
trates the peak CAK fracton f ~ o m  a heparn-Sepha- 
lose colu~mn n a se~)~ra te  p'epa'at on 

21 l\.l. 3 .  Ge~ber 4 Farrell, 3 .  Desha~es I. He~skov:~tz, 
D 3 .  l,.lorgan, ?roc \'at; iicsi! Sc, U.S A. 92 4651 
(19951 

22 For meas-~rerr,ent of CHK acti\./tf, ~ ~ l r ~ f ~ e d  co~rp lex-  
es of h-~~man CDK2-HA and a t r~~ncated for1.1 o' 
hu~man c y c n  A 1CfcAAI 71) 31 were mrr ,obzed on 
ploten 4-Sepha~ ose beads coated "v!th monoclonal 
antbody to H 4  11 2CA5j and n c ~ ~ b a t e d  for 15 m n  at 
2Z'C ~:!th the desred sample and 10 IT\V~ \v1gCl2 and 
1 mbl ATF. Eeads were 1:)ashed once v:th HES-r [ I  0 
mbl Hepes p H  7 41. 150 mbl NaCl 0 05% Tr~ton 
X-1001 once v:th HBS 110 mbl Hepes (pH 7 41 150 
mbl NaCl], and once v ~ ~ t t i  k~nase buffer [25 mbl 
Hepes 1pH 7 L', 10 m44 b lgC ] and then incubated 
for 10 m n  at 25'C :vth kinase buffel ~ L I S  100 l*\bll 
4 T F  5 1 ~ g  histone H I  and 1 /LC of [-,- -F]ATF. 

23 Partiallf p ~ ~ r ~ f ~ e d  CAK !;!as precp~tated v:ith acetone 
sub:ected to poyacr~amide gel electrophoresis, and 
t~ansferred to po1y~inyl::ene dfluorde ~nemb~anes. 
The 44-kD component (--300 to 500 ngj \!:as ex- 

C \ - t o k i n e  repulate ma11>- aspects of cel1ul;ir 
crcnvth, d ~ f t e r e n t ~ a t ~ o n ,  anil actl\,itioll anil 
play a critical role 111 Immune ,inel ~nf lam- 
mator) responses. A n a l ~ s ~ s  of the pthn.ays  
~nvolvecl in in terkrun-a  ( IFN-a)  and 
IFN-y ~ n i i l ~ c t ~ o n  has lei1 to the ~ i l e n t ~ f ~ c a -  
t ~ o ~ i  o t  the  J.illu, ki~iase (Jak)-STAT path- 
\\-a\- of cy tok~ne  ~ n d l l c t ~ o n  ( 1  ) .  T h e  h~niiing 
of IFNj to thelr corresponding cell surface 
receptors results in the activation of Jak 
kin,ises, which pliosphor\-l,ite STAT pro- 
t ens .  In the case of IFN-y, phosphorylation 
of tlle STAT1 protein leads to S T A T l ' s  

Department of l~ lo lec~~lar  and Cellular Eioogy tlarval-d 
Jnivers~ty, Can-br~dye \v14 021 38 US4. 

'To \!:horn correspondence should be addresse:l 

tran\locat~on into tlie n ~ ~ c l e l ~ s ,  where it ac- 
tlvates s p c c ~ f ~ c  target genes by hinil~ng to a 
regulator; seclllellce ternleci G A S  (IFN-y- 
act~v~itecl site). T h e  amoullt of phosphoryl- 
ateil S T A T 1  protein 1s max~mal  betnreen 15 
a11J 3L1 111111 after IFN-y treatniellt and then 
rap~ill!? decreases to ~~niietectal-ile level" 
iv i th~n  1 to 2 hours ( 2 .  3).  This nepat~ve 
regl~lation of S T A T  level. IS very ~mpor tan t  
because tlie duration of the IFN resconse is 
critical and cells ~lnust respond to numerous 
cytoklnes s~rnultaneol~slv. Without this reg- 
u la t~un ,  tosic amounts of gene proilucts 
col~lil accumulate, and cells co~1lc1 not mod- 
~ l l a t e  or coorJ~l la te  v'irlous cv tok~ne  re- 
sponses. I11 this report, nre aildress the pos- 
sihle role of u l .~c lu~ t in -depe l~c Ie~~ t  proteolys~.; 



in the negative regulation of STATl. 
To determine whether STATl is de- 

graded by a proteasome, we examined the 

Fig. 1. The pro- 0 : 0 

teasorne inhibitor g - 5 g - o 
MG132 stabilizes 9 
IFN-y-activated - IFN-y 

STAT1 DNA bind- - - STATI -P 

ing activity. HeLa 
cells were incu- 
bated with medi- 
um containing 
0.1 25% dirnethyl uuuudu +GAS 

sulfoxide (DMSO) ' 
. ' 1 6  

(lanes 1 and 4), 50 pM calpain inhibitor II (CI) (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-y for 1 hour. Extracts were 
prepared and analyzed by an electrophoretic rno- 
bility-shift assay with a 32P-labeled GAS DNA 
probe (2). STAT1 -P, phosphorylated STAT1 . 

+ CIP inhibitor 
+ + CIP - - - -  

' +  I + +  + MG132 
0 30 60 90 0 30 60 90 60 60 IFN-7 treatment 

Fig. 2. MG132 preferentially blocks degradation 
of phosphorylated STATl induced by IFN-y. HeLa 
cells were incubated with medium containing 
0.1 25% 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 lo), or 90 
rnin (lanes 4 and 8). Lanes 9 and 10 contained calf 
intestinal phosphatase (CIP) with and without 
phosphatase inhibitor mixture (73), respectively. 
Degradation of STATl was followed by an irnrnu- 
noblot analysis with STAT1 -specific antibodies. 

Con. IFN-y IFN-7 + St. --- 
- + - + - i 

- --. - 
Ub 

1 STATl -Ub 

Fig. 3. IFN-y induces phosphorylation and ubiq- 
uitination of STATl in vivo. HeLa cells were trans- 
fected with His, (lanes 1, 3, and 6) or His,-ubiq- 
uitin (Ub) (lanes 2, 4, and 6) expression plasrnids 
(6) and then treated with IFN-y (lanes 3 and 4), 
IFN-y plus staurosporine (lanes 5 and 6), or left 
untreated (control, con.). His,-tagged proteins 
were purified from lysates of the transfected cells 
by nickel chromatography (7) before irnrnunoblot 
assay with anti-STAT1 (top). (Bottom) The irnrnu- 
noblot probed with anti-STAT1 without purifica- 
tion of His,-ubiquitin-conjugated proteins. 

effect of the proteasome inhibitor MG132 
on the amounts of activated STATl (4). 
Because activated STATl can interact spe- 
cifically with the GAS DNA sequence, we 
used a DNA binding assay for STATl ac- 
tivation with extracts from HeLa cells treat- 
ed with MG132 for 1 hour before IFN-y 
treatment (Fig. 1). Treatment of cells with 
IFN-y 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 STATl (lane 6). 
In contrast, STATl activation was unaf- 
fected by the cysteine protease inhibitor 
calpain inhibitor I1 (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 STATl activity, we used 
an immunoblot assay and STAT1-specific 
antibodies to examine the effect of MG132 
on STATl protein amounts. We incubated 
HeLa cells with or without MG132 for 1 
hour before IFN-y treatment and recorded 
the amount of STATl as a function of time 
(Fig. 2). As previously shown ( 2 ) ,  a slower 
migrating band corresponding to the phos- 
phorylated STATl 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 STATl remained almost 
constant (lanes 2 to 4). In contrast, MG132 

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

To determine whether activated STATl is 
a direct target for the proteasome, we exam- 
ined whether STATl 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 STATl in cells treated 
with IFN-y. A hexahistidine-tagged ubiquitin 
(His6-ubiquitin) gene was transiently overex- 
pressed in HeLa cells treated with IFN-y (6) 
and the His6-ubiquitin and its conjugates were 
then purified by nickel chromatography (7). 
STATl was detected by immunoblot analyses 
with antibodies to STATl (anti-STAT1). A 
ladder of bands corresponding to multi-ubiq- 
uitinated STATl was clearly detected when 
His6-ubiquitin was overexpressed in the HeLa 
cells treated with IFN-y (Fig. 3, lane 4). It is 
interesting that overexpression of His6-ubiq- 
uitin resulted in a slight decrease in the phos- 
phorylated STATl protein in IFN-y-treated 
cells (Fig. 3; compare lanes 3 and 4). In 
addition, ubiquitinated STATl could not be 
detected in cells treated with IFN-y and stau- 
rosporine (8), an inhibitor of IFN-y-depen- 
dent phosphorylation of STATl protein 
(lanes 5 and 6). Thus, IFN-y-dependent phos- 
phorylation of STATl appears to be required 
for its ubiquitination. 

Fig. 4. Phosphorylation is important for ubiq- A . .. 
uitination of STATI in IFN-ytreated cells. (A) - - - + + IFN-7 

HeLa cells were treated with 0.125Ob DMSO -- + + MG132 

(lane 1) or 50 PM MG132 (lanes 2 to 5) for 1 o 30 60 30 60 rime (m'n' 
+ - + + IFN-' L A C 1 1 7  

hour before addit~on of DMSO (lanes 2 and 3) 
or IFN-7 (lanes 4 and 5). Cell extracts were , 
prepared as described (9) 30 (lanes 2 and 4) 

...- ,-- 
3 STAT1 -Ub 10 STATl-p STAT1 @ 3 STATl-Ub 

and 60 mln (lanes 3 and 5) after add~t~on of 
DMSO or IFN-y The extracts were then sub- 
jected to ~mmunoblot analys~s w~th antl-STAT1. STATI-P 
Bottom panel IS a shorter exposure of top pan- STAT1 r) - 'lr 4- lgG 

el to show the phosphorylatlon of STAT1 wlth 
treatment of IFN-y. (B) HeLa cells were 
treated as described for lanes 3 and 5 In C - - 

c + - - + + - -  
(A), except that cell extracts were first + + IFN-y 

- + - + - + - + - + - +  MG132 
~mmunopreclp~tated wlth an antl-STAT1. - WT Y~oIF-S~Z~A STAT1 

The ~mmunoprec~p~tates were pur~fied A 

and analyzed by an immunoblot assay 
Anti- 

with anti-ubiquitin. The arrow marked sTAT1 
IgG indicates immunoglobulin G heay 

-J STAT1 -Ub 

STATl 

chain in the imrnunoprec~pitates. (C) 
Transfection of U3A cells ( I  7 )  was done 
with plasmids expressing His,-tagged Anti- 3 STATl-ub 
wild-type (WT) or mutant (Y701F- P-Tyr + STATI-P 
S727A) STAT1. After transfection, the 
cells were incubated in the absence 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

(lanes 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 ant~body (top) or phosphotyrosine fP-Ty) antibody (bottom). Ub, ubiquitin. 
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T o  further .lemo~nstr,~te t l ~ a t  STAT1 is 
~ ~ b i q ~ ~ i t l ~ n a t e ~ i  upon l ~ l ~ i ~ ~ l ~ l ~ ~ ) r v l ~ i r i i ~ ~ ~  111 Y I \ O ,  

\ve prep,ired cell estr,lcts C I ~  different time5 
,lirer trentment of HeLa cells \v~tl? IFK-y 111 

the yresel-ice ot hlC;li?, \\l?lclh stal?ili:es the 
phoslil~orvlateJ f~-ir111 of STAT1 (see Fi:. 2). 
STAT1 protein.; 111 prepareil extr,lcts (9) n-ere 
the11 al-ialv:eLl hy ~ m m ~ ~ ~ ? r , h l o t  aisay.; \vlrl? a11- 
tl-STAT1. H ~ g h  molecul,~r weigl~t Rjrms of 
T A T 1  \\.ere ~letected as l?lhc3sl?horvlate,i 
ST.4T1 accumulateLI after s t i ~ i n l l a t ~ ~ n  LS-1tl1 
IFN-y in the h'fG131-treated cell.; (Fig. qL4, 
l,11-ies 4 ,111~1 5 ) .  Tlleye hallids \yere not rea~llly 
i~h>er\;e~l 111 extracts tiom HeLcl cells tre,lteLl 
\\-it11 hlG132 alone (lane.; 2 a11d 3) .  Eviilence 
t l ~ l t  t l~eji .  Iugh molecular weiyht llaniia cor- 
r e y w ~ ~ i i  to ~~hiiluitln,~teil ST.4T1 n . ~ >  proviil- 
ed hy the i>l?cervation tl1,lt t11i.v could be 
speclficallv recopl~ire~l I-y ,~nt ibo~ly  ti> uhlLl- 
ultin (Fly. 4B). T l ~ u s ,  conslstei~t ~ i t h  the data 
of Fig. 3, these results 111Jicate that IFN-y 
I I I J L I ~ ~ \  p l ~ ~ s ~ ~ l ~ ~ ~ r ~ l ~ ~ t ~ i ~ ~ ~  c i ~ l L l  ~ ~ l ~ i i ~ ~ ~ i t ~ ~ ~ ~ i t i ~ - i ~ ~  
of S T A T  1, ,ll~d accumulat~on of uh~quitlnateil 
ST.4TI 111 tlhe presence of the pri>te:~sonle 
11111ihltor strongly iupcests that actl\-ateil 
STAT1 15 ileyraileil b y  the protea.;r>me. 

P l~o>~~ho i -y la t~o i?  of T\-r'"' a1nil Ser'" 
reqidues 111 STAT1 IS ir~iluceil hl- IFS-y  
( l i?) .  LVe conf~rrileLl the  ~mpol.ta~nce of 
S T A T 1  y l~osp l~ory la t~on  111 ~ll-iq~11tlr?,1t1or-i>11 

111- testl iy tlhe pl~o~pl~~r~lat~~~~~-~iefect~\.e 
L l o ~ ~ l ~ l e  ~ in l t an t  of ST.4TI (Y7L?lF-S/27A) 

- > -  

111 ~ v h ~ c l ?  Tyr'"' AIILI S e r t - ,  nrere sulistituteil 
11y Pl~e"" anLi Ala7" in the 111 vl\-o L I ~ L ~ ~ -  
uitination aisay ( ~ e e  Fiq. 4.4). U 3 A  cells 
i l l ) ,  a , h ~ c h  lack 5 T A T 1  protein, \\-ere 
t r a ~ ? > k c t e ~ l  n.1tl1 es13ress1c~n p l ; ~ s r n ~ ~ l s  tor 
\ v i l d - t y p u o r  l1lLltant (Y7L?lF-S727A) 
ST.4T1. T h e  tran5fecteLl cell.: u-ere ~~?cu l~ , l t -  
eil n.~tl? h lG132 anil t hen  treateLl ~ v i t h  
IFS-y .  ,'.TAT1 anLi ~ t s  tyrioiine phijspl~o- 
r \ - l a t~on  \\ere JetecteLl 1-y i m m ~ ~ ~ ? o b l o t  
a n a l y i e ~  1 ~ 1 t h  anti-ST.4T1 anil a ~ ? t ~ - l ~ h o b -  
p h o t v r o s i ~ ~ e ,  reipectlr-ely (Fig. 4 C ) .  LTliiq- 
uit inateJ  form^ of S T L 4 T 1  \Yere reaiiily 
detecteJ  in celli espresiing n.ili1-type 
ST.4T1 after treatment ot l~ : , th  h~lG132 
a~nd IFN-y (FIE. 4 C ,  lane 3). In  ccintrast, 
u h ~ i l u ~ t ~ n a t i o n  nas  greatly reduced in the  
cell5 treateil 1 ~ 1 t h  hlG132 and IFN-y that  
esrresseil the  y l ~ o s p l ~ o r y l a t i o ~ ~ - ~ l e t e c t i \ ~ e  
STL4T1  m ~ l t a ~ n t  (Fig. 4 C ,  lane 12) .  T ~ I L I ~ ,  
p h o > p l r y l t ~ o  of S T L 4 T 1  is a prereclui- 
site for [t i  ~ ~ l - i i l ~ ~ i t i ~ ~ a t i o ~ ~ .  C o n > i s t e ~ ~ t  ~ v i t h  
tills conclu~iion, the tyroq111e-pl~oapl~oryli~reii 
form of STAT1 \vai 11hiq~11ti11ateii [Fig. 4C ,  
l:c-ittom, lane S). T h ~ i  reg~llator~- m e c l ~ a n ~ i m  
1s remi~niscent ot tlie l~l?oiphorylatii>~~-~lc- 
p e n ~ l e ~ l t  L1egrclilat~i,~? of G I  cyclin ( l  2 )  and of 
the S F - K B  i11hih1tor IKBU (9. 13) .  

011 the Iiasiq ot t l ~ e i e  iil~5ervat1011s, \Ye 
p ~ ~ p o x  that the amiou11ts iot pl?oql~hor7.1.1ted 
S T A T 1  yroteln 111 IFN-y-treated cells are, 
at  least in part, cio11tro1li.J 1.y ul?iquiti11- 
ilek~enclent yroreolys~s of 3 T A T 1 .  Hmvever, 

tlley ;lo I,e,t rule  tile l,oi51{lillty the t e ~ i s  were purfecl by n c k e  chro~natoyraphy luncler 
ttie clenatl~recl cond~ t~o~ i .  These denatl~recl conc11- 

~lhi~1~lltl1?-~rote:1sr>11?e p:ltl~\\-ay f ~ ~ l l c t i o l ~ s  at  tl,l,s slgrlflea,tll, the deublqLl,tlnatlon actlvl. 
other step\ 111 the IFS-y  jlK11;11 trallicluct~i)~n tes  Ot,ier>:\~se t IS c ~ t i c ~ , t  to detect l n ~ t l - ~ J b l ~ ~ l  ti- 
p : ~ t h n , ~ \ k > r  es,lml?le, at  the level c-if the  natecl l ro te~ns because of potent sopept~dase ac- 

IFN-y I-eceptor or k111,lne (14 ) .  It al,o in 
'~!.tes that hydrolyze ~ n u l t - ~ ~ i : q ~ ~ ~ ' ~ n  chans 

5 N Pe~ch ancl L M Pfe'fer h-oc  Acad. Scr 
pos,il~le that the a m o ~ ~ n t  i > f  actl\nte,l L t S A  87 57E1 ,1993', 

S T A T 1  in the 11ucleu.j I.; coi~trolleil 171- ile- 9 z Ciien e i  a / .  G e ~ ~ e s  fie:! 9. 1556 (1995;. T,ie ex- 
l?hr>sk~l?r>l-ylatlol? ( I$ ) .  T l~ece  111echanis11ls tracts were prepared 11 the presence of SDS (0 I c 0 j  

a ~ i d  1,J-ethylrale~rr-~cle (5 r!\ll to intilblt potent ,Ire ni>t ~i~mltually esclusl\-e, Ileca~iie mu1t1- lsopeptlclase actlvltles InaSaffect the detecton 
131' contnil  1-o111t.j lnay lie rrquireil for strill- of I ~ ~ L I ~ ~ I - L I ~ I O L I I ~ I ~ ~ ~ ~ ~  protens 
gent reg~lL1tlon of ST?IT acti\.~ty. 10 K Shua G R Stark, I !\I Kerr. J E Darnel Jr.. 

Soe~;ce 261. 1744 (1 9931, Z. l>Jen, Z. Ztioru, J E 
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Regulation of a Neuronal Form of Focal 
Adhesion Kinase by Anandamide 

Pascal Berkinderen, Madeleine Toutant, Ferran Burgaya, 
Marc Le Bert, Julio C.  Siciliano," Vittorio de Franciscis,: 

Michele Gelman, Jean-Antoine Giraultz 

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 ppl25-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. 

F o c a l  ;lL1l~esli>~? l i i~?,~se (FAK) i.; a 125-ltD 
~ y t o s i ~ l ~ c  tyroi111e k111,ire ai\oci,~ted ~ i t h  fo- 
cal ; idher~oni  111 11o1111euro11al cells, \\.l~ere it 
ii lil~oililx~r7.1~teii 111 respo~n>e to 11ntegrin 
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e ~ ~ g a g e ~ n e n t  a n ~ l  stimulatio~n of va r iou~  het-  
erotri~ileric G T P - h ~ n i l i n ~  protein (C; pro- 
tein)--cor~pleil receptors ( I  ) .  .4~1tophoiyl10- 
r\-lateJ F.4K recruits kinaqes ot the Src fam- 
ily ;II?~I trigger5 s i q ~ ~ a l i ~ ~ g  caicailes .clmllar to 
t110sc st~mrllated by grc>".th tactor rcceprors 
( 2 ) .  I11 a i i i l~ t~on ,  FAK is e ~ ~ r l c l ~ e d  111 brain, 
ey-ecially in Ihippocaml-us, :11111 in y i > ~ ~ n g  

L ,  

I ~ I I O C ~ O L I ~  mice i i e t ~ c i e ~ ~ t  far the tyroqine 
1;lnaie Fyn ( 4 ) ,  \vl11cl1 ili\plaY a h ~ l o r ~ i l ~ ~ l  111p- 
paca~npal  cle\-elrj13me~?t a n ~ l  qynapt~c lll;~s- 
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