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Structure of the MDM2 Oncoprotein
Bound to the p53 Tumor Suppressor
Transactivation Domain

Paul H. Kussie, Svetlana Gorina, Vincent Marechal,
Brian Elenbaas, Jacque Moreau, Arnold J. Levine,
Nikola P. Pavletich*

The MDM2 ohcoprotein is a cellular inhibitor of the p53 tumor suppressor in that it can

bind the transactivation domain of p53 and downregulate its ability to activate tran-

scription. In certain cancers, MDM2 amplification is a common event and contributes to
the inactivation of p53. The crystal structure of the 109-residue amino-terminal domain
of MDM2 bound to a 15-residue transactivation domain peptide of p53 revealed that
MDM2 has a deep hydrophobic cleft on which the p53 peptide binds as an amphipathic
a helix. The interface relies on the steric complementarity between the MDM2 cleft and
the hydrophobic face of the p53 o helix and, in particular, on a triad of p53 amino
acids—Phe'®, Trp23, and Leu?®—which insert deep into the MDM2 cleft. These same p53
residues are also involved in transactivation, supporting the hypothesis that MDM2
inactivates p53 by concealing its trahsactivation domain. The structure also suggests
that the amphipathic o helix may be a common structural motif in the binding of a diverse
family of transactivation factors to the TATA-binding protein—-associated factors.

The p53 tumor suppressor helps maintain
the ‘genomic integrity of the cell as it
coordinates the cellular response to DNA

by the binding of the cellular MDM2 on-
coprotein, which was originally identified
as an amplified gene in a transformed

damage by inducing cell cycle arrest (1) or
apoptosis (2, 3). Accordingly, inactiva-
tion of p53 is one of the most common
events in neoplastic transformation. In
about half of all cancer cases, p53 is inac-
tivated by mutations and other genomic
alterations (4), and in many of the re-
maining cases it is functionally inactivated
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mouse cell line (5-7).

p53 can bind to specific DNA sequenc-
es (8) and activate gene expression (9),
and this activity of p53 is likely to be
central to its growth and suppressing ef-
fects because tumor-derived mutants are
defective in DNA binding (8-10). In nor-
mal cells, MDM2 and p53 form a negative
feedback loop that helps to limit the
growth-suppressing activity of p53 (11). In
response to DNA damage, which leads to
an increase in p53 (1), p53 can activate
expression of the MDM2 gene (11). The
MDM2 protein, in turn, can bind the
transactivation domain of p53, inhibiting
further p53 activity as a transcription fac-
tor (6, 11, 12). Deletion of MDM2 is
lethal to mouse embryos, but transgenic
mice lacking both MDM2 and p53 are
viable (13), suggesting that the downregu-
lation of the growth-suppressing effects of
p53 is a key activity of MDM2.

In tumors, gene amplifications and other
alterations ‘can result in elevated MDM?2
and lead to the constitutive inhibition of
p53. Amplification of MDM2 has been ob-
served in more than one-third of soft tissue
sarcomas (7, 14) and, less often, in other
cancers, including glioblastomas (15), leu-
kemias (16), esophageal carcinomas (17),
and breast carcinomas (18). Tumors harbor-
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resolution, contoured at

1.0 &, with the refined 2.3 A resolution atomic model in a stick representation. Stereo view focuses on
the interactions of Phe®, Trp23, and Leu?® of p53 (labeled) with the a2 helix of MDM2.
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Fig. 2. The MDM2 NH,-terminal domain (in cyan) forms a structure remi-
niscent of a twisted trough. It has a hydrophobic cleft where the p53
peptide (in yellow) binds as an amphipathic a helix. Three approximately
orthogonal views of the complex are shown. (A) The MDM2-p53 complex
in an orientation where the floor of the MDM2 cleft is in the plane of the
figure. MDM2, p53 and the NH,- and COOH-termini are labeled C and N.
(B) The complex rotated approximately 90° about the horizontal axis of (A).

(C) The complex rotated approximately 90° about the vertical axis of (B),
looking down the helix axis of p53. Also shown are Phe®, Trp23, and Leu?®
of p53, which insert deep into the MDM2 cleft [prepared with the programs
MOLSCRIPT (50) and RASTERSD (57)]. Abbreviations for the amino acid
residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K,

‘Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,

Trp; Y, Tyr.

ing amplified MDM2 typically contain
wild-type p53 (7, 14), suggesting that
MDM2 amplification may be an alternative
to the mutational inactivation of p53 in
tumorigenesis. This hypothesis is supported
by the ability of MDM2 to enhance the
tumorigenic potential of cells (19) and
transform them in cooperation with acti-
vated ras (20).

We now describe the crystal structure of
the 109-amino-acid NH,-terminal domain
of MDM2, which contains the p53 binding
activity (12, 21), bound to a peptide from
the transactivation domain of p53. The
structure reveals how the transactivation
domain of p53 binds MDM2, and in con-
junction with the crystal structure of the
p53 DNA-binding domain-DNA complex
(22) and structures of the p53 oligomeriza-
tion domain (23), help to elucidate how
p53 functions as a transcription factor.

Structure determination. The approxi-
mate boundaries of the interacting regions
of MDM2 and p53 had been identified by a
combination of deletion and mutation anal-
yses (12, 21, 24, 25). In this study, proteo-
lytic digestion was used for the more precise
delineation of the boundaries of the inter-
acting regions (26). This analysis showed
that MDM2 contains a 12-kD structural
domain at its NH,-terminal portion [resi-
dues 17 to 125 (26)] that is highly con-
served (71 to 91 percent identity across five
species) and is necessary and sufficient for
p53 binding; on the part of p53, MDM2
binding depends on a short, linear sequence
of 11 amino acids [residues 17 to 27 (26)]
including the residues identified by mu-
tagenesis as being necessary for MDM2
binding (24, 25). This region also overlaps
one of the conserved regions of p53 (3) and
contains sequences responsible for transac-
tivation (9, 12, 21).

In crystallization trials, 15- and 17-

residue p53 peptides produced crystals of
the complex, but larger ones did not, pre-
sumably because their ends are likely to
extend beyond the boundaries of the
MDM2 cleft in the complex, thus inter-
fering with crystal packing. Initial isother-
mal titration calorimetry experiments
showed that the crystallization peptides
have an affinity for MDM2 comparable to
that of a larger p53 peptide, encompassing
the region previously identified as suffi-
cient for MDM2 binding (12) (apparent
dissociation constants (K,) of 600 nM and
420 nM for peptides corresponding to res-
idues 15 to 29 and 1 to 57 of p53, respec-
tively, at 35°C). Crystals of the human
MDM2 (residues 17 to 125)-p53 (residues
15 to 29) complex grew as tightly clus-

tered thin plates, and successive rounds of
macroseeding were required to obtain sin-
gle crystals suitable for diffraction (27). To
circumvent this problem, crystals of Xeno-
pus laevis MDM2 [residues 13 to 118; 71
percent identity to human MDM2 (28)]
bound to human p53 (residues 13 to 29),
which grew readily, were used for the
structure determination by the multiple
isomorphous replacement (MIR) method
(Fig. 1 and Table 1) (29). The structure of
the human MDM2-p53 complex was then
determined by molecular replacement us-
ing the 2.3 X structure of the X. laevis
complex (R factor of 18.8 percent) as a
model, and it was refined at 2.6 A resolu-
tion to an R factor of 20.0 percent (Table
1) (29).

Table 1. Statistics from the crystallographic analysis.

. Reflections Data .
Data set Resc(::it)]tlon ————————— coverage AR, MFID} Plgavlvsgg
Measured Unique (%) P
Native (X. laevis) 23 15953 6257 97.0 0.055
Native (human) 2.6 16069 3559 90.0 0.052
Thimerosal 3.0 6707 2886 94.8 0.056 0.25 1.9
UO,(OAC), 3.1 6039 2545 93.2 0.078 0.12 14
UO,(0Ac), + K,PHCN), 3.2 14350 2181 86.9 0.088 0.16 1.8
K,AU(CN), 3.0 4316 2592 86.4 0.024 0.08 0.8
Refinement statistics
rmsd#
Resolution  Reflections§ Protein Water  R| R, I
(A) atoms atoms Bonds Angles B factors
@ 0 (A?)
X. laevis  7.0-2.3 5423 801 40 0.188 0.253 0.010 1.39 3.1
Human 8.0-2.6 3293 807 0.200 0.276 0.013 1.55 2.7
*Rsym = 2,,2,|I,,', = L[/%,2 1, for the intensity (/) of i observations of reflection h. +tMFID, mean isomorphous
difference = X|Fpy — Fpl/3Fp, where Fp, and Fo are the derivative and native structure factors,
respectively.  Phasing power = {[F,2/(For — Fenel?t72. §Reflections with [F|>20 and |F|>1o for the data

sets from X. laevis and humans, respectively.
calculated structure factors, respectively.

IR factor = 3|F, — F|/Z|F,|, where F and F_ are the observed and
qFree R factor calculated from 10 percent of the data chosen randomly
and omitted from simulated annealing refinement from 3000 K.

#Root-mean-square deviations from ideal geom-

etry and root-mean-square variation in the B factors of bonded atoms.
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Overall structure of the MDM2-p53
complex. The MDM2 NH,-terminal do-
main forms a structure reminiscent of a
twisted trough, having a cleft lined with
hydrophobic amino acids (Fig. 2). The cleft
is composed of two helices forming the
sides, two shorter helices that make up the
bottom, and a pair of three-stranded B
sheets that cap each end (Fig. 2A). The p53
peptide forms an amphipathic a helix of
about 2.5 turns (Fig. 2), which is followed
by an extended region of three residues.
The primary contacts from p53 are made by
its & helix, which binds the MDM2 cleft
with its hydrophobic face and buries all but
one of its five hydrophobic amino acids at
the interface.

The key to the interface is a triad of
hydrophobic and aromatic amino acids of
p53—Phe!®, Trp?, and Leu**—which in-
serts deep into the MDM2 cleft (Fig. 2C).
These amino acids are invariant across spe-
cies (24). The interface relies extensively
on van der Waals contacts and the steric

Fig. 3. The MDM2 NH,-ter-

minal domain contains two  C
structurally similar portions
related by an approximate
dyad axis of pseudosymme-
try. In this topological dia-
gram of the secondary struc-
ture elements of MDM2, the
residues at the start and the
end of each secondary
structure element are indi-
cated. The structural ele-

(ios P5 o8

complementarity between the MDM2 cleft
and the hydrophobic face of the p53 helix
as these interactions are augmented by only
two intermolecular hydrogen bonds.

The structure, in conjunction with bio-
chemical studies, reveals the mechanism of
p53 inhibition by MDM2. Mutagenesis
studies have implicated several hydropho-
bic amino acids on the amphipathic helix of
p53 in transactivation (24), probably be-
cause of their binding to the TATA box-
binding protein-associated factors (TAFs)
(30). MDM2 makes extensive contacts to
these hydrophobic p53 residues, shielding
them from the solvent and preventing their
access to the TAFs.

Structure of MDM2. The MDM2 do-
main contains a structural repetition. It has
two portions, 45 and 38 amino acids long,
with similar structures (residues 26 to 70
and 71 to 108) that are related by an ap-
proximate dyed axis of symmetry (Figs. 2A
and 3). The sequence similarity of the two
halves is low (11 percent identity), except

104

ments of the second repeat are distinguished from those of the first repeat by the ‘prime’ symbol.

a2 helix

Fig. 4. The p53 peptide (in yellow) forms an amphipathic helix whose hydro-
phobic face binds the MDM2 cleft (in blue). The cleft is formed by the a2 helix,
on one side, and the middle B sheet, on the other side, and is lined with
hydrophobic and aromatic amino acids (or both). (A) The helical p53 amino
acids show and emphasize the amphipathic nature of the a helix, where blue
and red spheres indicate nitrogen and oxygen atoms, respectively, and the
carbon atoms are in yellow. View is looking down the helix axis, as in Fig. 2C.
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for a general conservation of hydrophobic
residues. The repeat structure consists se-
quentially of a B strand, an a helix, a B
strand, a longer « helix, and a 8 strand (Fig.
3). The two helices of the repeat, which
pack at an angle of ~70°, and the first two
B strands, which form a B sheet, come
together to form a small globular structure
with a hydrophobic core.

One side of this globular repeat structure
is hydrophobic, and the two repeats come
together and pack across their hydrophobic
sides forming a cleft at their interface (Fig.
2). Their short helices (a1 and a1") pack in
an antiparallel fashion to form the bottom
of the cleft, their long helices (a2 and «2')
form the sides of the cleft, and their B
strands form two B sheets at opposite ends
of the cleft that cap the ends (Figs. 2 and 3).
One B sheet contains the NH,- and
COOH-termini of the polypeptide, and we
refer to it as the terminal B sheet to distin-
guish it from the B sheet that occurs in the
middle of the polypeptide (middle B sheet).
The cleft is about 25 A long, 10 A wide
near the surface but narrowing toward the
bottom, and up to 10 A deep. The cleft has
two layers of hydrophobic amino acids. One
layer forms a hydrophobic core that seals
the bottom of the cleft and an additional
layer forms the hydrophobic lining of the
cleft. ,

Although the two repeats have similar
tertiary structures, the MDM2 cleft is asym-
metric. One portion, which corresponds to
about three-quarters of the length of the
cleft and is the site where the p53 a helix
makes its primary contacts, resembles a

For simplicity, only the p53 amino acids are labeled, although the MDM2 amino
acids at the interface are also shown. The backbone regions of p53 and MDM2
are colored in a darker tone, and the two intermolecular hydrogen bonds at the
interface are shown as red dotted lines. (B) The interface in an orientation
rotated 90° about the vertical axis of (A). The MDM2 a2 helix is below the plane
of the figure, its B sheet is above the plane, and p53 is between the two. Only
the interacting amino acids at the interface are shown, and they are labeled.



wide, deep pocket. The remaining portion,
where the extended region of p53 makes
only a few contacts, is narrower and shal-
lower, and offers a smaller interaction area
with little hydrophobic character. The
asymmetry in the cleft results, in part, from
the a2 helix in the first repeat being about
one turn longer than the corresponding a2’
helix in the second repeat, and the middle B
sheet being larger than the terminal B sheet
at the other end of the cleft (Figs. 2 and 3).
Structure of the p53 peptide. The p53
peptide used in the crystallization is 15
amino acids long (residues 15 to 29), but
only 13 amino acids (residues 17 to 29) are
ordered in the crystals. Residues 18 to 26
form an amphipathic a helix (Fig. 4A),
and residues 17 and 27 to 29 at either end
are in extended conformations (Fig. 4).
The helix is a regular a helix until its
COOH-terminal portion where it makes
one 3, helical hydrogen bond.
Contributing to the initiation of the a
helix is a network of hydrogen bonds
formed by the Thr'® and Asp?' residues.
The Thr'® side-chain hydroxyl group hy-
drogen bonds with the backbone amide and
side-chain carboxyl groups of Asp?!, and
the Thr'® backbone amide hydrogen bonds
with the Asp?! carboxyl group as well. On
the hydrophobic face of the amphipathic
p53 helix, three of the hydrophobic amino
acids (Phe!®, Trp??, Leu®®) have extended
side-chain conformations and pack close to
each other, making sequential van der
Woaals contacts (Fig. 4). Most noteworthy
are the aromatic side chains of Phe!® and
Trp??, which stack face-to-face in a stag-

p-sheet

Fig. 5. The MDM2 cleft contains, in its p53 binding portion, a deep pocket
where a triad of hydrophobic and aromatic p53 amino acids—Phe'®, Trp23,
and Leu®®—insert into. (A) Surface representation of the MDM2 cleft with gray
concave regions highlighting its pocket-like characteristics. The p53 amino
acids that interact with this surface are shown in yellow, and are labeled.
Orientation is similar to Fig. 2A and the regions corresponding to the a2 helix

S

gered arrangement (Fig. 4). The remaining
two hydrophobic amino acids (Leu?? and
Leu?®) have less extended side chains and
do not interact with any of the others,
packing instead with the body of the a
helix (Fig. 4A). The two charged amino
acids of the helix (Asp?' and Lys?*) are
within salt bridge distance, although the
amino group of the lysine is partially disor-
dered, presumably because of the high ionic
strength of the crystallization solution. Im-
mediately after the a helix is Pro??, which is
likely to contribute to its termination, and
Glu*® and Asn?’, which have extended
backbone conformations.

In the absence of MDM2, the a helix is
readily digested by proteases, including
cleavage at Trp?® (31), and it is possible
that it is only loosely folded, or folded in
only a fraction of the molecules. Stable
helix formation may thus be induced by
the fitting of the hydrophobic amino acids
in the cleft of MDM2.

Structure of the MDM2-p53 interface.
The MDM?2 cleft is lined with 14 conserved
hydrophobic and aromatic amino acids that
make multiple van der Waals contacts to
p53 (Met®®, Leu®, Leu®’, Gly®®, 1le%!, and
Met®? from the a2 helix, Tyr®?, His”?,
Val”, Phe®!, and Val®? from the middle B
sheet, and His*, Ile*”, and Tyr'® from the
a2’ helix, Fig. 4). The p53 helix binds at
the entrance of the cleft, packing, on one
side, with the a2 helix of MDM2 in an
antiparallel orientation and, on the other
side, with the ends of the MDM2 middle B
sheet (Fig. 4). The B sheet ends contain
reverse turns (two turns between B3 and
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B1’ and one between B2’ and a2’) and they
provide a rigid surface on which the p53
helix packs (Fig. 4B). The position of the
p53 helix allows Phe'®, Trp??, and Leu?%,
which are aligned along its hydrophobic
face, to insert deep inside the MDM2 cleft
(Fig. 5A), and pack with the cleft in a
complementary fashion (Fig. 5B). The clos-
est approach at the interface occurs be-
tween Phe!” and Trp?? of PS3 and the body
of the aZ helix of MDM2. Phe!” makes van
der Waals contacts to 1le®! and Gly*® of
MDM2, while Trp?* makes van der Waals
contacts to Gly*® and Ile®' (Fig. 4). Addi-
tional van der Waals contacts are provided
by Leu?? of p53, which packs against the
side of the MDM2 cleft (B sheet).

After the a helix, the extended region of
p53 (residues 27 to 29) packs against the
shallow end of the MDM2 cleft (Figs. 4 and
5A). There are only a few van der Waals
contacts in this region, and they primarily
involve the Pro'® side chain of p53. The
COOH-terminal Glu?® and Asn®” residues
also pack against MDM2, but they are par-
tially disordered, and we presume that they
do not contribute significantly to binding.
. The p53-MDM2 interface buries 1498
A? of surface area, most of which is hydro-
phobic. The van der Waals contacts at the
interface are augmented by only two inter-
molecular hydrogen bonds: one between
the Phe'® backbone amide of p53 and the
GIn? side chain of MDM2 at the entrance
of the cleft (Fig. 4), and another between
the p53 Trp?? indole group and the MDM2
Leu’* backbone carbonyl deep inside the
cleft (Fig. 4).

W23

and B sheet of MDM2 are labeled. (B) Phe'®, Trp23, and Leu?® of p53 form a
structure that is highly complementary to the MDM2 pocket, and fit tightly in it.
A cross section of the interface showing the complementarity of p53 with the
MDM2 pocket. The MDM2 surface is represented as a blue wire mesh and p53
residues 18 to 27 are in space filling representation. The orientation is similar to
that of Fig. 4B [prepared with the program GRASP (52)].
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The key role the hydrophobic residues
play at the interface is supported by the
mutational analysis of the p53 NH,-termi-
nus where a double mutation at the Leu?2-
Trp?® sequence eliminated MDM2 binding
(24). Furthermore, a systematic study with
short peptides identified alanine mutations
at Phe!®, Leu??, and Trp?? as being the most
disruptive to MDM2 binding (25). That
study showed that mutation-of Asp?! also
disrupted binding. Asp?! does not contact
MDM2 in the crystal structure, and we
presume that its substitution by alanine de-
stabilizes the a helix because of the partial
loss of .the amphipathic nature, as well as
the elirination of the Asp?!-Thr'® hydro-
gen bond network which helps initiate the
helix.

Implications for understanding the pro-
tein binding activity of MDM2. Recent
studies have identified the E2F1-DP1 tran-
scription factor complex (32), and the ret-
inoblastoma (Rb) protein (33) as additional
targets of the protein binding activity of
MDM2, and have suggested a broader role
for MDM2 in modulating cell growth con-
trols. The NH,-terminal structural domain
of MDM2 is also the binding site for the
E2F1 transcription factor (32), whereas the
MDM?2 region responsible for Rb binding
has not yet been delineated. E2F1 contains
a region homologous to the MDM2 binding
portion of p53, having a similar pattern of
hydrophobic amino acids (DFSGLLPEE of
E2F1 compared to TFSDLWKLL of p53,
with the homologous hydrophobic residues
in italics), and a double mutation at the
Asp-Phe sequence in this region of E2F1
eliminates MDM2 binding. These observa-
tions suggest that the E2F1-MDM2 and
p53-MDM?2? interfaces may have common
structural elements. Nevertheless, there are
likely to be differences in the two complex-
es because Leu?® of p53, which makes key
contacts to hydrophobic MDM2 residues, is
replaced by a glutamic acid in E2F1.

From a structural perspective, the
MDM2-p53 complex differs from most oth-
er protein-peptide complexes characterized
so far because the interface relies primarily
on van der Waals contacts and the buried
surface areais nearly all hydrophobic. In
most other protein-peptide complexes, in-
cluding those of MHC class I (34) and II
(35) molecules, antibodies (36), and SH2
and SH3 domains (37), and calmodulin
(38), thete are extensive hydrogen bond

contacts that are likely to contribute signif-

icantly to binding, and a significant portion
of the buried surface area in those complex-
es is polar (34-38). .

The- differences in the nature of inter-
molecular contacts may be related to differ-
ences in the functions of the various pep-
tide binding proteins structurally character-
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ized to date. For example, MHC molecules
(34, 35), calmodulin (38), SH2 and SH3
domains (37, 39) need the capacity to bind
peptides having significant sequence diver-
sity, whereas MDM2 appears to have a
higher degree of specificity for a smaller set
of targets, which to date includes p53 and
E2F1. .

Conversely, a similarity between MDM2
and several other peptide binding proteins,
including MHC molecules (34, 35), cal-
modulin (38), and antibodies (36), is that
they all have twofold pseudosymmetry and
their peptide binding clefts occur at the
interface of their pseudosymmetry-related
domains. This shared feature points to in-
tramolecular dimerization, or intermolecu-
lar dimerization in the case of antibodies, as
a common path for the evolution of peptide
binding clefts.

Implications for understanding transac-
tivation domain function. MDM2 binding
and activation of transcription by p53 ap-
pear to require similar, or overlapping, sets
of p53 residues because multiple mutations
in the hydrophobic amino acids that contact
MDM2 in the crystal structure (Phe!®,
Leu??, Trp?? and Leu?®) also reduce or elim-
inate transactivation (24, 40), whereas mu-
tations in polar or charged amino acids,
either in the helix or in the flanking regions,
in general have little or no effect (24, 40).
Furthermore, studies of p53 binding to
TAFs, which have emerged as the primary
targets of transactivation domains - (41),
have shown that the L22Q-W23S double
mutation on the hydrophobic face of the
helix eliminates the physical interaction be-
tween p53 and the TAF31-TAF80 complex
(30). These data support the model that the
transactivation domain of p53 may transac-
tivate as an amphipathic a helix, with its
hydrophobic residues contacting the TAF
complex (although a contribution to trans-
activation from sequences flanking the am-
phipathic helix cannot be excluded). -

An amphipathic a-helical structure is
compatible with sequences present in the
transactivation domains of several other
transcription factors (42), and there is a body
of mutational evidence indicating that hy-
drophobic amino acids in these putative am-
phipathic « helices play an important role in
transactivation (42, 43). A comparison of
the putative helical regions from several
transactivation domains (42) with the o he-
lix of p53 shows that the bulky hydrophobic
amino acids of p53 that contact MDM2, and
are likely to also contact the TAFs, are gen-
erally conserved, and that the Thr'®-Asp?!
pair of p53, which helps initiate the helix, is
often replaced by amino acids that can serve
in analogous roles (Asp or Pro for Thr'® and
Ser for Asp?!). In several transactivation
domains, the amphipathic pattern is disrupt-
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ed by single amino acid insertions or dele-
tions, but it is possible that the phase of the
helix can be adjusted by an interconversion
between a- and 3, ,-helical forms and main-
tain its amphipathic character. These obser-
vations suggest that the amphipathic helix
may be a common structural motif used in
TAF binding and transactivation.

The pattern of hydrophobic residues
may thus be a more useful parameter than
the acidity, proline, or glutamine content
commonly used for the classification of
transactivation domains (42). In this re-
spect, the NFkB transcription factor, which
has a hydrophobic amino acid pattern that
is very similar to that of p53 (DFSALLS-
QIS of NFkB compared to TFSDLWKLLP
of p53, where the conserved hydrophobic
amino acids are in italics), also targets the
TAF31-TAF80 complex (44). However,
not all transactivation domain sequences
are consistent with an amphipathic helix
structure, and it is likely that other struc-
tural motifs may be used, especially with
transcription factors that bind TAFs other
thah the TAF31-TAF80 complex.

The principal finding that emerges from
our study is that the primary contacts to
MDM2 are made by three hydrophobic and
aromatic p53 amino acids which, packing
together, form a structure that is comple-
mentary to and fills up a hydrophobic pock-
et of MDM2 (Fig. 5B). The three side
chains amount to approximately 300 dal-
tons, and this suggests that the MDM?2

pocket may be a suitable binding site for

small-molecule compounds. The crystal
structure thus provides a framework for the
discovery of compounds that may prevent
the inactivation of the p53 tumor suppres-
sor by the MDM2 oncogene in cancer.
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