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Reduced Ubiquitin-Dependent Degradation of 
c-Jun After Phosphorylation by MAP Kinases 

Anna Maria Musti,* Mathias Treier,? Dirk Bohmann$ 

The proto-oncogene-encoded transcription factor c-Jun activates genes in response to 
a number of inducers that act through mitogen-activated protein kinase (MAPK) signal 
transduction pathways. The activation of c-Jun after phosphorylation by MAPK is ac- 
companied by a reduction in c-Jun ubiquitination and consequent stabilization of the 
protein. These results illustrate the relevance of regulated protein degradation in the 
signal-dependent control of gene expression. 

T h e  ubicluitln-dependenr protein degrada- 
tion system 1s used in the cell not iust to 
ellm111;te protelns that are elther dainaged 
or no loneer needed. Instead, ~t f~tlfllls im- 
portant functions In cell regulation and slg- 
nal transduction such as the cell cycle- 

European Molec~.lar Biology LaboratoTy, Me)erhofstr. 1 
691 17 Hedeberg. Germany. 

'On leave from Centwo Endocr~nolog~a e:: Oncolog~a 
Spermentale, CNR, Naples Italy. 
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0648, USA. 
?To vihom correspondence sho-Id be addressee. 

specific degradation of cyclins and the cy- 
toklne-induced breakdown of the transcrip- 
tion factor inhibitor IkB (1-5). 

The transcription factor c-Jun is an in 
1,ivo substrate for multi-uhlqultination (6) .  
'We investigated whether the ubiquitin-de- 
pendent hreakdo\vn of c-Jun is a constitu- 
tlve process or is regulated and whether ~t 
might contribute to signal transduction 
thro~tgh c-JLIII. 

One mechanisln by which intracellular 111- 

tormation is transduced to c-Jun 1s the phos- 
phor\-lation of the protein by h1APK-type 
enzymes, such as the JiVKs and the ERKs 
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(7-9). Phosphorylation of c-Jun by MAPK on 
SeP3 and Ser73, as well as on TW1 or Thr93, 

the protein in the SDS-polyacrylamide gel 
(Fig. 1). Concomitant with the increase of 
phosphorylation, the multi-ubiquitination of 
c-Jun was reduced (Fig. 1). To exclude the 
possibility that increased JNKl or Cdc42 ac- 
tivity has a general effect on the ubiquitina- 
tion machinery in the transfected cells, we 
analyzed a mutant of c-Jun in which the 
MAPK phosphorylation sites were replaced by 
alanine residues (c-JunA'"). The ubiquitina- 
tion of this nonphosphorylatable version of 
c-Jun was not decreased by cotransfection of 
JNK and Cdc42, indicating that the decrease 
in ubiquitination is a direct consequence of 
phosphorylation of c-Jun. 

To investigate whether phosphoryla- 
tion of the MAPK sites in c-Jun might be 

was inefficiently multi-ubiquitinated, 
whereas the corresponding alanine-re- 

or both, increases its trans-activating poten- 
tial and DNA-binding activity (10-12). The 
location of these sites in the vicinity of the 6 
domain, which mediates c-Jun multi-ubiquiti- 
nation and degradation (6) ,  raised the possi- 
bilitv of a functional connection between ~hos-  

placement mutant was ubiquitinated with 
at least the same efficiency as the wild- 
type protein (Fig. 2). 

Phosphorylation by JNK not only sup- 
pressed multi-ubiquitination but also stabi- 
lized c-Jun in vivo (Fig. 3). Epitope-tagged 
wild-type c-Jun and the corresponding 
JunAla and JunASp mutants were transiently 
transfected in 3T3 cells and metabolically 
labeled with 35S. The decay of c-Jun after 
the radioactivity was removed from the cul- 

phorylation and ubiquitination. To investi- 
gate this idea, we examined the effect of phos- 
phorylation on the ubiquitination of c-Jun in 
vivo. Histidine-tagged c-Jun was expressed 
with epitope-tagged ubiquitin in NIH 3T3 
cells. This experimental design permits the 
purification and detection of multi-ubiquiti- 
nated forms of c-Jun, which can be visualized 
as ladders of immunoreactivity on a protein 
immunoblot (Fig. 1). 

To examine a mtential effect of c-Tun 

ture medium was consistent with the previ- 
ously reported half-life of -90 min. When 
phosphorylated by cotransfection of JNK, 
however, the half-life of phosphorylated 
c-Jun was two- to threefold longer than that 
of dephosphorylated c-Jun. JunAla was re- 
fractory to JNK phosphorylation and con- 
sistently showed fast degradation kinetics 
regardless of whether or not it was cotrans- 
fected with the kinase. In contrast, JunAvP, 
even in the absence of JNK, had a half-life 
that was 3.5 times as long as that of the 
wild-type and JunA'" proteins. These results 
indicate that phosphorylation by JNK reg- 
ulates the half-life of c-Jun. 

The regulatory process described here 
likelv contributes to the efficient activation 

sufficient to decrease ubiquitination, we 
examined the ubiquitination of a mutant 
of c-Jun (c-JunA") in which the phospho- 
rylation sites were replaced by phosphate- 
mimetic aspartic acid residues. This mu- 
tant, c-JunA", acts as a gain-of-function 
form of c-Jun (1 1, 15). Indeed, c-JunAsp 

phosphorylation, we carried out the same ex- 
periment in the presence of vectors directing 
the expression of JNKl (13) and an activator 
of 1NK1, a eain-of-function mutant of the 

< , -  

small guanine nucleotide-binding protein 
Cdc42 (14). Under these conditions, most of 
the histidine-tagged c-Jun became phospho- 
rylated, as shown by the slower migration of 

of target genes after exposure of cells to JNK + + JNK + + 
CDC42Lel + CDC42LB' + 

c-Jun 
+ JNK 

c-JunA'a - - 
+ JNK Anti-Jun Anti-Jun Anti-Jun 

Fig. 1. Inhibition of c-Jun ubiquitination after phos- 
phorylation by JNK. NIH 3T3 cells were transfected 
with expression vectors (1 pg) for C-Jun-His,, 
c-JurPa-His,, ubiquitin-HA (Ubi-HA), and 2 pg of 
each expression plasmid containing cDNA for hu- 
man JNKl (JNK) and the activated form of Cdc42 
(Cd~42~~').  His,-tagged c-Jun-ubiquitin conjugates 
were purified from lysates and analyzed by SDS- 
PAGE (1 0% gel) and protein immunoblotting with a 
monoclonal antibody to HA (anti-HA) and achemolu- 
minescence detection system (upper panels) (18). 
The apparent molecular sizes (in kilodaltons) of pro- 
tein standards are shown on the left. The posltion of 
c-Jun-ubiquitin conjugates is indicated on the right. 
The lower panels show the same blots analyzed with 
polyclonal antibody to Jun. The arrowhead indicates 
the position of dephosphorylated c-Jun. The phos- 
pholylated Jun protein migrates more slowly. This 
immunoblot was developed with a phosphatase- 
conjugated second antibody; under these conditions 
only the majority of c-Jun (which is in the nonubiq- 
uitinated form) is visualized. 

Fig. 2. In vivo ubiquitination of c-Jun substitution 
mutants c-JunAa and c-JunASP. Expression vec- 
tors for hexahistidine (Hisd-tagged c-Jun (1 pg) or 
His,-tagged c-Jun substitution mutants, c-JunAla- 
His, and C-JunASp-His,, were transfected into 
Hela TK- cells along with vectors for HA-tagged 
ubiquitin (1 pg) as indicated (19). Ubiquitin-conju- 
gates of His,-tagged c-Jun were purified by nick- 
el-chelate affinity chromatography and analyzed 
by SDS-PAGE (10% gel) and protein immunoblot- 
ting with anti-HA (upper panel) (19). The molecular 
sizes of protein standards (in kilodaltons) are 
shown on the left. The position of conjugates of 
His,-tagged c-Jun proteins and HA-tagged ubiq- 
uitin is indicated on the right. The lower panel 
shows the same blot developed with a polyclonal 
antibody raised in rabbits against bacterially ex- 
pressed full-length c-Jun. The arrowhead indi- 
cates the position of the various His,-tagged c- 
Jun proteins. The lower electrophoretic mobility of 
the c-JunASP mutant reflects the "pseudo-phos- 
phorylated" properties of the protein (1 1). 

Chase time 
(min): 

Fig. 3. Stabilization of c-Jun by phosphorylation. 
The stability of HA-tagged c-Jun and JunAa be- 
fore and after phosphorylation and of JunASP was 
compared by measuring the decay of radiola- 
beled proteins (arrowheads) in 3T3 cells (20). 
c-Jun phosphorylation was induced by cotrans- 
fection of JNKl and anisomycin treatment during 
and after labeling and is apparent by the additional 
slower migratilig bands (multiple arrowheads). 
The top two panels show that the half-life of phos- 
phorylated c-Jun is longer than that of dephos- 
phorylated c-Jun (two- to threefold, as deter- 
mined by phosphoimaging analysis). The stability 
of nonphosphorylatable JunAa is not affected by 
JNK(middlepane1s)and issimilartothat ofdephos- 
phorylated c-Jun. c-JunASP shows increased sta- 
bility even without JNK induction (bottom panel). 
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groLvth factorj, stress, or other iIlducers of r s o l ~ n l e  rad~oactvty were rcubated ihilth prote~n wrh 10 mM rris (pH 7 5:, and analyzed by SDS- 

c - ~ u n  activity, such effect lnight be G a n d  proten A- asarose iorcogene Sc erce) a rd  poyaclyam de gel eectrophoress (PAGE, l o ? >  gel) 
then ncubated w ~ t h  tile monoclonal antnody 12CA5 and autoradograph), 
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Transmission sf the BSE Agent to Mice in the 
Absence of Detectable Abnormal Prion Protein 

Corinne I. Lasmezas," Jean-Philippe Deslys, Olivier Robain, 
Alexandre Jaegly, Vincent Beringue, Jean-Michel Peyrin, 
Jean-Guy Fournier, Jean-Jacques Hauw, Jean Rossier, 

Dominique Dormont 

The agent responsible for transmissible spongiform encephalopathies (TSEs) is thought 
to be a malfolded, protease-resistant version (PrPres) of the normal cellular prion protein 
(PrP). The interspecies transmission of bovine spongiform encephalopathy (BSE) to mice 
was studied. Although all of the mice injected with homogenate from BSE-infected cattle 
brain exhibited neurological symptoms and neuronal death, more than 55 percent had 
no detectable PrPres. During serial passage, PrPres appeared after the agent became 
adapted to the new host. Thus, PrPres may be involved in species adaptation, but a 
further unidentified agent may actually transmit BSE. 

O n e  of the  distinct features of the BSE 
agent is its high ability to infect other spe- 
cies (1-3), whereas other TSE agents are 
easilv transmitted onlv \vithin a svecies. 
This species harrier leads to  cor-isiderable 
prolor-igation of the  i1-icuhatior-i p e r ~ o d  dur- 
111g interspecies translnissiol~ (4) .  During 
subsequent experirner-ital passages, TSE 
agents adapt to the  new host: the  incuba- 
t ion period shortens and stahle pathological 
properties are acqu~red (5). Accoriiing to  
the  prion hypothesis, PrPres ( the  patholog- 
ical, protease-resistant isoform of the  prion 
protein) constitutes the  infectious agent in  
TSEs, and replication involves the  homo- 
typic interaction bet~veen a pathological 
PrP molecule and the  endogenous r-iative 
vroteln to  vroduce a collformational con- 
version to  the  ahnormal isoform. T h e  mag- 

C. I. Lasmezas, J -P. Ceslys, A Jaegly, V. Ber~rgue. 
J.-M Peyr~n D. Dormort, Comm~ssarlat a 'Erergie 
A t o m ~ q ~ e ,  Ser?:lce de Neuroviroloq~e, DSViCRMiSSA, 
B.P. E, 60-68 averue du Gerera Leclerc 92265 Fon 

nitude of the  species harr~er  \vould thus be a 
conditior-i of the  extent of congruency be- 
t\r2een the  PrP of the  donor species and that 
of the  ne\v host 16). Ho\vever, this mecha- , , 

r-i~s~n car-inot accour-it for the  exceptional 
ability of the  BSE agent to cross the  species 
barrier. This agent has original properties 
and is suspected to have contaminated hu- 
mans (2,  7). Thus, we examined BSE trans- 
mission and PrPres during primary transmis- 
sion to  mice and i1-i subsequent passages to  
other mice. 

Thirty C57BL/6 mice were inoculated by 
intracerebra1 injection of a 25% BSE-infected 
cattle brain homogenate. After 168 to 719 
davs. all of the inoculated animals exhibited , , 
symptoms of a l~eurological disease encom- 
passir-ig mainly hindlimb paralysis, tremors, 
hypersensitivity to stimulation, apathy, and a 
hunched posture. Biochemical ar-ialysis of 
their brains shoxed no  detectable PrPres ac- 
cumulation in more than 55% of the mice; 
these mice were termed PrPres  (Figs. 1 and 2 )  . <> 

tenay-aux-Roses Cedex, Frarce. (8). Histological examination revealed neuro- 
0. Robar ,  HBpta Sant Vncent de P a ~ l ,  NSERM U 29, 
74 averue Derfert-Rochereau 75E74 parls Cedex 14,  ilal death in all mice, but other classical 
Frarce. changes associated with TSEs-that is, neu- 
J.-G. Fourner. H6p ta  de a Sapetrere, NSERM U 153, renal vacuolatioll and astrocytosis-u.ere lim. 
47 b o ~ e v a r d  de I'?Bptal, 75651 Pars Cedex 13 France. 
J -J. Hauw, HBplta de a Salpetrlere, Laboratolre Es- jted to -++ mice . (Fig. - .  3). NeurOnal .. . 
couroe. NSERM U 360, 47 boulevard de 'HBpital, loss u.as most obvious in the Purkinie cells of 
75651 Paris Cedex 13, France. the cerebellum, hut degenerated neurons were 
J Rosser. Ecoe Supereure de Physcue et Chmie n -  
d j s t r e e s ,  CNRS URA 2054 10 r j e  Vauqjein, 75231 to a jmaller In 

Pars Cedex 5, France. region of the hippocampus. No  sign of local 

+To whom correspondence shoud oe addressed, inflammation u.as present. Electron micro- 
CORNNE LASMEWS@cea.fr scopic examination of degenerated cells 
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