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MDM2 regulates the transcription factor p53 by binding to its

transactivation domain and promoting its ubiquitin-dependent ] Qd (:viﬁ“)\ L,rdf,viwﬁtuflrui
degradatiort.Because p53 plays a central role as a tumor suppressor N AL \
by inducing cell cycle arrest or apoptosis in response to DNA ' f’*ﬁ

damagé, its overly rapid degradation can result in tumorigenesis.

While overexpression of MDM2 has been observed in many
tumors? it has also been shown that p53 function can be restored
by disrupting its interaction with MDM2:5¢ Therefore the p53 s ALy : 'Y 4 -
MDM?2 interface has emerged as an important target for chemo- Y (&? 'iAT ”(tw ¢A'r ﬂ'r

therapeutic agent?
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The X-ray crystal structure of a 15-residue peptide fragment of s ol A "1(3 ';r\
p53 (@, Figure 1) complexed with human MDM2 reveals that the ri';r‘wjl Jﬁ: L[rrmol:\ k" VJ\QA
p53 peptide binds in an-helical conformation in a deep hydro- &
phobic groove of MDM2, making three critical contacts with p53 5 Y( ”»"r(’» Y(ANY(MY(UIA“YO%NY(L

residues Phel9, Trp23, and Leu26, all of which lie on one face of
the helix (Figure 2aJ.While side chains of these three residues
interact with MDM2 with high steric complementarity, the backbone Figure dl L T|he5n3atural gg3 %]5 mer pep“de (Ser15- AS’f?)Ihedenf'
of the p53 peptide makes no contacts except for one hydrogen bond Cﬁeppritrgﬁg;epr = pteh;:;tl retrglsvgnr';gorlérg;%? 'z%ms(;p? depegtrl]ee ey
In the absence of MDM2, the 15-residue peptide has no distinct pygrophobic residues are highlighted in red.

secondary structurelf the peptide backbone simply provides a

scaffold for the side-chain groups required for bindiffg? then @
D-peptides may also bind if they can adopt conformations in which
the spacing and orientation of key side chains are maintdfted.
To test this hypothesis, we synthesized peptide isomers of the p53
peptide 2—5, Figure 1) and evaluated their ability to interact with
MDM2. Our results show that the retroinverso isonteof the
natural p53 peptidé inhibits MDM2 with potency comparable to
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that of 1. Although p-peptides preferentially adopt left-handed

xR S
helices, this result suggests that themalpeptide5 is capable of

adopting a helical conformation with at least two successive right- Figure 2. (a) MDM2 bound conformation of the natural p53 peptide
handed turns. (Thr18-Pro27Y. The side-chain orientations of the key hydrophobic residues

. . . . . are represented by the*€CF bond in red. The side-chain orientation of
Peptide2—5 contain the same side-chain groups and composi- ppe Trp, and Leu (from the top) for (b) the mirror image isomer in an
tions asl but have acyl and amide caps at the ends. Pegtitlee idealized right-handed helical conformation; (c) the retro isomer in a right-
capped isomer of, serves as a control. Pepti@eis the mirror handed helical conformation; (d) the retroinverso isomer in a left-handed
image isomer o2 composed of alb amino acid residue$.Because helical cor_]formation; (e) the retroinverso isomer in a rig_ht—handed h_elical
of the enantiomeric relationship, the side-chain orientation® of conformation. Labels N and C show the N- and C-terminus, respectively.

. p,_ ] a-Helix models were created with Insight Il (Biosym) and were rendered
and3 are not superimposable (Figure 2a,b). Peptide the retro using Viewer Lite 3.2 (Accelrys Inc.).
isomer of2, meaning that the sequence of amino acids from the
N- to the C-terminus is identical to the sequenc@ ofading from
the C- to N-terminus. Peptid® is the retroinverso isomer &,
meaning that both the direction of the sequence and the chirality
of the amino acids are opposite to those2df12 Thus, peptided
is thep-peptide enantiomer af. The side chains of a peptide and
its retro isomer are oriented in opposite directions, making it
impossible for a retro peptide to establish the same contacts as the
parent peptide even if the order of amino acids is maintained
(compare a and c of Figure 2). The side-chain orientations of a
peptide and its retroinverso isomer are similar in extended

conn

(b) (c) (d)

conformations and in helical conformations having the same
handedness (compare a and e of Figure 2) but differ in helical
conformations having opposite helical twists (compare a and d of
Figure 2)!2 Helical handedness is correlated with amino acid
chirality, and allp peptides such a3 and5 would be expected to
adopt a left-handed conformation similar to that in Figure 2b,d.
The helical propensity of peptidds-5 was measured by CD with
increasing amounts {660 v/v %) of 2,2,2-trifluoroethanol (TFE),
ana-helix-stabilizing solvent. None of the peptides showed distinct
secondary structures in PB\ddition of up to 60% TFE did not
dramatically affect the conformation &f-3 (Figure 3a). However,

t Harvard University. the CD spectra fo4 and5 changed significantly, showing distinct
#Harvard Medical School. minima and maxima respectively at 208 and 222 nm, consistent
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Figure 3. (a) CD spectra of the p53 peptide isomers (100) in 10 mM
PBS, pH 7.2/60% (v/v) TFE at 3C. (b) Observed inhibitory activity of
the p53 peptides against pSBIDM2. *Inhibition did not reach 50% up to
1 mM.

Table 1. Alanine Substitutions of the Hydrophobic Residues of
Peptides 2 and 5 and the Inhibitory Activity (ICso; uM) of the
Mutants Against p53—MDM2

peptide F19A W23A L26A
2 750 >1000 600
5 600 >1000 500

aThe positions of the alanine substitution are designated according to
the residues for the p53 peptide.

with induction of ana-helical conformation. Reflecting the enan-
tiomeric relationship, the CD spectra f@—3 and 4—5 are
symmetric: 3 and5 preferentially form a right-handegthelix, and

2 and4 form a left-handedx-helix.

We next evaluated the ability of the five peptides to inhibit the
p53—MDMz2 interaction by inhibition ELISA using a biotinylated
wild-type p53 peptide immobilized on a streptavidin-coated mi-
crotiter plate and GST-hMDM2 (1-118). As shown in Figure Bb,
and 2 have similar 1G, values. The 4-fold difference in activity
betweenl and?2 suggests that at least one of the end chargds in
may play a modest role in binding. In contrast, the binding of
peptides3 and 4 to MDM2 is not detectable (I > 1 mM),
consistent with their inability to present the side chains in the
appropriate orientation for binding (Figure 2b,c). Retroinverso
peptide5, however, has the same inhibitory potency2aBecause
4 and5 possess identical properties except for their interaction with
chiral molecules, these results suggest thimteracts specifically
with MDM2.

To determine whetheb makes similar contacts to MDM2 as
peptidesl and 2, we individually mutated the Phe, Trp, and Leu
residues to Ala and evaluated the inhibitory potencies of each of
the three mutant peptides by inhibition ELISA. Mutations of Phe,
Trp, or Leu to Ala in2 as well as in5 resulted in the severe loss
of inhibitory activity (Table 1). Therefore, all three hydrophobic
residues irb play a critical role in MDM2 binding, as they do for
peptidesl and 2.

From the perspective of a chiral receptor, pepti2lasd5 differ
in at least three fundamental ways) tfie positions of the nitrogen
and oxygen atoms in the amide bonds are reversed, (ii) the
interresidue hydrogen bonds point in opposite directions, and (iii)
the chirality of corresponding amino acid residues is inverted. Our

results show that none of these fundamental changes in backbone

structure significantly affects peptide binding, supporting the

3a), and in such a conformation the side chain§ wfould not be
oriented in a similar manner as inor 2. However, right-handed
turns are not prohibited im-peptidesi® and AM1 calculations
indicate that5 can adopt roughly two right-handed helical turns
without incurring a severe energetic penalty (Supporting Informa-
tion). Thus,5 may represent a novel example af-peptide binding

to a protein in a right-handed, loosely helical conformation, which
would position the key side chains appropriately. If this hypothesis
is borne out, retroinverso-peptides may have unanticipated utility
as metabolically stable mimics of naturathelical recognition
elementg.1415
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