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Background:Whether RPL11 directly binds to the zinc finger domain of MDM2 still remains elusive.
Results:Mutations of RPL11 or the zinc finger of MDM2 impair the ability of RPL11 to inactivate MDM2 and to activate p53.
Conclusion: RPL11 binds directly the zinc finger of MDM2 via hydrophilic residues.
Significance:Our study unveils the chemical nature for MDM2-RPL11 interactions.

Ribosomal protein L11 (RPL11) has been shown to activate
p53 by binding to MDM2 and negating its p53 suppression
activity in response to ribosomal stress. Although a mutation at
Cys-305 within the zinc finger domain of MDM2 has been
shown to drastically impair MDM2 interaction with RPL11 and
thus escapes the inhibition by this ribosomal protein, it still
remains elusive whether RPL11 inactivates MDM2 via direct
action on this zinc finger domain and what is the chemical
nature of this specific interaction. To define the roles of the
MDM2 zinc finger in association with RPL11, we conducted
hydrogen-deuterium exchange mass spectrometry, computa-
tional modeling, circular dichroism, andmutational analyses of
the zinc finger domain of MDM2 and human RPL11. Our study
reveals that RPL11 forms a stable complex with MDM2 in vitro
through direct contact with its zinc finger. This binding is dis-
rupted by single mutations of non-cysteine amino acids within
the zinc finger domain of MDM2. Basic residues in RPL11 are
crucial for the stable binding and RPL11 suppression of MDM2
activity toward p53. These results provide the first line of evi-
dence for the specific interaction between RPL11 and the zinc
finger of MDM2 via hydrophilic residues as well as a molecular
foundation for better understanding RPL11 inhibition of
MDM2 function.

The p53 tumor suppressor protein plays an essential role in
protecting all vertebrate animals from undergoing neoplasia
and tumorigenesis by inducing cell growth arrest, senescence,
DNA repair, autophagy, and apoptosis (1, 2). Also, p53 can play
a physiological role inmaintaining homeostasis, such as by reg-
ulating metabolism (3). Most of these functions are executed

via the transcriptional activity of p53 (2), although transcrip-
tion-independent activity is also described (4). Because of the
high toxicity of active p53 to cells, the stability and activity of
this nuclear transcriptional factor are tightly monitored via a
negative feedback regulation by MDM2 and MDMX (5, 6).
MDM2 and MDMX are homologs with highly conserved
N-terminal p53-binding domain and C-terminal Ring domain,
but the central domains are less conserved between these two
proteins (7). They form a complex and function as partners to
bind to p53, inhibit its activity, and also mediate its ubiquitina-
tion and degradation via E3 ubiquitin ligase activity of MDM2
(8–11). Because of this tight regulation, p53 has a short half-life
of �30 min and is rarely active in unstressed cells. However,
this regulation can be turned off under a stress condition, lead-
ing to p53 activation. Distinct stress signals can switch on dif-
ferent cellular mechanisms to activate p53 via post-transla-
tional modifications, such as phosphorylation or acetylation of
and protein-protein interactions with either p53 itself or
MDM2 and MDMX (1, 11, 12).
One of the recently acknowledged stress-signaling pathways

is the so-called “ribosomal or nucleolar stress-p53 pathway”
(12). Although previously less appreciated, this signaling path-
way has been repeatedly verified because RPL11, RPL5, and
RPL23 were found to activate p53 by directly binding to
MDM2, but not MDMX, and suppressing its activity in
response to ribosomal stress (RS)3 caused by actinomycin D
and serum starvation (13–17). Also, more RPs, such as RPS7
(18, 19), RPL26 (20–22), RPS3 (23), and other nucleolar pro-
teins (24–26), have been shown to play a similar role in regu-
lating the MDM2-p53 loop. Furthermore, more reagents, such
as 5-fluorouracil (27, 28), mycophenolic acid (nucleotide-de-
pleting agent) (29), or glucose depletion (30), and genetic or
siRNA-mediated silencing of several genes involving ribosomal
biogenesis (31–43) have been shown to causeRS, leading to p53
activation. Remarkably, p53 in RPL11/RPL5-binding defective
MDM2 C305F knock-in mice failed to respond to 5-fluoroura-
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cil or actinomycin D but still responded to DNA damage sig-
nals, demonstrating the physiological role of the RS-p53 path-
way (44). It is now clear that the nucleolus is very sensitive to
many types of stress, particularly metabolic stress, which acti-
vates p53 (45), because ribosomal biogenesis in this dynamic
organelle consumesmost of the intracellular energy (ATP) (46).
Also, the RS-p53 pathway has been recently linked to human
genetic disorders characteristic with bone marrow defects,
such as the two types of myelodysplastic syndromes (47), 5q
syndrome (33), and Diamond Blackfan anemia (48). In these
diseases, haploinsufficiency caused by mutations of either
RPS14 (49) or other ribosomal protein-encoding genes, such as
RPS19 (50) or RPL5 (51), induces ribosomal stress and conse-
quent p53 activation and p53-dependent apoptosis of develop-
ing blood cells in bonemarrows, thus causing anemia of several
blood types. Again, the RPL11-MDM2 binding was shown to
account for p53 activation in these myelodysplastic syndromes
(47). Therefore, the RS-p53 pathway plays a key role in both
physiological and pathological circumstances.
Although much has been learned about the importance of

the aforementioned ribosomal proteins in regulating the
MDM2-p53 pathway, the molecular insight into the mecha-
nisms underlying their negation of MDM2 activity remains
largely obscure. To address this question, we began by focusing
on dissecting the interaction between MDM2 and RPL11. Pre-
vious studies using a strategy of gross deletion mutation sug-
gested that RPL11, but not RPL5 or RPL23, appears to inhibit
MDM2 activity by binding to the zinc finger domain of MDM2
(13, 16, 17, 52). Consistently, a cancer-derived C305Smutation
impaired the interaction between MDM2 and RPL11 but not
RPL5 or RPL23 (28), suggesting that only RPL11, but not RPL5
or RPL23, may bind to the zinc finger domain. However,
another cancer-derived mutant C305F impaired the binding of
MDM2 by both RPL11 and RPL5, but not RPL23, in cells (52)
and in animals (44). These seemingly conflicting results suggest
two possibilities. 1) the zinc finger is a crucial structural com-
ponent for maintaining the wild type conformation of MDM2.
2) The zinc finger is where RPL11, but not RPL5 or RPL23,
physically binds. To address these possibilities, we carried out a
set of biochemical, proteomic, computational modeling, muta-
genic, and cell-based analyses. Although our results verified
that the cancer-related zinc finger cysteine mutations disrupt
the binding of MDM2 with RPL11, RPL5, and RPL23, we dem-
onstrate the direct interaction of only RPL11, but not RPL5 or
RPL23,with the zinc finger domain ofMDM2. Furthermore,we
uncover several non-cysteine amino acidswithin the zinc finger
and basic amino acids in MDM2-binding domain of RPL11,
which are important for the specific interactions between the
two proteins. Mutations of these residues without altering the
intact zinc fingermotif impair not only their interaction in vitro
and in cells but also the ability of RPL11 to inactivate MDM2
and to induce p53 in cells.

EXPERIMENTAL PROCEDURES

Expression Constructs and Mutagenesis—Human MDM2
(amino acids 210–437) cDNAs were amplified by PCR and
cloned into the pET-24a vector (Invitrogen). The full-length
RPL11 expression plasmids (pPROEX-L11) were provided by

Yanping Zhang (University of North Carolina, Chapel Hill).
The L11 was cloned into pET-24a from pPOREX-L11 and then
transferred to pGEX-4T-1(GE Healthcare) for GST-L11 fusion
protein expression.Mutations were induced with Phusion high
fidelity DNA polymerase as described in the manufacturer’s
manual (New England Biolabs) and verified by DNA
sequencing.
Preparation of MDM2-RPL11 Complexes—The pET24a

plasmid coding for His-tagged human MDM2 (amino acids
210–437) with kanamycin resistance and the pPOREXplasmid
coding for His-tagged human RPL11 with ampicillin resistance
were co-transformed in BL21 (DE3) cells. Then the two pro-
teins were co-expressed by induction with 0.2 mM isopropyl
�-D-1-thiogalactopyranoside at an optical density of 0.6 and
further incubation at 16 °C for 20 h. 2L cells were harvested,
ground in liquid nitrogen, and lysed in the binding buffer con-
taining 20 mM sodium phosphate, pH 7.5, 20 mM Tris, 300 mM

NaCl, 30 mM imidazole, 10% glycerol, 10 mM �-mercaptoetha-
nol, 1 mM PMSF, 1 mM benzamidine, 200 �M pepstatin, and 60
�M leupeptin. Lysates were cleared by centrifugation (30 min,
10,000 � g). Supernatants were incubated with 5 ml of nickel-
nitrilotriacetic acid-agarose (Thermo Scientific Pierce) for 4 h
at 4 °C. Bound proteins were washed with 5 column volumes of
20 mM Tris, 300 mMNaCl, 30 mM imidazole, 10 mM �-mercap-
toethanol and 1 column volume of the same buffer containing 1
M NaCl, and then eluted with the same buffer containing 200
mM imidazole. The eluted proteins were desalted by a HiTrap
desalting column (GE Healthcare), then bound to an anion
exchange column (Hitrap Q HP, GE Healthcare), and eluted
with a gradient buffer containing NaCl from 200 mM to 1 M.
Free RPL11 proteins were in the flow-through. MDM2
co-eluted with RPL11 at 300–500 mM NaCl. The final step of
the purification over a Superdex 75 10/30 size exclusion col-
umn equilibrated with 10 mM Tris, 150 mM NaCl, and 5 mM

DTT resulted in 5mg of pureMDM2-L11 complexes from5.0 g
of cell lysates.
HDX/MS Experiments—5 mg/ml MDM2 and 2 mg/ml

MDM2-L11 complex in 40 mM Tris, 150 mM NaCl, pH 8, were
preincubated in an ice bath (0 °C) for 30 min. Exchange was
initiated by 20-fold dilution of protein samples into D2O buffer
(2 mM ammonium acetate at pH 6.8 without pH adjustment for
D2O), after 30 s of exchange, the reactions were quenched with
equal volumes of ice-cold 1 M citric acid buffer (1 M citric acid,
100% w/v guanidinium hydrochloride, pH 2.2). The quenched
samples were allowed to digest with equalmolar pepsin in solu-
tion, pH 2.2, for 5 min, followed by immediate LC-electrospray
ionization MS analysis.
HDX LC-MS System and Peptide Identification—A Shi-

madzu HPLC, with two LC-10AD pumps, was used to generate
a fast gradient with 30 �l/min flow rate, optimized for best
sequence coverage. Solvent A was 5% acetonitrile in H2O, 0.1%
formic acid, and solvent B consisted of 95% acetonitrile in H2O,
0.1% FA. All components of the setup, including tubing, injec-
tor, and column, were submerged in an ice bath at all times to
reduce back exchange. For the analysis of proteolytic peptides,
20 �l of chilled digest was injected into a 1.0-mm inner diame-
ter � 50-mm C8 column (Waters Inc.). After desalting for 5
min with 5% solvent B, the peptides were eluted at 30 �l/min
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with a 5–15% gradient for 0.01min, 15–30% for 9min, 30–50%
for 1 min, and 50–95% for 1 min. The effluent was infused into
a 12-T Varian IonSpec FT-ICR MS (Varian Inc.). For peptide
identification, 30-s fractions were collected into a 96-well plate
by coupling the HPLC with TriVersa NanoMate (Advion Inc.).
Each fraction was run with an internal standard, and the mass
spectra were collected by coupling chip-based infusion of the
TriVersa NanoMate with the FT-ICR MS. Peptides were iden-
tified by a combination of accurate masses and MS/MS. The
extent of deuterium incorporation of each peptic peptide was
determined by FT-ICR MS from the centroid mass difference
between deuterated and nondeuterated samples.
HDX/MSDataAnalysis andPresentation—TheMSdistribu-

tion for each peptide was fitted to a Gaussian curve, and the
centroid value (xc) was determined using OriginPro8. Changes
in deuterium incorporation (�HDX)were defined as the differ-
ence between the xc values of the complex and apoprotein.
GST Pulldown Assays—GST fusion proteins were purified

through glutathione-agarose beads (Thermo Scientific Pierce)
according to the manufacturer’s instructions. The integrity of
purified proteins was confirmed by Coomassie Blue staining
and immunoblotting after SDS-PAGE. Glutathione beads con-
jugated to GST fusion proteins were incubated withHis-tagged
MDM2 by gently agitating at 4 °C for 2 h in binding buffer (1�
PBS, 0.1% Nonidet P-40, and 5% glycerol) and washed four
times with wash buffer (50mMTris-HCl, pH 8.0, 300mMNaCl,
5mMEDTA, 0.5%Nonidet P-40) and once with the wash buffer
without NaCl. The bound protein mixture was resolved by
SDS-PAGE and analyzed by immunoblotting and Coomassie
staining. The curve fitting and the Kd values of L11 to MDM2
were calculated by the Hill equation using Igor 4.01 (Lake
Oswego, OR).
Mammalian Expression Constructs and Plasmid Trans-

fection—N-terminal HA-tagged human MDM2 and FLAG-
tagged human L11 expression plasmids have been described
previously (53). Mutations were induced with Phusion high
fidelity DNA polymerase as described in the manufacturer’s
manual (New England Biolabs) and verified by DNA
sequencing. Plasmids were transiently transfected in H1299
cells via Lipofectin following the manufacturer’s protocol
(Invitrogen).
Cell Culture, Immunoprecipitation, and Immunoblotting—

H1299 cells were seeded, cultured in DMEM supplemented
with 10% serum, and transfected with an empty vector or the
FLAG-tagged L11 plasmids with HA-tagged MDM2 as indi-
cated and lysed 2 days after transfection. Lysates were centri-
fuged at 12,000 � g for 10 min. Supernatants were incubated
with anti-FLAG M2-agarose (Sigma) for 4 h and washed once
with PBS and three times with wash buffer (50 mM Tris-HCl,
pH 8.0, 400 mM NaCl, 1% Nonidet P-40). Immunoprecipitates
were boiled for 5 min with SDS-sample buffer separated by
SDS-PAGE. Proteins were transferred to PVDF membranes by
semi-dry blotting. The blots were developed by an enhanced
chemiluminescence detection kit (Thermo Scientific), and sig-
nals were visualized by Omega 12iC Molecular Image System
(UltraLUM). Antibodies used for immunoblotting were mouse
monoclonal anti-p53 (DO-1, Santa Cruz Biotechnology) and
rabbit polyclonal anti-p21 (M19, Santa Cruz Biotechnology).

Anti-FLAG (Sigma) 2A10 monoclonal anti-MDM2 antibodies
were described previously (54), and anti-HA (12CA5) has been
described (53). The percentage of p53 levels in Fig. 5, C and E,
were quantified and expressed as themean number� S.D. (n�
3). For each sample, the level (band intensity) of p53 was quan-
tified and normalized against the loading control actin. The
percentage of p53 levels for each sample was calculated as the
mean value of the average sample valueminus negative controls
divided by the mean value of positive controls minus the mean
value of negative controls, multiplied by 100. Positive controls
(100% p53 level) contained p53 only (lane 2), and negative con-
trols (0% p53 level) contained co-expression of p53 andMDM2
protein (lane 3 for WT MDM2 in Fig. 5, C and E, lane 6 for
E292A, lane 9 for D294A, and lane 12 for T305A/S306A in Fig.
5C).
Protein-Protein Docking and Structural Modeling—The

model of RPL11 complexed with MDM2 was generated using
Cluspro 2.0, a fully automated protein-protein docking pro-
gram (55). The structures that were fed to Cluspro correspond
to a solution structure of the zinc finger domain ofHDM2 (PDB
code 2C6A) (56) and the RPL11 from a crystal structure of the
60 S eukaryotic ribosome proteins (PDB code 3O58, chain K7)
(57). The putative protein complexes generated by Cluspro
were manually examined using the software PyMOL (DeLano
Scientific). Modeling of the zinc finger opening was based on
the solution NMR structure of theMDM2middle domain, and
in silico mutations were made with the program Coot (58).
Models of both wild type and mutated MDM2 middle domain
were used as starting models for simulated annealing at 2000 K
with slow cooling using the molecular dynamics simulation
model of the program CNS 1.2 (59). Structural representations
were generated in PyMOL.

RESULTS

Identification of MDM2(210–437)-RPL11 Complexes by Co-
expression and Co-purification—To decipher MDM2 and
RPL11 direct interactions, we attempted to co-express MDM2
(amino acids 210–437) and the full-length RPL11 in the same
Escherichia coli cells. For stable expression and purification, we
co-expressed MDM2 and RPL11 using the pET24a/pPOREX
co-expression system as detailed under “Experimental Proce-
dures.” We then co-purified them through a procedure high-
lighted in Fig. 1A using a nickel-nitrilotriacetic acid affinity col-
umn followed by anion exchange and gel filtration
chromatography. Free RPL11 proteins were removed by the
anion exchange column as the basic RPL11 proteins did not
bind to the column. As shown in Fig. 1B, recombinant RPL11
was co-purified with MDM2(210–437) through anion
exchange columns. To ensure that they indeed associate with
each other in one complex, RPL11-MDM2(210–437)-contain-
ing fractions from an anion exchange column were pooled and
run on a Superdex 75 gel filtration column, and the elution
profile was monitored by UV absorbance and Coomassie stain-
ing (Fig. 1, C and D). As shown in Fig. 1C, the RPL11-
MDM2(210–437) complex was eluted as a single peak at a
molecular mass between 29 and 66 kDa, which is close to the
calculated molecular mass of this complex (�45 kDa), indicat-
ing that the complex was formed as a heterodimer. In contrast,
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the recombinant RPL11 alone was eluted in the fractions
betweenmolecular mass 12.4 and 29 kDa as detected by immu-
noblotting. RPL11 forms a stable and soluble complex with
MDM2, as purified RPL11 alone readily precipitated at low
concentrations (0.2 mg/ml), but the complex remained stable
even at high concentrations (�100 mg/ml).
Mapping of RPL11- and MDM2-binding Domains by

HDX-MS—To finely map the RPL11-binding region on
MDM2, we analyzed the purified RPL11-MDM2(210–437)
complex (Fig. 1) by hydrogen-deuterium exchange mass spec-
trometry (HDX-MS) as outlined in Fig. 2A. MDM2 peptides
generated by peptic digest were identified as described under
“Experimental Procedures.” Isobaric peptides with identical
masses but different sequences were differentiated by their
MS/MS fragmentation. The peptide map after deuterium
exchange consisted of 79 MDM2 peptides, corresponding to
75% sequence coverage. As shown in a representative result in
Fig. 2B, deuterium incorporation shifted MDM2 peptides to a
heavier molecule weight range, whereas the binding of RPL11
to MDM2 pushed them back to a lighter range because the
region within the RPL11-MDM2 binding interface is excluded
from deuterium exchange.
Themajority of the peptides within the C4 zinc finger region

incorporated relatively less deuterium than other areas consist-

ent with a compact and globular fold described by the NMR
data within the range 297–329 (56). As shown in Fig. 2C, deu-
terium incorporation in the peptide 300–308 was 16%, 302–
319 was 24%, and 311–322 was 13%. In contrast, in the same
region, the peptide 325–343 displayed 43% deuterium incorpo-
ration in good agreement with the NMR data, which indicated
an unstructured region in the C-terminal residues following
Trp-329 (56). However, the presence of RPL11 altered the deu-
terium incorporation of MDM2 significantly as shown in Fig.
2D. A number of peptides, for example 291–299, 300–308,
308–318, 312–322, and 323–327, all exhibited reduced deute-
rium incorporation in the MDM2-L11 complex. These HDX
results suggest that the interaction interface between RPL11
and MDM2 consists of residues that span from 291F to 326R,
which is in close agreement with the region (284G to 374C)
previously suggested by co-immunoprecipitation analyses of
cell lysates (13, 52). Among all of these peptides, peptide 291–
299 is the only one that does not belong to the C4 zinc finger
domain, but it is connected to the N terminus of the C4 zinc
finger domain. The MDM2 C4 zinc finger domain contains a
defined consensus sequence X4WXCX2–4CX3NX6CX2CX5,
where X is any amino acid. In human MDM2, the zinc finger
region was defined as the peptide 299LADYWKCTSCNEMN-
PPLPSHCNRCWALRENWLP331. Hence, our HDX-MS analy-

FIGURE 1. Recombinant RPL11 protein forms a stable complex with MDM2 (residues 210 – 437) through co-expression and co-purification from E. coli.
A, scheme to purify and identify MDM2-RPL11 complexes. B–D, co-purification of the MDM2-RPL11 complexes was carried out through nickel affinity column
followed by anion exchange and size exclusion chromatography. Fractions were visualized on SDS-PAGE (B and D). B, FT indicates flow-through; W indicates
washout, and E indicates elution. C and D, size exclusive chromatography of RPL11 alone and MDM2-RPL11 complex. The elution profile was monitored by
Coomassie staining or immunoblotting (IB) using anti-L11 antibodies. Panels a and b indicate that these two panels were obtained from two independent
experiments for the MDM2-RPL11 complexes (panel a) and RPL11 alone (panel b), respectively.
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sis now firmly defines the zinc finger domain containing the
291F to 326R region as the RPL11-binding domain of MDM2.
StructureModeling of RPL11-MDM2 Interaction—Toobtain

molecular insights into theMDM2-RPL11 interaction to better
understand the mechanism of RPL11 regulation of MDM2
activity, we analyzed the amino acid sequence alignment of
RPL11-binding region (amino acids 291–326) of MDM2 from
various species (fish to human). This analysis revealed that this
evolutionarily conserved region not only harbors a C4 zinc fin-

ger motif, which carries mutations in several human cancers
(52) and is critical for ribosomal stress response in cells (52) and
in animals (44), but it is also enriched with negatively charged
residues (Fig. 3A). Sequence analysis of human and yeast RPL11
orthologs indicated that the MDM2-binding regions as grossly
mapped previously (53) are highly conserved and enrichedwith
positively charged residues (Fig. 3B). Because the three-dimen-
sional structure for either the zinc finger domain ofMDM2 (56)
or yeast RPL11 in the content of 60 S ribosome (57) has been

FIGURE 2. MDM2 and RPL11 binding interface determined by HDX mass spectrometry. A, plan of the HDX experiment, described under “Experimental
Procedures,” is diagrammed in this panel. B, expanded views of the isotopic envelope of one peptide fragment when fully protonated for a 10-s hydrogen/
deuterium exchange and a 10-s H/D exchange in the complex. C, predicted secondary structures of MDM2(210 – 437) with the percent change in deuteration
below. D, differences in deuterium incorporation were determined by the mass difference in individual peptides between MDM2(210 – 437) and the MDM2-
bound RPL11 complexes where negative numbers indicate enhanced protection when ligand was bound.

FIGURE 3. RPL11 interaction with the zinc finger domain of MDM2 via hydrophilic residues. A, multiple sequence alignment of different MDM2 orthologs.
Mutated residues for the binding experiments are highlighted in color. B, amino acid sequence comparison between yeast and human of RPL11s. Basic residues
are shaded in green. Mutations made in human RPL11 are indicated by black triangles. The sequence alignment suggests that the basic residues in RPL11, which
contribute to MDM2 binding, are highly conserved between yeast and human RPL11 orthologs. C, model of the MDM2-RPL11 complex with the zinc finger
domain of MDM2 docked on the RPL11 structure. The model was constructed using the yeast RPL11 x-ray structure (PDB code 3O58, chain K7) and the NMR
structure of the MDM2 zinc finger domain (PDB code 2C6A). RPL11 is represented as a molecular surface, and the zinc finger domain of MDM2 is shown as sticks.
D, magnified view of C, showing the tight molecular interfaces between the zinc finger of MDM2 and the RPL11 basic canyon. The figures were made in PyMOL.
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determined, they were used to build a protein-protein model
using the automated molecular docking program Cluspro 2.0
(55). The putative protein complexes generated by Cluspro
were manually examined using the software PyMOL. Informa-
tion fromHDX-MS experiments indicating interacting regions
in RPL11 and MDM2 were taken into account in the selection
of themodels. Because the zinc finger is essential for the RPL11
binding of MDM2 and stress response (52), we predicted that
the loss of protein-protein binding uponmutation of one of the
four coordinating cysteines that chelate the zinc ion in MDM2
could be due to the disruption of the proper orientation of
neighboring residues adjacent to the zinc finger, which might
actively participate in the interaction. Therefore, we excluded
thosemodels that do not display residues immediately adjacent
to the zinc finger but are residing at the interface with RPL11.
By this criterion, we selected a structure model for the RPL11-
MDM2-zinc finger complex as shown in Fig. 3C. Based on this
modeled complex, it appears that the zinc finger domain of
MDM2 protrudes into a hydrophilic pocket of RPL11. Interest-
ingly, analysis of the predicted amino acids that reside at the
interaction interface between RPL11 and the MDM2 zinc fin-
ger domain unveiled possible charge-charge interactions
between the twoproteins. For example,Glu-292,Asp-294, Thr-
306, and Ser-307within the zinc finger domain ofMDM2might
directly contact Arg-133 (human Arg-136), Lys-49 (human
Lys-52), and Arg-51 (human Arg-54) of RPL11 via H-bonding
and/or salt bridge, respectively (Fig. 3D). This model suggests
that electrostatic interactions orH-bonding could be crucial for
the formation of a functional complex between MDM2 and
RPL11 in regulating the p53-MDM2 feedback loop.
Circular Dichroism Analysis of the Central RP-binding

Domain of MDM2 (Amino Acids 210–437)—To provide the
evidence for the disruptive conformation by cysteine, but not
non-cysteine, mutants in the zinc finger, we analyzed the sec-
ondary and tertiary structures of purified wild type andmutant
forms of MDM2 by circular dichroism (CD) spectroscopy. As
shown in supplemental Fig. S1A, far CD spectra of WT
MDM2(210–437) displayed a positive maximum at 195 nm, a
large minimum near 208 nm, and a broad minimum near 222
nm,which are characteristic for a structure consistingmostly of
unordered secondary structures and a small percentage of
�-helical structures. This is consistent with the solution struc-
ture of the MDM2 zinc finger domain where it consisted of
mostly unordered secondary structures and a one-turn �-helix
(56). The far-UV CD spectra of the mutants (D294A, T306A/
S307A, and C322R) all superimposed well with that of theWT,
indicating that these mutations did not alter the secondary
structure content of the zinc finger domain.
Near UV CD spectra of WT MDM2(210–437) displayed

broad minima below 270 nm, which are features associated
with the presence of Phe (there are three Phe residues in this
domain). The spectra also displayed pronounced signals with
twomaxima at �283 and 290 nm, which arise from Trp and/or
Tyr (there are four Trp and six Tyr residues in this domain)
(supplemental Fig. S1B). We noted that these CD spectra
resemble that of colicin E1 channel domain (60), where the
maxima at 285 and 292 nm were mostly due to a single Trp
residue and that these maxima are more pronounced in polar

environment than in apolar environment. Near-UVCD spectra
of D294A and T306A/S307A superimposed well with that of
the WT. However, the spectra of the C322R mutant showed a
pronounced increase of the two characteristic maxima accom-
panied by slight red shift of the 293 nm peak. The spectral
difference between WT and C322R mutant indicates differ-
ences in their tertiary structures, and the red shift indicates
perturbation of a Trp residue that is situated in an apolar envi-
ronment. Based on the NMR solution structure of the zinc
domain, the most deeply buried Trp residue is Trp-323, which
resides in a cleft directly above the zinc ion. Taken together, the
data are consistentwith the scenario that substitution ofArg for
Cys in position 322 resulted in the disruption of the zinc chela-
tion site, thus causing the “zinc cleft” to open (supplemental Fig.
S1C).
Acidic and Polar Residues within the Zinc Finger Domain of

MDM2 Are Essential for Its Interaction with RPL11—To deter-
mine which residues, in addition to cysteines, within the zinc
finger domain of MDM2 are also important for the RPL11-
MDM2 interaction, we generated individual mutations at dif-
ferent amino acids within the domain in full-length MDM2,
including those as predicted in Fig. 3D and each of the four
cysteines as controls using His-MDM2-encoding plasmid as a
template. His-tagged MDM2 proteins were expressed in and
purified from E. coli via nickel beads for GST-RP protein-pro-
tein interaction assays. As expected, mutation of each of the
four cysteines in the zinc finger domain of MDM2 markedly
reduced the interaction of MDM2 with RPL11 (Fig. 4A). Also,
substitution of either single Cys with Arg (C322R) or Trp
(C308W), or double Cys with Ala and His (C319A/C322A or
C319A/C322H) within this domain led to apparent reductions
of MDM2-RPL23 and/or MDM2-RPL5 interactions (Fig. 4B).
By contrast and interestingly, mutations, including E292A,
D294A, T306A/S307A, or N320A, within the zinc finger
domain, but not mutations at S290A or L325A, drastically dis-
rupted the interaction of MDM2 with only RPL11 (Fig. 4A) but
not RPL5 or RPL23 (Fig. 4B). These results unambiguously
argue that the zinc finger domain is where RPL11, but not RPL5
or RPL23, physically contacts when associating with MDM2
and that acidic or polar residues, such as Glu-292, Asp-294, or
Thr-306/Ser-307, within this domain are essential for this spe-
cific association. These results, consistent with that in supple-
mental Fig. S1, suggest that mutations of cysteines, particularly
double mutations, within this domain can alter the conforma-
tion of the central region of MDM2, which could explain why
C305S failed to bind to RPL11 only (28), whereas C305F dis-
abled MDM2 to bind to both RPL11 and RPL5 (52).
Basic Residues of RPL11 Are Crucial for RPL11 to Bind to

MDM2—To determine whether the predicted basic residues of
RPL11 (Fig. 3D) are crucial forMDM2binding, we created dou-
ble (K52A/R54A) or triple mutations (K52A/R54A/R136A)
using a GST-RPL11-encoding plasmid as template, because
individual single mutations at these residues displayed less
effect on the interaction of RPL11 withMDM2 in a GST fusion
protein-protein interaction assay (data not shown). In GST-
pulldown assays using purified His-MDM2 and GST-RPL11
proteins, we found that the basic residues, Lys-52, Arg-54, or
Arg-136, in RPL11 are important for binding to MDM2, as the
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K52A/R54A mutation markedly inhibited the formation of the
RPL11-MDM2 complex in a dose-dependent manner, and an
additional mutation at Arg-136 on top of this double mutant
further impaired the ability of RPL11 to bind to MDM2 (Fig.
4C). The affinity of this triple mutant of RPL11 was reduced by
�30-fold compared with its wild type counterpart (Fig. 4D).
These results demonstrate that basic residues within the
MDM2-binding region of RPL11 are crucial forMDM2binding
and suggest that the chemical nature of the MDM2-RPL11
binding might be electrostatic interactions or H-bonding
between hydrophilic residues of their interacting domains.
Hydrophilic Residues of EitherMDM2 or RPL11 Are Important

for MDM2-RPL11 Binding and p53 Activation in Cells—
To consolidate the findings obtained from the above in vitro
protein-protein binding assays, we also tested the ability of the
aforementionedmutants of eitherMDM2 or RPL11 to form an
RPL11-MDM2 complex and to affect p53 function in cells. We
selected the E292A, D294A, and T306A/S307A mutants of

MDM2 as well as the triple mutant of RPL11 (K52A/R54A/
R136A or KRR-RPL11) for the cell-based analyses because
these mutants more dramatically interfered with the formation
of MDM2-RPL11 complexes in vitro (Fig. 4).
MDM2 negatively regulates p53 by suppressing the tran-

scriptional activity of p53 through directly binding to the p53
N-terminal transactivation domain (10), and it mediates p53
degradation via ubiquitin-dependent proteolysis as the C ter-
minus ofMDM2possesses anE3ubiquitin ligase activity (8, 61).
To determine whether MDM2 mutants, E292A, D294A, and
T305A/S306A, retain the MDM2 functions, we co-expressed
p53 andMDM2mutants in H1299 cells (p53 null). As shown in
Fig. 5A, all MDM2 mutants exhibited activities compared with
wild type MDM2. Each of the mutants inhibited p53 activity as
measured by reduction of endogenous p21 and p53 levels, dem-
onstrating that the mutants do not disrupt the inhibitory activ-
ity of MDM2 toward p53. It is noteworthy that MDM2 is capa-
ble of suppressing p53 activity without triggering p53

FIGURE 4. Mutations of acidic or polar amino acids within the zinc finger domain of MDM2 or basic amino acids of RPL11 impair the interaction
between the two proteins. A and B, GST pulldown assays show that RPL11, but not RPL5 and RPL23, directly and strongly binds to MDM2 zinc finger. Fifty
nanomoles of GST-tagged ribosomal proteins or GST alone were immobilized on glutathione-agarose beads and then incubated with MDM2 as indicated.
Bound MDM2 was detected by immunoblotting with anti-MDM2 (2A10) antibodies. Coomassie stains (CS) of input GST fusion proteins are also shown in B. WT,
wild type. Quantification of immunoblots in A with various MDM2 concentrations is shown below. Binding values were justified against background and
normalized to the MDM2 protein input with bars indicating the mean of three experiments and error bars representing the S.E. C, same assay as in A was carried
out with different concentrations of GST-RPL11 and mutants K52AR54A (KR) or K52AR54AR136A (KRR) as indicated. Quantification of immunoblots is shown
below. Values were justified relative to WT GST-RPL11 in the lane 5 (mean � S.E., n � 3). D, binding affinity of WT GST-RPL11 and K52AR54AR136A to MDM2 as
determined by GST pulldown assay and immunoblotting (IB). Each curve represents MDM2 titration with a constant GST RPL11 concentration of 50 nM. The y
axis of the chart represents arbitrary units (AU) of the band intensity. The curve fitting and Kd determinations were performed using Igor Pro 4.01A. Kd represents
the average of three replicates � S.E.
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degradation at a certain ratio of p53 to MDM2 (52). D294A
partially inhibited p53 transcriptional activity, resulting in
decreased p21 levels (Fig. 5A, lane 7), and further markedly
reduced p53 protein level at the higher expression level (Fig. 5A,
lane 8), suggesting thatD294Awas comparablewithWT, effec-
tive in both suppressing p53 activity and mediating p53 degra-
dation. In conclusion, togetherwithCDanalyses (supplemental
Fig. S1), these non-cysteine mutants of MDM2 do not change
the native structure of MDM2 and are still able to repress p53
and mediate p53 degradation.
Consistent with the results of Fig. 4, these three MDM2

mutants failed to bind to RPL11 in cells as analyzed by co-
immunoprecipitation assays (Fig. 5B). D294A or T306A/S306A
appeared tomoremarkedly impair the ability ofMDM2 to form
complexes with RPL11 than did E292A (Fig. 5B). In line with
these results, ectopically expressed RPL11 was significantly less
effective in rescuing the p53 level and activity from the inhibi-
tion by D294A or T306A/S306A mutants compared with wild
typeMDM2 (p� 0.01, Fig. 5C, lanes 9–11 for D294A and lanes
12–14 for T305A/S307A). By contrast, the inhibition of E292A

activity by RPL11 was comparable with that for wild type
MDM2, as measured by the induction of p53 and p21 levels
(Fig. 5C, lanes 6–8), even though this mutant bound to RPL11
less effectively (Fig. 5B). Overall, the results consistently dem-
onstrate that the direct binding of RPL11 to the zinc finger of
MDM2 is key for RPL11 to inhibit MDM2 activity toward p53
in cells.
This conclusion was further confirmed by using the triple

mutant of RPL11 (K52A/R54A/R136A, KRR-RPL11). This
RPL11 mutant failed to bind to MDM2 efficiently in vitro (Fig.
4,C andD) and in cells (Fig. 5D), thus being much less effective
in rescuing the reduction of the p53 level byMDM2 in cells (Fig.
5E). Co-transfection of wild type RPL11 (WT RPL11) together
with MDM2 resulted in activation and stabilization of p53 in a
dose-dependent manner. We detected changes in p21 protein
levels parallel to the p53 protein level (Fig. 5E, lanes 4 and 5).
The reduction of the p53 level by MDM2 was fully rescued by
WT RPL11, and p21 was also fully reactivated. In contrast,
KRR-RPL11 was much less effective in rescuing p53 in cells
(Fig. 5E, lanes 6 and 7). Taken together, these results demon-

FIGURE 5. Disruption of the MDM2 and RPL11 binding impairs the ability of RPL11 to inactivate MDM2 and to activate p53. A, MDM2 non-cysteine
mutants retain the ability to repress p53 transcriptional activity and degrade p53. Lysates of H1299 cells transfected with p53 and various HA-MDM2 mutants
were immunoblotted with anti-HA, anti-p53, and anti-p21 antibodies. The asterisk indicates nonspecific anti-HA antibody-reacting bands. B, MDM2 mutants
interfere with the specific binding of MDM2 to RPL11 in cells. FLAG-RPL11 was co-expressed with various HA-tagged MDM2 mutants in H1299 cells. Immuno-
precipitations (IP) were carried out using anti-FLAG M2-agarose beads, and precipitates were subjected to immunoblotting with anti-HA or anti-FLAG anti-
bodies. Inputs are shown in the lower panels. C, D294A (D MDM2) and T305A/S306A MDM2 (TS MDM2) mutants are insensitive to RPL11 inhibition compared
with wild type MDM2 (WT MDM2). H1299 cells were transfected with p53, HA-MDM2, and FLAG-RPL11 as indicated. After 36 h, cell lysates were generated and
immunoblotted with anti-p53, anti-FLAG, and anti-MDM2 antibodies (2A10). D, WT, but not mutant, RPL11 strongly interacts with MDM2 in cells. HA-tagged
MDM2 expressed with WT FLAG-RPL11 (WT RPL11) or K52R54R136 FLAG-L11 (KRR-RPL11) in H1299 cells were immunoprecipitated using anti-FLAG M2-aga-
rose beads. Precipitates were immunoblotted with anti-FLAG and anti-HA antibodies. Inputs are shown in the lower panels. E, WT, but not KRR mutant, RPL11
can rescue MDM2-mediated suppression and degradation of p53. Lysates of H1299 cells transfected with p53, HA-MDM2, and FLAG-RPL11 mutant were
immunoblotted with anti-FLAG and anti-MDM2 antibodies (2A10). Note: the percentage of the p53 expression level in C and E was quantitated and expressed
as the mean number � S.D. (n � 3) as described under “Experimental Procedure.” p values were calculated using two-tailed Student’s t test. * indicates p � 0.01.
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strate that the acidic or polar residues within the zinc finger
domain of MDM2 and basic residues within the MDM2-bind-
ing domain of RPL11 are critical for the MDM2-RPL11 inter-
action and p53 activation in cells.

DISCUSSION

Although the biological significance of the MDM2-RPL11
binding in regulating the p53-MDM2 feedback loop has been
described in cultured cells (52) and using a genetically manip-
ulated mouse model that harbors the C305F mutation of
MDM2 (44), it still remains elusive whether RPL11 binds
directly to the zinc finger domain of MDM2 for the following
reason: 1) distinct outcomes frommutation at Cys-305 residue
of MDM2, impairing the binding of MDM2 to both RPL11 and
RPL5 upon conversion of C305 to Phe-305; 2) all the assays thus
far employed for mapping the RPL11-binding domain of
MDM2were carried out using crude lysates containingMDM2
deletion mutants for co-immunoprecipitation, thus possibly
leading to inaccurate results; and 3) randomdeletionmutations
might chop off residues or domains in MDM2 critical for
RPL11 binding. Hence, our study as presented here by combin-
ing biochemical, proteomic, three-dimensional structure mod-
eling, mutagenesis, and cell-based functional assays unambig-
uously demonstrates that the zinc finger domain of MDM2 is
indeed the domain to which RPL11 directly binds. More inter-
estingly, when examining the direct binding between L11 and
the zinc finger domain of MDM2, we identified several non-
cysteine acidic or polar residues within the C4 zinc finger
domain of MDM2 essential for binding to RPL11 and several
basic residues within the MDM2-binding domain of RPL11
crucial for binding to MDM2. These findings suggest that the
chemical nature of MDM2-RPL11 interaction must be electro-
static interactions, such as H-bond, between the two proteins.
Also mutations of cysteine residues in the C4 zinc finger
domain disrupted the binding of MDM2 to RPL5 or RPL23,
whereas mutation of any of the non-cysteine residues within
the zinc finger domain of MDM2 did not affect these interac-
tions (Fig. 4A). These results indicate the following: 1) RPL5
andRPL23 do not bind to the intact zinc finger domain directly;
2) disruption of the zinc finger domain would make a confor-
mational alteration and affect the integrity of the central acidic
region of MDM2. The latter could explain why C305F failed to
bind to RPL5 as well (52), and C322R also failed to bind to
RPL23 (Fig. 4A). Indeed, CD analysis of this mutant (supple-
mental Fig. S1) revealed a change in its tertiary, but not second-
ary structure, suggesting that the intact zinc finger domain of
MDM2 is critical for maintaining the wild type three-dimen-
sional structure of its central region. Of note, the local tertiary
structure change in the zinc domain did not affect the ability of
MDM2 to interact with p53 and to negate its activity (Fig. 5A)
(52). Although these findings are quite tempting and important,
it remains to be confirmed whether the charged or polar resi-
dues identified in MDM2 and RPL11 involve direct contacts
with one another in theMDM2-RPL11 complex as predicted in
our modeled complex (Fig. 3D). This mystery could and will be
unveiled once the crystal structure of theMDM2-RPL11/RPL5
complex is solved in the near future.

Since the discovery of RPL11, RPL5, and RPL23 as direct
MDM2 suppressors in response to ribosomal stress, more ribo-
somal proteins or RP-like proteins have been reported to also
bind directly toMDM2 and inactivate its activity toward p53 in
cell-based studies (16, 23, 36). Paradoxically, even thoughmost
of these MDM2-binding RPs, such as RPL5, RPL23, RPS7,
RPL26, RPS3, or RPS27L, bind to the acidic domain of MDM2,
cancer-related pointmutations have thus far been found only in
the RPL11-binding zinc finger domain of MDM2. Consistent
with this, homozygous introduction of a cancer-derived single
mutation, C305F, of the zinc finger domain into mice led to the
impairment of p53 response to ribosomal stress in the animals
and also accelerated lymphomagenesis in c-Myc transgenic
mice (44). These lines of biological evidence highlight the
importance of the zinc finger domain of MDM2 in mediating
the physiological response of p53 to ribosomal stress and thus
preventing tumorigenesis (44). However, they also raise a key
question of whether other MDM2-binding ribosomal proteins,
in addition to RPL11, are important for p53 response to this
type of stress in vivo or not. In other words, if the zinc finger
domain is so important for p53 activation and cancer preven-
tion, why does only RPL11 bind to this domain while so many
other RPs interact with central acidic domain of MDM2? Our
finding that severely destroying the C4 zinc finger domain of
MDM2 via single or double mutations, but not mutations of
individual non-cysteine acidic or polar residues of this domain,
can impair the binding ofMDM2 toRPL5, andRPL23 aswell, in
addition toRPL11 (Fig. 4A), could offer another explanation.As
described above, themutation of any of the four cysteines could
alter a conformational change of the central domain of MDM2
(supplemental Fig. S1), which would disrupt the interaction of
MDM2 with either RPL5, such as C305F (52), or RPL5 and
RPL23, such as C322R or C319A/C322A, even though RPL5 or
RPL23 does not bind to the zinc finger domain directly (Fig. 4A)
(15, 16). By the same token, these cysteine mutations might
impair the binding of MDM2 to other known MDM2-binding
ribosomal proteins as well, although this possibility needs to be
verified experimentally. Thus, it is logical and reasonable that
several types of human cancers harbor mutations at cysteine
residues, instead of acidic or polar residues, within this zinc
finger domain, as disruption of the zinc finger domain would
easily eliminate the possibility of more ribosomal proteins to
interact withMDM2 and to inactivate its activity toward p53 in
a cooperative way, such as RPL11 and RPL5 (44, 62). Future
studies will be necessary to address how these known and other
yet unidentified MDM2-binding ribosomal proteins work
together to effectively inactivate MDM2 mechanistically in
vitro as well as in response to different types of ribosomal stres-
sors in cells and in animals.
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