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FIG. 7. Dose: and time-dependent accumulation of phospho-Serd6 foci. (A) MCFE7 cells were exposed to 0 Gy (=) or 10 Gy (+) of IR and
subjected to confocal immunofluorescent analysis at 1 or 2 h after irradiation. Immunoflucrescence with anti-phospho-Serd6-of-p33 (¢reen) and
anti-y-H2AX (red) antibodies. DAPI (blue) is also shown, (B) MCE7 cells were exposed to the indicated doses of IR and subjected to confocal
immunofluorescent analysis at 30 min after irradiation. Immunofluorescence. with anti-phospho-Serd6-of-p53 (green) and anti-y-H2AX (red)

antibodies. DAPI (blue) is also shown, &, anti.

tibody against phospho-Serd6 of p53 showed that Ser46-phos-
phorylated p53 was observed as foci (Fig. 6B) that partially
colocalized with y-H2AX (Fig. 6D) and Ser1981-phosphory-
lated ATM (Fig. 6E) but not the PML body (Fig. 6F), which
has been known to form another nuclear focus. The foci of
fluorescence signals from phospho-Serd6 of p53 in immuno-
fluorescence were confirmed to be p53 itself by RNAi-directed
ablation of p53 expression (Fig. 6A and B). Dose dependency
of IR and time kinetic experiments showed that foci of phos-
pho-Serd6 gradually increased in a dose-dependent manner
and were observed even in cells irradiated at a lower dose (2

Gy, 30 min) (Fig. 7), at which Ser46 phosphorylation was not
detected by immunoblot assays. The reason why phospho-
Serd6 was not detected in immunoblots may be explained by
Serd6-phosphorylated p53 in cells being diluted to perform
immunoblot assays; whereas phospho-Serd6 concentrates as
foci, subsequently observed by immunofluorescence, We also
conducted fluorescence resonance energy transfer (FRET) ex-
periments to show colocalization of phospho-Ser46 with DSB
sites. As shown in Fig. 6F, a FRET signal was detected in

- immunofluorescence with anti-phospho-Ser46 and anti-y-

H2AX antibodies: whereas FRET from immunofluorescence

jw)
<1
b3
2
<)
)
Q
@
a
=
<]
3
3
(o]
o
)
w
3
Q
<
8
X
@]
A
C
Y
_'
[%2]
Lo
o
>
pd
O
m
-
—{
m
T
©
1
=
£
N
o
N
e
=]




Vor. 30, 2010

a-p-Thrés

Chk2 o-yH2AX

"~ Merged
PE IR

DAPI

RAPID p53 PHOSPHORYLATION AT Serd6 BY ATM- 1629

a-p-Ser957

SMCH DAPI

a~yH2AX Merged

+--
: +

FIG: 8. Release of other ATM substrates from chromatin by preextraction of a detergent prior to formaldehyde fixation, MCF7 cells were
exposed to 0 Gy (=) or 10 Gy (+) of IR and subjected to confocal immunofluorescent analysis 30 min after irradiation. To assess whether activated
ATM: (Ser1981-phosphorylated ATM) or protein phosphorylated by ATM (Thro8-phosphorylated Chk2, Ser957-phosphorylated SMCI, or
v-H2AX) is tightly associated with DSB, preextraction (PE) before fixation was performed, a, anti.

with anti-phospho-Ser46 and anti-PML antibodies was.not ob-
served, confirming that Ser46 phosphorylation indeed colocal-
ized with DSB sites. Furthermore, we assessed whether DSB
foci: (y-H2AX) colocalizes with Chk2 and SMC1. Immunofiu-
orescent analyses showed: that phosphoforms of Chk2 and
SMC1 were partially colocalized with DSB foci (Fig. 8), as seen
in phospho-Serd6-p53/y-H2AX (Fig. 6D). We also assessed
the eflect of permeabilization of cells on the phospho-Serd6
focus: formation. When cells were treated with a detergent
(0.2% Triton X-100) prior to fixation with formaldehyde, most
p53 molecules, including focus-associated p53, were washed
out (Fig. 6E). These observations are similar to previous find-
ings that focus-associated Chk2 immediately dissociates from
chromatin after activation by ATM-mediated phosphorylation
(4). These data demonstrate that Ser46 phosphorylation of p53
by IR-activated ATM occurs at the sites of DSBs, and it seems
that some ATM substrates such as p53 and Chk2 are caught
and immediately released on ATM-associated foci,

Serd6 is preferentially phosphorylated by ATM in the early
inductive phase of response to DNA damage. Although several
protein kinases that are capable of phosphorylating Ser46 have
been identified, HIPK2 and DYRK?2 are the most prominent
kinases responsible for Ser46 phosphorylation (6, 9, 33, 41, 49).
According to previous reports, HIPK2 phosphorylates Serd6
following exposure to UV (16), but it is controversial whether
this kinase actually responds to double-strand breaks because
Taira et al, have reported that HIPK2 is a specific kinase
serving in a UV-mediated pathway (9, 16, 41). Another Ser46
kinase, DYRK2, phosphorylates following treatment with
adriamycin (ADRY), a radiomimetic DNA-damaging reagent
(41). Although Serd6 phosphorylation observed in this report
was obtained at late-phase response to DNA damage, a kinase
responsible for Ser46 phosphorylation occurring at early-phase
response to IR remains unidentified. Therefore, we next inves-
tigated whether ATM is required for Serd6 phosphorylation
occurring at early-phase response to IR. In ATM-deficient
AT2KY cells, Serd6 was not phosphorylated at early-phase
response to DNA damage but became phosphorylated at late
phase (Fig. 9A). To define the relation between ATM and
other Serd6 kinases, Ser46 phosphorylation was assessed over
24 h under conditions of more than 80% reduction of ATM;

DYRK2, and HIPK2 expression (Fig: 9B to E). Ser46 phos-
phorylation rapidly occurred after exposure to IR in HIPK2-
depleted cells as well as in control cells; and it peaked at 2 h
after IR treatment (Fig. 9C). In contrast, depletion of ATM
causes decreased Ser46 phosphorylation: occurring ‘at early-
phase response. However, Serd6 phosphorylation was detected
after 24 h at a steady-state level and a significant effect on
Serd46 phosphorylation by depletion: of HIPKZ was not de-
tected by immunoblotting with anti-Ser46 antibody. Thus, al-

though HIPK2 was reported to be responsible for Ser46 phos- -

phorylation observed at 24 h after IR in. MCF7 cells (9),
HIPK2 knockdown did not alter Serd6 phosphorylation (Fig.
9C). Damage response following treatment with ADR was also
assessed using siRNAs (Fig. 9D and E) because DYRK2 was
reported to phosphorylate Serd6 at 24 h after exposure to
ADR in human osteosarcoma U208 cells (41). Treatment of
U20S cells with ADR induced rapid p53 phosphorylation at
Ser46, and it continued over 24 h in control cells (Fig. 9E). In
cells transfected with siRNA for ATM (siATM), Serd6 phos-
phorylation induced by ADR was significantly attenuated in
early phase (Fig. 9E), but it gradually recovered. In contrast, in
cells devoid of DYRK2, Serd46 phosphorylation was not. af-
fected during early response times: (i.e., 6- and 12-h time
points), but levels decreased by 24 h as expected (Fig. 9E).
Again, HIPK?2 knockdown using siRNA did not alter Serd6
phosphorylation and had only a marginal effect on Ser46 phos-
phorylation (Fig, 9E). On the other hand, upon UV treatment,
Serd6 phosphorylation is severely affected by HIPK2 knock-
down (Fig. 9F), suggesting that HIPK2 seems to be a kinase
directed by UV ‘irradiation, at'least under our conditions.
These observations suggest that ATM is selectively responsible
for Serd6 phosphorylation in early-inductive-phase response to
DSBs.

DISCUSSION

Here, we found that Ser46 on p53 is directly phosphorylated
by ATM in response {0 IR. Although ATM preferentially

phosphorylates S/T-Q sequences (22, 34), the current experi-- -

ments revealed that Serd46 is phosphorylated by ATM in a
conformation-dependent manner, although this site is an §-P
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FIG. 9. ATM preferentially phosphorylates p53 at Serd6 in early-phase response to DSBs. (A) Time kinetics of accumulation and phosphor-
ylation of p53 in human fibroblast TIG7 cells or AT2KY cells, human fibroblast cells derived from an A-T patient; treated with- 3 uM/ADR for
indicated periods. Cell lysates were assayed as described for Fig. 1B. Stars indicate bands specific to antibodies. (B and C) ATM is required for
Ser46 phosphorylation of p53 in early-phase response. to IR. (B) Expression of ATM or HIPK2 in MCF7 cells infected with control lentiviruses
(pL-control) or lentiviruses encoding ShRNA to HIPK2 (pL-shHIPK2) or ATM (pL:shATM). Expression of ATM was examined by immuno-
blotting. Expression of HIPK2 was examined by RT-PCR, Coomassie brilliant blue (CBB) staining and RT-PCR of GAPDH are shown for loading
controls, (C) Time kinetics of accumulation and phosphorylation of p53 after cellular exposure to IR of 10 Gy. Cell lysates were assayed as
described for Fig. 1B. (D to F) ATM is required for Serd6 phosphorylation of p53-in early-phase response to ADR. (D) Expression of ATM,
DYRKZ, or HIPK2 in U20S cells transfected with either control siRNA (siControl), siRNA to ATM (siATM), DYRK2 (siDYRK2), or HIPK2
(siHIPK2). The expression level of ATM was determined by immunoblotting, and expression levels of DYRK2 and HIPK2 were determined by
RT-PCR: As loading controls, CBB staining and RT-PCR of GAPDH are also indicated. (E and F) Accumulation of p53 and Serd6 phosphor=
ylation occurtred in early-phase response to ADR or UV irradiation. U20S cells transfected with indicated siRNAs were treated with 0.5 uM ADR
(E) or 30.1/m- UV (F) for indicated periods, and cell-lysates were assayed as described in Fig. 1B. The amount of Serd6-phosphorylated p53 was
calculated by dividing the value of phosphorylated p53 by that of total p53 at that time point.
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sequence (data not shown). Analyses with deletion mutants of
p53 revealed that the proline-rich and C-terminal regions of
p53, but not the TAD1 domain, are required for the Serd6
phosphorylation by ATM (Fig. 5C and D). Since the proline-
rich domain, but not the TAD1 domain, is reported to be
indispensable for p53-mediated apoptosis (44, 46), the current
finding that the proline-rich domain is required for Ser46 phos-
phorylation may reflect the selectivity of p53-induced apopto-
sis, Again, ATM also requires the C-terminal region of p53 to
phosphorylate Serd6 (Fig. SC and D), although DYRK2 can
phosphorylate Serd6 on GST-p53(1-92) (41). There are an
increasing number of reports that ATM phosphorylates non-
S/T-Q ‘sequences such as Ser1893 (S-E) on ATM (25) and
Ser1189 (S-P) or Ser1452 (S-G) on Breal (8), although in none
of these cases has it been demonstrated. that ATM directly
phosphorylates these ‘sites.. ATM may. phosphorylate these
non-S/T-Q sequences by recognizing the whole or partial struc-
ture of these proteins.

In this study, an ‘ATP analogue-accepting ATM ' mutant
(ATM-AS) system was constructed by alanine substitution for
Tyr2755 on ATM to confirm that ATM directly phosphorylates
Serd6 on p53 (Fig. 4B). Since Tyr2755 on ATM is conserved in
the PI3-K family (data not shown), this substitution could be
applied to search for direct targets of not only ' ATM but also
other PI3-Ks.

ATM attenuated Ser46 phosphorylation following exposure
to IR or ADR but not to UV (Fig. 1). This is consistent with
previous reports that ATM is activated by DSBs (19). Immu-
nofluorescence analyses showed that Serd6-phosphorylated
p53 colocalized with y-H2AX and IR-activated ATM at foci of
DSBs (Fig: 6D and E); in contrast, Ser15-phosphorylated p53
was diffusely distributed in the nuclei (Fig. 6A and C). Several
groups showed: that Serl5 on p53 may be phosphorylated by
ATM prior to the recruitment of IR-activated ATM to DSBs,
because phosphorylation of Ser15 on p53 does not require the
recruitment of ATM to DSBs and this occurs in the initial step
of ATM activation (2, 20, 24). Regarding the subnuclear local-
ization of phospho-Ser15 of p53, there is a different report that
Ser15-phosphorylated p53 does not form foci at DNA damage
sites (4), in agreement with our data reported here. In contrast,
it has also been reported that p53 phosphorylated at Ser1S5, but
not bulk p53, formed foci that colocalized with y-H2AX (1).
Why does such a discrepancy happen? One possible explana-
tion is that it may be dependent on cell lines used. The focus
formation of phospho-Ser15 of p53 may be observed in normal
diploid fibroblasts but not cancerous-cell lines such as U205
and MCFE7 cells  used in our:assay. In addition, it remains
enigmatic how damaged cells decide their fate: to repair and
live or to die. The current observation that Ser46 is phosphor-
ylated by ATM at DSBs may explain the previous report that
phosphorylation of Ser15 on p33 is much more sensitive to cell
damage and occurs rapidly compared (o phosphorylation: at
Serd6; which is important for induction of apoptosis (33).

Time course experiments revealed that depletion of ATM
selectively interfered with Serd6 phosphorylation at early
phase (Fig. 9C and E). In response to IR, Serl5 is sequentially
phosphorylated by ATM at an earlier inductive phase and by
an ‘A-T and Rad3-rclated (ATR) kinasc at a later stcady-state
phase (Fig. 10) (42). Our data also suggest that Serd46 is sc-
quentially phosphorylated by ATM and other kinases at dif-
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FI1G. 10. A proposed model for contribution of kinases to p53 phos-
phorylation. In response {o DNA damage, Serl5 is reported to be
scquentially phosphorylated by ATM at an earlier inductive phase and
followed by ATR at a later steady-state phase. Serd6 is also sequen-
tially phosphorylated by ATM "and other kinases at different time
kinetics to maintain the level of Serd6 phosphorylation,

ferent time kinetics to-maintain the level of Ser46 phosphory-
lation (Fig. 10), and presumably apoptotic signals triggered by
strong DNA damage would be transduced into damaged cells
so that they can efficiently die. It has been reported that
DYRK?2 translocates into the nucleus to phosphorylate Serd6
in response (0. ADR (41) and that HIPK2 is stabilized by IR or
treatment with ADR to phosphorylate Serd6 (37, 48). More-
over, it has recently been reported that Siah-1 binds to HIPK2
to degrade it and that the phosphorylation of Siah-1 at Ser19
by ATM causes the disruption of Siah-1-HIPK2 interaction to
stabilize HIPK?2 (48). However, these kinases are unlikely to be
responsible for Serd6 phosphorylation in early phase because
the depletion of ATM selectively interfered with Serd46 phos-
phorylation at early phase and that of DYRK2 did at late
phase in response to treatment with ADR in:our present study
(Fig. 9E). Following exposure to IR, depletion of ATM signif-
icantly abrogated rapid Ser46 phosphorylation at early phase,
but: we observed only a marginal effect of HIPK2 on Serd6
phosphorylation under conditions in which HIPK2 knockdown
causes impaired Ser46 phosphorylation directed by UV irradi-
ation (Fig. 9C, E, and F). Moreover, it has been reported that
HIPK2 is phosphorylated in response to UV but not gamma
irradiation (16) and in most reports that HIPK2 is a Ser46
kinase and activated by UV irradiation (11, 16, 41). Our data
presented here support the latter observation (11; 16, 41) that
HIPKZ is a Serd6 kinase, specifically serving in a UV-mediated
pathway. Regarding ATM dependency of DYRK2, DYRK2
accumulates in nuclei more than 8 h following ADR treat-
ment (41), but Serd6 of p53 is phosphorylated within 6 h
after DNA double-strand breaks under our conditions: Such
a discrepancy may be due to a higher sensitivity- of anti-
Serd6 “antibody. used in: our study. Therefore,  probably,
DYRKZ2 seems to be dependent on ATM and may be re-
quired for Ser46 phosphorylation occurring at late-phase
response of DNA double-strand breaks.

In our present study, IR-activated ATM is partially colocal-
ized with Ser46-phosphorylated pS3.in response to DNA dam:
age, suggesting that p53 phosphorylation at Ser46 is required
to {rigger early apoptotic signals to damaged cells. The reason
why Ser46-phosphorylated p53 is recruited to DSB sites s still
unclear. It-has been reported that Chk2 is phosphorylated by
ATM ncar DSB sites and: that activated Chk2 releases from
DSB sites to function during G, and G, checkpoints (30; 32).
Similarly, activated ATM phosphorylates p53 at Serd6 near
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DSB: sites and Ser46-phosphorylated p53. may release from
DSB sites to promote transcription of proapoptotic genes. Un-
der various' stresses, including. UV and IR, DYRK2 and
HIPK2 may work together with-ATM to phosphorylate p53 at
Serd6, leading to apoplosis to  ensure’ that severcly damaged
cells are comipletely killed, though further investigations are
needed to elucidate the molecular mechanisms of ATM-{rig-
gered p53-mediated apoptosis.

In conclusion, our present study strongly supports the. idea
that ATM directly phosphorylates p53-at Serd6 and is required
for Ser46 phosphorylation occurring in early-phase DNA dam-
age response. The direct link of ATM to Serd6 phosphoryla-
tion-of p53 provides new insights into: ATM-mediated p53-
dependent apoptosis, though it cannot be ruled out that ATM
may require adaptor proteins for Ser46 phosphorylation near
DSB sites to facilitate its phosphorylation. Here, we show that
ATM is likely to directly phosphorylate Serd6 of p33, but the
kinase: activity for Ser46 may be dependent on unidentified
posttranslational modifications of ATM in response to severe
DNA damage. In addition, it is quite difficult to determine
bona: fide in vivo kinases responsible for Serd6, so we cannot
exclude the possibility that:ATM is indirectly involved in the
phosphorylation of Ser 46. Therefore, further studies are re-
quired to clarify. whether ATM is a bona fide in vivo kinase
responsible for Ser46 phosphorylation.
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The pa3 pathway is activated in response to various cellular stresses to
protect cells from malignant transformation. We have previously shown
that clathrin heavy chain (CHC), which is a cytosolic protein regulating
endocytosis, is present in nuclei and binds to p53 to promote p53-mediated
transcription. However, details of the binding interface between p53 and
CHC remain unclear. Here, we report on the binding mode between p53
and CHC using mutation analyses and a structural model of the interaction
generated by molecular dynamics. Structural modeling analyses predict
that an Asn1288 residue in CHC is crucial for binding to p53. In fact,
substitution of this Asn to'Ala of CHC diminished its ability to interact with
p33, leading to reduced activity to transactivate p53. Surprisingly, this
mutation had little effect on receptor-mediated endocytosis. Thus, the
function-specific mutation of CHC will clarify physiological roles of CHC in
the regulation of the p53 pathivay.

© 2009 Elsevier Ltd. All rights reserved.
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tumor suppressor
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introduction

The tumor suppressor pa3 protein is a transcrip-
tion factor that protects cells from malignant
transformation. The p33 pathwvay is activated in
response to varjous cellular stresses such as DNA
damage, oncogene activation, and hypoxia. Upon
activation, p33 exerts its tumor suppressor activity
by inducing cell-cycle arrest, apoptosis, or sene-
scence.'™ Because mutations in the p53 gene have
been found in around 50% of human cancers and
most mutations of p53 in tumors are located in the
central DNA-binding domain, transcriptional regu-
Jation by p33 is thought to be most important for
prevention of tumorigenesis.” Thus, analysis of p53-
mediated transcriptional mechanisms is indispens-
able for elucidation of tumorigenesis and develop-
ment of new antitumor drugs. Although many
factors that contribute to the regulation of p53
activity have been reported,'”*" detailed mechan-
isms remain to be elucidated.

We have previously reported that clathrin heavy
chain (CHC), which is a cytosolic protein involved in
receptor-mediated endocytosis and intracellular
trafficking and recycling of receptors, 1712 §s present
in nuclei and enhances p53-mediated trans-
cription.'” The presence of CHC in nuclei and nuclear
matrices was confirmed by other groups.””'” We
have also shown that p53 interacts with CHC not
only in nuclei but also in cytosol and regulates
clathrin-mediated endocytosis through the associa-
tion with CHC.'®
. In the clathrin-mediated endocytic pathway,
clathrin is composed of a trimer of CHC and is
associated with each clathrin light chain (CLC),
called triskelion, and they further assemble to form a
polyhedral cage-like structure. ' Polyhedral clathrin
is recruited to the plasma membrane and promotes
the internalization and recycling of receptors partic-
ipating in signal transduction events.!> CHC con-
sists of an N-terminal p-propeller domain that is
necessary for binding to adaptor proteins for the
internalization: of various molecules; followed by
seven a-helical repeat structures named ’clathrin
repeats’.”” In addition, it has been reported that
CHC plays a role in mitosis.'? In the C-terminus,
CHC possesses a trimerization domain essential for
stable formation of the polyhedral clathrin structure
and CLC-binding domain.™ We have recently
reported that CHC bearing residues from 833 to
1406 (CHC833-1406) lacking trimerization and
CLC-binding domains interact with p53 and en-
hance p53 transactivation.”' Thus, the oligomeriza-
tion of CHC, which is critical for endocytosis and
mitosis,”" "7 has not been necessary for p53-
mediated transcription, supporting our proposition
that CHC has an alternative function as a co-
activator for pd3 and an additional role in the
regulation of endocytosis and mitosis.~! However,
although our findings support that CHC functions

‘as a co-activator of p53, there is a limitation fo

investigate the physiological roles of CHC in the
p53-mediated pathway because CHC ablation in

examining the impact on pb3 transactivation may
cause some effects on vesicle transport and endocy-
tosis. Therefore, the exploration of function-specific
mutations of CHC for the p53 pathway is important
for elucidation of mechanisms by which CHC
transactivates pd3.

We have previously found that there is a consid-
erable similarity between p53 and CLC in the CHC-
binding region.”” However, the detailed binding
interface between p53 and CHC remains to be
determined. Thus, the construction of ‘a_structural
model of the p53-CHC interface provides further
insights into regulation of p33 transactivation by
CHC. In this study, we show that conserved
hydrophobic residues between p53 and CLC are
important for p53 transactivation and that pd3
function  correlates positively with: the interaction
with CHC. Moreover, in silico structural prediction of
the interface between p533 and CHC reveals that the
Asn1288 residue in CHC is essential for binding to
p53. Interestingly, the substitution of this Asn to Ala
(CHC-N1288A ) diminishes its ability to transactivate
P53 without any effect on receptor-mediated endo-
cytic activity.

Results

Conserved residues between p53 and CLC are
required for the interaction with CHC to enhance
p53 transactivation

We have previously reported that the N-terminal
region of p53 is required for binding to CHC using
various deletion mutants of p53.'*7! In our previous
report, we noticed a significant similarity of the N-
terminal transactivation domain of p53 to the CHC-
binding region of CLC and that various hydropho-
bic residues are conserved in human p53 (Fig. Ta)."”
To: assess. whether these conserved residues: are
required for the interaction with CHC, we generated
four p53 point mutants (L43A, 150A, L43A/I50A,
and W53R) as glutathione S-transferase (GST) fusion
proteins and carried out an in vitro binding assay
using **S-labeled CHC as described previously."” A
GST pull-down assay showed that the CHC-binding
affinity: of ‘all p53 proteins beating mutations in
conserved residues is lower than that of wild-type
P53 (Fig. 1b). Furthermore, we assessed the effect of
P33 mutations on the binding to endogenous CHC
in cells. FLAG-tagged p53 proteins were expressed
in p53-null cells, and cell lysates were immunopre-
cipitated with anti-FLAG antibody followed by
immunoblotting with indicated antibodies. Immu-
noprecipitation assay shows that these mutations
cause reduced interaction with CHC (Fig. 1c).

To examine the effect of these pb3 mutants on p53::
transactivation, we performed reporter assays using
promoters of pd3-target genes. Reporter: assays
using various p53 mutants show that mutations of
P53 at N-terminal conserved residues cause marked
reduction of transactivation of p53-target genes such
as pS3AIP1 (Fig. 2a) and p21 (Fig. 2b). To confirm
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Fig. 1. Conserved residues in pb3 are required for the interaction with CHC. (a) Alighments of the CHC-binding

regionof h
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uman p53, CLCa, and CLCD. (band ¢) Conserved residues in p53 are required forinteraction with CHC. (b) s
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the effect of substitutions of these conserved
residues on p53 transactivation, we examined the
induction of endogenous pb3-target genes by
immunoblotting. Although the expression level of
mutated p53 proteins was the same as that of wild-
type p53, the induction of p53-responsive genes
such as p21 and Mdm2 by ectopic expression of

4B beads for binding assay (upper panel). GST and G5T-p53 p
ents the ratio of bound CHC to
ry (lower panel). (c) H1299 cells were transfected with each FLAG-p53 construct. FLAG-p53 proteins in cell
‘e immunoprecipitated by anti-FLAG M2 agarose, and eluates

roteins used for binding assav were stained by
GST or GS1-p53, as quantified by Image |

were separated by SDS-PAGE, followed by

mutated p53 proteins was strikingly reduced com-
pared with that of ‘wild-type p53 (Fig. 2¢). These
results suggest that the ability of p53 to bind to CHC
correlates with pb53 transactivation and indicates
that conserved hydrophobic residues between p53
and CLC are important for the transcriptional
activity of p53 as well as binding to CHC.
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Fig. 2. p53 transactivation correlates with the ability of p53 to bind CHC. (a:and b) Conserved residues in p&3 are
required for p53 transactivation. H1299 cells were transfected with each p53 construct and the p5S3AIP1 reporter plasmid
(a) or p21 reporter plasmid (b), and luciferase activity was measured 24 h after transfection. (¢} H1299 cells were
transfected with each pb3: construct, and whole-cell lysates were analyZed by immunoblotting using the  indicated

antibodies. Actin was used as‘a-loading control.
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Structural model of p53 and CHC interaction

Identification of residues important for interaction
between p533 and CHC helped us to model the
binding interface between the two proteins using
molecular dynamics. For this purpose, we first tried
to determine tertiary structure of the paa—CHC
complex by X-rav cxvs’m l%xap vy and nuclear
magnetic resonance (NMR) techniques, but unfor-
tunately, it was quite difficult to prepare samples of
this complex due to little crystallization and to Jow
solubility under the conditions necessary for anal-
ysis by X-ray crystal oglaph\ and NMR. Therefore,
a multi-conformation simulated annealing pseudo-
crystallographic refinement (MCSA-PCR) method
was used to predict p53-CHC interface.” This
method is based on the computational simulation
of repeated cycles of heating and cooling of the
interacting proteins together with structural con-

straints to converge their structures, It has previ-
ously been: reported that this molecular dynamics
approach was used for preliminary. modc]mq of the
interface between CHC and CLC.7" To model the
p53-CHC interface, we used ter txaw structures of
the CLC-binding region of CHC and N-terminal
transactivation domain of P53~ as starting materi-
als. During MCSA-PCR, all side-chain atoms of p53
were free fo move, and backbone C* atoms in the
second «-helix of p53 (ms)due 46-56) were weakly

restrained (5 kcal mol™ ! A™?) to the corresponding
residues of CLC (r951due 97-107). For the first a-
helix of p53 (residue 35-40), the distances of the p53
backbone carbonyls and amides were also weakly

restrained to 2.86+1 A in order to promote the
helicity of p53 but allowing for deviation from the
original helix structure. No restraints or constraints
derived from the current empirical data are applied
on' the side chains of the residues studied in this
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Fig. 3. Structural prediction of p‘§3 -CHC interaction. (a) A view of pb3 binding to CHC at the interface predicted by
molecalar dynamic simulation. p53 i in cyan and CHC is in green. The aromatic side chain of Trp53 of p53 mediates the
interaction with an aromatic side chain of Phel327. in the h\ drophobic cleft of CHC. The side chain:of Leud5 of p53
interacts with the aromatic side chain of Phe1296 of CHC through hydrophobic mte raction: (b) Structural modeling

revealed that the side chain of Asn1288 of CHC is close to the side chain of GIn38 of P53.(c) Asnl288 in CHC is conserved
in‘multicellular organisms from mammals to flies, but this amino acid residue is not present in unicellular organisms such
as yeasts and fungi.
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article. A total of 100 copies of each protein fragment
pair were equilibrated at 2000 K with the p33 side-
chain-atoms reduced in atoinic radius, bond lengths,
and electrostatic and van der Waals forces to create
molecular models of the p53-CHC complex. The
equilibrated: molecules underwent 'simulated
annealing along with growing the p53 side chains
to their original sizes and ener gies. After ﬁmelatmg
apr obabmt) density map using the 100 copies of the

is unlikely to bea contact site with CLC. In fact, a
substitution of Asn1288:to Ala in' CHC diminishes
its ability to bind to p53 without any effect on CHC-
CLC interaction, though CLC binds to a similar
region in: CHC with P53 (see below). Interestingly,
this 'Asn1288 in CHC is a ‘conserved ]QS]dUL in
multicellular organisms from mammals to’ flies; but
this residue is not present in unicellular organisms
such as yeasts and- fungi (Fig: 3¢).

p53-CHC complex, the best-fit structure was de-
rived by simulated annealing to the probability
density. map. of the complex: Resulting: structural
analyses by MCSA-PCR. revealed: that residues
Leud3, Leud5, lle50; and Trpd3 of pi3 were varied
in the hydrophobic cavity of CHC and that Trp33 of
P53 was stacked near Phe1327 of CHC through these
aromatic rings (Fig. 3a). Notably, a side chain of
Asn1288 of CHC appcaud to contact a side chain of
GIn38 of p53. (Fig. 3b); in contrast; Asn1288 of CHC

(a) ’ (b) (c)

E WT . N1288A : HA-CHC833-1406

An Asn1288 residue in CHC is important for
binding to p53

In order to examine the requirement of Asn1288
residue in CHC for binding to p53, we substituted
Asn1288 to Ala'of CHC bearing residues from 833 to
1406 to generate'a: CHC833-1406:N1288A mutant:
The region from residues 833 to 1406 of CHC is
defined as the interaction domain with p53 to trans-
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activate it and has neither the ability to_ fmm
trimerization not the ability to bind to CLC.?" The
trimérization domain of CHC interacts with endog-
enous CHC, and the CLC-binding domain interferes
with the binding of p533 to CHC.?' Thus, these
domains may be “bstructed to assess the effect of a
point mutation of CHC on the interaction with p33
and we used a CHC deletion mutant lacking
trimerization and CLC-binding domains for an in
vitro p33-binding assay. A GST pu ll-down: assay
showed that an ’\HZQ‘%A mutation in the CHC833-
1406 plotem diminished its ability to interact with
p53, although wild-type CHC was able to bind p53
(Fig.4a). Fmthumom we tested whether N1288A of
CHC causes decreased p53-binding affinity incells. A
FLAG-tagged 133 construct was cotransfected with
empty vector, HA-tagged CHC833-1406-WT, or HA-
tagged CHC-833-1406-N1288A in cells, and cell
lysates were immunoprecipitated with anti-FLAG
anhbodv followed by immunoblotting with anti-HA
antibody. As shown in Fig. 4b and ¢, p53-binding
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affinity of mutated CHC was reduced up to 30%
compared with wild-type CHC, indicating that this
N1288 residue in CHC protein is crucial for interac-
tion between CHC and p53. We have previously
found that CLC binds to CHC at the C-terminal
region proximal to p53-binding sites and inhibits the
interaction of p33 with CHC. To assess whether this
substitution affects CLC-binding activity, we con-
structed an N1288A mutant'of CHC lacking residues
from: 1565 to 11675 (CHC1-1564), which: does. not
possess a tritmerization: domain that interacts with
full-length CHC (Fig. 4d), and performed a GST pull-
down assay using GST fused to CLCb (GST-CLCD).
HA-tagged CHC1-1564 proteins produced by anin
vitro. transcription/translation 'system using rabbit
reticulocyte Jysates were used for this assay. Interest-
ingly, the N1288A mutation had little: effect on the
ability to interact with CLC (Fig. 4e and f). Taken
together, these tesults indicate that an N1288A
mutation of CHC specifically influences interaction
with p53 without any effect on CLC-binding activity.

(c)
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Fig. 5. An NI1288A mutation of CHC abolishes the ability to transactivate p53. (a) H1299 cells were transfected with
P53 and each HA-CHC833-1406 construct. Expression levels of p53-target genes were analyzed by semiquantitative RT-
PCR. The intensity of PCR products was quantified by Image J softivare. (b) H1299 cells were transfected as described in
(a), and whole-cell lysates were analyzed by immunoblotting using the indicated antibodies. (¢) Full-length CHC-N1288A
acts as a dominant-negative mutant. F1299 cells were transfected with p53 ‘and each HA-tagged full-length CHC
construct, and whole-cell lysates were analyzed by immunoblotting using the indicated antibodies. (d) Full-length CHC-

N1288A inhibits pS3-mediated apoptosis. H1299: cells were transfected with p53 and each HA-tagged CHC construct,
incubated for 24 h, and the cleaved PARI was detected by immunoblotting with anti-cleaved PARP antibody. (e) Full-
length CHC-N1288A blocks the induction of pi3-target genes activated by DNA damage. HT-1080 cells were transfected
with'an empty vector, wild-type CHC, or CHC-FL-N1288A constiuct and stable transformants were obtained by G418
selection. These cells were treated without (lanies 1 to 3) or with (lanes 3 t0.6) 0.5 uM adriamycin (ADR) for 6 h. Cell lysates
from cells transfected with empty vector (Janes 1 and 4), wild-type CHC (]ane% 2 and'5), or CHC-FL-N1288A {lanes'3 and
6).were subjected to immunoblotting with indicated antibodies.
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CHC-N1288A mutant abolishes the ability to
transactivate p53

Given that the N1288 residue in CHC is crucial for
interaction with p53; we next examined the effect of
an N1288A mutation of CHC on p53 transactivation.
Reverse transcriptase-polymerase - chain: reaction
(RT-PCR) analysis revealed that CHC833-1406-WT
had the activity to enhance p33. transactivation, but
CHC833-1406-N1288A failed to enhance the induc-
tion of p53-target genes such as p21 and pd3AITPT
(Fig. 5a). In addltlon we confirmed that CHCS833-
1406-N1288A abolished the ability. to:enhance the
induction of p53-target genes by immunoblot anal-

ysis (Fig. 5b). To further confirm the effect of N1288A
mutation on pd3-mediated transcription, we used
full-length CHC: constructs with or without this
mutation. - Full-length wild-type CHC: increased
expression levels of both. p21.and Mdm2- in a p53-
dcpcndent manner; . in- contrast, - full-length- CHC

harboring an N1288A mutation (CHC-FL.-N1288A)
ablogated the ability to enhance p33 transactivation
(Fig. 5c). Interestingly, CHC-FL-N1288A appears to
behave as a dommant—ne&,ah\ e mutant.

Expression of pd3-in: pd33-null cells” induces
apoptosis accompanied: with caspase-3/7 activation
and the cleavage of poly-ADP ribose polymerase
(PARP). known as a substrate of caspase-3/7."" 32
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Fig. 6. An NI1288A mutation in full-length CHC'causes a severe defect in the regulation of p53-mediated transcription,
but its CHC mutant preserves. function for receptor-mediated: endocytosis: (a) HT-1080. cells were transfected with
shCHC-UTR and each HA-tagged full-length CHC construct, treated with 5 nM ActD for 6 h, and cell lysates were
analyzed by immunoblotting using the indicated antibodies and by RT-PCR using primers specific for endogenous CHC
(EndoCHC) ‘and' ectopically expressed - CHC (ExoCHC). ‘Actin: and GAPDH: were "used ‘as loading controls: for
immunoblotting. and RT-PCR, respectively.- (b} Hela cells were transfected with: indicated: plasmids plus a green
fluorescent protein expression plasmid. Three days after transfection, cells were incubated for 8 min at 37 °C in DMEM
containing 20 pg/mL of AlexaFluord94-conjug gated transferrin (AF594-transferrin) and 0.1% BSA. After the removal of
cell-surface-bound AF594-transferrin, these: cells were trypsinized: and fixed with 4% paraformaldehyde. For
measurement of AE594-transferrin uptake, green fluorescent protein-positive cells were quantified- by flow cytometric
analysis. (c) Proteins and total RNA in whole-cell lvsates from cells used for (b) were analyzed by immunoblotting and
RT-PCR; respectively. (d) A CHC-NI1288A mutant co-localizes with CLC, similarly to.wild:-type CHC: Hela cells were
transfected with the indicated plasmids and immunostained with anti-HA (green) and anti-CLC (red) antibodies 72 h
after transfection: (e) An N1288A mutation has little effect on the localization of transferrin. Hela cells were transfected
with the indicated plasmids, and the uptake of AF594-transferrin (red) was carried out as in (b). After the removal of cell-
surface-bound AF594-transferrin; these cells were immunostained with anti-HA (green) antibody.
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Therefore, we next addressed: the effect of an
N1288A mutation in full-length CHC on p53-
mediated apoptosis. Caspase activation is an impor-
tant event for apoptosis and it was monitored using
the cleavage of PARP. Immunoblot analysis showed
that co-expression - of ‘p33 and: wild-type: CHC
increased- cleavage of PARP: compared. with" p353
alone (Fig: 5d), consistent with our previous data
that CHC enhances: p53-mediated apoptosis. In
contrast,s CHC-N1288A inhibited p33-induced
PARP cleavage  (Fig. '5d), suggesting that an
N1288A mutation in CHC abolishes the ability to
undergo’ apoptosis mediated by p33. To- evaluate
CHC-FI-N1288A works:as a dominant-negative
effect, we generated cells stably expressing CHC-
FL-N1288A. Stable- expression: of wild-type CHC
enhanced p53-target. gene expression induced. by
DNA ' damage; in contrast, such DNA damage
response. was not observed in cells expressing
CHC-FL-N1288A (Fig. 5e). These results suggest
that CHC-FL-N1288A actually functions as a dom-
inant-negative effect on p53 transactivation.

An Asn1288 residue in CHC causes impaired p53
function without any effect on receptor-mediated
endocytosis

It is known that a low dose of actinomycin D
(ActD) enhances the expression level of cellular p53
and leads to pb3-activation.” Either wild-type CHC
or: CHC-N1288A mutant was transfected into: HT-
1080 cells harboring wild-type p53 in the presence of
short-hairpin RNA against the 3’-untranslated: re-
gion of CHC (shCHC-UTR]) to replace endogenous
CHC  to ectopically expressed HA-tagged CHC.
Endogenous CHC was efficiently down-regulated
by the introduction: of shCHC-UTR; in contrast,
shCHC-UTR had little effect on the expression of
HA-tagged CHC derived from the expression

plasmid, as confirmed by RT-PCR using primers
specific for endogenous and ectopically expressed
CHC (Fig. 6a). Partial knockdown of CHC attenu-
ates the induction of p21 in response to ActD (Fig.
6a, lanes 2 and 3), as shown in our previous report.'?
Re-expression of HA-tagged wild-type CHC in
CHC-depleted cells recovered DNA - damage re-
sponse to up-regulate p21 expression (Fig. 64, lanes
3 and 4), whereas swapping of endogenous CHC
with HA-tagged CHC bearing a N1288A mutation
did not rescue p21 induction (Fig. 6a, lane 5). Taken
together, these results demonstrate that Asn1288 in
CHC is crudial for interaction with p53 to promote
sufficient induction of p53-mediated transcription.

It has been shown that ligand-induced internali-
zation of the transferrin receptor occurs via clathrin-
mediated endocytosis, and an internalization assay
using transferrin is a well-established system to
measure endocytic activity.” To investigate whether
CHC-N1288A mutant could affect clathrin-mediated
endocytosis, we examined transferrin uptake. In cells
transfected with control vector and shCHC-UTR, the
uptake of fluorescent-labeled transferrin was de-
creased by up to about 50% (Fig. 6b, columns 1 and
2), demonstrating that internalization of transferrin
occurs in a CHC-dependent manner in our system.
Under these conditions, re-expression of CHC-
N1288A as well as wild-type CHC rescued severe
defects of endocytosis caused by CHC knockdown
(Fig. 6b, columns 3 and 4), though the expression
level of the transferrin receptor was invariable (Fig.
6¢). To show whether CHC-N1288A exhibits similar
cellular localization with wild-type CHC, we per-
formed immunofluorescent microscopic analysis.
Ectopically - expressed HA-tagged CHC-N1288A
showed a similar localization pattern to HA-tagged
wild-type CHC, as judged by immunostaining with
the CLC (Fig. 6d) or by the co-localization pattern
with fluorescent-labeled transferrin (Fig. 6e).
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Fig. 7. An NI288A mutation in CHC has little or no effect on cell viability and cell-cycle progression: (a) A CHC-
N1288A mutant has the ability to recover the proliferation of CHC-depleted cells as efficiently as that of wild-type CHC.
Twenty-four hours after transfection with the indicated plasmids, these TIT-1080 cells were collected and then plated in
60-mm culture dishes. Cell numbers were determined with a hemocytometer after the indicated times. Data represent the
mean values from three independent experiments with-error bars. (b) N1288A mutation did not impact on cell-cycle
progression. HT-1080 cells were transfected as in (a), and these cells cultured for 72 h after transfection were subjected to
flow cytometric analysis. DNA content was monitored by propidiunt iodide staining, and the percentages of the cells'in
G1, S, and G2/M phases were determined using ModFit LT software. Data represent the mean  values from three

independent experiments with error bars.
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CHC is an essential gene for cell viability, and
compkt(, ablation”of CHC expression leads to' cell
death.”" Therefore, we next assessed whether an
N1288A mutation in CHC influences cell viability.
As shown in Fig. 7a, CHC-depleted cells'expressing
CHC-FL-N1288A exhibited . no lethality, unlike
CHC-depleted: cells transfected  witha control
vector, and: they-showed a similar ‘growth rate to
CHC-depleted cells  reexpressing wild-type CHC:
We also confirmed that N1288A mutation did not
influence mitosis as' judged by flow “cytometric
analvses: (Fig. 7b).- Taken together, these data
demonstrate that an NI1288A mutation in- CHC
abolishes its-abilities to interact with and' to trans-
activate p53 without any. effects on receptor-medi=
ated endocytic activity ‘and cell viability. Our
findings provide a useful tool for understanding a
role of CHC in p53-mediated transcription, distinct
from receptor-mediated endocytosis.

Discussion

CHC has originally been identified as a cytosolic
protein: that functions  in vesicle: transport and
endocytosis.'”"* Tt has recently been shown that
CHC is also involved in the maintenance of mitotic
spindle as its additional function.!” We have
previously found an alternative function of CHC
that promotes p53-mediated transcription in nuclei
and that the enhancement of p53 transactivation by
CHC required the interaction of the N-terminal
transactivation domain of p53 with CHC.'? Al-
though the trimerization domain of CHC is impor-
tant fm hmchons in vesicle transport, endocytosis,
and mitosis,” it is indispensable for p53- -mediated
transcription. These findings implicate that nuclear
CHC works via a distinct mechanism from cytosolic
CHC.”! In addition, our recent studies showed that
partial knockdown of CHC attenuated p53 transac-
tivation, but we could not rule out a possibility that
CHC knockdown may cause undetectable side
effects on CHC-mediated endocytosis essential for
cell survival and proliferation.™

We have previously noticed that the N-terminal
region of p53 around Serd6 has a considerable
similarity with the CHC-binding region of CLC and
an essential Trp 1e51due for bmdm<7 to CHC in CLC
is conserved in p53."7 Conceiv ably CLC competes

-with p53 through this homologous region in
binding to CHC, “and both p53 and CLC acsooate
with CHC in a mutually exclusive manner."” In this
study, we generated various p53 point mutants and
determined the detailed residues responsible for
binding to CHC. I vitro binding assay. revealed
that several hydrophobic 1e<1dues including Trp53
in p53, are required for interaction with CHC.
Furthermore, mutations of these hydrophobic resi-
dues in p53 strikingly impaired the transcriptional
activity:compared with wild-type p53. Thus, these
results indicate that conserved. residues between
P53 and CLC are required for both CHC binding
and p53 transactivation and that the ability of p53

to interact with CHC correlates with p33 transcrip-
tional activity.

We generated more than 20 constructs for CHC
ﬁaéjmonts containing’ the p53-binding region to
determine the ter txm\' structure of the pva—CHC
complex, but these CHC fragments had poor
solubility and it was difficult to obtain the structural
information of the p53-CHC complex (data not
shown). Therefore, based on tertiary structures of
the N-terminus of p53 and CHC already determined
by NMR and X-ray crystallography in combination
with information obtained from our present p53-
CHC-binding studies, a preliminary molecular
model of the p33-CHC interaction was constructed,
although it remains to be determined whether CHC
induces a-helical conformation of the N-terminus of
P33, which is observed when forming a complex
with RPA70 (v ephmh(m protein A70) or with p62; a
subunit of TFIH. """ This molecular modeling
predicted that Asn1288 in CHC might be important
for p53-CHC interaction bgcauqe this. residue  is
close to a side chain of Glu38 of p53. As expected, a
substitution of the Asn1288 to Ala diminished the
ability to bind p53 and to enhance p53 transactiva-
tion.: We also found that an Asn-to-Ala-substituted
full-length CHC (CHC-FL-N1288A) appears to
behave as a dominant-negative mutant unlike
CHC833-1406-N1288A. These findings suggest
that the region depleted in CHC competes with
endogenous CHC to trap some p53 co-activators,
such ‘as p300/CBP, because CHC interacts w1th
p300/CBP to stabilize the association with p53."* On
the other hand, CHC-FL-N1288A did not affect the
ability to bind to CLC, transferrin uptake, and the
cellular localization of CLC, and growth arrest
induced by endogenous CHC knockdown was
reverted by the expression of CHC-FI.-N1288A as
well as the introduction of wild-type CHC. In
respect to the impact of partial CHC knockdown
on G2/M phase, no alteration was observed, at least
under our conditions. Taken together, these results
suggest that this mutant influences the p53 pathway
without any effect on CHC-mediated endocytosis
essential for cell survival.

CHC is an essential gene for cell viability, and
complete ablation of CHC expression leads to cell
death accompanied by the activation of Akt-mediated
and mitogen-activated protein kinase-mediated
pathways.>? In contrast, point mutations of some
essential genes have often little effect on cell viabil ity.
For e\ample, cytochrome ¢ plays important roles in
electron transport and apoptosis, but cytochrome ¢
bearing a K72A point mutation is defective in
apoptotic regulation without affecting the function
of electron t1anspo1t essential for cell viability.”!
Therefore, such a CHC point mutant will help to
dissect physiological functions of CHC in the regula-
tion of the p53 pathway

Intelestmclx the alignment of primary structures
betiveen species revealed that this Asnl288 in CHC
was conserved in multicellular organisms from
mammals to flies, but this amino acid residue was
not present in unicellular organisms such as yeasts
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and fungi (Fig. 2c). In multicellular organisms, the
p53-CHC system may have evolved to acquire a
comp licated regulatory function in response to
various cellular damaycc to: maintain multicellular
homeostasis.

In summary, we pwdxctod a preliminary bmdmg
interface between p53 and CHC and found that an
Asn1288 in CHC was critical for interaction with p53
but not with. CLC.: Using: such 'a. CHC mutant

preserving endocytic function, specific disruption of

the function of CHC as a p33 regulator in mice will
clarify physiological functions of CHC in the regula-
tion of the p33 pathway. In addition, there are no
reports of cancer-associated mutations in the CHC
geneso far and it is interesting to search for mutations
in the p53-binding region of CHC, in particular the
region around Asnl1288, in tumor samples from
patients. Further investigations will be needed to
elucidate the role of CHC in tumorigenesis.

Materials and Methods

Cell culture and transfection

Human lung carcinoma H1299: cells ‘were grown in
RPMI 1640 medium: supplemented with 10% fetal bovine
serum and penicillin/streptomycin. Human fibrosarcoma
HT-1080 cells' and human cervical carcinoma Hela cells
were grown in-Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and
penicillin/streptomycin at 37 °Cin a 5% CO, atmosphere.
For transfection, cells were plated at 80-90% confluency
the day before transfection and transfected with Lipo-
fectamine 2000 reagent (Invitrogen) according to. the
manufacturer’s protocol.

Antibodies

Horseradish peroxidase (HRP)-conjugated . anti-p53
(DO-1), HRP-conjugated anti-Actin (C-2), anti-CLC
(CON.1), and anti-GST (B-14) antibodies were purchased
from Santa Cruz Biotechnology Inc. Anti-p21 (SX118) and
anti-CHC (clone 23) antibodies were from BD. Pharmin:
gen.- Anti-HA (6E2), anti-HA (C29F4), and anti-cleaved
PARP. antibodies ivere obtained from Cell Signaling
Technology. Anti-Mdm2 (IF2), anti-FLAG (M2}, and
anti-transferrin receptor antibodies were purchased from
Calbiochem, SIGMA, and Zymed, respectively. HRP-
conjugated secondary antlbodles were obtained from GE
Healthcare:

Immunoprecipitation and immunoblot analysis

H1299 cel]s were extracted with lysis buffer [50 mM Tris
at pH 72, 250 mM NaCl, 2 mM MgCls, 0.1 mM
ethylenediaminetetraacetic acid, 0.1 mM ethylene glycol
bis(pp-aminoethyl ether)N,N'-tetraacetic acid, 0.1% Non-
idet P-40, 0.5 mM DTT, 10 ng/mL antipain, 10 ug/mL
pepstatin A, 10 ug/mL chymostatin, 10 pg/mL leupeptin,
10 pg/mL E-64, 10 pg/mL PMSE, T mM NazVOQy, and
5 mM NaF] for 20 min on ice, and the lysates were cleared
by centrifugation at 20,000¢ for:20 min. For immunopre-
cipitation, the supernatants were incubated with 10 L of
anti-FLAG M2 agarose beads (SIGMA) for 3 hat 4 °C and

washed three times with Ivsis buffer. The bound proteins
were eluted with FLAG pephde (SIGMA) at 4 °C for
30 min, separated by SDS-PAGE (Biocraft), followed by
transfer - to- polyvinyliderie fluoride. membranes (Milli-
pore). The membranes were blocked with 5% skim milk in
TBST buffer 20 mM Tris at pH 7.6, 137 mM: NaCl, and
0.1% Tween 20y and incubated with the first antibody. The
blots were washed  three times:with TBST buffer,
incubated with the: secondary. antibody conjugated: to
HRP, and then washed: five times with TBST buffer: The
bands of interest were visualized by ECL:chemilumines-
cence (GE Healthcare).

Repotter assay

A report ter assay was pe)immed asdescribed
previously.' " In brief, H1299 cells plated on 24-well plates
were transfected with 1 ng of p53-SN3 and 150 ng of the
indicated reporter vectors in combination with 10 ng of
phRG-TK encoding: Renilla: luciferase as- an. internal
control ‘using ' Lipofectamine - 2000. - Twenty-four hours
after transfection; cells” were harvested -and- luciferase
activity was quantified by a’ dual luciferase assay: system
(Promega) according to the manufacturer’s instructions.

RT-PCR analysis

RT-PCR analysis was: performed ‘as :described
previously.”” Briefly, total RNA was isolated using an
RNeasy Mini kit (QIAC EN) and reverse-transcribed WJth
the SuperScript First-Strand Synthesis System for RT-PCR
kit (Invitrogen). Reverse-transcribed ploductq were used
in' the PCR reactions. PCR programs ¢ and primer sequences
were described previously.'” PCR praducts were analyzed
using 2% agarose gel ‘electrophoresis and ethidium
bl'omide staining. The amplified DNA fragments: were
quantified by Image ] version 1.41 densitometry.

GST puli-down assay

To analyze the interaction between p53 and CHC, we
perfor med a GST pull-down assay as ‘described
previously.” Tn brief, bacterial lysates containing p53
derivatives fused to GST were incubated with glutath)one-
Sepharose 4B beads (GE Healtheare) and washed exten-
sively with binding buffer [50 mM Tris at pH 7.2, 250 mM
NaCl, 2 mM MgCls, 0.1 mM ethylenediaminetetraacetic
acid, 0.1 mM ethylene glycol bis(j3-aminoethyl ether)N;N/-
tetraacetic acid, 0.1% Tween 20, 0.5 mM DTI, 10.ng/mL
antipain, 10 ig/mL pepstatin A, 10 pg/mL chymostatin,
10 pg/mL Ieupeptm 10 pg/mL E-64, 10 }l“/l]’lL PMSF,
1 mM Na;VO,, and 5 mM NaF]. ¥S-labeled CHC
derivatives were synthesized using an i vitro transcrip-
tion/translation-coupled reticulocyte lysate system (Pro-
mega) and incubated with the above beads immobilized
with GST-pb3 derivatives at 4 2C for 2 h. After washing
with 1.mL of binding buffer, bound proteins wvere eluted
by boiling in SDS sample buffer for 5 min, subjected to
SDS-PAGE, and-analyzed by autoradiography.

RNA interference

For the expression of short-hairpin: RNA against the
3-UTR of €HEC mRNA, synthetic oligo DNAQ 5=
GATCCCCAGAGCACCATGATTCCAATTTCAAGA-
GATTGGAATCATGGTGCTCTTTITIGGAAA-3  and 5'-
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AGCTTTTCCAAANAGAGCACCATG A\TTC-

CAATTCTCTTCAAATTCGAATCATGGTCCTCETGGG-
37, were annealed and inserted into the pSUPER: vector
(shCHC-UTRY and transfected in' HT-1080 and HeLa cells,
as described above. To confirm  thesuppression:of
endogenous CHC expression, we used svnthetic primers:
CHC S (5" -CCAGGCACCTTTTGGTTATG-3"yand CHC-

S (5-CTTTCATGCCTCCCTAATGE3 ) for ‘the detec-
tion of endogenous CHC and CHC-S and pcDNA3T-AS
(53-ACTCAGACAATCGCGATGCAAY) or pCAGGS-AS
(5"-CCCATATGTCCETCCGAGTG=3") for-ectopically
expressed CHC.

Endocytosis assay, cell proliferation, and cell-cycle
analyses

To analvze the effect of CHC mutants on“endocytic
activity, we transfected: HeLa cells with T jig of shCHC-
UTR plu 2 g of pCAGGS-CHC vectors:in'combination
with 50 ng of pmaxGFP vector {Amaxa), as-a transfection
marker. T hue daysafter transfection, cells were incubated
in DNIEM - containing 0.1% bovine serum albumin (BSA)
for-3 h; followed b\ treatment with 20 pg/mbL Alexa-
fluor594-conjugated transferrin’ (AES94-transferrin, NMo-
lecular: Probes). for 8 min-at 37 °C. Cells were rapidly
chilled by extensive washing with ice-cold ’BS, and then
AFR9d-transferrin bound on the cell surface was removed
by washing with ice-cold acid-washing buffer containing
0.2 Mracetic acid (pH 4.5) and 0.5 M NaCl. These cells were
trypsinized, fixed with 4% paraformaldehyde in PBS for
20 'min at room temperature, and resuspended in 0.1%
BSA in PBS: Relative fluorescence was quantified by flow
cytometric analysis (Becton Dickinson) for internalized
AF594-transferrin.

HT-1080 cells transfected with the indicated expression
vectors were collected 24 h after: transfection and then
plated in 60-mm culture dishes to analyze the effect of
CHC-NI1288A on cell proliferation. Cell numbers were
determined with a hemocytometer after the indicated
times.

For cell-cvcle analysis, HT-1080 cells were transfected
with the indicated expression vectors for 72 h and then
fixed in 70% ethanol at =20 °C for several hours. Cells
were centrifuged at 600g for 5 min and resuspended in
PBS containing 0.1 mg/ mL RNase A (QIAGEN). Samples
were mgubattd at 37.°C for 30 min, and propidium iodide
(SIGMA) ‘was added to make a: final concentration of
25 jig/mb. Samples were analyzed by ‘a FACSCalibur
flow cytonieter using CellQuest software (BD Bios-
ciences), and the percentages of the cells in G1, 5, and
G2/M phases of the cell cycle were determined- using
ModFit LT software.

Immunofluorescence

HeLa cells transfected with shCHC-UTR and' pCAGGS-
CHC were plated onan 8-well Lab-Tek Il Chamber Slide
(Nalge Nunc), fixed in'4% paraformaldehyde in PBS for
20 min; permeabilized with 0.1% Triton X-100 in PBS for
5min, and blocked with PBS containing 3% BSA. The cells
were sequentially incubated with anti- HA (C29F4)y and/or
anti-CLC ‘antibodies ‘and : with  AlexaFlum=conjugated
secondary’ antibody: (Molecular Probes) and :mounted
with a Vectashield reagent with' 4/,6-diamidino-2-pheny-
lindole (Vector Laboratories). Immunofluorescence. was
performed using a Nikon ECLIPSE E1000. fluoresceice
microscope (leon Corporation).

Structural modeling of p53-CHC interaction

Ta gencrate an initial model of the side chains i the
p53-CHC interface, we used a model of CLC and CHC
interface” “as-a template. A partial structure - of p53
(residues 33-56) taken from the crystallographic structure
of p53/RPA70 complex™ was then overlaid manually to
the backbone atoms of the corresponding region of CLC.
The detailed backbone orientation was fur thm established
by rotational search-and energy minimization. This
docked ‘model served as-the starting point for MCSA-
PCR: During the MCSA-PCR; all side-chainatoms of pa3
were free to move, and backbone C atoms in the second
a-helix of p33 (residue 46-56) were weakly restrained
(5 keal mol. VA ) to the umespnndlnw rosidues of CLC
(residue 97-107). For the first cehelix of p33: (residue 35-
40, nuclear Overhauser effect distance restraints (2.86%
1/ Ay were weakly assigned between the p53 - backbone
carbonyls-and amides in order to promote the helicity of
P53, bt allowing the deviation from  the original Relix
structure. Then, ‘an ensemble of 100 Pﬂs'ilble structures
was produced: by growing side-chain atoms’ with simu-
Iated:annealing methods. This was refined to a single best-
fit ‘structure through MCSA-pseudo-ciystallographic
refinement.”” ‘The final structure was refined: against' a
pseudo-density map generated from the ensemble using
standard “crystallographic techniques.: All calculations
were carried out in gas phase with: X-PLOR,; using the
OPLS (optimized potentials for liquid simulations) force
field for polar hydrogens. ™~
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