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Background: The p53 and c-Jun N-terminal kinase (JNK) pathways both act to initiate an apoptotic response to genotoxic

stress.

Results: The DNA binding domain of p53 binds to diphosphorylated JNK and prevents its dephosphorylation.

Conclusion: p53 potentiates the level of JNK activity.

Significance: Changes in p53 levels may coordinate the timing of an apoptotic response through regulation of JNK activity.

c-Jun N-terminal kinase (JNK) is a serine/threonine phospho-
transferase whose sustained activation in response to genotoxic
stress promotes apoptosis. In Drosophila, the normally rapid
JNK-dependent apoptotic response to genotoxic stress is signif-
icantly delayed in Dmp53 (Drosophila p53) mutants. Likewise,
the extent of JNK activity after UV irradiation is dependent on
p53 in murine embryonic fibroblasts with loss of p53 resulting in
diminished JNK activity. Together, these results suggest that
p53 potentiates the JNK-dependent response to genotoxic
stress; however, the mechanism whereby p53 stimulates JNK
activity remains undefined. Here, we demonstrate that both
Drosophila and human p53 can directly stimulate JNK activity
independently of p53-dependent gene transcription. Further-
more, we demonstrate that both the Drosophila and human p53
orthologs form a physical complex with diphosphorylated JNK
(PPJNK) both in vivo and in vitro, suggesting that the interaction
is evolutionarily conserved. Focusing on human p53, we demon-
strate that the interaction maps to the DNA binding domain
(hp53PBD), Intriguingly, binding of p53°EP alone to PPJNK pre-
vented its inactivation by MAPK phosphatase (MKP)-5; how-
ever, JNK was still able to phosphorylate c-Jun while in a com-
plex with the p53PBP. Apparent dissociation constants for the
p53PBP-PPINK (274 = 14 nm) and MKP-5-"PJNK (55 = 8 nwm)
complexes were established; however, binding of MKP-5 and
P53 to JNK was not mutually exclusive. Together, these results sug-
gest that stress-dependent increases in p53 levels potentiate JNK
activation by preventing its rapid dephosphorylation by MKPs and
that the simultaneous activation of p53 and JNK may constitute a
“fail-safe” switch for the JNK-dependent apoptotic response.

Programmed cell death (or apoptosis) plays a fundamental
role during the development of multicellular organisms, serv-
ing to sculpt tissues by removing excess cells, establish appro-
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priate immune cell complements through the elimination of
self-reactive cells, and maintain tissue homeostasis through
regulation of normal cell turnover (1-4). Importantly, dysregu-
lation of the normal apoptotic response is an essential step dur-
ing oncogenic transformation (3, 4), implying that the fidelity of
the cell death process is of paramount importance.

Initiation of the apoptotic process depends on activation of
either the extrinsic, intrinsic, or both cell death pathways,
which differ in the mechanisms whereby the downstream
caspase machinery in activated. The c-Jun N-terminal kinase
(INK) signaling cascade has unique roles in both pathways
(5-9); thus, a detailed understanding of the role(s) of JNK and
its regulation during both normal development and the apoptotic
response to oncogenic and genotoxic stress is essential.

JNK was originally identified as a result of its ability to phos-
phorylate the transcription factor c-Jun at Ser-63 and Ser-73
(10). Additional studies have shown that JNK-dependent phos-
phorylation also regulates the activity of a series of other tran-
scription factors, such as ATF2, Elk-1, p53, Pax2, c-Myc,
FOXO4, STAT1/3, and PPAR-vy1 (for a review, see Ref. 11).
Together, these studies suggest that JNK signaling affects cel-
lular phenotypes, including an apoptotic response to genotoxic
stress through the regulation of gene transcription. Consistent
with this hypothesis, mutation of Ser-63 and Ser-73 to alanine
blocks the apoptotic response of several different cell types to
JNK stimulation (12—-14). Alternatively, JNK can phosphorylate
many cytoplasmic proteins, including members of the Bcl-2
and Bax families (15—17), which play a direct role in regulating
the apoptotic response through modulation of mitochondrial
outer membrane permeability and cytochrome c release. Thus,
JNK signaling can stimulate apoptosis through mitochondrion-
based mechanisms as well as traditional transcriptional (nucle-
us-based) mechanisms.

The MAPK phosphatases (MKPs)? render extracellular sig-
nal-regulated kinase (ERK), JNK, and p38 kinases inactive

2The abbreviations used are: MKP, MAPK phosphatase; dJNK, Drosophila
INK; PPINK, diphosphorylated JNK; rJNK, rat SAPK; hp53, human p53;
Dmp53, Drosophila p53; DBD, DNA binding domain; Puc, puckered; MEF,
murine embryonic fibroblast; CIAP, calf intestinal alkaline phosphatase;
CPM, 7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin; luc, lucif-
erase; UAS, upstream activation sequence; MTS, mitochondrial targeting
sequence of Bcl-2; BaxTM, Bax transmembrane domain.
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through dephosphorylation of phosphothreonine and phos-
photyrosine residues found in the TXY motif in the kinase acti-
vation loop (for a review, see Ref. 6). Individual MKPs show
preferential activity toward specific MAPKs; however, the func-
tional redundancy between MKPs has hindered assignment of
their relevant functions during development (18). Nevertheless,
elevated expression of MKPs, like MKP-1, have been shown to
support oncogenic transformation by antagonizing the apopto-
tic response to oncogenic and/or genotoxic stress (19-21).
Thus, modulation of phosphatase activity is a critical determi-
nant of cell viability and transformation through its regulation
of MAPKs.

P53, commonly referred to as “guardian of the genome,” is
known to regulate cell cycle progression and apoptosis in mam-
mals and is mutated in approximately half of all the known
human tumors (22, 23). Like its ortholog, Drosophila p53
(Dmp53) is needed to induce apoptosis in cells that are sub-
jected to genotoxic stress (24 —29). In contrast, Dmp53 does not
induce cell cycle arrest at the G, -to-S checkpoint when overex-
pressed (28), and it is not required for radiation-induced cell
cycle arrest at the G,-to-M checkpoint (24). Therefore, p53-de-
pendent induction of apoptosis is an evolutionarily conserved
process, whereas p53-dependent regulation of the cell cycle
evolved later.

In mammalian systems, it has been suggested that the basal
level p53 activity is influenced in part by JNK as JNK interacts
with and promotes ubiquitylation and degradation of p53 (30).
However, under genotoxic stress, p53 is thought to both disso-
ciate from and be phosphorylated by JNK at Ser-6 and Thr-81,
which allow it to accumulate in cells (31-33). In Drosophila, we
have previously demonstrated that p53 is required for activa-
tion of the JNK-dependent apoptosis in response to genotoxic
stress (34). However, the mechanism whereby Dmp53 influ-
enced Drosophila JNK (dJNK) activity is not known. Here, we
establish an evolutionarily conserved mechanism whereby p53
can influence JNK activity. In Drosophila, we demonstrate that
both Dmp53 and human p53 selectively bind phosphorylated
dJNK, whereas phosphorylation does not influence binding of
rat a-stress-activated protein kinase (SAPK; henceforth
referred to as rJNK). Furthermore, we demonstrate that the
DNA binding domain of p53 is capable of preventing MKP-5-
mediated dephosphorylation of activated JNK. Although we
demonstrate that MKP-5 binds with a 5-fold tighter affinity to
JNK than does p53, binding of MKP-5 is not mutually exclusive
with c-Jun or JNK. Based of these results, we propose a model
whereby p53 binding to JNK regulates the level of kinase activ-
ity with stress-dependent stimulation of p53 levels resulting in
sustained activation of JNK and the induction of apoptosis.

EXPERIMENTAL PROCEDURES

Drosophila Genetics—The following Drosophila strains were
used in these studies: yw, DmpSB[SA‘I -4 puc*?**|TM6b, Tb,
and arm-Gal4"''. All of the alleles are available from the Bloom-
ington stock center and detailed descriptions can be found at
FlyBase. Briefly, the Dmp53'°4-=# allele contains a deletion
that starts 37 bp upstream of the transcription start site and
continues to the last intron, leaving the last exon, which con-
tains only seven codons prior to the stop codon, intact. The
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puc*®’! allele is a recessive lethal insertional mutation in
which the P{ArB} P-element has intron 2 of the puc locus
inserted (35). The P{ArB} element carries a lacZ reporter gene
and functions as an enhancer trap for the puc locus (35-37).
The arm-Gal4'' line carries a P-element that ubiquitously
expresses the Gal4 transcription factor under the control of the
armadillo promoter (38).

The puc*?**! p53154-=# recombinant chromosome was
generated through meiotic recombination. To generate flies
carrying the UASp-"“*SDmp53 transgene, the Dmp53 open
reading frame was amplified and cloned into the pENTR/
TOPO vector (Invitrogen). The resulting pPENTR/Dmp53 plas-
mid was sequenced and then recombined into the pPFW des-
tination vector. The resulting transformation vector was then
used to generate transformants through P-element-mediated
transformation (39). Multiple independent lines were isolated
and mapped, and expression was confirmed through Western
blotting. To generate the flies harboring the UASp-"*hp53
transgene, the human p53 cDNA was isolated from the pUAS-
p53 transformation vector (Ref. 40; a gift from M. Yamaguchi)
and cloned into pBluescriptll. Site-directed mutagenesis was
used to insert a Bglll site just 5" to the stop codon. The HA tag
was inserted into the BgllI site as a pair of oligonucleotides. The
junction encodes for the following amino acids: ... PDSDL-
YPYDVPDYA* (where * denotes the stop codon). The HA-
tagged p53 open reading frame was then transferred to pUASp,
and transformants were generated by P-element-mediated
transformation. Again, multiple independent lines were iso-
lated and mapped, and expression was tested. Additional details
will be provided upon request.

Immunofluorescence/TUNEL Labeling—Wing discs from
wandering third instar larvae were dissected and fixed in 3.7%
formaldehyde, PBTX5 (phosphate-buffered saline (PBS) +
0.5% Triton X-100) for 20 min on ice. Tissues were then rinsed
3 X 20 min in PBT X5, blocked for at least 3 h at room temper-
ature in PBTX5 + 10% BSA, and incubated with primary anti-
body overnight at 4 °C. The samples were then washed 3 X 20
min in PBT X5, incubated for 1 h at room temperature with the
appropriate fluorescent secondary antibodies (1:1000; Molecu-
lar Probes), and washed 3 X 20 min in PBT X5 prior to equili-
bration in Aqua Poly/Mount (PolySciences, Inc.). TUNEL
labeling was done essentially as described (34). Wing discs were
then dissected away from the remainder of the larval tissues and
mounted for confocal microscopy.

Images of wing discs were obtained with an Olympus FV1000
confocal microscope system equipped with argon (488 nm) and
helium-neon (543 nm) lasers for the excitation and detection of
FITC and Alexa Fluor 568, respectively. A 40X oil immersion
objective (numerical aperture, 1.25) was used for obtaining
images. Brightness and contrast levels were adjusted using
Slidebook 4.0 (Intelligent Imaging Innovations) image analysis
software.

Cell Culture—Murine embryonic fibroblasts were main-
tained in DMEM supplemented with 10% fetal calf serum, pen-
icillin, and streptomycin. Cultures were grown in 5% CO,
under 3% oxygen tension to mimic physiological conditions
(41). Prior to treatment with UV light, cells were washed with
1X Hanks’ balanced salt solution, medium was removed, and
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the culture was exposed to 200 J/m> UV light using a Spec-
trolinker XL-1500 UV cross-linker. Fresh medium was added
back to the cells, and cultures were returned to 3% oxygen ten-
sion until lysates were prepared at the indicated times. S2 cells
were maintained in Schneider’s medium supplemented with
10% fetal calf serum, penicillin, and streptomycin and trans-
fected as described (42). HCT116 (p53 /") and HEK 293 cells
were maintained at 5% CO, in DMEM supplemented with 10%
fetal calf serum and penicillin. HCT116 (p53~ /") and HEK 293
cells were transfected using the TransIT-LT1 transfection rea-
gent (Mirus) according to the manufacturer’s recommenda-
tions. SP600125 was resuspended in DMSO, and cells were
treated either with drug or vehicle alone (DMSO) for 24 h prior
to harvesting cell lysates.

Lysates (in triplicate) were collected from transfected cells
~48 h after transfection. Luciferase and (3-galactosidase activ-
ities were determined as described (42). Luciferase activity was
normalized to 3-galactosidase activity, and data are presented
as the average luc/3-gal ratio =S.D. except in Fig. 3B where luc
activity =S.D. is plotted directly as the activity of the control
pCS2+cytop-gal reporter was down-regulated by SP600125
itself.

Antibodies—The following antibodies were used: mouse
a-B-galactosidase (Promega; 1:1000), mouse a-Myc (9E10;
1:5), mouse a-FLAG (Sigma-Aldrich; 1:3000), rabbit a-JNK
(Santa Cruz Biotechnology; 1:500), rabbit a-"?JNK (Cell Sig-
naling Technology; 1:500), mouse a-glutathione S-transferase
(GST) (Santa Cruz Biotechnology; 1:1000), rabbit a-c-Jun and
rabbit a-phospho-c-Jun (Cell Signaling Technology; 1:1000),
mouse «-p38 and rabbit a-phospho-p38 (Santa Cruz Biotech-
nology; 1:1000), and mouse a-p53 (Cell Signaling Technology;
1:2000). Alexa Fluor 568-goat a-mouse (Molecular Probes) and
Hoechst dye (Sigma-Aldrich) were used at 1:1000 to visualize
primary antibodies and DNA, respectively.

Cloning, Expression, and Purification of Recombinant
Proteins—Expression plasmids for producing diphosphory-
lated rat JNK and diphosphorylated murine p38 were provided
by M. Cobb and have been described (43). Briefly, the appropri-
ate plasmid combinations were co-transformed into Esche-
richia coli BL21(DE3) cells, selected with carbenicillin and
kanamycin, and induced for 4 h at 37 °C with 0.8 mM isopropyl
1-thio-B-p-galactopyranoside after reaching an Ag,, of 0.5.
Hexahistidine (His)-tagged rat JNK and murine p38 proteins
were purified via nickel affinity chromatography under
native conditions followed by ion exchange chromatography
using a HiTrap Q HP column (GE Healthcare) and a linear
salt gradient. Recombinant proteins were then dialyzed into
the appropriate reaction buffer. The DNA binding domain
(amino acids 94 -312) of human p53 and the full-length coding
sequence of human MKP-5 were cloned in pET-15b vector,
yielding His-tagged fusion proteins that were purified as
described above except that a HiTrap S HP column was used
for ion exchange chromatography. Site-directed mutagenesis
was used to generate the “****MKP-5 mutant. Dmp53 (amino
acids 1-344) and human p53 (amino acids 1-306) lacking their
C-terminal tetramerization domains (AC) were cloned in
pGEX-KG vector, transformed in E.coli BL21(DE3) cells,
selected with carbenicillin, and induced with 0.8 mm isopropyl

17556 JOURNAL OF BIOLOGICAL CHEMISTRY

1-thio-B-p-galactopyranoside. Glutathione-agarose beads were
used in purifying GST-fused proteins after solubilization in
NETN buffer (20 mm Tris, 1 mm EDTA, 100 mMm NaCl, 0.5%
Nonidet P-40 supplemented with protease inhibitors). Proteins
were either used immediately or stored at —80 °C in pellets
after freezing in liquid nitrogen.

PPyINK Phosphorylation Analysis—To confirm dual phos-
phorylation, recombinant JNK protein was resolved by 10%
SDS-PAGE and visualized by Coomassie Blue staining, and the
protein was excised from the gel and subjected to in-gel tryptic
digestion. The resulting peptides were subjected to HPLC-elec-
trospray ionization-MS/MS, and the identity of the protein was
confirmed through comparison of experimental data with pre-
dicted peptide masses. Phosphorylation sites were mapped
through analysis of the tandem MS data, which yielded distinct
fragmentation patterns associated with each of the phospho-
residues. Mass spectrometry, data collection, and analysis were
conducted by the University of Texas Health Science Center at
San Antonio Institutional Mass Spectrometry Core in collabo-
ration with Dr. Susan Weintraub.

Immunoprecipitation and GST Pulldown Studies—The
Gal4/UAS system was used to overexpress both the
FLAGDmp53 and HA-tagged human p53 (H“hp53) protein in
developing Drosophila embryos (38). Embryos from overnight
collections were dechorionated in 50% bleach, washed with
0.1% Triton X-100, and lysed in NET buffer (50 mm Tris, pH 7.5,
400 mm NaCl, 5 mm EDTA, 1% Nonidet P-40). Nuclei were
removed with a low speed spin, and then mouse a-FLAG (Sig-
ma-Aldrich; M2) or rabbit a-HA antibody was added to the
lysates and incubated for 1 h at 4 °C. Protein A-Sepharose was
then added to the lysate/antibody suspension and incubated for
an additional 1.5 h at 4 °C. Protein complexes were isolated by
centrifugation, and the pellets were washed three to six times
with NET buffer. The final wash was then removed, the pelleted
was resuspended in 2X SDS-PAGE loading buffer, and samples
were denatured by heating at 95 °C for 5 min, resolved by SDS-
PAGE, and transferred to nitrocellulose for Western blotting.

Similarly, GST pulldown assays involving glutathione-aga-
rose beads, GST-tagged Dmp53AC, human p53AC, and/or
rJNK were incubated overnight at 4 °C in NET buffer. Beads
were isolated through centrifugation and washed thoroughly
with 1X PBS containing 1% Triton X-100, and complexes were
resolved by SDS-PAGE and transferred to nitrocellulose prior
to Western blotting.

Kinase Assay—Recombinant rat JNK was incubated with
GST-c-Jun(1-89) in kinase buffer (25 mm Tris, pH 7.5, 5 mm
B-glycerol phosphate, 2 mm DTT, 0.1 mm Na;VO,, 10 mm
MgCl,, 200 um ATP) for 30 min at 30 °C. Reactions were ter-
minated by adding 4X SDS sample buffer, resolved by SDS-
PAGE, and transferred to nitrocellulose. The extent of kinase
activity was measured via immunoblotting the membranes
with mouse a-c-Jun and rabbit a-phospho-c-Jun antibodies.
Pretreatment of diphosphorylated rat JNK with either MKP-5
or calf intestinal alkaline phosphatase (CIAP) was done prior to
dilution in kinase buffer and addition of GST-c-Jun(1- 89). Pre-
incubation of JNK with or without hp53°® was carried out in
10 mm HEPES, 150 mMm NaCl, 3 mm EDTA for 1 h at 30°C.
MKP-5 was then added, and the reaction was supplemented
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FIGURE 1. JNK signaling promotes apoptosis in absence of p53 after exposure to x-ray radiation. A-E, third instar wing discs labeled for INK?®" (red),
TUNEL (green), and DNA (blue). A, B, and D, wild-type wing discs harboring the INK*®" (puc*?*"7/+) at 0, 4, and 20 h, respectively, after exposure to 4000 rads of
x-ray radiation. C and E, p53©°#"=%/p53©4-"=4l ing discs harboring the JNKREP (puc??*™-'/+) at 4 and 24 h, respectively, after 4000 rads of x-irradiation.

with 25 mm MgCl, and 1 mm DTT. Mixtures were then incu-
bated for 2 h at 30 °C prior to dilution with kinase buffer and
addition of GST-c-Jun(1-89).

Phosphatase Assay—The phosphatase activity of recombi-
nant MKP-5 was initially characterized using p-nitrophenyl
phosphate as a substrate. MKP-5 was incubated at room tem-
perature in a reaction mixture containing p-nitrophenyl phos-
phate (Thermo Scientific), 10 mm DTT, and 10 mm MgCl,.
Phosphatase activity was determined by measuring the absorb-
ance at 405 nm. MKP-5 was also used to dephosphorylate
dually phosphorylated rat JNK. A reaction mixture containing
human MKP-5 with diphosphorylated rat JNK or diphosphor-
ylated p38 was supplemented with 10 mm DTT and 10 mm
MgCl, prior to incubation at 25 °C for 4 h. The reaction was
terminated by adding 4X SDS-PAGE dye and boiling the sam-
ples at 95 °C for 5 min. Samples were resolved by SDS-PAGE
and transferred to nitrocellulose, and phosphatase activity was
assessed by Western blotting with phosphospecific antibodies.

Coumarin Labeling and Fluorescence Quenching Analysis—
To label ""JNK with the thiol-reactive reagent 7-diethylamino-
3-(4'-maleimidylphenyl)-4-methylcoumarin (CPM) (Molecu-
lar Probes), 19.8 nmol of P*JNK was resuspended in HBS (10
mM HEPES, 150 mm NaCl, pH 7.4) and mixed with a ~10-fold
excess of CPM. The reaction was incubated on ice until the
fluorescence intensity reached a maximum. Excess CPM was
removed with a Sephadex G-25 column, and the concentration
of labeled protein was estimated using the Bradford assay. The
extent of thiol labeling was determined to be four of nine poten-
tial cysteine residues using an extinction coefficient of 33,000
M~ ' cm ™! for CPM.

Fluorescence titration was used to determine the dissocia-
tion constants (K,) for the PPrJNK-hp53°5° and the
PPrINK-MKP-5 complexes. CPM-labeled rat PPJNK (0.1 um in
HBS) was titrated with increasing concentrations of either
recombinant hp53”®” or recombinant MKP-5 (0.001-0.6 um
in HBS), and fluorescence emission spectra were obtained at
25 °C after excitation at 340 nm. Corrections for inner filter
effects were made as described (44), and the K, values were
calculated for p53-"?JNK and MKP-5-""JNK complexes using
non-linear regression to fit the data to the following equation:
P/F. 1 = (Bax X [XD/(Ky + [X]) + 1 where X is the concen-

corr max

tration of either p53°®” or MKP-5 in um.

RESULTS
p53 Influences JNK Activity in Vivo—Previously, we used

genetics to assess how JNK signaling and p53 function are inte-
grated in the hierarchy of signaling pathways that regulate radi-
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ation-induced apoptosis (34). In Drosophila, the apoptotic
response (assessed with TUNEL labeling (45)) throughout the
development of imaginal wing discs began ~4 h after exposure
to 40 grays of x-irradiation, whereas unirradiated wild-type
controls showed little or no TUNEL labeling (Fig. 1, compare B
with A). Likewise, JNK activity monitored by a INK-dependent
lacZ enhancer trap inserted into the puc locus (JNK®E?; Refs.
35-37) paralleled TUNEL labeling (Fig. 1, compare B with A)
and was required to initiate the apoptotic response 4 h after
exposure to 40 grays of x-irradiation (34). This initial apoptotic
response to irradiation as well as the rapid increase in JNK
activity required Dmp53 as little, if any, TUNEL labeling or
JNKREP activity were observed 4 h after x-irradiation of
Dmp534-1=4Dmp531547=# mutant wing discs (Fig. 1, com-
pare C with B; Ref. 34). However, both JNK activity and TUNEL
labeling were restored to wild-type levels in Dmp531°4-1=4/
Dmp534-1=# mutant wing discs some 20 —24 h after exposure
to 40 grays of x-irradiation (Fig. 1, compare E with D). These
results are consistent with those of Wichmann et al. (46) and
suggest that Dmp53 is required for the initial JNK-dependent
induction of apoptosis that occurs within hours of exposure to
genotoxic stress; however, these data demonstrate that Dmp53
is not essential for either the JNK or apoptotic responses
observed at later times and instead may only affect the timing of
the apoptotic response.

We also examined JNK activity in both wild-type and p53 =/~
mutant murine embryonic fibroblasts (MEFs) to assess whether
p53 functions to regulate JNK activity in vertebrates. First, the
basal level of diphosphorylated JNK (°’JNK) was higher in
wild-type MEFs as compared with p53~/~ MEFs (Fig. 24, com-
pare lanes I and 4). Exposure of wild-type MEFs to UV irradi-
ation resulted in both a modest increase in p53 levels and a
substantial increase in "’JNK levels after only 30 min; however,
only a slight increase in "’JNK levels was observed in p53~/~
MEFs at 30 min (Fig. 24, compare lane 2 with lane 5). Finally,
PPINK levels remained elevated in wild-type MEFs as p53 con-
tinued to accumulate, whereas all ®?JNK was lost in p53~ /'~
MEFs by 6 h after irradiation (Fig. 2A, compare lane 3 with lane
6). Importantly, total JNK levels were not influenced by UV
irradiation (Fig. 2A, bottom panel), demonstrating that the
increases in ""JNK levels in wild-type MEFs were not the result
of an increase in JNK protein expression. Together, these
results suggest that the ability of p53 to regulate JNK activity is
evolutionarily conserved with p53 functioning to increase the
initial rate at which PPJNK accumulates and/or to stabilize
PPINK in response to genotoxic stress.
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FIGURE 2.PPJNK activity is potentiated by p53 in MEFs. Both wild-type (WT)
and p53-null (p537/7) MEFs were irradiated with a dose of 200 J/m? UV light.
The cells were allowed to grow for an additional 30 min or 6 h. Lysates were
then harvested and subjected to SDS-PAGE and Western blot analysis using
a-p53, a-°PrINK, and a-JNK antibodies. Note that the level of JNK activity is
consistently higher in WT MEFs as compared with p53-null MEFs, whereas
total JNK levels remain unaffected.

p53 Expression Stimulates JNK Transcriptional Activity in
Vivo—To assess whether p53 expression can influence JNK-de-
pendent transcriptional activity in vivo, we transiently trans-
fected both mammalian and Drosophila cells with the appro-
priate p53 expression construct and monitored changes in
AP1-dependent luciferase expression using the pAP1-luc
reporter plasmid. pAP1-luc contains a seven-copy multimeric
array of the core c-Jun binding site and has been used exten-
sively to monitor activation of the JNK pathway. Restoration of
p53 expression in HCT116 (p53~ /") cells, a human colorectal
cancer cell line that lacks p53 (47), resulted in an increase in
AP1-luc reporter activity when compared with the basal activ-
ity observed in control transfected cells (Fig. 3A). The p53-de-
pendent increase in luciferase activity was dependent on JNK
activity as treatment with SP600125, a selective inhibitor of JNK
(48), prevented the increase in JNK-dependent luciferase activ-
ity (Fig. 34).

Inaddition to HCT116 (p53 /") cells, we tested the effects of
FLAGDmMp53 expression on pAP1-luc activity is Drosophila S2
cells. As with the HCT116 (p53 /") cells, elevated expression of
FLAGDmMp53 stimulated AP1-dependent luciferase activity in S2
cells, whereas treatment with SP600125 prevented the p53-de-
pendent expression of luciferase (Fig. 3B).

These results demonstrate that p53 expression can stimulate
JNK activity. Importantly, these results do not distinguish
between transcriptional and non-transcriptional roles for the
p53 orthologs. To address this issue, we fused either the mito-
chondrial targeting sequence of Bcl-2 (MTS; Ref. 49) or the Bax
transmembrane domain (BaxTM; Ref. 50) to the C-terminal
end of FLAG-tagged p53 (F“*“p53) or F“*SDmp53, respec-
tively, and tested the effects of nuclear exclusion of p53 on both
p53- and AP1-dependent transcriptional activity.

As expected, expression of either wild-type p53 or
FLAGDmMp53 stimulated a robust increase in p53-dependent
luciferase expression from the pG13-luc reporter plasmid (Fig.
3, C and D), which harbors 13 copies of the established p53
binding half-site (51). Localization of either *“*Sp53™MTS or
FLAGDmMp5352T™ 0 the mitochondrial membrane resulted in
little to no induction of p53-dependent luciferase expression

FLAG
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from the pG13-luc reporter plasmid (Fig. 3, C and D, respec-
tively), demonstrating that p53 when localized to the outer
mitochondrial membrane is unable to promote transcriptional
activity through the p53 binding half-site. Nevertheless, both
human and Drosophila p53 when sequestered at the outer
mitochondrial membrane retained the ability to stimulate AP1-
dependent transcriptional activity independently of the p53
binding half-site (Fig. 3, E and F).

These data suggest that p53-dependent changes in gene tran-
scription are not responsible for the increased JNK activity as
otherwise wild-type p53, which is sequestered outside of the
nucleus and unable to stimulate p53-dependent changes in
gene transcription, was capable of stimulating an AP1-depen-
dent increase in luciferase expression. Thus, we explored non-
transcriptional mechanisms for p53-mediated regulation of
JNK activity following genotoxic stress.

p53 and JNK Orthologs Form Physical Complex in Vivo—Pre-
viously, Fuchs et al. (30) have shown that non-phosphorylated
mammalian JNK and p53 form a complex in vivo, but their
results suggested that JNK functions as part of an E3 ubiquitin
ligase complex to promote ubiquitylation and the subsequent
degradation of p53 in non-stressed cells. However, JNK-depen-
dent phosphorylation of p53 has also been shown to inhibit
both Mdm?2 binding and ubiquitylation (31), suggesting that
JNK-dependent phosphorylation contributes to the apoptotic
response by stabilizing p53. Thus, we utilized immunoprecipi-
tation to assess whether reciprocal regulation of JNK activity by
p53 results from the formation of a physical complex between
p53 and JNK in vivo.

To examine this potential interaction in mammalian cells,
HA-tagged JNK (""*JNK) was co-expressed with either "“p53
alone or "“*Sp53 together with constitutively activated MEK1
in HEK 293 cells. As expected, little ®’JNK was found in the
lysates without MEK1, whereas a substantial increase in "?JNK
was noted in the MEKI-expressing lysates (Fig. 4A, upper
panel, lanes 1 and 5, respectively). "“*p53 levels were also
elevated in MEK1 lysates, consistent with JNK-dependent sta-
bilization of p53 protein (Fig. 4A, lower panel, lanes 1 and 5,
respectively). However, overall levels of JNK protein were
similar in both lysates (Fig. 4A, middle panel, compare lanes
1 and 5).

PPINK selectively interacted wit p53 as evidenced by its
immunoprecipitation with a-FLAG antibodies in the MEK1-
containing lysates (Fig. 4A, upper panel, lane 8). However, an
interaction between non-phosphorylated JNK and F4Sp53
was not observed in either lysate even though significant levels
of INK and F“*Sp53 were present in the lysate (Fig. 44, middle
panel, lane 1) and *“*“p53 was enriched in the immunoprecipi-
tate (Fig. 4A, lower panel, lane 4). These results demonstrate
that PPJNK and p53 are capable of forming a stable complex in
vivo.

To characterize the interaction in Drosophila, ***“Dmp53
was expressed in Drosophila embryos. dJJNK immunoreactivity
with a retarded migration suggestive of phosphorylation was
found exclusively in the ***SDmp53 immunoprecipitate (Fig.
4B, closed triangles). To address whether this band represents
PPAINK, we repeated the “*SDmp53 immunoprecipitation
and probed the Western blot with an «a-°?JNK-specific anti-
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FIGURE 3. p53 expression stimulates JNK activity independently of p53-dependent changes in gene transcription. Aand B, "-*“p53 (A) or "*°Dmp53 (B)
was co-transfected with pAP1-luc into HCT116 (p53~/ ") cells or S2 cells, respectively. AP1-dependent changes in luciferase expression were monitored, and
the dependence on JNK activity was established by addition of SP600125. Transfection of the pAP1-luc alone with carrier DNA served to establish the basal level
of JNK activity in the respective cell lines. Note that the p53-dependent increase in luciferase activity depended on JNK signaling as addition of SP600125
suppressed luciferase expression. C and D, "4°p53M™ (C) or “A°Dmp5382*™ (D) was co-transfected with pG13-luc, a p53-dependent luciferase reporter, into
HEK 293 or S2 cells, respectively. Luciferase expression was compared with their otherwise wild-type p53 counterpart. Note that relocalization of p53 to the
mitochondrial membrane failed to stimulate p53-dependent transcription. £ and F, "A°p53M™ () or ""ASDmp538>™ (F) was co-transfected with pAP1-luc, a
JNK-dependent luciferase reporter into HEK 293 or S2 cells, respectively. Luciferase expression was compared with their otherwise wild-type p53 counterpart.
Note that relocalization of p53 to the mitochondrial membrane robustly stimulated AP1-dependent luciferase expression. RLU, relative light units. BSSK-II,

pBluescript Il SK. Data plotted as average, with error bars denoting standard deviation.

body (Fig. 4C). PPdJNK-specific immunoreactivity was only
observed in the "“*“Dmp53 immunoprecipitate, confirming
that Dmp53 preferentially binds to ""dJNK. Importantly, we
attempted to immunoprecipitate "“*SDmp53 using the
a-PPINK-specific antibody; however, we were unable to detect
FLAGDmp53 in the immunoprecipitate. This suggests that
Dmp53 when bound may regulate access to the diphosphory-
lated TPY motif found in P’dJNK. Furthermore, these results
suggest that Dmp53 and PPdJNK bind with a relatively strong
affinity as little or no detectable ""dJNK was observed in the
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whole cell lysates of non-stressed cells (Fig. 4, B and C); how-
ever, PPdJNK was highly enriched in the "“*SDmp53
immunoprecipitate.

Finally, we examined whether "*hp53 interacts with "’ dJNK
in Drosophila embryos to assess whether the functional
motif(s) required for this interaction is evolutionarily con-
served. Again, ""dJNK was selectively immunoprecipitated
with "4hp53 in vivo (Fig. 4D, closed triangles), suggesting that
the relevant binding motif for ""dJNK is functionally conserved
between Drosophila and human p53 orthologs even though
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FIGURE 4. Both human and Drosophila p53 interact with °"JNK in vivo. A,

FLAGKH53 was co-expressed either with " JNK or "JNK and constitutively

active MEK1 in HEK 293 cells. "“A°p53-containing complexes were then iso-
lated from the two lysates by immunoprecipitation with the mouse a-FLAG
(M2) antibody, and proteins were resolved by SDS-PAGE prior to Western
blotting with rabbit a-P7JNK, rabbit a-JNK, and rabbit «-DDDYK (FLAG) anti-
bodies. B, "*°Dmp53 was expressed in Drosophila embryos using the Gal4/
UAS system. The mouse a-FLAG (M2) antibody was used to immunoprecipi-
tate "A°Dmp53 from embryo lysates. Immunoprecipitated proteins were
resolved by SDS-PAGE prior to Western blotting with a rabbit a-JNK antibody.
Note the apparent shift in molecular weight associated with immunoprecipi-
tated dJNK (filled triangles) compared with the non-phosphorylated isoform
(open triangles). C, F**°Dmp53 was immunoprecipitated from Drosophila
embryo lysates and resolved as in A, but the Western blot was probed with a
rabbit a-°"JNK-specific polyclonal antibody. D, **hp53 was expressed in Dro-
sophila embryos using the Gal4/UAS system, immunoprecipitated from Dro-
sophila embryo lysates, resolved by SDS-PAGE, and subjected to Western
blotting with either rabbit a-JNK (upper panel) or rabbit a-°"JNK (lower panel)
antibody. Note that only the phosphorylated form of dJNK associated with
Drosophila and human p53. WCL, whole cell lysate; FT, flow-through; IP,
immunoprecipitate.

these proteins exhibit limited sequence identity (~20%) and
similarity (~35%) overall (24).

Recombinant Rat JNK Binds to Both Drosophila and Human
p53 in Vitro—To obtain sufficient quantities of recombinant
JNK protein to further study these interactions in vitro, we uti-
lized an established bacterium-based expression system (43) to
produce fully functional recombinant rJNK (~75% identical/
~87% similar to dJNK) in both the diphosphorylated (active;
PPrJNK) and non-phosphorylated (inactive; rJNK) forms. The
phosphorylation status of PPrJNK was analyzed through elec-
trospray ionization-tandem mass spectrometry, and both the
threonine and tyrosine residues in the TPY motif of the activa-
tion loop were phosphorylated when rJNK was co-expressed
with constitutively active MEKK-C and wild-type MEK4 (sup-
plemental Fig. 1A). Both rfJNK and PPrJNK were then incubated
with GST-tagged c-Jun (residues 1-89; GST-c-Jun(1-89)), and
complexes were isolated with glutathione-agarose to confirm
both binding ability and kinase activity. As expected, both rJ]NK
and PPrJNK bound to GST-c-Jun(1-89) (supplemental Fig. 1B,
a-JNK Western blot), whereas only PPrJNK was able to phos-
phorylate GST-c-Jun(1-89) (supplemental Fig. 1B, a-"c-Jun
Western blot). To confirm the relative importance of threonine
and tyrosine residues in the activation loop, we tested the effect
of a series of rJNK site-directed mutants (T192A, Y194A, and
T192A/Y194A) on kinase activity using GST-c-Jun(1-89) as a
substrate. Mutation of the tyrosine, threonine, or both residues
to alanine reduced kinase activity to background levels seen in
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inactive rJNK samples (supplemental Fig. 1C) even though
intact tyrosine and threonine residues were phosphorylated in
the T192A and Y194A mutant rJNK isoforms (data not shown).

To determine whether "rJNK binds to Dmp53 or hp53, we
utilized GST-tagged forms of Dmp53 and hp53 lacking the
C-terminal tetramerization domains, which increased their sol-
ubility by decreasing multimer/aggregate formation. GST alone
and GST-Dmp53AC (residues 1-344) and GST-hp53AC (resi-
dues 1-306) fusion proteins were incubated with *’rJNIK, and
then glutathione-agarose was used to isolate potential
p53-PPJNK complexes. Samples, including the relevant protein
inputs (Fig. 5A, lanes 1-4), were then resolved by SDS-PAGE,
and the constitution of the complex was assessed by Western
blotting. GST-Dmp53AC and GST-hp53AC both were able to
pull down PPrJNK (Fig. 54, lanes 6 and 7, respectively); how-
ever, PPrJNK failed to interact with GST alone (Fig. 54, lane 5).

Human p53 has previously been shown to also bind to non-
phosphorylated JNK; however, we failed to observe this in vivo
in the HEK 293 and S2 cells (Fig. 4, A and C, respectively). To
reassess this interaction in vitro, we tested whether GST-
hp53AC and GST-Dmp53 formed a complex with non-phos-
phorylated rJNK, which we isolated with glutathione-agarose.
Samples, including the relevant inputs, were then characterized
by Western blotting. As expected, rJNK was isolated with both
GST-hp53AC and GST-Dmp53AC in a manner similar to
PPyINK (Fig. 5B, lanes 6 and 7, respectively) but failed to inter-
act with GST alone (Fig. 5B, lane 5).

The JNK/p53 interaction was previously mapped to amino
acids 97-116 of hp53, which corresponds to part of the DNA
binding domain of p53 (hp53°®P) (52). As this domain folds
independently of the N- and C-terminal segments, we tested
whether the p53°%P (residues 94—312) was able to bind to
PPYINK. Like GST-hp53AC, PPrJNK co-purified with GST-
hp53°"P on glutathione-agarose (Fig. 5C, lane 5), whereas GST
alone failed to pull down PPrJNK (Fig. 5C, lane 4). Relevant
protein inputs are shown in Fig. 5C, lanes 1-3.

Together, these results suggest that "°JNK interacts with p53
in vivo, whereas both diphosphorylated and non-phosphory-
lated rJNK binds to both hp53 and Dmp53 in vitro. Further-
more, these results demonstrate that the hp53°®P is capable of
binding to PPrJNK as well as non-phosphorylated JNK (30). As
the vertebrate p53°®° and JNK orthologs are predicted to
exhibit extensive structural homology to their Drosophila
counterparts, we chose to focus the remaining studies on the
vertebrate proteins as hp53”®" and PPrJNK are easily produced
in E. coli.

p53 Binding to P’rJNK Prevents Phosphatase-mediated Inac-
tivation of INK Kinase—The MKPs are the primary antagonists
of MAPKSs; they promote kinase inactivation through dephos-
phorylation of the TXY motif. Many of the MKPs are immedi-
ate early genes whose expression is up-regulated in response to
MAPK activation; however, their expression completes a neg-
ative feedback loop that limits the duration and/or peak ampli-
tude of MAPK activity in response to stimuli (53). Our previous
genetic data (34) suggest that Dmp53 is capable of overriding
MKP-mediated inactivation of dJNK, whereas our data in MEFs
clearly demonstrate that the level of JNK activation depends on
p53 (Fig. 2). This led us to hypothesize that p53 when bound to
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FIGURE 5. Recombinant °?JNK interacts with GST-tagged Drosophila and
human p53 proteins. A, °’rJNK was incubated with either GST alone, GST-
hp53AC, or GST-Dmp53AC, and then complexes were isolated with glutathi-
one-agarose. Note that PPrJNK interacted with both Drosophila and human
p53 but failed to interact with GST alone. Lanes were rearranged for clarity. B,
non-phosphorylated rJNK was incubated with GST alone, GST-hp53AC, and
GST-Dmp53AC, and then complexes were isolated with glutathione-agarose.
Note that JNK bound to both human and Drosophila p53 but failed to interact
with GST alone. * denotes nonspecific cleavage products. C, °"JNK was incu-
bated with either GST alone or GST-hp53°®P, GST-containing complexes
were isolated with glutathione-agarose. Note that °PJNK associated with the
DNA binding domain of human p53.

PPINK potentiates JNK activity by limiting access to the TPY in
the kinase activation loop; this is consistent with our observa-
tion that a-""JNK antibodies were unable to immunoprecipi-
tate the p53-°JNK complex.

To test this hypothesis directly, both His-tagged human
MKP-5, which preferentially inactivates the JNK and p38
stress-activated MAPKs, and a catalytically inactive mutant
form (“*°®SMKP-5; Ref. 54) were expressed in and purified
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from E. coli. Recombinant MKP-5 was active and hydrolyzed
p-nitrophenyl phosphate (a substrate mimic) in a dose-depen-
dent manner, whereas the C408S mutant isoform showed little
to no phosphatase activity (supplemental Fig. 2).

Recombinant PPrJNK was then incubated with GST-c-
Jun(1-89), and the entire complex was purified with glutathi-
one-agarose. Samples were then resolved by SDS-PAGE, and
the constituents were identified via Western blotting. As
expected, °PrJNK formed a stable complex with the N-terminal
segment of c-Jun (Fig. 64, lane 1, a-°"JNK), which it also phos-
phorylated (Fig. 6A, lane 1, a-P-c-Jun). Whereas preincubation
of PPrJNK with €*°8SMKP-5 failed to affect either PPrJNK activ-
ity (Fig. 64, lane 2, a-""JNK) or its ability to bind and phospho-
rylate the N terminus of c-Jun (Fig. 64, lane 2, a-P-c-Jun), incu-
bation of PPrJNK with wild-type MKP-5 both inactivated
(dephosphorylated) PPrJNK and prevented the phosphoryla-
tion of GST-c-Jun(1-89) (Fig. 6A, compare lanes 2 and 3).
Importantly, neither MKP-5 nor “**®SMKP-5 appreciably
altered the formation of a JNK-c-Jun complex as addition of
either to the binding reaction failed to affect the association of
rJNK with GST-c-Jun(1-89) (Fig. 64, lanes 2 and 3, a-JNK).

To assess whether hp53PFP had any affect on the ability of
MKP-5 to regulate "PrJNK activity, we preincubated PPrJNK
with various molar ratios of hp53°"® prior to the addition of
both GST-c-Jun(1-89) and MKP-5 to the binding/kinase reac-
tion (Fig. 6A, lanes 4 - 6). Importantly, preincubation of PPrJNK
with hp53°"P prevented MKP-5-dependent dephosphoryl-
ation of activated JNK (Fig. 64, lanes 4— 6, a-""JNK), suggest-
ing that P’rJNK when sequestered in a complex with hp53°5P
is resistant to dephosphorylation by MKP-5. Furthermore, the
hp53°BP-PPrINK complex both co-purified with and phospho-
rylated GST-c-Jun(1- 89) (Fig. 6A, lanes 4 -6, a-P-c-Jun), dem-
onstrating that hp53°P" does not affect the ability of ®"rJNK to
associate with and phosphorylate c-Jun.

We also examined whether hp53°5P could sustain PPrJNK
activity in the presence of CIAP, a nonspecific phosphatase
capable of removing phosphates from various cellular sub-
strates, including proteins. Like MKP-5, CIAP inactivated
PPrINK; however, it had little to no effect on the ability of rJNK
to bind to GST-c-Jun(1-89) (Fig. 6B, lane 3, a-JNK). Preincu-
bation with hp53”®® prevented CIAP-mediated dephosphoryl-
ation of PPrJNK (Fig. 6B, lanes 4—6, a-""JNK); however, CIAP
treatment did not affect the association of hp53PBP with
PPrINK and GST-c-Jun(1-89) (Fig. 6B, lanes 4—6, a-p53 and
a-PPrJNK). As CIAP is not predicted to bind to PPrJNK, these
results further suggest that hp53°®" inhibits dephosphoryl-
ation of PPrJNK by regulating access to the TPY motif.

As the members of the MAPK family share a conserved ter-
tiary structure, we also tested whether hp53°®" was able to
prevent the dephosphorylation of p38, another stress-activated
MAPK that is greater than 50% identical and 65% similar to
JNK. Again, “****MKP-5 had no effect on the phosphorylation
status of ®*p38 (Fig. 7, lane 2); however, MKP-5 readily dephos-
phorylated °"p38 (Fig. 7, lane 3). Whereas addition of hp53°5P
to PPrJNK prevented its dephosphorylation (Fig. 64, lanes
4-6), dephosphorylation of ®"p38 by MKP-5 was not pre-
vented by preincubation with hp53°5" even at a 3-fold molar
excess (Fig. 7, lanes 4—6). Together, these results suggest that
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FIGURE 6. hp53PBP prevents MKP-5 from dephosphorylating PPJNK. A, either MKP-5 or “*°®*MKP-5 was incubated with ®rJNK and GST-c-Jun(1-89) for 30
min at 30 °C. To determine whether p53 could prevent dephosphorylation of °PrJNK, replicate samples of °PrJNK were preincubated with a 1-3-fold molar
equivalent of hp53°8P prior to addition of MKP-5 and GST-c-Jun(1-89). The resulting complexes were isolated with glutathione-agarose and resolved via
SDS-PAGE, and the various samples were assessed with a-JNK, a-p53, and «-GST antibodies. The phosphorylation status of GST-c-Jun(1-89) and JNK was
assessed with a phosphospecific a-c-Jun antibody and a-°PrJNK antibody. Note that “*°**MKP-5 did not dephosphorylate JNK, whereas hp53°8P effectively
protected PPrJNK from dephosphorylation mediated by wild-type MKP-5. B, CIAP was incubated for 30 min at 30 °C with °PrJNK and GST-c-Jun(1-89) or with
amixture of °’rINK and GST-c-Jun(1-89) that had been preincubated with increasing molar ratios of hp53°5P. Complexes were then characterized by Western

blotting as described in A. Note that CIAP readily dephosphorylated PPrJNK; however, hp53°5P prevented this dephosphorylation.
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FIGURE 7. hp53P8P does not prevent MKP-5 from dephosphorylating
PPp38. A, either MKP-5 or the catalytically inactive “*°**MKP-5 mutant was
incubated with ®"p38 at 30 °C for 30 min. To test whether hp53°&P could
prevent dephosphorylation, °"p38 was preincubated with various molar
ratios of hp53P" and then incubated with MKP-5 at 30 °C for 30 min. Reac-
tions were then resolved by SDS-PAGE, and sample constituents were ana-
lyzed by Western blotting with a-p38 and a-p53 antibodies. The phosphoryl-
ation status of p38 was further assessed with a phosphospecific a-p38
antibody. Note that inclusion of hp53°8P in the reaction did not prevent the
dephosphorylation of PPp38.

hp53°5P is not a direct inhibitor of MKP-5 as MKP-5 was capa-
ble of dephosphorylating p38 in the presence of hp53°FP.
Instead, the data suggest that hp53°"P selectively protects
PPrINK from MKP-5-dependent dephosphorylation.

MKP-5 Has Higher Affinity for °"rJNK than hp53°2°—To
assess whether competition between MKP-5 and hp53°"" for
binding of PPrJNK could affect complex assembly, we first
measured the apparent dissociation constants (K,) for the
MKP-5-"PrJNK and hp53°PP-PPrJNK complexes through the
use of fluorescence quenching (55). Specifically, PPrJNK was
fluorescently tagged with CPM at free thiol groups. CPM-la-
beled PPrJNK exhibited an emission maximum (A,,,,) of 465 nm
(Fig. 8, A and B).

To measure the binding affinity o hp53”*" for ""rJNK, increas-
ing concentrations of hp53”"" were then added to CPM-labeled
PPYINK, and the fluorescence intensity was measured at 465 nm. A
distinct decrease in fluorescence intensity was observed as the
hp53P5P titrant concentration increased from 0.001 to 0.6 um
(Fig. 8A4) that allowed us to plot specific binding activity (F°/F.,,)
relative to the concentration of CPM-labeled P’rJNK after cor-
recting for inner filter effects and sample dilution (Fig. 8C). Non-
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linear regression was then used to fit the data to a hyperbolic bind-
ing curve, and an apparent K, of 274 * 14 nm for the
hp53PPP-CPM-"PrJNK complex was calculated.

Similar experiments were preformed using increasing con-
centrations of MKP-5 as the titrant to assess its ability to bind to
PPrINK. Again, a distinct decrease in fluorescence intensity was
observed upon binding of MKP-5 to CPM-""rJNK (Fig. 8B),
and a range of MKP-5 concentrations from 0.001 to 0.6 uMm was
used to establish a binding curve. A non-linear regression-
based fit of the data (F°/F,,, versus [MKP-5]) yielded an appar-
ent K, of 55 = 8 nm for the MKP-5/°FrJNK interaction (Fig.
9D). It should be noted that this experiment does not take into
account cooperativity in binding that might be observed with
wild-type p53 as hp53°5" is a monomer instead of the tetramer
produced by full-length p53. However, these results still suggest
that competition for a single binding site is not the mechanism
whereby the p53"" prevents MKP-5-dependent dephosphor-
ylation of "rJNK as the hp53°5" was capable of preventing any
significant dephosphorylation of P"rJNK at a 1:1 molar ratio
even though MKP-5 had approximately a 5-fold better affinity
for PPrJNK.

MKP-5 and hp53°P° Bind in Non-competitive Manner to
Distinct Sites on JNK—Binding of hp53PFP to PPrJNK did not
inhibit the ability of JNK to either bind or phosphorylate the
c-Jun substrate (Fig. 64), which is known to depend on a 8-do-
main binding motif. As MKP-5 is also suggested to utilize a
8-domain-like (D-box) binding motif to interact with JNK (56),
it is possible that MKP-5 and hp53°®P bind concurrently to
PPrINK. To test this hypothesis, we utilized GST pulldown
experiments to define direct interactions between MKP-5,
PPrINK, and hp53°®® (Fig. 9). As expected, PPrJNK interacted
directly with GST-p53AC but was not associated with GST
alone (Fig. 9, compare lanes 5 and 8). MKP-5 did not directly
interact with either GST or GST-hp53AC (Fig. 9, lanes 6 and 7);
however, MKP-5 was isolated with GST-hp53AC in the pres-
ence of PPrJNK (Fig. 9, lane 9). These results demonstrate that
the recruitment of MKP-5 into the p53-JNK complex depends
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MKP-5 - + - - - + + - +
PUNK + = - = + = = + +
GST - = + - + + - - -
GST-hp53AC = - - + - - + + +
Lane 1 2 34 56 7 8 9

a-MKP-5
52KD ==

== GST-hp53AC

a-GST

52KD w—
37KD

31KD |

24KD = L
FIGURE 9. MKP-5 and hp53°5P bind independently of each other to
PPrJNK. To address whether MKP-5 and hp53°8P could bind to PPrJNK con-
currently, GST-hp53AC was incubated together with MKP-5 alone, PPrJNK
alone, or a mixture of MKP-5 and PPrJNK, whereas GST alone was used as a
negative control. Complexes were allowed to assemble at 4 °C for 30 min and
then isolated with glutathione-agarose. Pulldown samples as well as the
appropriate input controls were then resolved via SDS-PAGE, and complex
assembly was assessed with a-MKP-5, a-°PJNK, and a-GST antibodies. Note
that MKP-5 failed to interact with either GST or GST-hp53AC and was only
isolated in the presences of JNK. * denotes a nonspecific cleavage product of
GST-hp53AC.

on JNK (i.e. JNK bridges hp53”®" and MKP-5) and that unique
binding sites on "’rJNK are utilized by p53 and MKP-5. Fur-
thermore, these results confirm that binding of hp53°®" and
MKP-5 to PPrJNK is not mutually exclusive.

DISCUSSION
P53 Regulates JNK Activity in Vivo—The expression of puc,

the sole INK-specific MKP in Drosophila, is required to main-
tain cell viability as it prevents JNK-mediated apoptosis in
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response to the basal level of INK activity (34). However, dJNK
signaling promotes apoptosis in response to genotoxic stress
even though puc expression is stimulated in response to dJNK
activity (34). As genotoxic stress is known to induce apoptosis
in a p53-dependent manner (24 —29), we examined whether the
initial dJNK-dependent induction of apoptosis after exposure
to genotoxic stress requires Dmp53. Through these studies,
we observed that the initial activation of dJNK ~4 h after expo-
sure to genotoxic stress requires Dmp53 (34). However, it is
clear that both dJNK activation and apoptosis are delayed in the
Dmp53 mutant background with JNK activity and apoptosis
being initiated some 20 —24 h after exposure to genotoxic stress
(our results and Ref. 46). Together, these results suggest that
Dmp53 accelerates both the accumulation of ""dJNK and
induction of apoptosis in response to genotoxic stress. This
rapid induction of apoptosis may serve to induce a significant
amount of apoptosis prior to the accumulation of mutations
associated with error-prone DNA repair mechanisms. Never-
theless, the genetic experiments did not define the relevant
molecular mechanism(s).

Although Puc overexpression is capable of inhibiting apopto-
sis resulting from exposure to genotoxic stress, overexpression
of Dmp53 stimulates apoptosis even when Puc is overexpressed
in the same cells (34). This suggests that Dmp53 plays a role in
overriding the repressive effects of Puc whose expression is
induced by Dmp53 expression. To this end, we extended our
studies and present a model describing the ability of p53 to
reciprocally regulate JNK activity in Drosophila and
vertebrates.

It is unlikely that the rapid elevation of "?JNK levels in MEFs
30 min after irradiation results from p53-dependent changes in
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gene transcription as UV-induced DNA damage blocks gene
transcription (57, 58). Consistent with this hypothesis, we dem-
onstrate that p53 plays a role in potentiating the JNK-depen-
dent transcriptional response independently of p53-mediated
changes in gene transcription, leading us to pursue non-tran-
scriptional mechanisms for the p53-dependent regulation of
JNK activity. We should acknowledge that our model for p53-
dependent regulation of JNK activity is not mutually exclusive
with other models postulating p53-dependent regulation of
gene transcription.

p53 and PPrJNK Form Stable Complex Both in Vivo and in
Vitro—The data presented here establish that p53 and JNK
form a physical complex with p53 selectively binding to "PJNK
in vivo. This interaction is direct as tested by in vitro binding
studies. However, other cell type-specific factors may modify
this interaction in vivo as we saw little to no binding of non-
phosphorylated JNK to p53 under non-stressed conditions,
which had been reported previously (30, 31, 52). Importantly,
the in vitro data demonstrate that p53 is capable of maintaining
JNK in its active state by sequestering it in a complex that is
resistant to MKP-dependent dephosphorylation; otherwise,
MKPs would rapidly render PPJNK inactive. Although a great
deal of attention has been focused on the transcriptional role of
p53 after exposure to genotoxic stress, these results present
strong evidence for the reciprocal regulation of JNK activity by
p53.

P53 JNK Complex Is Evolutionarily Conserved—Using either
in vitro or in vivo experiments, we demonstrated that cross-
species interactions between p53 and PPJNK orthologs are pre-
served, suggesting that the motif(s) in the p53 orthologs
required for the association with JNK is evolutionarily con-
served. We have noted that dJJNK must be phosphorylated to
form a complex with either Dmp53 or hp53 in vivo, whereas
non-phosphorylated rat JNK bound to both human and Dro-
sophila p53 in vitro. As previous results have demonstrated that
p53 can bind non-phosphorylated JNK in vivo (30, 59), we spec-
ulate that phosphorylation-dependent binding of p53 to JNK in
Drosophila may have been lost evolutionarily and may reflect
the fact that the JNK-dependent binding to p53 has evolved in
vertebrates to independently regulate basal p53 levels in the
absence of JNK activation (30).

p53 is the archetypal member of a family of transcription
factors that are involved in a series of different cellular pro-
cesses; however, they share similar overall structure and bind-
ing specificity (60). As Dmp53 is most similar to vertebrate p63
(61), it will be interesting to see whether JNK associates with the
p63 paralog and whether this interaction depends on the phos-
phorylation of JNK, especially as the DNA binding domain of
p63 adopts a more rigid conformation than p53 (62). Further-
more, binding of p63 and p73 to PPJNK could influence JNK
activity in response to different stimuli, leading to a mechanism
for coordinating JNK activation with other parallel signaling
pathways during development and cellular differentiation.
Additional experiments will be required to address these
possibilities.

Binding of p53°2" to P*JNK Directly Influences JNK Activity
by Preventing Access to TPY Motif—As numerous kinases and
other proteins can influence the function of p53 and JNK in
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vivo, we chose to define the p53/°JNK interaction in vitro.

Binding of the p53”P" to PPrJNK could prevent MKP-5-medi-
ated inactivation of PPrJNK by masking the TPY motif or by
competing for acommon binding site that is independent of the
TPY motif (63). MKPs utilize an N-terminal binding domain
containing positively charged residues to associate with mem-
bers of the MAPK family (64); however, our results demon-
strate that MKP-5 and hp53”®" bind concurrently to "’rJNK.
Thus, we conclude that MKP-5 and hp53°%" do not compete
for the same binding site. Furthermore, hp53°"" prevented
CIAP-mediated dephosphorylation of "’rJNK. As we do not
expect CIAP to associate directly with ®PrJNK, we conclude
that the binding of hp53”®" to PPrJNK limits access to the
phosphorylated TPY motif. This is consistent with the fact that
we were unable to perform the reciprocal immunoprecipitation
of the Dmp53-°"dJNK complex with the a-°FJNK antibody,
which requires the TPY motif for binding.

In addition to characterizing complex assembly, we estab-
lished the apparent K, values for the hp53°*P-PPrJNK and
MKP-5-PPrJ]NK complexes. Intriguingly, MKP-5 bound to
PPrJNK approximately 5 times better than the hp53”®P; how-
ever, the hp53°®P was able to prevent the dephosphorylation of
PPrINK by MKP-5. As MKP-5 is thought to use a docking site
separate from the active site to associate with MAPKs (56), we
suspect that the affinity of the hp53P®P for the TPY motif in
PPrINK is greater that the affinity of the MKP-5 active site for
the diphosphorylated TPY motif. Importantly, we speculate
that simultaneous binding of both MKPs and p53 to "PJNK will
still influence the rate of ""rJNK dephosphorylation as local
concentrations of bound MKP will be high and will effectively
dephosphorylate "JNK as p53 dissociates from it. Thus, fac-
tors that affect p53 levels will dictate the duration of JNK activ-
ity in a concentration-dependent manner.

pS3PPINK Complex Assembly May Regulate Substrate
Specificity—]NK is a proline-directed serine/threonine kinase
with consensus phosphorylation sites containing a PX(S/T)P
motif (65, 66). However, the consensus phosphoacceptor motif
is not sufficient for phosphorylation by JNK (64). Instead, addi-
tional motifs like the 6- or D-box in the substrate regulate
kinase specificity toward various cellular substrates by serving
as docking sites for INK (10, 67— 69). “Scaffolding” proteins may
also regulate the specificity of substrate phosphorylation by
localizing JNK and its substrates in physical proximity (68, 70,
71). Here, we have demonstrated that JNK kinase when bound
by p53 is still able to bind to and phosphorylate the N-terminal
segment of c-Jun. This suggests that p53 does not interfere with
6-domain-dependent substrate binding of c-Jun and may stim-
ulate JNK-dependent changes in the gene transcriptional pro-
grams by sustaining JNK activation. In fact, p53 may act to
recruit activated JNK to specific promoters where it might
stimulate transcription through the selective activation of Fos-
c-Jun heterodimers (AP1) bound at specific promoter sites.
Alternatively, p53 is capable of binding to a number of different
cellular substrates, formally raising the possibility that p53 acts
as a scaffolding protein capable of recruiting a series of novel
JNK substrates. For example, p53 accumulation at the mito-
chondrial outer membrane in response to genotoxic stress is
known to promote apoptosis through an increase in mitochon-
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drial outer membrane permeability (71); however, the mecha-
nism whereby p53 regulates permeability remains to be estab-
lished. Interestingly, DNA damage induces relocalization of
JNK to the mitochondria where it can facilitate an apoptotic
response by phosphorylating either Bcl-X; (72) at Thr-47 and
Thr-115 or Bcl-2 at Thr-56 (16, 73). As p53 binds to both Bcl-2
and Bcl-X; at the mitochondrial membrane (74, 75), p53 may
potentiate the apoptotic response by recruiting “"JNK to the
mitochondria.

p53 Binding to JNK Creates “Fail-safe” Mechanism for Regu-
lating Induction of Apoptosis—Differences in the peak ampli-
tude and duration of JNK activation are thought to underlie
distinct cellular consequences with transient activation of JNK
supporting a non-apoptotic response to various stimuli and
sustained JNK activity promoting apoptosis. We have previ-
ously demonstrated that MKPs play a critical role in preventing
JNK-dependent apoptosis in the absence of genotoxic stress by
antagonizing the basal level of JNK activity in the cell, which we
have shown depends on p53 activity even in the absence of
exogenous stress (34). However, a mechanism(s) for overriding
the antagonistic action of MKPs must exist to promote JNK-de-
pendent apoptosis as the expression of many MKPs is up-reg-
ulated in response to JNK activation. The data presented here
suggest that p53 when bound to PPJNK is capable of preventing
the inactivation of "’JNK by MKPs. This interaction provides
an attractive model for discriminating between transient and
sustained activation of JNK. Specifically, our results would sug-
gest that the commitment to the JNK-dependent apoptotic
process might require simultaneous elevation of p53 levels and
activation of JNK. p53 is then capable of sequestering "*JNK in
a catalytically active complex that phosphorylates substrates
but is resistant to MKP-mediated dephosphorylation as a result
of masking of the TPY motif in the activation loop of JNK. By
requiring the coordinated activation of both JNK and p53, the
cell establishes a molecular fail-safe switch that restricts the
induction of apoptosis to conditions where a sufficient stimulus
exists to activate both signaling pathways simultaneously,
whereas stimulation of the JNK pathway in the absence of p53
stabilization fails to induce apoptosis as induction of MKP
activity supports only transient activation of JNK. Importantly,
this fail-safe may contribute to oncogenic transformation as
loss of p53 function would limit the ability of JNK to promote
apoptosis in response to various chemotherapeutic modalities.
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