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Abstract
The oncoprotein Mdm2, and the recently intensely studied, homologues protein 

Mdmx, are principal negative regulators of the p53 tumor suppressor. The mechanisms 
by which they regulate the stability and activity of p53 are not fully established. We have 
determined the crystal structure of the N-terminal domain of Mdmx bound to a 15-residue 
p53 peptide. The structure reveals that although the principle features of the Mdm2-p53 
interaction are preserved in the Mdmx-p53 complex, the Mdmx hydrophobic cleft on 
which the p53 peptide binds is significantly altered: a part of the cleft is blocked by 
sidechains of Met and Tyr of the p53-binding pocket of Mdmx. Thus specific inhibitors of 
Mdm2-p53 would not be optimal for binding to Mdmx. Our binding assays show indeed 
that nutlins, the newly discovered, potent antagonists of the Mdm2-p53 interaction, are 
not capable to efficiently disrupt the Mdmx-p53 interaction. To achieve full activation of 
p53 in tumor cells, compounds that are specific for Mdmx are necessary to complement 
the Mdm2 specific binders.

Introduction

Loss of p53 function through mutations is involved in 50% of human cancer; 
the remainder retains wild‑type p53 but the p53 pathway is inactivated through the 
interaction with the Mdm2 and Mdmx proteins.1‑8 Mdm2, the first to gain the status of a 
principal cellular antagonist of p53, acts as an ubiquitin ligase, promoting ubiquitination 
of p53 followed by degradation in proteasome.9,10 As Mdm2 gene is regulated by p53 
pathway, the proper level of p53 is maintained by autoregulatory feedback.11,12 Mdm2 
interacts primarily through its 100 residue N‑terminal domain with the N‑terminal 
transactivation domain of p53 (see refs. 13–18).

Mdmx has only recently emerged as a critical, independent regulator of p53 activa‑
tion.2,3,7,8,19‑27 Although Mdmx is highly homologous to Mdm2 (Suppl. Fig. 1), it does 
not possess ubiquitin ligase capability20,28 and its expression level is not p53 dependent. 
It was shown that Mdmx could inhibit p53 transcriptional activity even stronger than 
Mdm2 (see refs. 2, 3, 19, 21, 24 and 27); and both proteins cooperate in inactivation of 
p53 (see refs. 2 ,3, 7, 8 and 27). The mechanism of the Mdm2/­Mdmx regulation of p53 
is however not clearly understood; in particular, the contributions of Mdm2 versus Mdmx 
to the regulation of p53 stability and activity is unclear, although the very recent model 
for p53 regulation by Mdm2 and Mdmx seems to remove many controversial proposi‑
tions.2,24

The rescue of the impaired p53 function by disrupting the Mdm2‑p53 interaction 
offers new avenues for anticancer therapeutics4,5,29‑33 and several lead compounds have 
recently been reported to inhibit the p53‑Mdm2 interaction.4,5,32,33 ������������������������    The first and still the 
best‑documented drug‑like compounds developed are cis‑imidazoline derivatives called 
nutlins.5,32 Nutlin‑3 is a selective and potent inhibitor of the p53‑Mdm2 interaction, 
which induces apoptosis in p53 wild‑type cells and shows in vivo efficacy in mice xeno‑
graft models. For Mdmx, several recent studies concluded that nutlin‑3 does not disrupt 
Mdmx‑p53 complexes22,25,26 whereas one most recent report23 provides evidence that the 
potency of nutlin‑3 is sufficient to disrupt the Mdmx‑p53 interaction and to efficiently 
kill retinoblastoma cancer cells.3,23 These authors furthermore found that subconjunctival 
administration of nutlin‑3 with topotecan, a drug that induces a p53 response through 
DNA damage, could achieve synergistic tumor cell killing in patients, without causing the 
side effects associated with prolonged systemic exposure.3,23
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We present here the structure of Mdmx bound to the 15‑residue 
peptide from the transactivation domain of p53. The structure of 
Mdmx/p53 reveals the mechanism of p53 inhibition by Mdmx and 
predicts that specific inhibitors of Mdm2‑p53 would not be optimal 
for binding to Mdmx. To test this prediction, we examined the capa‑
blility of nutlin‑3 to dissociate the Mdmx‑p53 complex. We show 
that the potency of nutlin‑3 is low; at high concentrations, only a 
small fraction of p53 can be recovered from the p53/Mdmx complex, 
whereas a 100% p53 recovery is observed in the nultin/Mdm2/p53 
system.

Materials and Methods

Protein expression and purification. The human Mdmx (Hdmx) 
domain between residues 1–134, Hdmx mutants M53V and Y99T, 
the p53‑binding domains of zebrafish Mdmx (residues 15–129) and 
the “human mimic” Mdmx (residues 15–129, mutations L46V and 
V95L) were obtained from an E. coli BL21(DE3) RIL expression 
system using the pET‑46Ek/LIC vector. Cells were grown at 37˚C 
and induced with 1 mM IPTG at an OD600nm of 0.7. The proteins 
were expressed for 12 h at 20˚C. The proteins were first purified 
under native condition using Ni‑NT Agarose (Qiagen) and finally by 
HiLoad 16/60 Superdex75 gel filtration (Pharmacia). The uniformly 
15N isotopically enriched protein samples were prepared by growing 
the bacteria in minimal media containing 15NH4Cl. The recom‑
binant human p53 protein (residues 1–310) was overexpressed at 
37˚C overnight in E. coli BL21(DE3) RIL using the pET‑46Ek/LIC 
vector. The protein was purified under denaturing conditions using 
a Ni‑NTA (Qiagen) column, refolded, and further purified using a 
Heparin Sepharose 6 Fast Flow (Amersham) column. Final purifica‑
tion was carried out via a HiLoad 16/60 Superdex75 gel filtration 
column.

The recombinant human p53 protein (residues 1–73) was over‑
expressed at 37˚C for 3 h in E. coli BL21 using a pGEX vector. The 
protein was purified under native conditions via GST‑Sepharose 
FF (Pharmacia). Final purification was carried out via a HiLoad 
16/60 Superdex75 gel filtration column. Human Mdm2s (Hdm2s), 
residues 1–118 and 1–125, were expressed using the pET46‑Ek/LIC 
vector and purified from inclusion bodies as previously (described 
in ref. 34). The p53 peptides were chemically synthesized and were 
purified by reversed phase chromatography. The p53 peptide 1, 
comprising residues 15 to 29 of human p53, contained the 
sequence: SQETFSDLWKLLPEN; peptide 2 had the sequence: 
RFMDYWEGL; and the zebrafish p53 peptide Z, comprising resi‑
dues 5 to 20, has the sequence: DSQEFAELWEKNLIIQ.

X‑ray crystallography. The protein buffer used for crystallization 
contained 5 mM Tris/HCl pH 8.0 and 50 mM NaCl. Crystallization 
of the protein was carried out with the sitting drop vapor diffusion 
method. Zebrafish Mdmx crystallized in the form of very thin plates 
from a crystallization solution containing 30% PEG 300, 0.1 M 
MES pH 6.5. They appeared in several days and grew to a final size of 
ca. 0.3 x 0.1 x 0.01 mm. Crystals were directly plunged frozen. The 
crystals belong to the space group P21 and contained three complexes 
per an asymmetric unit. An acceptable quality dataset up to 2.3 Å 
was collected on the MPG/GBF beamline BW6 at DESY, Hamburg, 
Germany. The collected data were integrated, scaled and merged by 
XDS and XSCALE programs.35 The structures were determined by 
molecular replacement using the Molrep program from the CCP4 

suite.36 The structure of the Hdm2 taken from the PDB entry 
1T4F (see ref. 33) was used as a probe. The initial R‑factor of the 
model was 0.46. The models were then refined by Refmac5 (see ref. 
38) and rebuilt by XtalViev/Xfit (see ref. 37) and by a subsequent 
Refmac5 refinement. Water molecules were added by Arp/warp 
(see ref. 38). The final R crystallographic factor was 0.21 and Rfree 
0.27 and 0.25/0.31 for the “human‑mimicking” and native struc‑
tures, respectively. Most of the Mdmx models had clear interpretable 
electron density between Arg15 and Leu106, with M chain having 
barely interpretable electron density from lysine and isoleucine from 
the enterokinase cleavage site preceding Arg15 of Mdmx. Certain 
solvent exposed side‑chains without clear electron density were 
omitted in the model. Data collection and refinement statistics are 
summarized in Table 1.

NMR methods. All NMR spectra were acquired at 300 K on a 
Bruker DRX 600 MHz spectrometer equipped with a cryoprobe. 
Typically, NMR samples contained up to 0.26 mM of protein in 
50 mM KH2PO4, 50 mMNa2HPO4, 150 mM NaCl, 5 mM DTT, 
pH 7.4. For 1H‑15N HSQC spectra, a total of 1024 complex points 
in t2 and 128 t1 increments were acquired. Water suppression was 
carried out using the WATERGATE sequence. NMR data were 
processed using the Bruker program Xwin‑NMR version 3.5.

NMR ligand binding experiments were carried out in an analo‑
gous way to those (as previously described in refs. 34, 39 and 40) 
500 ml of the protein sample containing 10% D2O, at a concentra
tion of about 0.2 mM, and a 20 mM stock solution of nutin‑3 
(purchased from Cayman Chemical, MI) in DMSO‑d6 were used 
in all of the experiments. p53 peptides were dissolved in PBS. The 
maximum concentration of DMSO at the end of titration experi‑
ments was about 2–3%, except for the titration of Hdmx/p53 with 
nutlin‑3, where it was 10% (to ensure that nutlin‑3 was dissolved at 
its 50‑fold excess molar concentration relative to the protein). The 
pH was maintained constant during the entire titration. As controls, 
to check the effect of DMSO on the proteins, we titrated the protein 
complex and proteins with DMSO up 10%. We found no significant 
changes in terms of chemical shifts, precipitation, or denaturation of 
the proteins for DMSO concentrations used in the compound titra‑
tions. We thus conclude that the DMSO effect on the proteins while 
titrating with different compounds can be neglected.

Isothermal titration calorimetry (ITC). The binding of different 
p53 constructs to Hdm2 (residues 1–118), Hdmx (residues 1–134), 
and Mdmx (residues 15–129) was measured by isothermal titra‑
tion calorimetry using a VP‑ITC MicroCalorimeter (MicroCal, 
Northampton, MA). The protein concentration in the reservoir solu‑
tion was around 0.02–0.03 mM, the concentration of the titrant was 
around 0.2–0.3 mM. Measurements were carried out in PBS, 2 mM 
TCEP, pH 7.4). All steps of the data analysis were performed using 
ORIGIN(V5.0) software provided by the manufacturer.

Results

Structure of the Mdmx‑p53 complex. The X‑ray structure of 
a complex between human p53 (residues 15‑29) and a variant of 
zebrafish Mdmx (residues 15–129), in which the p53 binding site 
has been mutated to that of human Mdmx (Hdmx), was solved by 
molecular replacement using the structure of human Mdm2 (Hdm2) 
1T4F (see ref. 33) as a model. We also solved the structure of the 
wild‑type zebrafish Mdmx (residues 15–129) bound to human p53 
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(residues 15 to 29) (Table 1). The structures are closely similar 
(rmsd for the mainchain superposition is 0.39 Å) and we will 
concentrate below on the structure of the human‑mimic Mdmx. 
Crystallization of the N‑terminal domain of Hdmx produced crystals 
that were not suitable for structural analysis, whereas zebrafish Mdmx 
crystals diffracted up to 2.2–2.3 Å. Sequence alignment shows that 
the wild‑type zebrafish Mdmx is highly homologues both to Hdmx 
(identity 48.8% for the full‑length proteins, and identity 66%, simi‑
larity 85% within the 95 residues included in the structures) and 
to Hdm2 (identities 33.5%, 50.0%, similarity 74%, respectively) 
(Suppl. Fig. 1). Considering the residues important for the p53 
binding in these proteins, the zebrafish Mdmx is closer to human 
Mdmx than to human Mdm2. The amino acid sequence of the 
native zebrafish Mdmx differs from that of Hdmx only by Leu46 
and Val95 in the p53 binding region and thus these residues were 
mutated to Val46 and Leu95 to achieve the human‑featured p53 
binding site.

The major difference between amino acid sequences of the 
first 100 residues of Mdmx and Hdm2 is at a stretch of the 

Hdm2 residues His96‑Arg97‑Lys98‑Ile98, which are replaced by 
Pro95‑Ser96‑Pro97‑Leu98 and Pro92‑Ser93‑Pro94‑Val95 in Hdmx 
and zebrafish Mdmx, respectively. The affinities of zebrafish Mdmx´s 
for the largest fragment of p53 (residues 1–310) and for nutlin‑3 
are analogous to those of Hdmx (Table 2). Thus we have concluded 
that zebrafish Mdmx should be an excellent model for its human 
counterpart.

The overall fold of zebrafish Mdmx is similar to that of Hdm2 
(rmsd for the heavy atoms superposition between residues 25–109 of 
Hdm2 and residues 20–106 of zebrafish Mdmx is 1.28 Å) (Fig. 1A). 
The fold preserves the principal elements of the structure of Hdm2: 
a structural repetition into two portions of about 40 residues long, 
b1a1b2a2 and b1'a1'b2'a2', that are related by an approximate 
dyad axis of symmetry,16 and a hydrophobic cleft on one side of 
the structure formed by the repeat packing across their hydrophobic 
sides. The leading difference is located in helix a2'. This helix is 
moved by 2.5 Å in zebrafish Mdmx towards its C‑terminus compared 
to Hdm2. It also starts later, all because of the Pro92‑Ser93‑Pro94 
sequence; however the changes in a2´ start already at the zebrafish 
Mdmx Asn91 (Hdm2, Glu95) and the a2´ helices of zebrafish 
Mdmx and Hdm2 get successively out of the register to each other 
until Leu103 (Hdm2: Leu107), without large single differences 
in f,y angles (Fig. 1B). It is worth mentioning here that the f,y 
angles of the Pro92‑Ser93‑Pro94 sequence are still in the a‑helical 
range (Suppl. Fig. 2). The binding cleft of zebrafish Mdmx is smaller 
than that of Hdm2 (Fig. 2). This is because the sidechain of Tyr96 
protrudes into the binding pocket, making it shallower (despite that 
Ca is moved by 1 Å to the outside of the cleft, towards helix a1', e.g., 
away from the center of the p53‑binding pocket). The position of the 
aromatic ring of Tyr96 is identical in all Mdmx molecules present in 
our structures, but different compared to that of the corresponding 
Hdm2 Tyr100 seen in all resolved structures of Hdm2 (Fig. 1A 
and B). In those structures Tyr100 participates in a rim around the 
p53‑binding site; which is primarily made up by the sidechain of the 
Hdm2 His96. Zebrafish Mdmx has Pro92 (Pro97 in Hdmx) at this 
position; thus the rim of the Mdm2 structure is effectively absent in 
zebrafish Mdmx. This makes the binding cleft of Mdmx shallower 
on the side of a2'. When the structure is viewed in the standard 
orientation of (Fig. 1A), the apex of the p53‑binding cleft is further 
blocked from the opposite side by the sidechain of Met50 of helix a2 
of zebrafish Mdmx (Met53 in Hdmx). The Met50 sidechain points 
into the p53‑binding pocket (this is the same orientation as the corre‑
sponding Leu46 of Hdm2 (Ile50 in Xenopus laevis Mdm2) but the 
larger Met50 sidechain makes the p53‑binding cleft smaller (Figs. 1A 
and 2). Other distinct differences in amino acid sequences between 
Mdmx and Hdm2 are the Hdm2 residues 86 and 104. There is Leu82 
(Leu85 in Hdmx) instead of Phe86 at the bottom of binding site in 
zebrafish Mdmx and no Tyr104 ‑ instead we have Lys100 (Arg103 in 
Hdmx). These substitutions however have small effects on the shape 
of the p53‑binding cleft; for example, the aromatic ring of the Hdm2 
Tyr104 is filled with the sidechain of Leu17 in Mmdx.

Determinants of the binding of p53 to Hdm2 found in the 
p53‑Hdm2 interaction remain mostly intact for the p53‑Mdmx 
binding. The primary contacts to Mdmx are made by hydrophobic 
Phe19, Trp23, and Leu26 of human p53 that form together an 
interface that is complementary to and fills up a hydrophobic pocket 
of zebrafish Mdmx (Fig. 1B). In the p53 peptide, the sidechains of 
Phe19 and Trp23, which insert deep into the zebrafish Mdmx cleft, 

Table 1	 Data collection and refinement statistics

Data Collection	N ative	 Human‑Mimic
Space group	 P21	�� P21

Cell constants (Å)	 a=80.52	������� a=81.08
	 b=30.44	������� b=30.54
	 c=100.85	������� c=101.1
	 b=102.47	 b=102.94
Resolution range (Å)	 30‑2.3	������ 30‑2.3
Wavelength (Å)	 1.05	���� 1.05
Observed reflections	 102529	����� 93820
Unique reflections	 21546	����� 23555
Whole resolution range:
Completeness (%)	 91.6	���� 93.2
Rmerge	 13.5	���� 9.32
I/s(I)	 8.42	���� 14.0
Last resolution shell
Resolution range (Å)	 2.3‑2.4	 2.3‑2.4
Completeness (%)	���������  82.0	 96.3
Rmerge	 30.0	 25
I/s(I)	��������  4.0	 5.25
Refinement
No. of reflections	 20724	����� 18354
Resolution (Å)	 20‑2.3	������ 20‑2.4
R‑factor (%)	 24.7	���� 21.0
Rfree (%)	 31.0	���� 26.4
Average B (Å2)	 26.25	����� 21.14
R.m.s bond lenght (Å)	�����������  0.009	 0.009
R.m.s. angles (������������  °�����������  )	���������  1.426	��� 1.2
Content of asymmetric unit
RMSD of monomers (Å)	 0.47	��� 0.5
No. of complexes	 3	 3
No. of protein residues/atoms	 296/2377	�������� 307/2490
No. of solvent atoms	 147	��� 355
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are seen in the same positions 
in both Hdm2 and zebrafish 
Mdmx structures. However, 
the segment of the p53 
peptide starting at Leu25, e.g., 
Leu25‑Leu26‑Pro27, is ca 1.7 Å 
shifted to the outside compared 
to that in Hdm2 (Fig. 1B).

Nutlin‑3, NXN‑6 and 
NXN‑7 are weak competitors 
of p53 in binding to Mdmx. 
The affinities of Mdmx versus 
Hdm2 (human Mdm2) for p53 
are similar, in the range of 0.1–2 
mM for the p53 protein frag‑
ments and the p53 peptide 1 
(Table 2) and are in agreement 
with the results of Laurie et 
al.23 for the p53 peptide/Hdmx 
and close to the KD obtained 
for the N‑terminal domain of 
Hdm2/peptide 1 (KD=0.6 mM, 
see ref. 16). Interestingly, the 
same experiments performed 

for a 9mer of the “optimized” p53 peptide,41‑43 used for crystalliza‑
tion of Hdm2 by Grasberger et al.,33 showed weak binding and fast 
exchange in NMR between bound and unbound states of Mdmx 
(Table 2 and data not shown). Our KD data is broadly in agreement 
with the results of Böttger et al.,44 who tested a number of different 
p53 peptides for binding to Mdmx and Mdm2.

To check whether nutlin‑3 is capable to compete with p53 for 
binding to Mdmx’s, we have monitored the influence of nutlin‑3 
on NMR spectra of a purified complex of the N‑terminal domain 
of Hdmx and GST‑p53 (residues 1–73) and compared these results 
with the corresponding Hdm2/p53 spectra. Top traces in all panels in 
(Fig. 4) show 1D proton NMR �������������������������������������       spectra of the NH side chains of Trp 
residues of the free, Hdm2/Hdmx unbound p53. Because of a highly 
flexible nature of the N‑terminal domain of p53, the side chains 
of Trp23������������������������������������        and Trp53 give rise to sharp lines.17,39,45,46 On forming 
the complex with Hdm2 or Hdmx, the signal of Trp23 disappears 
(Fig. 4, middle traces in all panels). This is because Trp23, together 
with the p53 residues���������������������������������������������         17 to 26,�����������������������������������      comprise the primary binding site 
for Hdm2 and Hdmx. Upon binding, these residues participate in 
well‑defined structures of large p53‑Hdm2, p53‑Hdmx complexes, 
whereas Trp53 is still not��������������������������������������        structured when p53 is bound to Hdm2 
or Hdmx (see ref. 39). ����������������  The observed 1/T2 transverse relaxation rate 
of the bound Trp23 in the complexes increases thus significantly and 
broadening of NMR resonances �������������������������������������     results in the disappearance of this 
signal in the spectra.39 Nutlin‑3 was then added to the Hdm2/p53 

Table 2	 ITC and NMR titration data for various peptide/small‑molecule binding	
	 partners of Hdm2, Hdmx and zebrafish Mdmx

Binding Partner	 Hdm2	 Hdmx	 Zebrafish Mdmx	 Human‑Mimic Mdmx
p53 (res. 1‑310)	 0.77 ± 0.07	 0.48 ± 0.05	 0.35 ± 0.03	 0.45 ± 0.04
p53 (res. 1‑310)	 0.39 ± 0.20a			 
GST‑p53 (res. 1‑73)�������������������������������������         	������������������������������������         0.50 ± 0.05	 0.13 ± 0.03	 0.40 ± 0.06	
GST‑p53 (res. 1‑73)		�����������    0.10 ± 0.01b		
GST‑p53 (res. 1‑73)		  0.29 ± 0.05c		
GST‑p53 (res. 1‑73)		  1.51 ± 0.3d		
p53 peptide 1	 0.60 ± 0.07	 0.21 ± 0.05	 2.20 ± 0.30	 2.40 ± 0.40
p53 peptide 2	 0.45 ± 0.05	 35 ± 20	 40 ± 30	‑
p53 peptide Z	 1.22 ± 0.2	 3.6 ± 0.4	 0.67 ± 0.05	 1.33 ± 0.2
Nutlin‑3	 0.70 ± 0.08	 25 ± 18	 28 ± 20	 25 ± 20
Nutlin‑3		  5 ± 2c		
Nutlin‑3		  200 ± 20d		
NXN‑6	 2 �����������������      ± 1��������������     	�������������     500 ���������   ±��������    120����  	‑	‑ 
NXN‑7	 4 ���������    ± 2������   	‑	‑	‑  

KD values in µM. �KD values were determined by NMR in case of fast exchange/weak binders (KD´s > 8 mM). Peptide 1: human p53 sequence S15QETFSDLWKLLPEN29; 
peptide 2: RFMDYWEGL (refs. 41–43); the zebrafish p53 peptide Z, sequence: D5SQEFAELWEKNLIIQ20. Entries: ‑, not measured; aHdm2 (residues 1–125);� bHdmx 
(res. 1–112); cHdmx(M53V; dHdmx(Y99T).

Figure 1. The structure of the complex between the variant of Mdmx (residues 
15–129, mutations L46V and V95L) and p53 superimposed on the structure 
of the Hdm2/p53 complex. (A) Stereoview of an overlay of Mdmx (blue) and 
Hdm2 (green). Residues shown, M50, P92 and Y96 for zebrafish Mdmx, 
and L54, H96 and Y100 for Hdm2, are important for binding to p53. 
(B) The interaction of the p53 peptide 1 (stick plot) with a2´ helix (a‑carbon 
plot) of Mdmx (blue) and Hdm2 (green). Tyr100 of Hdm2 in the structure of 
the nutlin/Hdm2 complex (26) is shown, in addition, in red.
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and Hdmx/p53 complexes. For Hdm2, t������������������������   he Trp23 peak reappears 
on addition of nutlin‑3, indicating that p53 has been fully released 
(Fig. 4A, lower trace). ������������������������������������������     The NMR spectrum additionally showed that 
the freed p53 is folded, that the Hdm2/nutlin‑3 complex is soluble, 
and that nutlin‑3 did not induce precipitation of Hdm2. ���������Nutlin‑3 
was however not able to efficiently disrupt the Hdmx‑p53 binding 
at the molar ratio of the compound to protein 6:1 (Fig. 4B); even at 
the molar ratio 50:1 only 20% of p53 is released (data not shown). 
Similar results (Fig. 4C and D; Suppl. Fig. 3) were obtained for 
small molecular weight antagonists of Hdm2/p53 compounds called 
NXN‑6 and NXN‑7 (see ref. 47).

The structures of Mdmx´s show that, compared to Mdm2, a part 
of the p53 binding cleft is blocked by sidechains of Met and Tyr of 

Mdmx. Since these differences are relevant to nutlin binding, we have 
mutated these residues in Hdmx to those with smaller sidechains 
(mutants Met53Val and Tyr99Thr) and determined their binding 
to nutlin and p53 (Fig. 4E and F; Table 2). Mutation of Met53Val 
had a pronounced effect on dissociation capability of nutlin‑3: about 
40% of p53 is released; for the Tyr99Thr mutant the difference to 
the wt‑Mdmx was not significant. This trend is in agreement with the 
KD data for the direct interactions of these Hdmx mutants with p53 
or nutlin‑3 (Table 2). For example, the binding of nutlin‑3 to mutant 
Met53Val is 40‑fold stronger (KD, 5 mM) than to the Tyr99Thr 
mutant (KD, 200 mM) and 5‑fold stronger than to wt‑Hdmx 
(KD, 25 mM).

Discussion

Implications for understanding of the interaction of the known 
Mdm2‑antagonists with Mdmx. The structure of zebrafish Mdmx, 
in conjunction with affinity data, reveals the mechanism of p53 
inhibition by Mdmx and shows why specific inhibitors of Hdm2 
would only weakly bind to Mdmx. For nutlin‑3, the chlorophenyl 
ring of nutlin‑3 cannot establish a deep hydrophobic interaction with 
Mdmx seen in the nutlin‑3/Hdm2 structure (Fig. 1B, 2 and 3). The 
corresponding part of the Mdmx pocket is shallow compared to that 
of Hdm2. Two residues of Mdmx, Met50 and Tyr96, are crucially 
responsible for this feature of the Mdmx cleft. The chlorine atom of 
nutlin‑3 would be only 1.6 Å away from the OH atom of the Mdmx 
Tyr96 (Fig. 3). Flipping the Tyr96 aromatic ring away from the side of 
the p53 binding pocket would release this obstruction, but it would 
then lower the hydrophobicity of this side of the pocket. In addition, 
the flipped aromatic ring would clash with the side chain of Glu20. 
Figures 1B and 3 show the position of the Tyr100 aromat in the 
nutlin‑3/Hdm2 complex (magenta) and in the p53/Hdm2 complex 
(green). One can see that nutlin crucially relies on establishing a 
hydrophobic interaction between its chlorophenyl and the aromat 

of Tyr100, pulling the Tyr100 ring towards the 
p53 interacting cleft of Hdm2 (we designate this 
conformation of the Tyr as the “closed conforma‑
tion”). Our competition experiments for mutant 
Hdmx´s beautifully support this conclusion 
(Fig. 4): Mutation of the Hdmx‑corresponding 
Tyr99 to Thr in Hmdx does not help the nutlin 
in its effectiveness to dissociate the Hdmx‑p53 
complex (Fig. 4B and E). However, mutation of 
Met53 to Val, e.g., mutating to a smaller side‑
chain amino acid with however uncompromised 
hydrophobicity, increased 2‑fold the dissociating 
power of nutlin‑3 compared to that of wt‑Hdmx 
(Fig. 4B and F).

The PDB Data Bank contains four additional 
structures of complexes of Hdm2 with peptidic 
antagonists: 1T4F (see ref. 33), 2GV2 (see ref. 48), 
2AXI (see ref. 49) and with a benzodiazepinedione 

Figure 3. The interaction of nutlin‑3 (stick plot) with a 
part of the a2´ helix (a‑carbon plot) of Mdmx (blue) and 
Hdm2 (magenta). Tyr100 of Hdm2 in the structure of the 
nutlin/Hdm2 complex is shown, together with the Tyr96 
of the Mdmx/p53 complex.

Figure 2. Surface representations of Mdmx (the left side) and Hdm2 structures 
(the right side). Residues highlighted are Met50, Tyr96, and Pro92 of Mdmx, 
and Leu54, His96, and Tyr100 of Hdm2 (see text).
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compound (1T4E, see ref. 33). The mode of interaction between 
these antagonists and Hdm2 is very similar to that of the nutlin/
Hdm2 structure discussed above. In all these cases Tyr100 assumes 
“a closed conformation” seen in the nutlin‑3/Hdm2 complex. We 
therefore expect that the conclusions drawn here should be valid for 
all Mdm2/p53 antagonists reported in the literature until now. For 
the nutlin‑like compounds, the structure of Mdmx presented here 
suggests a possible modification that should increase the binding: 
Substituting the chlorophenyl ring with a smaller, but still strongly 
hydrophobic group should give a scaffold more compatible with the 
Mdmx binding site.

Efficient inhibition of Mdmx‑p53 interaction requires Mdmx 
targeted inhibitors. There is a controversy in the literature regarding 
the capability of nutlin‑3 to antagonize the Mdmx‑p53 interaction. 

Three reports saw no effect of nutlin on the Mdmx‑p53 interac‑
tion,22,25,26 whereas Laurie et al.3,23 reported that, even though 
nutlin‑3 binds less efficiently to Mdmx than to Mdm2, intraocular 
concentrations of nutlin‑3 achieved by subconjunctival injection 
should be sufficient to disrupt both Mdm2‑p53 and Mdmx‑p53 
in retinoblastomas.3,23 Since the assays reported in the literature 
are all based on inhomogenous protein preparations, we decided 
to use homogenously purified proteins and check for Mdm2/x‑p53 
or Mdm2/x‑p53/nutlin associations using direct in vitro experi‑
ments. In our approach, we primarily rely on an NMR assay that 
we have developed for a thorough characterization of inhibitory 
propensities of antagonists in protein‑protein interactions.4,39 We 
can thus unambiguously characterize the intrinsic properties of the 
interactions between Mdm2‑p53 and Mdmx‑p53 sequences on the 
molecular level. Our experiments do not capture contributions from 
other, secondary interacting regions of the respective proteins that 
might have contributed to some of the differences in the literature. 
However, since full‑length proteins exhibit higher binding affini‑
ties in Mdmx/p53 or Mdm2/p53 complexes than the fragments 
(for example, the binding of Hdm2 (residues 1–118) to full‑length 
p53 is tenfold stronger than the binding to the N‑terminal domain 
p53 (residues 1–93); see ref. 45), it is unlikely that nutlins, which 
do not dissociate efficiently the complex between the N‑terminal 
domain of Mdmx and p53 peptides, would show efficacy for the 
tighter bound Mdmx/p53 complexes in vitro or in vivo situations.

Our NMR and ITC binding data clearly show that Mdm2/p53 
antagonists are not effective in the inhibition of the Mdmx/p53 
interaction. The retinoblastoma tumor cell killing effect of nutlin‑3 
observed by Laurie et al.23 could only be explained by their use of 
extermely high, “rancid” concentrations of nutlin‑3 to block the 
Hdmx‑p53 interaction. Nutlin‑3 might also exert its action indi‑
rectly, effecting Hdmx protein levels5 or by activating E2F1 (see refs. 
50 and 51).

In conclusion, the structures of p53/Mdmx indicate that although 
Mdmx and Mdm2 utilize the same����������������������������     p53‑binding motif and many 
of the same residues for binding to p53, their binding details differ 
significantly and thus the development of specific Hdmx inhibitors 
will have to take into account the unique structural properties of 
Hdmx. The data further suggests that there is high probability that a 
good binder to Hdmx would bind even stronger to Hdm2, whereas 
the reverse would not be true. Nutlin‑3 shows this trend and we 
have tested several other compounds for Hdm2, all showing the 
same characteristcs. For example, recently developed inhibitors of 
the Hdm2‑p53 interaction, compounds called NXN‑6 and NXN‑7, 
bind to Hdm2 with KD’s of ca. 2–5 mM, are moderately potent in 
dissociating the Hdm2‑p53 complex, but marginally effective in 
antagonizing the Hdmx‑p53 interaction (Fig. 4C and D). Thus, the 
development of new therapeutic antagonists for the Hdm2/Hdmx 
system should start with the screening of Hdmx first. It appears 
therefore that possible anti‑cancer therapy based on releasing native 
p53 from Hdm2/Hdmx will require either mutual use of selective 
Hdmx and Hdm2 inhibitors or potent Hdmx antagonists, which, 
based on our data, are expected to also be effective in the interactions 
with Hdm2.

Figure 4. NMR competition binding experiments. Top spectra: 1D proton 
spectra of the side chains of tryptophans (W) of free p53 (residues 1–73), 
showing W23, W53. Middle spectra: on forming a complex with Hdm2 or 
Hdmx, the signal of the sidechain of W23 disappears. Bottom spectra: when 
we added nutlin‑3, the signal of W23 recovered as a result of a complete 
[(A), complex Hdm2/p53] or partial dissociation of the complexes. The 
recovery of the W23 signal is about 15% for the Hdmx/p53 complex (B). 
When we added NXN‑6, the signal of W23 in spectrum (C) recovered as a 
result of a 70% dissociation of the Hdm2/p53 complex; (D) there is a 10% 
recovery of the W23 signal for the Hdmx/p53 complex. The recovery of the 
W23 signal is about 20% for the Hdmx(Y99T)/p53 complex (E) and 45% 
for Hdmx(M53V)/p53 (F). The molar ratio of the compound to protein was 
6:1 in all six cases.
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