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Prior ubiquitinylation of the unstable c-Fos proto-oncoprotein is thought to be required for recognition and
degradation by the proteasome. Contradicting this view, we report that, although c-Fos can form conjugates
with ubiquitin in vivo, nonubiquitinylatable c-Fos mutants show regulated degradation identical to that of the
wild-type protein in living cells under two classical conditions of study: transient c-fos gene expression during
the G,/G, phase transition upon stimulation by mitogens and constitutive expression during asynchronous
growth. Moreover, c-Fos destruction during the G,/G, phase transition is unusual because it depends on two
distinct but cumulative mechanisms. We report here that one mechanism involves a C-terminal destabilizer
which does not need an active ubiquitin cycle, whereas the other involves an N-terminal destabilizer dependent
on ubiquitinylation of an upstream c-Fos breakdown effector. In addition to providing new insights into the
mechanisms of c-Fos protein destruction, an important consequence of our work is that ubiquitinylation-
dependent proteasomal degradation claimed for a number of proteins should be reassessed on a new exper-

imental basis.

The proteasome is the proteolytic machinery responsible for
the degradation of a large number of cellular proteins. It is
formed by a proteolytic core, the 20S proteasome, which asso-
ciates with various regulatory complexes instrumental for the
selection and processing of substrates. It is widely thought that
most, if not nearly all, of its substrates must previously be
modified by covalent attachment of ubiquitin chains, usually on
the g-amino group of internal lysines and, occasionally, on their
N-terminal amino group, to be recognized (11). For many
proteins, this assumption is based on the observation that they
can be polyubiquitinylated in vivo and/or in vitro in cell extracts
or in the presence of purified ubiquitinylating enzymes. Most
often, additional indirect criteria of analysis are also consid-
ered. One such criterion is protein stabilization, either at the
nonpermissive temperature in cell lines harboring a thermo-
sensitive mutant of the ubiquitin-activating enzyme (E1), the
first enzyme of the ubiquitin cycle (11), or upon ectopic ex-
pression of nonpolymerizable mutants of ubiquitin. Another
criterion is the alteration of protein turnover in cells which
express transdominant mutants of ubiquitinylating enzymes
putatively operating on the protein of interest. In practice,
unambiguous cellular and biochemical demonstration of the
requirement for prior ubiquitinylation is, so far, available for
only a relatively limited number of proteasome substrates (see
Discussion). In particular, whether the inhibition of ubiquiti-
nylation at the level of the substrate itself, through, for exam-
ple, the use of nonubiquitinylatable mutants, may lead to pro-
tein stabilization has rarely been studied. Besides this, a few
proteins, such as ornithine decarboxylase (ODC) (8) and the
cyclin-dependent kinase inhibitor p21 (29), have been shown to
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be degraded physiologically by the proteasome in a ubiquitin-
independent manner; although in the case of ODC, an ancil-
lary protein, antizyme, is necessary. They are, however, con-
sidered exceptions to the ubiquitin-targeting hypothesis.
Interestingly, whereas multiubiquitinylated forms of ODC
have never been described in vivo, some have for p21. This led
Verma and Deshaies to wonder about the actual number of
unusual exceptions and to propose that a class of previously
underappreciated proteasome substrates may have been
missed (36). Moreover, growing evidence indicates that conju-
gation of multiubiquitin chains to proteins may serve purposes
other than protein destruction, including regulation of tran-
scription factor and enzyme activity as well as intracellular
trafficking (21).

The c-Fos proto-oncoprotein is a key cell regulator whose
improper, or dysregulated, expression is oncogenic in various
lineages both in cultured cells and in living organisms (15). It
is a basic DNA-binding domain-leucine zipper (LZ) transcrip-
tion factor which heterodimerizes with different protein part-
ners, such as the Jun family members, via LZ-LZ interactions
to stimulate target genes through binding to the so-called AP-1
or CRE DNA motifs (7). It is constitutively expressed in cer-
tain embryonic and adult tissues in vivo (22) as well as in a
variety of proliferating tumors and cell lines (for references,
see reference 10). Its expression can be induced, in general
rapidly and transiently, from nondetectable or low levels, in
virtually all other cells to integrate many types of stimuli (13,
28). c-Fos is a short-lived protein. Its instability is essential for
controlling its accumulation levels during the physiological pe-
riods of its expression as well as for rapid gene activity shutoff
at the end of the latter and, thereby, avoidance of deleterious
effects on the cell biology. c-Fos has been shown to be mainly,
if not exclusively, degraded by the proteasome in vivo under
two classical conditions of study: constitutive expression in
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asynchronously growing cells and transient induction in cells
undergoing a Gy/G; phase transition upon stimulation by
growth factors (2, 26). Its recognition by the proteasome sig-
nificantly differs in the two situations (2, 10). In asynchronous
cells, c-Fos destruction is under the control of a unique C-
terminal destabilizer, whereas in G,/G, cells, c-Fos is regulated
by both C- and N-terminal destabilizers. Ubiquitinylation of
c-Fos itself has been claimed to be necessary for proteasomal
degradation (14, 31, 35). This conclusion was drawn from the
observations that (i) c-Fos can be ubiquitinylated in vitro by
semipurified ubiquitinylating enzymes (14, 31), (ii) c-Fos hy-
drolysis is promoted by semipurified ubiquitinylation enzymes
in vitro (35), and (iii) c-Fos is stabilized to some extent in
serum-stimulated E1 thermosensitive hamster E36-£520 cells
cultured at the nonpermissive temperature (31). Using nonu-
biquitinylatable c-Fos mutants, we have revisited this issue and
shown that ubiquitinylation of c-Fos per se is not necessary for
rapid and regulated proteasomal degradation. We also report
that the mechanisms by which the two c-Fos destabilizers op-
erate during the G,/G, transition are largely different. Finally,
together with those obtained with p21, our results show that
great care should be taken when analyzing the dependence on
ubiquitin for protein degradation and support the notion that
the number of proteasome substrates recognized and hydro-
lyzed in a ubiquitin-independent manner might have been un-
derestimated.

MATERIALS AND METHODS

Plasmids, mutagenesis, and expression vectors. The rat c-Fos open reading
frame was PCR amplified from a synthetic cDNA (1). For constitutive expres-
sion, it was cloned downstream of the cytomegalovirus promoter into the
pcDNA3 plasmid (Invitrogen), and for transient serum-induced expression, it
was cloned in the PM302 vector (2). Mutagenesis of c-Fos was done by PCR. The
Myc, tag (MEQKLISEEDLNE) was PCR amplified from the pCS2+MT plas-
mid (5). MycgK/R was assembled by using a set of synthetic oligonucleotides. The
pcDNA3-Ha-Mos plasmid expressing a human c-mos cDNA is a gift from S.
Leibovitch. The Hise-tagged ubiquitin expression vector was described by Treier
et al. (34).

Cell culture and transfection conditions. Cells were grown in Dulbecco’s
modified Eagle medium containing 10% fetal calf serum. HeLa, E36, E36-s20
(17), and f10 (6) cells were transfected by using classical procedures (10). For
protein stability analysis in asynchronously growing cells, 1.5 X 10° HeLa cells
were transiently transfected with 10 wg of pcDNA3-based expression plasmids,
and 36 h later, either pulse-chase experiments were conducted or cells were
collected for immunoblotting analysis. In the latter case, cells were also cotrans-
fected with 1 pg of the enhanced green fluorescent protein (EGFP)-expressing
pEGFPCI plasmid (Clontech) as an internal standard. EGFPs were assayed by
fluorescence or by immunoblotting with the anti-EGFP antiserum from Roche.
For synchronization in Gy/G,, cells were serum deprived for 36 h to arrest them
in G, and then stimulated by the addition of fresh medium containing 20%
serum. E36 and E36-#520 cells were amplified at 32°C. For E1 inactivation, they
were incubated at 43°C for 30 min and then cultured at 39°C. MG132, lactacystin,
and cycloheximide were used at final concentrations of 10, 10, and 50 uM,
respectively. In cotransfection experiments, 5 pug of c-Fos and 10 pg of c-Mos
expression vector was used.

Pulse-chase and immunoblotting experiments. Protein extracts were prepared
and half-life measurements were carried out as described in references 2 and 26:
approximately 3 X 10° cells were radiolabeled for 1 h in the presence of 150 pCi
of a [**S]methionine-cysteine mixture (NEG-772; NEN-Life Science) per ml of
culture medium either at 36 h posttransfection, in the case of constitutive c-Fos
expression, or at 30 min post-serum stimulation in the case of transient expres-
sion in Gy/G; cells before chases were started. In the case of E36-2520 cells, E1
was inactivated by the incubation of cells at 43°C for 30 min during the labeling
period, as described by Stancovksi et al. (31), a treatment which does not
interfere with transient c-fos gene induction. Immunoprecipitations were carried
out with either the sc52 anti-c-Fos rabbit antiserum (Santa Cruz Biotechnology),
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the 9E10 anti-Myc tag antibody, or the anti-T7 phage epitope tag monoclonal
antibody (Novagen), depending on the experiment. Immunocomplexes were
recovered by centrifugation with bovine serum albumin-preblocked protein A-
agarose (sc2002; Santa-Cruz Biotechnology) and directly resuspended in elec-
trophoresis loading buffer (2, 26). Proteins were fractionated through sodium
dodecyl sulfate-containing 12% polyacrylamide gels. Dried gels were analyzed by
using the 445SI PhosphorImager (Molecular Dynamics). For immunoblotting
analysis, proteins were electrotransferred on polyvinylidene difluoride mem-
branes and immunodetection was carried out with the same antibodies as de-
scribed above or the anti-EGFP antiserum by using the Renaissance chemilu-
minescence kit (New England Nuclear) (2).

In vivo ubiquitinylation assay. Analysis of ubiquitinylated species formed in
vivo was carried out as described by Treier et al. (34) with 5 X 10° transfected
HeLa cells per sample. One percent of the cell lysate was saved for immuno-
blotting analysis. Ubiquitin conjugates were affinity chromatography purified
from the rest of the lysate with Ni*"-nitrilotriacetic acid-agarose beads (Qiagen).
Ubiquitinylated proteins were eluted in electrophoresis loading sample buffer for
immunoblotting analysis.

Gel shift assay. Proteins used for electrophoretic mobility shift assays (EMSA)
were in vitro translated in a volume of 25 ul by using the TNT kit (Promega). For
each reaction mixture, 1 wl of each protein was incubated at room temperature
for 20 min in binding buffer (5% glycerol, 1 mM EDTA, 10 mM HEPES [pH 7.9],
20 mM NaCl, 4 mM MgCl,, 10 mM dithiothreitol, 2 mM spermidine) in the
presence of 2 ug of poly(dI-dC). Reaction mixtures were then mixed with 20,000
cpm of [3?P] end-labeled oligonucleotide containing an AP-1 site (TTCCGGC
TGACTCATCAAGCG). Incubation was continued at room temperature for 10
min, and DNA-protein complexes were resolved by electrophoresis through a
nondenaturing 5% polyacrylamide gel at room temperature. The gel was dried,
and DNA-protein complexes were visualized by autoradiography.

In vivo transcription assays. HeLa cells were transfected with Fugene (Roche)
by using the reporter plasmid pColl517luc, which contained a firefly luciferase
gene under the control of the AP-1-responsive mouse collagenase promoter (4).
Luciferase assays were performed 24 h later with the Reportalight Biowhittaker
kit. The pEGFP-C1 plasmid was cotransfected as an internal control for trans-
fection efficiency. Fluorescence was measured directly on living cells by spec-
trofluorometry.

Immunolocalization experiments. Indirect immunofluorescence assays were
carried out as described by Roux et al. (25) with the sc52 and H125 (Santa Cruz
Biotechnology) anti-c-Fos antisera.

RESULTS

c-Fos can be ubiquitinylated in vivo. We first asked whether
c-Fos could be ubiquitinylated in vivo in asynchronous human
HeLa cells. For this, we used the transfection assay of Treier et
al. (34), which permits purification and analysis of specific
ubiquitin-protein conjugates under denaturing conditions. This
offers the advantage of inhibiting isopeptidases that could pos-
sibly remove ubiquitin chains from studied proteins during
sample manipulation. A small fraction of c-Fos (lower than
1%) was found to be ubiquitinylated (Fig. 1A). The same was
observed in simian Cos-7 cells and mouse BALB/c embryo
fibroblasts (data not shown). Moreover, the addition of a pro-
teasome inhibitor (MG132) stabilized both nonconjugated and
ubiquitin-conjugated c-Fos. However, the ratio of ubiquitiny-
lated versus nonubiquitinylated c-Fos, as determined from
densitometer scanning of luminograms (Fig. 1A), was identical
in MG132-treated and nontreated cells. This differs from what
is generally observed for substrates of the ubiquitin-protea-
some pathway, the ubiquitinylated fraction of which increases
upon inhibition of the proteasome.

c-Fos does not require ubiquitinylation on internal lysines
to be degraded by the proteasome. Next, we asked whether
c-Fos ubiquitinylation is necessary for proteasomal degrada-
tion under conditions of constitutive expression in asynchro-
nously growing cells and of transient expression upon serum
stimulation of serum-deprived cells. In the latter case, c-Fos
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FIG. 1. c-Fos—ubiquitin conjugates in asynchronously growing
HelLa cells. (A) Ubiquitinylation of c-Fos in HeLa cells. Asynchro-
nously growing HeLa cells were transiently cotransfected with the
His,-tagged ubiquitin expression plasmid and either the PM645 c-Fos
expression vector or the void pcDNA3 parental vector. At 36 h post-
transfection, the cells were incubated or not in the presence of MG132
for 8 h before cell protein extract preparation and affinity chromatog-
raphy purification of ubiquitin conjugates on nickel agarose. Immuno-
blotting experiments were conducted with the specific sc52 anti-c-Fos
antiserum. To compare the relative amounts of ubiquitinylated and
nonubiquitinylated c-Fos, 1% of the total cell protein extracts was
saved before nickel agarose chromatography and analyzed in parallel
(Input) with the ubiquitin conjugates (Ni-Nta Purif). c-Fos and c-Fos—
ubiquitin conjugates [(Ub,)-c-Fos] are indicated. (B) Ubiquitinylation
of the c-FosK/R and its N-terminally tagged versions in asynchronous
HelLa cells. Asynchronous HeLa cells were transiently cotransfected
with constitutive expression vectors coding for Hisg-tagged ubiquitin
and either c-Fos (PM645), c-FosK/R (PM695), Myce-c-FosK/R
(PM775), or MycsK/R-c-FosK/R (PM841). Cotransfection of the pa-
rental pcDNA3 plasmid and the Hisg-tagged ubiquitin vector and
transfection of the c-Fos expression vector alone were used as negative
controls. Ubiquitin conjugates were prepared and analyzed as de-
scribed for panel A.

Input

accumulation peaks by 1 to 2 h poststimulation and returns to
basal levels a few hours latter. Because most proteins are
ubiquitinylated on internal lysines, we first constructed a c-Fos
mutant (c-FosK/R) in which all lysines were changed into ar-
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ginines and we compared its turnover to that of wild-type c-Fos.
No ubiquitinylated species of c-FosK/R could be detected in
asynchronous HeLa cells (Fig. 1B), indicating that ubiquitin
conjugation occurs essentially, if not exclusively, on internal
lysines. However, both proteins showed similar half-lives (2.7
h) in pulse-chase experiments conducted with asynchronous
HeLa cells (Fig. 2A) and were stabilized upon addition of
MG132 (Fig. 3A). To study their degradation in serum-stimu-
lated cells, c-fos™'~ mouse embryo fibroblasts (f10 cells) (6)
were stably transfected with expression plasmids reproducing
transient c-fos gene expression due to a minimal serum-
regulatable promoter and the presence of the 3’ c-fos mRNA
untranslated region carrying the main mRNA destabilizer (Fig.
2B) (2). Cells arrested in the G, phase by serum deprivation
were stimulated by serum, and c-Fos and c-FosK/R abun-
dances were monitored by immunoblotting as a function of
time. Both proteins peaked 1 h after induction and decayed
with comparable kinetics thereafter (Fig. 2C). Pulse-chase ex-
periments confirmed similar half-lives (approximately 2.7 h)
(Fig. 2D). Importantly, the levels of ectopic proteins in trans-
fected f10 cells were comparable to those of endogenous c-Fos
in serum-stimulated mouse BALB/c 3T3 fibroblasts, as assayed
by immunofluorescence and immunoblotting (data not shown),
ruling out any possible bias due to aberrant protein levels.
Finally, the addition of MG132 or lactacystin, another protea-
some inhibitor, stabilized both proteins (Fig. 2C). Taken to-
gether, these data indicate that c-Fos proteasomal degradation
is independent of ubiquitinylation on the internal lysines.

N-terminal ubiquitinylation is not required for c-Fos deg-
radation by the proteasome. Although no c-FosK/R ubiquiti-
nylated species were detected in transfection assays (Fig. 1B),
we wanted to more formally rule out a possible contribution of
N-terminal ubiquitin conjugation to c-Fos instability. Thus, we
modified the c-FosK/R N terminus to prevent any conjugation
of ubiquitin by grafting two long tags (90 amino acids): (i) a
Myc, tag, which contains potentially ubiquitinylatable lysines,
but which was previously shown to be capable of inhibiting
N-terminal ubiquitinylation-dependent degradation of MyoD
(5), E7 of human papilloma virus 16 (24), and LMP1 (3)
proteins, and (ii) a mutated nonubiquitinylatable version of it
(MycK/R) in which all lysines were changed into arginines. No
ubiquitin conjugates could be seen in the case of Myc,K/R-c-
FosK/R,whereas some were easily detected in the case of
Mycq-c-FosK/R (Fig. 1B). Although the latter observation does
not question the conclusion drawn from the three above-cited
studies, it nevertheless indicates that Myc, must be used with
caution because it can lead to ubiquitinylation where it is
supposed to suppress it. We, then, compared the half-lives of
c-Fos, c-FosK/R, and the N-terminally tagged versions in asyn-
chronous HeLa cells. All proteins accumulated to the same
steady-state levels in standardized transient transfection exper-
iments (Fig. 3A) and decayed with similar rates in pulse-chase
experiments (Fig. 3B), indicating similar turnovers. Moreover,
both c-Fos and the tagged mutants accumulated in the pres-
ence of MG132, suggesting an involvement of the proteasome
in their degradation (Fig. 3A).

The half-lives of c-Fos, Myce-c-FosK/R, and Myc,K/R-c-
FosK/R were then compared in serum-stimulated f10 cells
stably transfected with the serum-inducible expression vector
presented in Fig. 2B. Pulse-chase experiments revealed similar
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FIG. 2. Ubiquitinylation of c-Fos on internal lysine residues is not required for proteasomal degradation. (A) Half-lives of c-Fos and c-FosK/R
in asynchronous HeLa cells. Asynchronous HeLa cells were transfected in parallel with either PM645 or PM695 for pulse-chase experiments as
described in Materials and Methods. Values are the averages (+ standard deviations) of the results of four independent experiments. (B) Structure
of expression plasmids reproducing transient c-fos gene expression. Wild-type and mutant c-Fos protein open reading frames are under the
transcriptional control of a minimal mouse c-fos serum-regulatable promoter. The 5’ and 3’ untranslated regions are those of the c-fos mRNA.
The former allows efficient translation, and the latter confers instability to mRNAs. This plasmid reproduces transient mRNA accumulation similar
to that of the endogenous c-fos mRNA (2). (C) Accumulation kinetics of c-Fos and c-FosK/R in serum-stimulated f10 cells. A population of 10
cells was stably transfected with PM763 and PM826 expression vectors to express c-Fos and c-FosK/R, respectively, in a serum-inducible manner.
They were arrested in G, upon serum deprivation and then stimulated by serum in the presence or absence of lactacystin or MG132. Cell extracts
prepared at various time points poststimulation were analyzed by immunoblotting for the presence of c-Fos. Immunoblots were reprobed with an
antiserum directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to verify that the same amount of protein was loaded in all lanes.
Previous work has shown that transient c-fos mRNA accumulation in Gy/G, is not affected by the presence of proteasome inhibitors (2, 26).
(D) Half-lives of c-Fos and c-FosK/R in serum-stimulated f10 cells. Pulse-chase experiments at the peak of induction were conducted as described
in Materials and Methods. Values are the averages (= standard deviations) of the results of at least three independent experiments.

c-FosK/R both in asynchronous and G,/G; cells, raising the
possibility of a minor contribution of N-terminal ubiquitinyla-

half-lives for the three proteins at the G,/G, phase transition
(Fig. 3C), supporting the idea that a possible N-terminal ubiq-

uitinylation of c-Fos does not have a major role in its rapid
degradation.

Myc,-c-FosK/R and Myc K/R-c-FosK/R nevertheless showed
slightly longer half-lives (less than 20% longer) than c-Fos and

tion to c-Fos instability. We, however, do not favor this hy-
pothesis for various reasons: (i) MycgK/R-c-FosK/R does not
show detectable ubiquitinylation in living cells (Fig. 1B), (ii)
tagging with a nonubiquitinylatable T7 phage epitope stabilizes
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FIG. 3. N-terminal ubiquitinylation of c-Fos is not required for proteasomal degradation. (A) Accumulation of wild-type and mutant c-Fos in
asynchronous HeLa cells in the presence of MG132. HeLa cells transiently transfected with PM645, PM695, PM775, or PM841 as well as with the
pEGFP-C1 vector expressing EGFP, which was used as an internal invariant transfection control. At 36 h posttransfection, cells were incubated
or not in the presence of MG132 for 8 h. Immunoblot analyses were carried out with both anti-c-Fos and anti-EGFP antisera. Note the retarded
migration of Myc,-c-FosK/R and Myc K/R-c-FosK/R because of the length of the tag (90 amino acids). MG132 treatment does not affect the
abundance of mRNAs expressed from transfected vectors, which implies that higher wild-type or mutant c-Fos accumulation reflects protein
stabilization. (B) Quantitative analysis of pulse-chase experiments in asynchronous HeLa cells. At least three independent pulse-chase experiments
per construct were conducted as described in the legend to Fig. 2A. Half-life values are the averages (* standard deviations) of the results of at
least three independent experiments, such as the one presented in panel C. (C) Pulse-chase experiments in serum-stimulated f10 cells. Experiments
were conducted as described in the legend to Fig. 2D. +, present; —, absent.

c-FosK/R neither in asynchronous HeLa cells nor in serum-
stimulated 10 cells (data not shown) and hamster fibroblasts
(see Fig. 6), and (iii) artificially increased ubiquitinylation of
Mycg-c-FosK/R in its N-terminal region, due to the presence of
the ubiquitinylatable Myc, tag, does not accelerate breakdown.
Moreover, it is interesting that c-Fos begins with a doublet of
methionines and that methionine is one of the most acetylated
N-terminal amino acids in eucaryotic cells (23). Although the
point has not been experimentally addressed due to the low
amounts of the protein in vivo, the probability that the c-Fos N
terminus is blocked by an acetyl group is high, which is in line
with the fact that we detected no N-terminal ubiquitinylation
of c-Fos in our experiments.

c-FosK/R is functionally active, and its degradation is reg-
ulated like that of wild-type c-Fos. Abnormal proteins may
undergo proteasomal degradation (11), some of which most

probably through ubiquitin-independent mechanisms (30, 32).
It was thus important to establish that c-FosK/R was still bio-
logically active and not addressed to the proteasome via a
pathway not operating on the wild-type protein.
Immunolocalization experiments showed that c-FosK/R lo-
calized primarily within the nucleus of both asynchronous and
serum-stimulated cells as did the wild-type protein (Fig. 4A),
excluding that gross intracellular redistribution might account
for aberrant degradation. We then verified that c-FosK/R
could heterodimerize with c-Jun (7) and bind to an AP-1 DNA
motif as efficiently as c-Fos in EMSAs (Fig. 4B). Next, we
compared c-FosK/R and c-Fos transactivations in vivo by co-
transfecting a luciferase reporter gene under the control of an
AP-1-responsive collagenase promoter with either c-Fos or
c-FosK/R expression plasmid as well as a vector for c-Jun.
Neither c-Fos nor c-FosK/R alone was able to transactivate the
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FIG. 4. Intracellular localization, DNA binding, and transactivation activity of c-FosK/R. (A) Intracellular localization of c-Fos and c-FosK/R.
Asynchronously growing HeLa cells were transiently transfected with PM645 or PM695 to express c-Fos or c-FosK/R, respectively. Immunoflu-
orescence assays were performed with an anti-c-Fos antiserum 16 h later (a and b). f10 cells stably transfected with PM763 and PM826 to express
c-Fos and c-FosK/R in a serum-inducible manner were arrested in G, (c and e) and stimulated by serum for 1 h (d and f) before immunofluo-
rescence analysis. (B) DNA-binding activity of c-Fos and c-FosK/R. In vitro-translated c-Fos, c-FosK/R, and c-Jun (lower panel) were incubated
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reporter gene. However, both of them were capable of trans-
activation in the presence of c-Jun, although c-FosK/R was
slightly less (30%) efficient than wild-type c-Fos (Fig. 4C). This
is consistent with the idea that the overall structure of the
protein is not profoundly affected by the mutation of the ly-
sines into arginines.

Then we investigated whether c-Fos and c-FosK/R degrada-
tions were similarly regulated. In asynchronous cells, we took
advantage of two observations: (i) c-Fos degradation is under
the control of a unique C-terminal destabilizer containing a
PEST motif (PEST3) whose deletion is sufficient for dramatic
stabilization (Fig. S5A) and (ii) phosphorylation of serines 362
and 374 within PEST3 by Mos-induced mitogen-activated pro-
tein kinases stabilizes c-Fos, although to a limited extent (10,
20). As expected, deletion of PEST3 (c-FosAPEST3 and
c-FosK/RAPEST3 mutants) led to strong stabilization of both
c-Fos and c-FosK/R and coexpression with Mos led to a com-
parable twofold stabilization in the two cases, as shown in
pulse-chase experiments (Fig. 5B). The phosphorylation of
serines 362 and 374 is associated with retarded electrophoretic
migration (10, 20). It is thus of note that both c-Fos and
c-FosK/R both showed the same retardation in the presence of
Mos, since this provides further support for the idea of a lack
of c-Fos C terminus structural alteration. Because degradation
of c-Fos is regulated by significantly different mechanisms in
serum-stimulated cells (2, 10), we had to turn to other criteria
for analysis. It was previously shown that blocking protein
synthesis selectively leads to c-Fos stabilization in a hyperphos-
phorylated form which migrates with a higher apparent molec-
ular weight (26). Thus, cycloheximide was added 2 h after
serum stimulation to c-fos '~ f10 cells stably transfected with
serum-inducible expression vectors for c-Fos and c-FosK/R.
Both proteins were strongly stabilized and showed slowed
down migration (Fig. 5C). In summary, our data strongly sug-
gest that changing all lysines to arginines does not affect the
physiological mechanisms addressing c-Fos to the proteasome
in exponentially growing and serum-stimulated cells (also see
below).

The ubiquitin pathway is indirectly involved in the control
of c-Fos degradation during the G,/G, phase transition but
not in asynchronously growing cells. Contrasting with our
data, other authors have argued that ubiquitinylation of c-Fos
is required for proteasomal degradation in particular because
c-Fos was partially stabilized in E1 thermosensitive hamster
E36-s20 cells stimulated by serum at the nonpermissive tem-
perature (31). One possibility for reconciling these apparently
contradictory observations would be an indirect involvement of
the ubiquitin pathway in c-Fos degradation. To test this hy-
pothesis, we compared the behavior of wild-type c-Fos to that
of a nonubiquitinylatable mutant in E36-£5s20 cells at the re-
strictive temperature.
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First, we confirmed the observation described in the work by
Stancovski et al. E36-s20 cells were stimulated by serum after
arrest in G, and half-life measurements of endogenous c-Fos
were carried out during the peak of induction under permissive
(32°C) and nonpermissive (39°C) conditions for the ubiquitin
pathway (Fig. 6A). No alteration in c-fos gene induction was
observed under the nonpermissive conditions because the shift
of temperature blocks the cell cycle only in the G, phase. As
expected, inhibition of E1 activity at 39°C caused an approxi-
mately twofold stabilization of c-Fos. Then, using the expres-
sion vector described in the legend to Fig. 2B, we analyzed the
stabilities of c-Fos and c-FosK/R proteins N-terminally tagged
with a T7 phage epitope to permit discrimination from endog-
enous c-Fos in Gy/G; cells. Both were as unstable as endoge-
nous c-Fos at 32°C and were stabilized with the same efficiency
at 39°C (Fig. 6A). In contrast, in keeping with Stancovski et al.
(31), the temperature shift from 32 to 39°C did not increase the
half-life of both endogenous and transfected c-Fos in parental
E36 cells containing a functional E1 (data not shown). Given
the fact that a nonubiquitinylatable c-Fos mutant is still stabi-
lized when E1 is inactivated, we can conclude that the ubiquitin
pathway is involved only indirectly in c-Fos degradation at the
Gy/G; cells.

As the regulation of c-Fos degradation is different according
to the expression conditions, we wondered whether a ubiquiti-
nylation-sensitive effector was also required for the degrada-
tion of c-Fos and c-FosK/R in asynchronously growing cells. At
32°C, the half-lives of c-Fos and c-FosK/R were longer than in
serum-stimulated cells, in accordance with previous observa-
tions with mouse embryo fibroblasts (10). However, in contrast
to Gy/G, cells, both proteins were not stabilized at 39°C. In
fact, they were degraded significantly faster than at 32°C (Fig.
6B), which is most probably due to temperature-linked kinetic
differences already observed for a number of enzymatic reac-
tions in thermosensitive cell lines (12, 17). Thus, the ubiquitin
pathway is dispensable for c-Fos destruction in asynchronous
cells.

The activity of the N-terminal, but not that of the C-termi-
nal, c-Fos destabilizer is regulated by the ubiquitin pathway
during the G,/G, transition. To determine whether a func-
tional ubiquitin cycle was necessary for the activity of the N-
and/or the C-terminal c-Fos destabilizers in G,/G, cells, we
used two mutants of c-Fos with deletions of either the first 49
amino acids of the protein (c-FosA49N) or of the last 20 amino
acids (c-FosAPEST3). Since only one destabilizer was altered
in each one of these mutants, both of them were moderately
stabilized in mouse embryo fibroblasts with half-lives approx-
imately twofold longer than that of c-Fos (2, 10). This is dif-
ferent from what is observed in asynchronously growing cells
(Fig. 5B), where deletion of PEST3 inactivates the C-terminal
destabilizer, which is the only one to function under this con-

alone or in combination with a radiolabeled AP-1 probe and used for EMSAs (upper panel) as described in Materials and Methods. (C) Trans-
activation activity of c-Fos and c-FosK/R. HeLa cells were transfected under standardized conditions with the pcDNA3 control plasmid (mock),
PM645 c-Fos, PM695 c-FosK/R, and the CD330 c-Jun expression vectors as indicated on the figure in the presence of an AP-1-inducible luciferase
expression vector (pColl517luc). Luciferase activity was assayed at 24 h posttransfection. A plasmid p-EGFP-C1 carrying an EGFP gene under the
transcriptional control of the cytomegalovirus promoter was included in each transfection for normalization of data. The presented data are the
averages of the results of three independent experiments. The transactivation efficiencies were calculated according to the c-Fos plus c-Jun

transactivation efficiency, which was set to 100.
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FIG. 5. Regulation of c-Fos and c-FosK/R degradation in asynchronously growing and serum-synchronized cells. (A) c-Fos-destabilizing
elements. The positions of the DNA-binding domain (DBD), LZ, N- (N-dest.) and C-terminal (C-dest.) destabilizers, and PEST3 motif as well as
that of serines 362 and 374 are indicated. (B) Degradation of c-Fos and c-FosK/R with deletions of PEST3 or coexpressed with Mos in
asynchronous cells. HelLa cells were transfected in parallel with either PM645, PM695, PM551, or PM790 to express c-Fos, c-FosK/R,
c-FosAPEST3, or c-FosK/RAPEST3, respectively, or with PM645 and PM695 in the presence of the Mos expression vector pcDNA3-Ha-Mos.
Half-lives are the averages (= standard deviations) of the results of three independent experiments. NMH, not measurable half-life. (C) Stabi-
lization of c-Fos and c-FosK/R in serum-synchronized cells. f10 cells stably transfected with PM763 and PM826 to express serum-inducible c-Fos
and c-FosK/R, respectively, were stimulated by serum, and cycloheximide was added 2 h poststimulation. This figure is to be compared with Fig.
2C. Note the retarded migration of both proteins in the presence of cycloheximide, which is due to phosphorylation (26). The differences in
abundances between time points 2 and 4 h are due to the degradation of c-Fos before cycloheximide exerts its stabilizing effect. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal marker to verify that the same amount of protein was analyzed in each lane.

dition (10), and leads to a strong stabilization. The two mutants
were also stabilized about twofold in E36-£520 cells stimulated
by serum at 32°C, confirming that each one of the two desta-
bilizers was active in G,/G; in this cellular context as well (Fig.
6C). When the cells were shifted to the restrictive temperature,
the half-life of c-FosA49N was not modified, suggesting that
the C-terminal destabilizer did not need ubiquitin to be still

active at 39°C. In contrast, c-FosAPEST3 was strongly stabi-
lized, indicating that an active E1 enzyme is necessary for the
activity of the N-terminal destabilizer.

DISCUSSION

c-Fos is degraded by the proteasome independently of its
own ubiquitinylation. The comparison of nonubiquitinylatable
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FIG. 6. Involvement of the ubiquitin pathway in c-Fos degradation. (A) Degradation of c-Fos and c-FosK/R in serum-stimulated E36-t520 cells.
E36-1520 cells were transfected with PM302 and PM694 to express T7-tagged versions of c-Fos and c-FosK/R in a serum-inducible manner. Either
nontransfected cells (endogenous c-Fos) or transfected cell populations (T7-c-Fos and T7-c-FosK/R) were cultured at 32°C and serum starved for
36 h before stimulation by serum. El inactivation and pulse-chase experiments were conducted as described in Materials and Methods. The
presented half-lives are the averages (* standard deviations) of the results of at least three independent experiments. The star indicates a
background band immunoprecipitated by the sc52 antiserum. (B) Degradation of c-Fos and c-FosK/R in asynchronous E36-£s20 cells. E36-£520 cells
were transfected with constitutive expression vectors PM645 or PM695 coding for wild-type c-Fos and c-FosK/R, respectively. Pulse-chase
experiments were carried out 36 h later, after inactivation or not of E1. The presented half-lives are the averages (*+ standard deviations) of the
results of at least three independent experiments. (C) Stabilities of N- and C-terminally truncated c-Fos in E36-£520 cells. Experiments were
conducted as described for panel A, with the PM698 and PM327 vectors coding for T7-tagged c-FosA49N and c-FosAPEST3 proteins. The
presented half-lives correspond to the averages (*+ standard deviations) of the results of three independent experiments.
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mutants to wild-type c-Fos showed that neither internal nor
N-terminal ubiquitinylation of the protein itself is necessary for
proteasomal degradation, both in asynchronously growing cells
and during the G,/G, phase transition in different cell types.
This conclusion differs from those drawn by other authors on
the basis of indirect experiments carried out in vitro or in vivo
with the E36-£520 E1 thermosensitive cell line (14, 31, 35). We,
nevertheless, reconcile these two sets of results by showing that
the ubiquitin pathway is indeed indirectly required, but only
during the G,-to-G, phase transition, for maximal degradation
of c-Fos. Our results, moreover, give insight into the mecha-
nisms of efficient c-Fos destruction by the action of two inde-
pendent destabilizers during the G(-to-G, phase transition to
avoid sustained activity of the protein, which could lead to
deregulated activation of target genes and transformation.

Importantly, the c-FosK/R mutant used here retained most
of the c-Fos transcriptional activity, and its degradation was
regulated like that of the wild-type protein in different assays.
This makes it very unlikely that strong conformation alter-
ations might entail destruction via nonphysiological mecha-
nisms or via pathways responsible for the elimination of ab-
normal proteins. We cannot formally exclude the possibility
that structural effects related to the lysine-to-arginine change
may account for the slightly diminished transcriptional activity
of c-FosK/R. It is, however, worth considering that lysines are
targets, not only for ubiquitin attachment but also for a variety
of other posttranslational modifications, such as acetylation,
methylation, or conjugation of ubiquitin-like polypeptides.
Whether one, or several, of them is necessary for optimal c-Fos
activity deserves further investigation.

How is c-Fos targeted to the proteasome? If prior ubiquiti-
nylation of c-Fos itself is not necessary for degradation, then
how is this protein recognized by the proteasome? We have
previously reported that c-Fos degradation depends on a
unique C-terminal destabilizer in asynchronous cells and on
both an N-terminal and a C-terminal destabilizer, which is
probably the same as the one used in asynchronous cells but
whose activity is limited because of the phosphorylation of
serines 362 and 374, in cells undergoing a G,/G, phase tran-
sition (10). We stress here that the mechanisms underlying the
action of the N- and C-terminal destabilizers are clearly dif-
ferent since the N-terminal destabilizer requires an active
ubiquitin cycle, whereas the C-terminal destabilizer does not.
It is also worth underlining that the alterations of the N- or
C-terminal destabilizer each led to no more than a twofold
stabilization (10), which is consistent with the idea that both
destabilizers function independently, and that individual c-Fos
molecules are recognized either via the N- or via the C-termi-
nal destabilizer.

How could the N-terminal destabilizing element permit the
addressing of c-Fos to the proteasome? Since c-Fos does not
need to be ubiquitinylated to be degraded, inactivation of this
destabilizer upon E1 inactivation suggests that at least one
ubiquitinylation-sensitive upstream effector of c-Fos controls
its action. One obvious possibility would be the frans-targeting
of c-Fos to the proteasome by a ubiquitinylated dimerization
partner of the Jun family. Although it is not possible to elim-
inate this possibility for a minor fraction of c-Fos, this mech-
anism does not concern the bulk of the protein because, as
reported elsewhere (10), (i) mutation or deletion of the LZ
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does not eliminate c-Fos instability and (ii) grafting of an
N-terminal fragment carrying the destabilizer but lacking the
LZ is sufficient to destabilize the stable EGFP reporter pro-
tein. The identification of the proteins interacting with the
c-Fos N terminus is being tested to determine whether the
ubiquitinylation event(s) is responsible for the inactivation of
an inhibitor (either through functional inactivation or induc-
tion of destruction) or the activation of a positive effector of
c-Fos destruction. How could c-Fos be addressed to the pro-
teasome via its C terminus? One obvious possibility is direct
recognition, as has been documented for the p21 cyclin-depen-
dent kinase inhibitor, which directly binds the C8 subunit of
the 20S proteasome and whose instability correlates with the
ability to bind to C8 (33). Alternatively, a cofactor(s) might be
necessary, as was shown for ODC, whose proteolysis by the
purified 26S proteasome in vitro is dependent upon the pres-
ence of its antizyme cofactor (19). Whatever the case, two
important points must be stressed here with respect to C-
terminal domain-mediated degradation of c-Fos. First, even if
c-Fos were recognized directly by the proteasome, this would
not exclude the possibility that ancillary molecules may pro-
mote or favor this interaction in vivo. Second, the ubiquitiny-
lation-independent destruction mechanism does not just cor-
respond to a basal and slow process which can be dramatically
accelerated upon ubiquitinylation of the protein, as has been
reported in the case of IkBa after cytokine treatment of cells
(16). Rather, it actually constitutes an efficient destruction
pathway, which is the only mechanism accounting for c-Fos
instability in asynchronous cells and which contributes to ap-
proximately half of the c-Fos elimination in G,/G, cells (Fig. 7).
Biological relevance of c-Fos ubiquitinylation. Because deg-
radation of the bulk of c-Fos does not require prior ubiquiti-
nylation of the protein, the observation of c-Fos-ubiquitin
conjugates is intriguing. The fraction of ubiquitinylated species
is, however, very small. A simple explanation for this would be
that these conjugates correspond to a small proportion of mis-
folded c-Fos molecules eliminated following a ubiquitinyla-
tion-dependent clearance mechanism, as has been reported for
a number of abnormal or in-excess proteins (27, 32). We also
do not exclude that they could just reflect a nonspecific ubig-
uitinylation background occurring or tolerated in the cell. It is,
however, worth considering that, on one hand, it is presently
unknown what fraction of c-Fos is biologically active in a cell at
a given time and whether all c-Fos molecules have similar
fates. On the other hand, it is clear that ubiquitinylation is
involved in the regulation of a variety of biological processes,
including the control of the activity of several transcription
factors, independent of proteasomal degradation (9). It thus
cannot be ruled out that ubiquitinylation may govern the ac-
tivity of a subset of c-Fos protein. Finally, even though we
clearly demonstrated that ubiquitinylation is not necessary for
the degradation of the bulk of c-Fos in asynchronously growing
and G,/G, phase transitioning fibroblasts, we do not exclude
the possibility that c-Fos ubiquitinylation might be used for the
degradation of a minor fraction of the protein or under con-
ditions that have not been investigated here. More-extensive
analysis of this point in other cell types and other conditions of
c-Fos expression is thus required to answer this question.
Demonstration that prior ubiquitinylation of a protein is
required for its proteasomal degradation. Our data show that
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FIG. 7. Degradation of c-Fos in asynchronous cells and cells undergoing a G,/G,transition. c-Fos shows unusual properties with regard to its
destruction. First, in spite of being a ubiquitinylatable protein in vivo, its prior ubiquitinylation is dispensable for proteasomal degradation. Second,
it possesses at least two destabilizing elements which are used differently depending on the situation. One destabilizer (C-dest.) is located within
the C-terminal part of the protein. It constitutes the only active destabilizer of c-Fos in asynchronous cells. It is also active during the
G,/G, transition, although phosphorylation of serines 362 and 374 limits its activity. It does not necessitate an active ubiquitin pathway for
functioning in asynchronous or in serum-stimulated cells. The other destabilizer (N-dest.) is located at the N terminus of the molecule. It is
conditionally active during the G,/G,transition, and its activity is dependent on a functional ubiquitin cycle, presumably through ubiquitinylation
of an upstream effector of c-Fos degradation. Discontinuous lines indicate that the precise limits of the N- and C-terminal destabilizers are not
known. In Gy/G,, c-Fos molecules are probably recognized via either the C or N terminus. Whether cooperation between N- and C-terminal
destabilizers occurs after recognition for further processing of c-Fos by the proteasome cannot be ruled out. Discontinuous arrows indicate that
upstream effectors are (N-terminal destabilizer-mediated degradation) or may be (C-terminal destabilizer-mediated degradation) involved in c-Fos

being addressed to the proteasome.

visualization of ubiquitinylated species of a given protein in
vivo is not sufficient to conclude that this ubiquitinylation is
instrumental for proteasomal degradation even though this
protein is stabilized upon E1 inactivation in a thermosensitive
cell line. They also suggest that rigorous addressing of this
issue requires inhibition of ubiquitinylation at the level of the
protein itself without affecting other ubiquitinylation events
occurring in the cell, because the ubiquitin pathway might be
indirectly involved in the control of protein turnover. Thus, our
results have important general consequences. First, they sug-
gest that the degradation of certain proteins, whose degrada-
tion is thought to be ubiquitinylation dependent based on
indirect evidence, should be reexamined on a novel experimen-
tal basis. Second, they provide a novel support for the idea,
initially proposed by Verma and Deshaies (36), that ubiquiti-
nylation-independent substrates of the proteasome may con-
stitute an underappreciated group of proteins. These authors
have already stressed that proteasomes are present in bacteria
and archaea while ubiquitin and ubiquitin-conjugating systems
are not (18, 37). It is thus tempting to speculate that, while
acquiring the ability to recognize and process ubiquitinylated
proteins through evolution, higher eucaryote proteasomes
have also kept the ability of primitive proteasomes to degrade
numerous nonubiquitinylated proteins.

At present, the lysine-to-arginine mutation is most probably
the only approach available for the inhibition of internal pro-

tein ubiquitinylation, and the modification of the N terminus,
through deletion and/or grafting of tags, is the only one to
inhibit N-terminal ubiquitinylation. Since mutagenesis can in-
duce deleterious conformational changes, criteria of confi-
dence, such as conservation of the protein functions and of its
turnover regulation, are necessary to eliminate the possibility
of nonphysiological degradation of such mutants. Absence or
partial stabilization of a protein in E1 thermosensitive cell lines
also deserves a comment. On one hand, absence of stabiliza-
tion does not necessarily mean ubiquitin-independent degra-
dation because a number of these cell lines show a leaky
phenotype. This characteristic most probably explains why c-
Fos stabilization is not detectable in serum-stimulated mouse
A31N-ts20 cells (26), whereas it is detectable in E36-t5s20 cells
(31) upon a shift at 39°C. On the other hand, limited stabili-
zation does not necessarily imply a leaky phenotype of the cell
line used but may hide a complex degradation mechanism.
This situation is most probably exemplified here for the first
time by c-Fos, whose N-terminal destabilizer is efficiently in-
activated in serum-stimulated E36-520 cells at 39°C while its
C-terminal destabilizer is still active.
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