
tions below 1 bM, we added 5 mM EGTA to the 
cytoplasmic solution and added CaCl, as calculated 
using the CaBuf program and published stability 
constants [A Fabiato and F. Fabiato, J Physiol. 
(iondoti) 75, 463 (1 97911 For experiments in which 
Mg2+ was added to the cytoplasmic solution MgCI, 
was added to the total concentrations stated in the ; 
text. Under these conditions, binding of Mg2+ to 
guconate is negligible (stability constant, 1.7 M ) .  
Electrodes were pulled from thin-walled, fialnented 
borosilicate glass (World Precision Instruments) and 
filed with 116 mM potassium guconate, 4 mM KCI, 
10 mM Hepes (pH 7.25) Electrode resistance was 
typically 2 to 5 megohms. Membrane patches were 
voltage-clamped with an Axopatch 200A amplifier 
(Axon Instruments). The data were ow-pass-Bessel 
filtered at 2 kHz and were acquired with Pulse son- 
ware (Heka Electronik) In the analysis we used 
Pulse, Kaleidograph (Abelbeck), or IGOR (Wave- 
metrics) software. All experiments were performed at 
room temperature from a holding potential of 8 0  
mV Voltage ralnps (2.5 s) froln 1 0 0  to 100 mV 
were acquired at a sampling frequency of 500 Hz 
The currents recorded from macropatches showed 
small inward rectification in the absence of cytoplas- 
mic cations other than K '  and C a p  (5 wM), In the 
hippocampus, SK channels exhibit significant inward 

rectification in the presence of intracellular My" (8). 
When different concentrations of My' + (0.1 to 3 mM) 
were added to the ntracellular face of inside-out 
patches, outward currents were reduced Apamn 
was from Calbochem and d-tubocurare was from 
Research Biochemicals International. 
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A Cyclin-Dependent Kinase-Activating Kinase gesting that p44 alone was responsible for 

(CAK) in Budding Yeast Unrelated to 
the activity. This conch~sion is supported by 
rcs~rlts from filtration a~~a lys i s  of C A K  

vertebrate CAK 
F. Hernan Espinoza, Alison Farrell, Hediye Erdjument-Bromage, 

Paul Tempst, David 0. Morgan* 

Progress through the cell cycle is governed by the cyclin-dependent kinases (CDKs), the 
activation of which requires phosphorylation by the CDK-activating kinase (CAK). In 
vertebrates, CAK is a trimeric enzyme containing CDK7, cyclin H, and MAT1. CAK from 
the budding yeast Saccharomyces cerevisiae was identified as an unusual 44-kilodalton 
protein kinase, Cakl ,that is only distantly related to CDKs. Cakl accounted for most CAK 
activity in yeast cell lysates, and its activity was constant throughout the cell cycle. The 
CAKl gene was essential for cell viability. Thus, the major CAK in S. cerevisiae is distinct 
from the vertebrate enzyme, suggesting that budding yeast and vertebrates may have 
evolved different mechanisms of CDK activation. 

T h e  activation of C D K ~  requires associa- 
t ion with a cpclin suhunit and phospho- 
ry la t~on  by C A K  at  a collservcd thrconinc 
residue ( 1  ) .  T h e  major C A K  activitp in 
vertebrate anii starfish cells is a hcterotri- 
lncr composeii of CDK7,  cyclin H, and 
M A T 1  (2-4). T h e  homologous CDK-cp- 
clin complex in  fission yeast also has C A K  
activitp (5). However, in the  budding 
yeast Saccharomyces ce~eexsiue, t he  closest 
CLIK7 homolog (Kin28) does not  have 
C A K  activitp (5, i), anii t he  enzyme re- 
spollsiblc for CLIK activation in this or- 

ganism is unknown. 
T o  explore the  nature of C A K  in hud- 

ding ycast, we useii conventional chromato- 
graphic methods to purify the major C A K  
activity in yeast lysatcs (Fig. 1 ). W e  mea- 
sured C A K  activitp by testing the  ability of 
co1~1mn fractions to activate the  histone H 1  
kinasc activity of purified human CDK2- 
cyclin A complexes, which are Inore readily 
prepared in large quantities than are yeast 
Ciic28-cyclin complexes. Peak fractions 
also activated Ccic28-Clb2 (8). W e  esti- 
rnatc that C A K  activity was purified over 
1000-fold after six chromatographic steps. 

F. H. Espinoza A. FarreI, D. 0. Morgan, Department of In the last steps of purification, CAK activ- 
Physiology and Department of Biochemistry and B i o  ity colnigratcii with a single protein of -44 
physics University of California, San Francisco CA kD o n  l~olpacrplalnidc gels (p44) (Fig. 1, B 
941 43-0444 USA. 
H. Erdjument-Bromage and P. Tempst, Molecular Bioo- a"d '). We to llurify 1144 to 
gy Program, Memorial Sloan-Ketterinq Cancer Center, homogeneity; however, in multiple prcpa- 
New ~ o r k ,  NY 10021, USA. rations, p44 was the only protein that con- 
=To whom correspondence should be addressed sistently copurifieil with C A K  activity, sug- 

act~vi ty  in crude yeast lysatcs (8) or partial- 
ly purified C A K  preparations (Fig. l A ) ,  in 
which the apparent molecular sizc of native 
C A K  was -45 kD. 

Tryptic pcptiiies from p44 were sul3ject- 
ed to Inass spcctrolnctrp and amino acid 
sei~uencing. Comparison of peptide se- 
quences wlth the  Sacchmomyces Gcnolnic 
Database (Stanford Univeraitv) revealed , , 
that the  amino acid sequences of two pcp- 
tliies matcheii predicted sequences in a me- 
viously uncharacterizcd open reailing frame, 
YFL029c, o n  chronloso~nc V I  (9). In  addi- 
tion. the  masses of these two nc~ltidcs, as 
well as those of two additional peptides 
from p44, matcheii the  theoretical masses of 
tryptic peptiiies in the  predicted sequence 
of YFL029c (Fig. 2) .  T h e  YFL029c open 
reading frame encodes a protein with se- 
quence silnilarlty to protein kinascs anii a 
molecular sizc of 42,183 daltons. W e  con- 
clude that this open reading frame encodes 
p44, which we call C a k l .  

Cakl is only distantlv related to other 
protein klnascs. l ts  closes; known relative in 
ally species is yeast Cdc28, with which ~t 
shares linlitcd similarity (-23% iilcntity) 
(Fig. 2). It is even less similar to yeast Kin28 
(170; identity) and is therefore not closely 
related to the CDK7 subfamily. Cakl  is also 
distinct from most other protein kinases in 
that it lacks a highly consen~xl  NH2-terminal 
cluster of glpci~lc rcsiilucs that contributes to 
the adenosine triphosphatc (ATP) binding 
site (10). Cakl  has large anlino acid i~lscrts 
between conserved kinasc subdoma~ns. O n  
the basls of studies of protein kinase structure 
(1  1, 12), we predict that these inserts arc 
located In loops between conserved secondary 
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structural elements (Fig. 2), away from the 
catalytic cleft of the kinase. 

We constructed a yeast strain in which 
the genomic Cakl protein-coding se- 
quence was replaced with a version of 
Cakl carrying a COOH-terminal hemag- 
glutinin (HA) epitope tag, allowing detec- 
tion with antibodies to the tag (13). The 
tagged protein was the only Cakl protein 
expressed in this strain and was under the 
control of the endogenous CAKl promot- 
er. Immunoblotting with antibodies to 
HA (anti-HA) revealed an immunoreac- 
tive 44-kD protein in lysates carrying the 

669 440 232 158 67 45 

25- 
+ +  + + + +  

- A  

0 : 

- .  
a :  .: 10- .- - 
9 5-  
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2 4 6 B 10 12 14 16 18 20 22 24 25 
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Fig. 1. Purification of budding yeast CAK. Cell 
lysates were fractionated by several conventional 
chromatographic steps (20), and CAK activity in 
fractions was measured with purified CDK2-cy- 
clin A complexes (22). Results from selected steps 
in two separate preparations are shown. (A) CAK 
after Superdex 200 gel filtration. CAK activity in 
crude cell lysates migrated at the same size. Po- 
sitions of molecular size standards (in kilodaltons) 
are shown (arrows). (6) Elution of CAK activity 
from Cibacron blue Sepharose. (Top) CAK activ- 
ity; (bottom) silver-stained proteins. Molecular size 
standards (in kilodaltons) are shown at left. (C) 
Protein components in the peak CAK activity frac- 
tion from heparin-Sepharose in a separate prep- 
aration. p44 is indicated by -. 

tagged protein but not in lysates from 
wild-type cells. Similarly, silver staining of 
immunoprecipitates with anti-HA from 
the tagged strain revealed a single 44-kD 
protein not present in immunoprecipitates 
from the untagged strain (8). We found no 
evidence for prominent Cakl-associated 
proteins in immunoprecipitates. 

We tested the ability of Cakl to phospho- 
rylate and activate CDKs in vitro. Immuno- 
precipitated Cakl phosphorylated purified 
human CDKZ-cyclin A complexes in vitro, 
resulting in the activation of their histone H1 
kinase activity (Fig. 3A). Cakl did not phos- 
phorylate or activate a CDKZ mutant in 
which Thr16', the CAK phosphorylation site, 
was changed to alanine (T160A) (Fig. 3A), 
confirming that Cakl phosphorylates CDKZ 
at the appropriate site. Cakl did phospho- 
rylate a kinase-deficient CDKZ mutant, indi- 
cating that Cakl does not catalyze CDKZ 
autophosphorylation (1 4). 

Cakl also phosphorylated purified 
Cdc28 in vitro (Fig. 3A). Phosphorylation 
of Cdc28 was not dependent on the pres- 
ence of cyclin: Cdc28 phosphorylation 
was equivalent in the presence and ab- 
sence of the mitotic cyclin Clb2. Howev- 
er, Cakl activated the histone H1 kinase 
activity of Cdc28 only when Clb2 was 
present, confirming that Cdc28 activity is 
cyclin dependent. 

The kinase activity asssociated with 
Cdc28-Clb2 (Fig. 3A) was lower than that 
associated with CDKZ-cyclin A (note that 

the kinase reactions in the bottom panel of 
lanes 7 to 12 contained 10-fold higher quan- 
tities of CDK and cyclin proteins than other 
reactions). Low Cdc28-Clb2 activity is prob- 
ably due to the low activity of the glutathione- 
S-transferase (GST)-ClbZ protein, which we 
have found is highly aggregated on'gel filtra- 
tion. The addition of cyclin A to Cdc28 
resulted in high kinase activity similar to that 
seen with CDKZ-cyclin A (Fig. 3A). Limit- 
ed Clb2 activity may also explain our obser- 
vations (Fig. 3A) that Cakl and CDK7 seem 
equally potent in the activation of Cdc28 
despite differences in their ability to phos- 
phorylate Cdc28. Limiting amounts of active 
Clb2 in these reactions probably restricts 
kinase activation to a similarly low level. 

To verify that Cakl represents the major 
CAK activity in S. cerevisiae, we immu- 
nodepleted Cakl from cell lysates and mea- 
sured the amount of CAK activity remain- 
ing in the supernatant with human CDKZ 
or yeast Cdc28 as substrates (Fig. 3B). Cell 
lysates containing only epitope-tagged 
Cakl were incubated with the 12CA5 an- 
tibody to the tag, and immune complexes 
were then adsorbed to protein A-Sepharose 
and sedimented. Over 97% of CAK activity 
in the lysate was removed by this procedure 
(Fig. 3B). In control experiments, immuno- 
precipitation with 12CA5 did not affect the 
amount of CAK activity in lysates of wild- 
type cells in which Cakl is not tagged. We 
therefore conclude that Cakl is the major 
CAK activity in yeast cell lysates. 

T28 
Cakl 
-8 U S C E L A N Y K R L  
Kin28 
CDKP H E N P  E V - - - I I I 

Ll PI L2 p2 L3 P3 L4 a1 L5 
T42 

P4 

Fig. 2. Amino acid sequence of Cakl . The sequence of Cakl is aligned with the sequences of budding 
yeast Cdc28, Kin28, and human CDK2. Residues conserved in three or more sequences are boxed and 
gaps have been introduced to maximize identities. The four tryptic peptides isolated from p44 (23) are 
overlined and numbered. In aligning the Cakl sequence, we also considered secondary structural 
elements in protein kinases; these elements in human CDK2 are indicated below the alignment (12) (pl 
through P8 represent conserved P strands, a1 through a7 represent conserved a helices, and loops 
between conserved elements are labeled L1 through L16). 
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Fig. 3. Cakl is the major A 4 s 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8  
--a .'". -. - * & .. - tCDK7 

B 
CAK activity in yeast cell ly- 

+b 

sates. (A) Anti-HA (12CA5) cCDK 8 C,." -- 
Depletion 

immunoprecipitates were - II 
- +Histone H 

prepared from lysates of - tCAK1-HA 

wild-typecellsflanes 1,4,7, Untagged + - - + - - + - - + - - + - - + - - 1 2 3 . 1  

10,13,and16)orcellsex- 
CAK1-HA- + - - - - + - - + - - + - - + - 

C D ~ ~  - - + - - + - - + - - + - - + - - + 1 2 3 4 5 6 7 B 9 1 0 1 1 1 2 1 3 1 4 1 5  

pressing only HA-tagged ........- 
CDK2 T160A Cdc28 Cdc28 - Cdc28 

-- +Histone Hl  
Cakl (lanes 2, 5, 8, 11, 14, 

CycA CycA - Clb2 - Cyc2 Depletion - + - + - + - + - + - + 
and 17) and incubated with -1 U. -- 

Lysate C wr CAK-HA c wr CAK-HA c w-r CAK-HA 
ATP and purified CDK-cyclin complexes as indicated (24). (Top) [Y-~~PIATP was included to 
allow detection of CDK phosphorylation. In parallel experiments (bottom), incubation with Cakl Cdc28 Cdc28 CDK2 
immunoprecipitates was done in the presence of unlabeled ATP, after which Cakl -treated - Clb2 CycA 
CDKs were incubated with [Y-~~PIATP and histone H l  to assess their kinase activity; 10-fold greater amounts of CDK and cyclin proteins were used in lanes 7 
to 12 than in other lanes (24). Control experiments (lanes 3, 6, 9, 12, 15, and 18) were performed with immunoprecipitates of HA-tagged trimeric human CAK 
(CDK7-cyclin H-MATT); in these reactions, the CDK7-HA subunit was also phosphorylated. Apparent discrepancies between cyclin ACdc28 phosphorylation 
and activation (lanes 16 to 18) were not reproducible; quantitation of results from this and other experiments indicates that phosphorylation and activation 
increase in parallel. Purified CDK-cyclin complexes were prepared as described (25). (El) (Top) Lysates of wild-type (lanes 1 and 2) and Cakl -HA cells (lanes 3 
and 4) were immunodepleted with 12CA5 (lanes 2 and 4), and remaining Cakl -HA was detected by immunoprecipitation with 12CA5followed by imrnunoblotting 
(26). (Bottom) Lysates from wild type (W) or cells expressing only HA-tagged Cakl (CAK-HA) were incubated with (+) or without (-) antibody 12CA5. After 
removal of immune complexes, samples were incubated with the indicated CDK-cyclin complexes, and CDKs were then immunoprecipitated and tested for their 
ability to phosphorylate histone H I  (26). In control experiments (C), CDKs were incubated with buffer alone. Scintillation counting of excised histone H I  bands 
indicated that the amount of CAK activity remaining after depletion (lanes 10 and 15) was ~ 3 %  of the activity in undepleted lysates. 

Monomeric Cakl protein appears to be 
res~onsible for the CAK activitv we observe. 
~ a k l  migrates on gel filtratio; as a mono- 
mer. and we did not observe anv ~rominent , . 
comigrating proteins during CAK purifica- 
tion or in Cakl-HA immunoprecipitates. 
We also expressed CAK as a 6-histidine- 
tagged fusion protein in Escherkhia coli, and 
purification of this protein by metal affinity 
and gel filtration chromatographies revealed 
that the protein was monomeric and had 
CAK activity (8). We therefore think it 
likely that Cakl, unlike the CDKs, does not 
require an activating subunit. 

We analyzed the activity of Cakl at 
different stages of the cell cycle. Cells 
carrying tagged Cakl were arrested in G, 
by treatment with the mating pheromone 
a factor. The pheromone was then washed 
out, allowing synchronous progress through 
S phase and mitosis. Immunoblotting 
analysis of the mitotic cyclin Clb2 was 
used to estimate the time of mitosis (Fig. 
4C). Cakl kinase activity and the amount 
of Cakl protein (Fig. 4, A and B) were 
constant throughout the cell cycle, like 

Fig. 4. Constant amounts of Cakl 

those of CAK in higher eukaryotes (15). 
To clarify the physiological role of Cakl, 

we determined the phenotypic consequences 
of deleting the CAKl gene. A diploid strain 
was constructed in which one chromosomal 
copy of the CAKl coding region was com- 
pletely replaced with the TRPl gene. Analy- 
sis of spores produced by thii diploid indicated 
that CAKJ is essential for cell viability (8). 
Spores bearing the CAKl deletion formed 
microcolonies containing between 8 and 12 
cells with a terminal phenotype that was het- 
erogeneous: 21% of cells in these colonies 
were unbudded, 5% had small buds, 33% had 
large buds, and the remainder exhibited ab- 
normal morphology. If the sole function of 
Cakl were to activate Cdc28, then one might 
predict that loss of Cakl function would yield 
a uniform cell cycle arrest similar to that 
observed in temperature-sensitive cdc28 mu- 
tants. However, dephosphorylation of Cdc28 
as a result of gradual Cakl depletion might 
result in a more heterogeneous arrest pheno- 
type. Alternatively, Cakl may have addition- 
al functions in the activation of other CDKs 
such as Kid8 or Pho85. 

. . 
protein and acw throughout the w d ?O 20 30 40 50 60 70 80 90 $C4 110 120 
cell cycle. Cakl -HA cells were ar- 
rested in G, by treatment with a A +~lstone H l  
factor (af), washed to allow release 
from the arrest, and lysed at the B 
indicated times (27). Lysates were 
also prepared from asynchronous 
wild-hoe cells IWT). IA) Cakl ac- C - 

Previous studies of CDK regulation sug- 
gest that fundamental mechanisms of cell 
cycle control have been highly conserved 
during evolution. However, studies of 
CAK and related enzymes are beginning 
to challenee this notion. In vertebrates - 
and starfish, a heterotrimer containing 
CDK7 is the maior CAK in cell Ivsates. 
The same enzyme has also been implicated 
in the control of polymerase 11-dependent 
transcription (4, 16). In contrast, it now 
appears that in S. cerevisiae the CDK7 
homolog, Kin28, participates in transcrip- 
tional control (6, 17), whereas an unrelat- 
ed protein kinase, Cakl, is responsible for 
the activation of CDKs. This finding may 
indicate that budding yeast have evolved 
separate components, Kin28 and Cakl, to 
carry out functions served by a single com- 
ponent, CDK7, in vertebrates. Alterna- 
tively, CDK7 may not be the sole CAK in 
the vertebrate cell: CDK activation mav 
also require a vertebrate Cakl homolog. 
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Fov:e F. Tempst in Techr-,obes , q  Pro:e,r She.-n- 
,sir7/, J. I?.'. Crabb Ed 'Academ c 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 pept :les from unrelated pro- 
tens ,!,ere also present In the L4-kD fracton and 
presumab!~ represent contamnants 

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

mam~r,alia~i CAK I C D K ~ - H A - ~ ~ C I  n H-l,.IATl 100 
ngl \^:ele subjected to mml~noprecip~tation 1;!1th 
12CH5 as descrbed \ 2 i ) .  To anal;ze CDK phosptio- 
rylat on :r!e nc~~ba ted  mmL noprec~p~tates for 10 
mln at 25 C In k~nase assay buffer 122) v!th 5 /LC of 
[y-"F;4TF and 0 5 I L ~  of each CDK-~!ICII~ pa l  ~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 m r n ~ ~ n o p r e c ~ ~ t a t e s  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  E ndng of HA-tagged s~~bs t~a tes  
to i i C H 5  on rhe beads. To anafze t> stone H I  ac- 
t >I ty "!!e ncubated 5 ng (lanes 1 to 6 ,  and 16 to 15) 
01 50 ng (lanes 7 to 121 of the nd cated C!IC n-CDK 
par  f o ~  10 I r n  at 25°C v:th knase b ~ f f e r  pus  5 lpg of 
17 stone H I  and 1 11.C of i;- ' FIHTP 

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

the niarrniaan C4K trmer "!!ere expressed n Si3 
Insect cells I:! th recomb nant b a c u ~ ; r ~ s e s  and p ~ -  
r f  ed by con';ent ona chromatog~aph!~. H GST-Cb2 
f~ l son  proten ''!!as expressed n bac te~~a  27 )  and 
p ~ r f e d  :.! th gl- tath hone aff n t f  res n follo:.!ed b f  H 
Trap G-Sepharose. 

26 For mm~~nodeple t 'on  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~fl~gation Control y -  
sates \!:ere inc- bated v! th beads alone To ana\lze 
Cak l  proten rema n ng after depet on, v:e ~ I T - I -  
noprec~p~:ated 500 1j.g of control or lrrmunode- 
peted Iysate "!!itti 12CA5 and analyzed the mrr,u- 
noprecpitates by 'rnmunoblott~ng "!! th antbod!/ to 
HA 11 6B121. To assess CAK activ ty remain ng 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 lys s 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  
k nase actvity as descrbed 22).  

27. '!Ve thank R Fisher. H. Chamberl'n, 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 manclscr pt: and bl. L u  for assstance 
v!th proten str~lctural analys~s Su'?ported b f  grants 
(to D O.lvl j from the Nat~onal Inst~t-~te of Genela1 
bled c a  Sclences tlie \v1a1 key Charliable Tr-1st and 
the R~ta  Allen Fo~~nda 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 Secjuenc'ng Lab). F H E s support- 
ed b f  a Jn\./ersty of California Pres~dents feo:v- 
sh p A.F s s~ppo l i ed  b f  a postgrad~~ate schoal- 
sh p f ~ o m  the Natural Scences and Englneerng Re- 
sea~ch C o - ~ n c  of Canada. 
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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\{ lSeoharose 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 STAT proteins (signal transducers and activators of transcription) are latent cytoplasmic 
NaCl gradlent In 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 rn l~  and eluted 
,,.,!thanNaClgradent in burerH, F;akfl;;ctlonsv:ere specific sets of cytokine-inducible genes. The mechanism that controls the amounts of 
concentrated b ) ~  arnmonum sulfate r,recl,taton 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 
ftrat  on column 1125 mlj equ I brated 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 liepar n-Sepharose coI~~ l r ,n  2 5  ml) and eluted by the ubiquitin-~roteasome pathway. 
socrs t~cay :~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 co l~~ rnn  and eluted 
',!!lth a nea r  NaCl grad ent \Fly 1 5 )  F~g~ l re  1 C u s -  
trates the peak CAK fracton f ~ o m  a hepar n-Sepha- 
lose colu~mn n a se~)zrate p'epa'at on 

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

22 For meas-~rerr,ent of CHK actl\./tf, ~ ~ ~ r f ~ e d  co~rp lex-  
es of h-l~man CDK2-HA and a t r~~ncated for1.1 o' 
hu~man c y c n  A 1CfcAAI 71) 31 were rnrr,ob z e d  on 
ploten 4-Sepha~ ose beads coated "v! th monoclonal 
ant body to H 4  11 2CA5j and nc~~ba ted  for 15 m n at 
2Z'C I:! th the desred sample and 10 IT\V~ \v1gCl2 and 
1 rnbl ATF. Eeads were 1:)ashed once v:th HES-r [ I  0 
rnbl 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  knase 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 Partlalf p ~ l r f  ed CAK !:!as precp~tated v:ith acetone 
sub:ected to polyacr~larnlde gel electrophoresis, and 
t~ansferred to poy.'ny::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 ren t i a t~on ,  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 iniil~ction has lei1 to the ~ilentifica- 
t ~ o ~ i  o t  the  J.illu, ki~iase (Jak)-STAT path- 
\\-a\- of cytokine i l id l lc t~o~l  ( 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  
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tran\locat~on into tlie n ~ ~ c l e l ~ s ,  where it ac- 
tivates 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  proteln 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 cvtokine re- 
sponses. I11 this report, nre aildress the pos- 
sihle role of ul . iclu~tin-depel~cIe~~t proteolys~.; 




