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The N-terminal transcription activation domain of p53 is
intrinsically unstructured. We show in vitro and in vivo that this
domain initiates p53 degradation by the 20 S proteasome in a
ubiquitin-independent fashion. The decay of metabolically
labeled p53 follows biphasic kinetics with an immediate fast
phase that is ubiquitin-independent and a second slower phase
that is ubiquitin-dependent. The 20 S proteasome executes the
first phase by default, whereas the second phase requires the 26
S proteasome. p53 N-terminal binding proteins, such as Hdmx,
can selectively block the first phase of degradation. Remarkably,
y-irradiation inhibits both p53 decay phases, whereas UV selec-
tively negates the second phase, giving rise to discrete levels of
p53 accumulation. Our data of a single protein experiencing
double mode degradation mechanisms each with unique kinet-
ics provide the mechanistic basis for programmable protein
homeostasis (proteostasis).

The process of ubiquitin-dependent (UD)? degradation is a
key mechanism in regulating the level of mature and functional
proteins that are often found in large multiprotein complexes.
It has become apparent that certain proteins are also subjected
to proteasomal degradation in a ubiquitin-independent (UI)
manner, which at least in vitro is executed by the 20 S protea-
some (1). The 20 S proteasome is the catalytic chamber that
lacks the two regulatory caps (19 S) that are present in the 26 S
proteasome. Without the regulatory domains, proteins cannot
be unfolded in an ATP-dependent manner as is the case with
the 26 S proteasome. In vitro the 20 S proteasomes degrade
proteins that are intrinsically unstructured, whereas structured
proteins are not very susceptible to this degradation (2, 3), sug-
gesting that 20 S proteasomal substrates are naturally intrinsi-
cally unstructured proteins (IUPs). There are many unstruc-
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tured proteins (disordered) in the genome and even more with
unstructured domains. Studies based on various in silico pre-
dictors for protein disorder estimate that at least 25% of the
sequences in SwissProt contain long disordered regions and
that in eukaryotes, this value may be as high as 63% (4). Differ-
ent prediction methods also suggested that unstructured pro-
teins are more susceptible to degradation (5). An important
question is whether the unstructured proteins are subjected to
20 S proteasomal degradation in the cells as well. Supporting
this possibility is that at least a fraction of certain proteins is
subjected to UI degradation, a process that might be executed
by the 20 S proteasome. In a recent study, it was shown that as
much as 20% of cellular proteins can undergo 20 S proteasomal
degradation (6). There are also a growing number of proteins
that have been shown to undergo 20 S proteasomal degradation
in vitro and in vivo and are subjected to Ul degradation (7-10).
Additionally, it appears that proteins that have been reported to
undergo Ul degradation are unstructured or have one or more
long unstructured segments. Thus, it is very likely that IUPs are
susceptible to degradation by both UD and UI mechanisms. In
the emerging field of proteostasis (11, 12), the UI degradation
pathway might be a key regulator IUP homeostasis.

IUPs lacking defined tertiary structure fulfill multiple roles
by associating with many partners, as reviewed by Dyson and
Wright (13). Many key regulators in the cells either are com-
pletely unstructured or have large unstructured domains. [UPs
may escape 20 S proteasomal degradation when associated with
a second protein (14—-16). IkBa, for example, has unstructured
domains at the N and C termini (17). Interestingly, the basal
turnover of IkBa is regulated by UI degradation (18). IkBa can
be degraded by the 20 S proteasome in vitro, and the binding of
p65 can prevent IkBa degradation by the 20 S proteasome (19,
20). Upon binding to NF-kB, IkBa escapes degradation by
default and is stabilized. Under this conditions, IkBa can be
destabilized by IkB kinase-mediated phosphorylation followed
by ubiquitination and degradation (21, 22).

p53 is a tumor suppressor whose cellular level is maintained
mostly by the rate of its degradation (23). There are two distinct
proteasomal degradation pathways of p53, the UD and UI path-
ways. In the UI pathway, p53 undergoes degradation by the 20 S
proteasome (7, 24, 25). Interestingly, UI degradation of p53 can
be blocked by NQO1, an NADH-regulated enzyme (24), which
is in association with the 20 S proteasomes (7). In the UD path-
way, p53 is ubiquitinated by an E3 ligase such as Mdm?2 (26, 27),
Pirh2 (28), or COP1 (29), and following this ubiquitination, p53
is recognized and degraded by the 26 S proteasome. Mdm?2, the
most studied p53 E3 ligase, binds p53 at the N terminus, result-
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ing in the ubiquitination of the C terminus of p53. Hdmx is a
paralog of Mdm?2, and although it shares high sequence and
structural homology with Mdm?2, it does not have E3 ligase
activity and thus cannot target p53 for degradation. Hdmx has
been shown to stabilize p53 on the protein level (30 —33). How-
ever, despite the ability of Hdmx to stabilize p53, Hdmx still acts
as a repressor of p53 because, like Mdm?2, the binding of Hdmx
to the N terminus of p53 prevents its transcription activation
(34-37). Thus, Hdmx in some cases has a conflicting activity:
increasing p53 level on one hand and inhibiting p53 activity on
the other hand.

p53 is highly unstructured at the N and C termini (38). Our
goal was to determine whether one of these unstructured
domains is responsible for p53 susceptibility to UI 20 S protea-
somal degradation. The N terminus of p53 contains the tran-
scription activation domains and the binding site for Mdm2/
Hdmx (residues 1-42), the second transcription activation
domain, and the proline-rich domain (residues 64-92),
whereas the C terminus contains the oligomerization domain
(residues 307-355) and three nuclear localization sequence
motifs (residues 356 —393). The unstructured N terminus tran-
scription activation domain of p53 generates a large number of
protein-protein interactions and is subjected to multiple mod-
ifications (39 —41). We report here that this domain is respon-
sible for the susceptibility of p53 to 20 S proteasomal degrada-
tion in vitro and in vivo. Thus, cellular p53 level is regulated by
a double mode degradation mechanism, namely 26 S proteaso-
mal, E3 ligase-mediated UD degradation and 20 S proteasomal
degradation by default. We demonstrate that p53 undergoes
biphasic decay kinetics and further correlate the biphasic kinet-
ics curve with the UI (20 S proteasome) and UD degradation
processes. Remarkably, utilizing Hdmx as a model protein, we
show that N terminus-binding proteins rescue p53 from the
first UI degradation phase, exemplifying the capacity of the cell
to differentially regulate the two pathways of degradation and
control p53 homeostasis (proteostasis). Furthermore, the fact
that p53 is subjected to two distinct degradation pathways, each
with specific kinetics, permits programmable p53 discrete
steady state levels tailored to cope with different types of stress.

EXPERIMENTAL PROCEDURES

Plasmids and Transfections—The plasmids used are
as follows: pRc/CMV p53 encoding wild-type human p53,
pcDNA3.1 WT p53, 1-363, 1-312, 40-393(A40), 97-
393(A97), all with an HA tag at the C terminus pcDNA3.1
Hdmx-HA and Mdm2. Lentiviral vectors with shRNAmir
against 26 S proteasome subunit Rpn2 and control shRNAmir
were purchased from Open Biosystems. Transducing lentivirus
particles were produced according to the manufacturer’s
protocol.

Nondenaturing PAGE—Cells were collected and homogenized
in buffer containing 20 mm Tris-HCI (pH 7.5), 1 mm EDTA, 1 mMm
dithiothreitol, and 250 mm sucrose. The extract was then sub-
jected to centrifugation: first 1000 X g for 5 min and then
100,000 X g for 30 min. The supernatant was taken and subjected
to ultracentrifugation for 16 h at 100,000 X g. The pellet was resus-
pended and loaded on a nondenaturing polyacrylamide gel using
the protocol previously described (42).
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Immunoblot Analysis—The protein mix was mixed with Lae-
mmli sample buffer (4% SDS, 20% glycerol, 10% 2-mercapto-
ethanol and 0.125 M Tris-HCI), heated at 95 °C for 5 min, and
loaded on a 10% polyacrylamide-SDS gel. Following electro-
phoresis, proteins were transferred to cellulose nitrate
0.45-mm membranes (Schleicher & Schuell). The antibodies
used were: monoclonal DO-1, 1801, 421 anti-HA (Sigma), and
anti-actin (Santa Cruz Biotechnology). Secondary antibodies
were horseradish peroxidase-linked Goat anti-mouse (Jackson
ImmunoResearch). Signals were detected using the Ez-ECL kit
(Biological Industries).

Cells and Transfections—The cell lines used were as follows:
HCT116, p53 null HCT116 cells, A31N-ts20 BALB/c mouse cell
line that harbors a temperature-sensitive E1 ubiquitin-activating
enzyme (43), MEFs p53~/~ Mdm2 /" (kindly provided by Prof.
Oren from the Weizmann Institute of Science), and NIH3T3 cells.
The cells were grown as described previously (24). Transfection
was performed when cells reached 80-90% confluence. p53 null
HCT116 were transfected with JetPEI (PolyPlus Transfection).
A31N-ts20 and MEFs p53~/~ Mdm2 /" cells were transfected
with Lipofectamine 2000 (Invitrogen).

20 S Proteasomal Degradation Assay—20 S proteasomes were
purified from mice livers as described previously (7). Purified pro-
teins were incubated with the 20 S proteasomes in degradation
buffer (50 mm Tris, pH 7.5, 150 mm NaCl) at 37 °C for up to 60 min.
The degradation reaction was stopped with the addition of Lae-
mmli sample buffer and heating at 95 °C for 5 min.

Purified p53 Proteins—p53 lacking amino acids 363-393
(HA-p53 C30), his-p53C-terminus domain of p53 (amino acids
311-393) and wild-type p53 were previously described (44, 45).
The p53AN22 and p53AN97 proteins used were constructed
and expressed by similar means (46). Infection and purification
of p53 proteins from insect cells was performed as before (45).
In vitro translation was performed using the TNT® quick cou-
pled transcription/translation system (Promega, W1I) and plas-
mids mentioned above.

Protein Half-life Determination—24 h after seeding or trans-
fection, cells were starved in methionine-free Dulbecco’s mod-
ified Eagle’s medium with dialyzed serum (Met—) (Biological
industries) for 30 min. Cells were then collected, pelleted, and
resuspended in Met— and then labeled with prewarmed
[**S]Met (10 mCi/ml; Amersham Biosciences), reaching a final
concentration of 0.2 mCi/ml for different times as mentioned
above (1- 60 min) (in the NIH 3T3 experiments, cells were not
starved for methionine before labeling with [>°S]Met). 50 um
MG132 (Calbiochem) was added 20 min before labeling where
indicated. The cells were then pelleted, washed with 1X phos-
phate-buffered saline, and resuspended in prewarmed medium
containing unlabeled Met (2%) Met+. The cells were then ali-
quoted into 0.5 ml of prewarmed Met+ and incubated at 37 °C
for the indicated times. Cells were pelleted and lysed in radio-
immune precipitation buffer (7), and samples were subjected to
immunoprecipitation with anti-HA, anti-p53 (1801), or anti-
p53 (421) antibodies. Immunoprecipitates were washed four
times in radioimmune precipitation buffer and run on SDS-
PAGE, and radioactivity present in individual bands was deter-
mined using the Fuji Bas2500 phosphorimaging device. Cyclo-
heximide experiments were done as described previously (47).
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The data analysis and the mathematical fits were done utilizing
the cftool in MATLAB program.

Protein Accumulation Assay—NIH 3T3 cells were UV- (50
J/m?) or y-irradiated (6 grays). After 30 min, cells were col-
lected, pelleted, and resuspended in M— containing [**S]Met
(10 mCi/ml; Amersham Biosciences) and incubated at 37 °C for
the indicated times. Cells were then collected and treated as
described above.

RESULTS

The N Terminus of p53 Is Required for pS3 Degradation by the
20 S Proteasome in Vitro—The 20 S proteasome preferentially
degrades IUPs (2, 3). p53 is intrinsically unstructured at both
the N terminus and the C terminus (38). This led us to explore
whether these regions of p53 are responsible for its susceptibil-
ity to 20 S proteasomal degradation. To address this question,
we utilized in vitro translated or baculovirus-expressed and
-purified WT and mutant p53 proteins that lacked sequences at
either the N terminus or the C terminus of the protein and used
20 S proteasomes purified from mouse livers as described pre-
viously (7).

p53 was efficiently degraded by the 20 S proteasome in vitro,
exhibiting almost complete degradation within 30 min (Fig.
1A). The AC30 p53 truncation mutant, missing the last 30
amino acids, was degraded to the same extent as the WT. The C
terminus region in isolation CT-(311-393) was completely
degraded by the 20 S proteasome, confirming its unstructured
nature (Fig. 1B). In vitro synthesized [**S]methionine-labeled
C terminus deletions of p53 were also susceptible to 20 S
proteasomal degradation just as the wild-type protein (Fig.
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tured domain at the N terminus of
p53 is crucial for its susceptibility to
20 S proteasomal degradation.

p53 Is Degraded by the 20 S Proteasome via Its N Terminus—
The role of the N terminus in the susceptibility of p53 to 20 S
proteasomal degradation may suggest that p53 degradation is
initiated at the N terminus. To test this possibility, we examined
the p53 partial degradation products by the 20 S proteasome
using antibodies specific for different epitopes of p53 (Fig. 24).
When probing a partial p53 digest using an antibody recogniz-
ing the N terminus (DO-1, recognizing amino acids 21-25), no
new fragments were detected after the degradation. Only one
fragment was detected by the 1801 antibody (amino acids
46 -55), whereas several fragments were detected by the C-ter-
minal 421 antibody (amino acids 371-380) (Fig. 2B). This pat-
tern of fragments is best explained by the assumption that the
degradation of p53 by the 20 S proteasome is initiated from the
N terminus.

The Binding of the N Terminus of p53 Can Protect It from 20
S Proteasomal Degradation—W e have previously shown that
binding of a protein can protect a client substrate protein from
20 S proteasomal degradation (7, 16). To see whether this also
holds for p53, we subjected p53 to 20 S degradation in the pres-
ence of specific antibodies. The binding of DO-1 antibody to
the N terminus prevented p53 degradation, whereas the bind-
ing of 421 to the C terminus had no effect (Fig. 2C). These
results suggest that binding of proteins to the N terminus of p53
may protect p53 in this degradation pathway.

Mdm?2 and Hdmx (Hdm4) share high sequence resemblance
and have been both shown to bind p53 at the unstructured N
terminus, inducing a best fit structure (48, 49). We incubated
p53 with and without Mdm2/Hdmx and subjected these pro-
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FIGURE 2. p53 degradation by the 20 S proteasome is initiated only at the N terminus (N). A, schematic
representation of the p53 protein and the recognition map of the various antibodies used in this work. C, C
terminus. B, baculovirus-purified p53 was incubated with the 20 S proteasome 30 min, the reactions were
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analyzed by SDS-PAGE, and the detection of degradation products was done by immunoblotting (/B) with

antibodies specific for different epitopes of p53. C, purified p53 was incubated with 20 S proteasomes for 1 hin

(Eq.5)

the presence or absence of either DO-1 or 421 antibodies. The level of degradation was monitored by immu-

noblotting, and the amount of antibodies added was monitored by the levels of heavy chain (HC). D, in vitro
translated [**SImethionine-labeled p53 was incubated for 1 h with 20 S proteasomes in the presence or
absence of increasing amounts of either in vitro translated Hdmx or in vitro translated Mdm2. Protein levels

were detected by autoradiography.

teins to 20 S degradation. Both of these proteins could protect
p53 from degradation in this in vitro system (Fig. 2D), further
strengthening the possibility that binding to the unstructured
N terminus of p53 rescues p53 from 20 S degradation.

p53 Degradation in Vivo Is Biphasic—Previous studies have
shown that p53 is susceptible to degradation by both ubiquitin-
dependent and ubiquitin-independent mechanisms. However,
it was not clear how each mechanism contributes to the overall
degradation of p53 and to the kinetics of this degradation. To
address this problem, we used a mathematical approach to ana-
lyze the decay kinetics of p53. The basic model of p53 degrada-
tion is that p53 is synthesized (S) and then degraded by the
ubiquitin system (K}) (Fig. 3A). In this case, the equation for p53
levels would be as shown in Equation 1, and the solution of this
equation when synthesis is stopped (S = 0 and p53[0] = A0) is
described in Equation 2

p53'[t] = S — K,p53[t] (Eq.1)

[p53] = AQe *« (Eq.2)

If applying Ln to Equation 2, alinear monophasic decay curve is
expected with the slope of —K| from which the half-life of the
protein can be calculated (£, = Ln(2)/K,). On the other hand,
our in vitro data have shown that p53 is susceptible to degrada-
tion by the 20 S proteasome, but binding to another protein can
prevent this degradation. These results lead to a model in which
free p53, such as newly synthesized p53 that has not yet formed
a complex with a partner, can undergo fast degradation by the
20 S proteasome (K) or form a functional complex at the rate of
B (Fig. 3B). Once in a complex, p53 can only be degraded by the
ubiquitin system at the rate of K. Under these assumptions, the
equations that would describe the behavior of the two forms of
p53, the free form (f(¢)) and the form in a complex (c(¢)), are
described in Equations 3 and 4 respectively.
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With these two models at hand,
we looked at the decay curve of
endogenous p53 after a pulse-chase
experiment with 5-min labeling
with [*°S]methionine. We fitted to
the experimental data the best fit for a single exponent function
(monophasic) and double exponent function (biphasic) (sup-
plemental Table 1). The two-exponent fit was much better, as
can be visualized (Fig. 3C). A monophasic curve cannot encom-
pass the initial fast decay and the slower later decay to such an
extent as the two-exponent function. To emphasize the better
fit of the two-exponent function, we applied Ln to the experi-
mental data and the two fits (Fig. 3D). A biphasic degradation
mode better explains the experimental data. To further validate
that indeed there is biphasic degradation in cells, we utilized
another approach whereby the decay curve of endogenous p53
was examined following different labeling times. If indeed the
first phase of degradation is fast, longer labeling of a protein will
result in the minimization of the relative contribution of the fast
phase in the overall decay kinetics, whereas the second slow
phase should not be affected. As expected, with long 30-min
labeling, the relative contribution of the fast phase in overall
decay kinetics became minor, whereas the second phase
remained the same (Fig. 3E). Specifically, when looking only at
the first phase of degradation, in the 5-min pulse, the kinetics is
k= —0.034 (R* = 0.99 t;, = 20 min), and with the 30-min pulse,
the k = —0.024 (R*> = 0.99 t1, = 29 min) (Fig. 3F). This kinetics
is consistent with the biphasic degradation of p53 in these cells
with the first phase being faster than the second.

The First Phase of p53 Degradation Is Mediated by the 20 S
Proteasome—To quantify p53 decay, we performed a pulse-
chase experiment with a minimal pulse of 1 min and a longer
pulse of 30 min (Fig. 4A4). Analyzing the decay of p53 after
applying Ln revealed that p53 exhibited biphasic degradation in
HCT116 cells and that the first phase decreased when the pulse
was longer (Fig. 44). This degradation is proteasomal and was
completely inhibited by MG132, an inhibitor of the proteasome
(Fig. 4B).
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increased (Fig. 4D) and that there
was a significant decrease in the
protein level of Rpn2 and an
increase in the p53 levels (Fig. 3E).
These results strongly suggest that
the first fast phase of p53 degrada-
tion is mediated by the 20 S
proteasomes.

The First Phase of p53 Degrada-
tion Is UI—Newly synthesized p53
can be degraded by the 20 S protea-
some, a process that is expected to
be UL To validate its UI nature, we
utilized TS20 cells in which under
39 °C the ubiquitin system is inacti-
. vated (43). Pulse-chase experiments

$ revealed that endogenous p53 was
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indeed susceptible to degradation at
39 °C (Fig. 5A). Consistent with the
results in the NIH3T3 and HCT116
cells (Figs. 3 and 4), we observed
that in the TS20 cells, p53 had a
biphasic degradation curve as well
(Fig. 5B). Remarkably, at 39 °C, only
the first phase of degradation was
evident, demonstrating that this
phase is UL The results are not due
to an altered 20 S/26 S ratio that
remained the same at both temper-
atures (supplemental Fig. 1). Due to
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FIGURE 3. p53 degradation is biphasic. A and B, schematic representation of the two proposed mechanisms
of p53 degradation. Pulse-chase experiments on endogenous p53 in NIH3T3 cells were performed at least
three times for the two pulse times (5 and 30 min). N, N terminus; C, C terminus; S, synthesis; E2, ubiquitin carrier
protein. C, the 5-min pulse results were plotted (experimental), and a one-exponent (Mono-phasic) and two-
exponent fit (Bi-phasic) was performed utilizing cftool of MATLAB. D, the graphs described in C were plotted
after Ln was applied. E and F, experimental data of p53 pulse-chase experiments for the two different pulse

times (5 and 30 min).

Given the susceptibility of the free p53 N terminus to 20 S
proteasomal degradation, we reasoned that in the cells, the
newly synthesized p53 is at higher risk of degradation by this
pathway, accounting for the first fast decay phase. To test our
hypothesis, we knocked down the Rpn2 subunit of the 19 S
proteasome cap to prevent the assembly of 26 S proteasomes,
whereas not affecting 20 S proteasomes. If our hypothesis is
correct, under this condition, the first decay phase should
remain intact, whereas the second phase should disappear (as it
is ubiquitin- and 26 S proteasome-dependent). HCT116 cells
were infected with a viral vector encoding either scrambled
control shRNA™ or a specific target for Rpn2. Under these
conditions, we performed a pulse-chase experiment. In
the control knockdown, p53 was degraded throughout the 2-h
chase (Fig. 4C) in a biphasic degradation pattern. In the Rpn2
knockdown cells, the second phase was completely inhibited,
whereas the first remained intact (Fig. 4C). To verify that the
knockdown of Rpn2 indeed changed the 20 S/26 S ratio, we
examined this ratio on a native gel. We observed that following
the knockdown of Rpn2, the 20 S/26 S ratio significantly
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40 60 the rapid kinetics of the first phase
of degradation, no p53 degradation
was detectable with a 60-min-long
pulse (Fig. 5C). In addition, under
39 °Cand in the presence of the pro-
teasome inhibitor MG132, the fast
degradation of the newly synthe-
sized p53 vanished (Fig. 5D), con-
firming that this process is proteasome-dependent but
ubiquitin-independent.

In the in vitro degradation assay, we have shown that the
AN97 p53 mutant lacking the N-terminal disordered region
was resistant to 20 S proteasomal degradation. To validate that
the degradation in vivo at 39 °C is mediated by the 20 S protea-
some, we followed AN97 p53 degradation in TS20 cells. In
agreement with the in vitro data, WT p53 was degraded,
whereas the AN97 mutant was resistant at 39 °C (Fig. 5E).
These results infer that newly synthesized p53 undergoes Ul
degradation by the 20 S proteasome, whereas the second
phase of degradation is the ubiquitin- and 26 S proteasome-
mediated degradation.

P53 N-terminal Binding Proteins Can Stabilize p53 in the Ul
Degradation Pathway—Unstructured domains such as the N
terminus of p53 have been shown to be associated with binding
diversity (50). Our model predicts that when p53 is bound to
other proteins (specifically via its N terminus), it is protected
from degradation by default (Fig. 3B). To this end, we utilized
Hdmx as a model p53-binding protein. It was shown that the
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FIGURE 4. The rapid phase of p53 degradation is mediated by the 20 S proteasome. HCT116 cells were
pulsed with **S[methionine] for 1 and 30 min (A) or for 10 min (Band C) in the absence (A and C) or presence (B)
of 50 uMm MG132. Cells were collected at the indicated time points, and p53 was immunoprecipitated (/P). The
levels of labeled p53 were detected by autoradiography. /B, immunoblotting. C-E, HCT116 cells were trans-
duced with control or Rpn2 shRNA™". After 96 h after infection, pulse-chase experiments were performed on
p53inthe transduced cells (C). The ratio of the 20 S/26 S proteasomes was determined after their separation on
native gels (D), and the total protein levels of 20 S and 26 S proteasome subunits were analyzed (E).
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FIGURE 5. Newly synthesized p53 is degraded by the 20 S proteasome in a Ul manner. A-£, a pulse-chase
experiment was performed as described under ‘Experimental Procedures.” After incubation of TS20 cells for
16 h at 32 °C or 39 °C, endogenous p53 (A-D) or transfected p53 constructs (E) were immunoprecipitated (/P).
50 um MG132 was added where specified, 30 min before labeling (D). The decay of p53 was monitored by
autoradiography, and the levels of immunoprecipitated p53 were detected by immunoblotting with p53
antibodies (421 and 248 for endogenous and HA for transfected).

unstructured N terminus of p53 can acquire structure when

bound to Mdm2/Hdmx (48, 49) and the
human replication protein A (hRPA70) (51)

(Fig. 2).

Next we asked whether this principle is followed in cells.
Hdmx stabilized p53 on the protein level (Fig. 64) and did not
affect p53 translation (Fig. 6B). Furthermore, Hdmx stabiliza-
tion of p53 could be achieved in the UI degradation pathway of
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.Moreover, in vitro,
p53 can be protected from 20 S UI degradation by p53 N-ter-
minal binding proteins (Hdmx, Mdm2, and DO-1 antibody)

70-kDa subunit of

p53, suggesting that Hdmx could
protect newly synthesized p53 from
UI degradation (Fig. 6C). Moreover,
the inability of Hdmx to stabilize
only the AN40 form of p53 sug-
gested that the binding to the N ter-
minus of p53 is crucial for the stabi-
lization of p53 in the UI pathway
(Fig. 6E). Hdmx stabilization can be
achieved in the absence of mdm?2 as
it could stabilize p53 and inhibit the
first phase degradation of p53 in an
Mdm2 null background (Fig. 6G).

Mdm?2 is another model protein
that can prevent p53 Ul degradation
in vitro (Fig. 2). As expected and
unlike Hdmx, in the TS20 cells,
Mdm?2 at 32 °C caused p53 degrada-
tion (Fig. 6D, left panel). Remark-
ably, under 39 °C, Mdm?2 played an
opposite role and stabilized p53
(Fig. 6D, right panel). Inactive
Mdm?2 (1-441 mutant, lacking E3
ligase activity), like Hdmx, could
stabilize p53 in the p53™/~ and
Mdm2 /" MEFs (Fig. 6F). Overall,
the data suggest that p53 can be
stabilized in the presence of Hdmx
or inactive Mdm?2, both p53 N-ter-
minal binding proteins. Thus,
binding to p53 prevents its degra-
dation by default, a process that is
both ubiquitin-independent and
Mdm2-independent.

Biphasic Degradation Enables Dif-
ferential Accumulation and Altered
Steady State Levels of p53 Following
Different Stresses—A double mode of
degradation of p53 can enable a dif-
ferential accumulation pattern of
p53 following different stressors.
We set out to examine whether
indeed this is the case. For example,
p53 is differentially accumulated
following UV as compared with IR
(52), but the underlying mechanism
remained elusive. When NIH3T3
cells were exposed to either UV (50

J/m?) or IR (6 grays), the accumulation kinetics behaved differ-
ently. Following UV, p53 accumulation was delayed as com-
pared with the IR-induced accumulation. Mdm?2 level was not
increased by UV, resulting in higher levels of p53 at later times
(Fig. 7A). IR induced a rapid accumulation of p53 that was fol-

lowed by a decline after 90 min, probably due to an increase in

the Mdm?2 level. Next we wanted to quantify the levels of p53
accumulation and degradation following UV and IR by labeling
the cells with [**S]methionine. For both assays, cells were
labeled starting 30 min after stress induction. Looking at the
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IB: Actin 358 |Z| B.GFP | = ing out an N terminus rule in pro-
0.9) ’ teasomal degradation. Given the
fact that the C terminus of p53 is
D T820 32°C T82039°C E TS20 39°C also unstructured (38), the question
p33-HA 4+t p53-HA + + + - - - remains as to what traits of an
Mdm?2 - o= - ~ == - AN40-HA - - - + + + unstructured segment make it a
Ha-HDMX - = == HA-HDMX - — - — good initiator of degradation by the
E P33 ETT | = HDMX—- T -8 20 S proteasome.
m| HDMX ) 53— IB-HA The two distinct degradation
IB:Mdm2 [ [ AN40 —p- [ pathways of p53, one UD and the
IB:Actin [ [ other Ul lead us to bring about a
working model that is described in
F MEF p53-/- Mdm?2-/- G Fig. 3B. In this model, the newly syn-
p33 + o+ o+ o+ o+ 4.8 53+Hdmx thesized p53 is susceptible to rapid
HA-Hdmx - — - - S ad Ul degradation via the free unstruc-
1-441 Mdm2 - - - —= é- tured N terminus. Once the N ter-
Bps53 [E T ¢ pS minus is occupied by a second pro-
IB: Mdm2_ - 3.6 tein, p53 degradation requires
IB:HA % 0 60 ubiquitination. We challenged this

IB:Actin

GFP, green fluorescent protein. F~G, MEF p53~/~ Mdm2 ™/

Hdmyx, and a pulse-chase experiment was performed as described above.

accumulation of labeled p53, as expected, the control steady
state level was the lowest but increased in response to UV and to
a much higher level with IR (Fig. 7B). The difference in the
accumulation cannot be explained by changes in p53 transla-
tion (supplemental Fig. 2). To understand the accumulation, we
followed the degradation decay at the same experimental con-
ditions as in the accumulation experiment. Biphasic degrada-
tion was observed in the control samples. Remarkably, UV
blocked the UD second phase but seemed to have little effect on
the UI degradation (Fig. 7C). IR, on the other hand, blocked the
first phase and attenuated the second phase of degradation (Fig.
7C). Similar results were obtained in HCT116 cells (supple-
mental Fig. 3). Overall, these results indicate that discrimina-
tive inhibition of the two phases of degradation enables discrete
accumulation kinetics of p53 programmed to cope with unique
types of stress.

DISCUSSION

p53, a key regulator of cell fate, has unstructured domains at
both termini. We show that the lack of structure of the N ter-
minus of p53 is crucial for its UI degradation enabling vectorial
processing with an N to C terminus direction by the 20 S pro-
teasome. It has been demonstrated that an unstructured
domain at the N terminus of a protein may facilitate degrada-
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g

FIGURE 6. p53 is stabilized by N-terminal binding proteins in the Ul pathway. p53-HA was transfected into
HCT~/~ p53 cells in the presence or absence of Hdmx. After 24 h, 25 ug/ml cycloheximide (CHX) was added,
and cells were collected at the indicated time points (A) or 50 um of MG132 was added for 30 min and then the
cells were labeled with [>*SImethionine for 30 min (B). Cells were then collected, extracted, and subjected to
immunoprecipitation (/P). TS20 cells were transfected with p53 with increasing amounts of Hdmx (C) orincreas-
ing amounts of Mdm2 and Hdmx (D) and were incubated for 16 h at either 32 °C or 39 °C. E, WT and AN40 p53
were transfected into TS20 cells with or without increasing amounts of Hdmx and incubated for 16 h at 39 °C.
~ cells were transfected with p53 in the presence or
absence of increasing amounts of Hdmx and ARING Mdm2-(1-441) (F). G, p53 was transfected with or without

model by examining the decay of
endogenous p53 in cells, and we
show that p53 undergoes biphasic
decay kinetics. The immediate and
fast decay kinetics represents the
newly synthesized p53 that was
degraded by the 20 S proteasome in a
UI manner, whereas p53 that escapes
the first phase of degradation contin-
ues to be subjected to the second
phase of degradation, that is UD, with much slower kinetics.

It has been previously shown that as much as a third of newly
synthesized total proteins are degraded within the first half hour
exhibiting biphasic behavior with a fast degradation phase within
the first hour of synthesis and slower degradation that follows (55—
57). Moreover, at least some of the newly synthesized proteins
were shown to be degraded by the proteasome in a Ul manner (55).
It has been suggested that this process is important to get rid of the
misfolded proteins, which are referred to as defective ribosomal
products (DRIPs), as a quality control mechanism (56). Despite the
similarity between these findings and ours on p53, the underlying
mechanisms appear to be completely different. In our case, the
behavior of p53 is the result of an inherent property of the func-
tional protein that is intrinsically unstructured. Although DRIPs
need chaperones to acquire proper folding and escape degradation
(55), the intrinsically unstructured proteins, although having a
positive correlation with binding to proteins, have a negative cor-
relation with binding to chaperones (58). In contrast to the DRIP
model, we found that the first decay phase is under regulation and
that its turning off is programmed. Therefore, the biphasic behav-
ior of p53 degradation is not the result of a quality control mech-
anism but rather an inherent feature.

Our model predicts that an IUP is susceptible for default
degradation as long as the unstructured segment is free. IUPs
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refractory to Mdm?2, it is possible
that such discrete pulses are gener-
ated by regulating the first UI decay
kinetics. This can be observed when

IB: Actin

comparing p53 accumulation fol-
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Pulse(min) 15 30 4560 90
= =« |Control

| UV 50 J/m?*(min)

6Gy (min)

Ip:p53

=—— Control
J —li—UV

lowing UV and IR.

The effect of dual degradation
modes on the outcome of stress
response was also recently demon-
strated in the case of NFkB. NF«kB
can bind and stabilize IkBa from UI
degradation, a process that is crucial
for NFkB activation (22). Further-

c NIH 3T3 cells
Chase(min) 0 5 15 30 45 60

120

Control

UV 50J/m?

Ip:p53

6Gy

more, the dual degradation mode
was shown to be crucial in NF«B
response to UV (21). Thus, the com-
bination of a double mode protein
degradation mechanism and bipha-
sic decay kinetics might be a more
general phenomenon. We propose
that this molecular scenario per-
mitting programmable discrete
steady state levels is a hallmark of
many stress-responding effectors.

30 60 90
Time(min)

=== Control
=ll=—=UV
IR

FIGURE 7. Differential accumulation and degradation of p53 following UV and IR. A, NIH 3T3 cells were
exposed to either UV (50 J/m?) or IR (6 grays (6Gy)), and either total levels of proteins (A) or the accumulation of
[**SImethionine-labeled p53 following incubation of the cells with [**SJmethionine for the indicted time points
(B) or the decay of labeled p53 after a pulse with [**SImethionine for 10 min (C) 30 min after exposure of cells
were detected as described above. IB, immunoblot; Ip, immunoprecipitation; A.U., absorbance units.

may escape 20 S proteasomal degradation by binding to a pro-
tein partner (16, 59). Hdmx that binds the N terminus of p53
was used as a model protein. We demonstrate here that the
N-terminal binding proteins of p53 cannot only prevent the
degradation of p53 by the 20 S proteasome in vitro but also
protect newly synthesized p53 from being degraded by the UI
degradation pathway. This novel degradation pathway is
important as p53 protein levels are largely regulated at the level
of escaping degradation. The unstructured N terminus of p53 is
modified mostly by phosphorylation in response to stress-in-
duced kinases (40). These modifications sharply reduce p53
affinity to Mdm2 and therefore protect p53 from degradation.
This simple model does not explain how the kinetics of p53
accumulation differs in response to the first rapid decay kinetics
following IR and the lack of inhibition by UV. Apart from allow-
ing discrete steady states, the biphasic kinetics allows reaching
amaximal level of p53 much beyond what a monophasic mech-
anism permits. The differences between the two may change
with the weight and the kinetics of the rapid phase. Also, the
dual mode of the p53 degradation mechanism (each with dis-
tinct kinetics), in theory, may program at least four discrete
steady state levels. In this study, we demonstrated the possibil-
ity of separately blocking each of the degradation phases.
Finally, it has been suggested that the p53-Mdm?2 feedback loop
generates a ‘digital’ clock that releases scheduled quanta of p53
in response to DNA damage (60, 61). Given that under DNA
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% 120 The fact that a large number of

effector proteins contain inherently
unstructured regions fits well with
this emerging principle.

Finally, the stabilizing role of the
p53 N-terminal binding proteins
described here is distinct from the
chaperone-like activity described in other contexts (62). There
are many N-terminal binding proteins of p53 (41, 63) that
induce different p53 activities In this study, we used Hdmx as a
model protein to hold ‘nanny* activity, namely protecting newly
synthesized p53 from degradation, allowing it to mature to
function. Whether other proteins with disordered regions have
to have their specific ‘nannies’ is an important prediction of our
model that can be experimentally challenged.

60
Time(min)
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