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Determinants of Specificity of MDM2 for the Activation Domains of p53 and p65:
Proline27 Disrupts the MDM2-Binding Motif of p33
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ABSTRACT. Transcriptional activation and repression via the transcription factors p53 and p65 are mediated
by hydrophobic short linear motifs (FX®®) in their activation domains (ADs). To understand the
molecular basis for specificity in binding to disparate biological targets, a series of chimeric peptides was
synthesized, with sequences derived from the ADs of p53, which binds both the general transcriptional
machinery and the repressor protein MDM2, and p65, which is reported to bind the general transcriptional
machinery but not MDM2. The FX#®d motifs of p53 and p65 differ by only two residues, whereas the
flanking sequences have no sequence identity. The affinities of the chimeric peptides toMRIVENd
hTAF,;31;-140 were determined. Specificity for binding MDM2 via FX®® motifs derives almost entirely

from Trp23 of p53, with a 3.0 kcal mot loss of binding energy when Trp23 is changed to p65-derived
Leu. The identity of the N-terminal flanking sequence did not significantly affect binding to MDM2. In
contrast, replacement of the C-terminal sequence of p53 with that of p65 increased the affinity of the
chimera for MDM2 by 1.1 kcal mof, contrary to expectations. Replacement of the highly conserved
residue Pro27 of p53 with Ser from p65 resulted in a 2.3 kcalkiotprovement in binding to MDM2,
generating a ligand (p53-P2734= 4.7 nM) that exhibits the highest MDM2 affinity observed for a
genetically encodable ligand. The basis for the increased affinity of p53-P27S over p53 was examined by
circular dichroism and nuclear magnetic resonance. Pro27 disrupts the recognitedix of p53, with
p53-P27S significantly more-helical than p53.

Transcription from a promoter requires DNA binding by p53 is a transcription factor responsive to DNA damage
a promoter-specific transcription factor as well as by the and other cellular insults6( 11, 12). Activation of p53 may
general transcription machinery of RNA polymerase Il. The result in cell-cycle arrest and the upregulation of DNA-repair
activation domains (AD3)of transcription factors are critical  genes or alternatively may induce apoptosis. Thus, p53 is a
linkers between these DNA-binding events, with the AD central regulator preventing the replication of cells with
recruiting the transcriptional machinery to the promoter to damaged DNA. Because of this regulatory role, p53 is a
initiate transcription1). The potency of ADs in binding the  critical gene that is observed to be mutated in a majority of
transcriptional machinery correlates with the extent of gene cancers.

transcript produced2(-5). ADs may alternatively interact p53 is regulated via a feedback loop with the repressor
with transcriptional repressor proteins, which mask the AD oncoprotein MDM2 7—9, 13—15). MDM2 both binds
and thereby block transcriptiof{9). The interplay of ADs  gpecifically to the AD of p53, preventing transcription from
between the general transcription machinery and repressom53-responsive genes, and is a ubiquitin ligase, leading to
proteins is a critical dynamic in transcription, and knowledge the destruction of p53L6). Thus, the AD of p53 may interact

of the specificity of these interactions is central to our with either the general transcription machinery, with the
understanding of transcription at a molecular levi)( TFIID protein component hTAFB1 an important interaction
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1 Abbreviations: ®, mean residue ellipticity; AD, activation domain; . .
BSA, bovine serum albumin; CD, circular dichroism: CSI, chemical- ~ 1Ne interactions between p53 and MDM2 and between

shift index; DMF,N,N-dimethylformamide; DTT, dithiothreitol; EDTA, ~ p53 and hTAR31 are mediated by shamthelices from the
ethylenediaminetetraacetic acid, HPLC, high-performance liquid chro- Ap of p53 (19—23). The interaction motif of p53 undergoes

matography; HSQC, heteronuclear single-quantum coherence; IPTG, _ . " - .
isopropyl$-p-thiogalactopyranosidé., three-bond coupling constant a disorder-to-order transition upon binding either MDM2 or

between thex proton and the amide proton; NMR, nuclear magnetic hTAF;31, with residues of an FX®® motif (& =
resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Over- hydrophobic residue) adopting arhelical conformation in

hauser effect spectroscopy; PBS, phosphate-buffered saline solution; ; ;
TES, triethylsilane; TFA, trifluoroacetic acid; TFE, trifluoroethanol, the protein complexes1, 20, 24). Crystallographically,

TOCSY, total correlation spectroscopy; retention time by HPLC; ~ Phel9, Leu22, Trp23, Leu26, and Pro27 of p53 make
TSP, 3-trimethylsilylpropionate. hydrophaobic contacts with MDM2, with Trp23 deeply buried
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(20). The interaction between p53 and MDM2 has also been isopropyl{-p-thiogalactopyranoside (IPTG)-inducible pro-
subjected to extensive functional analysis to determine themoter and a HexaHis tag. The resulting plasmids were used
extent of the binding epitope and to identify the key residues to transform BL21(DE3)pLysS competent cells (EMD Bio-

in binding, with the hydrophobic residues, particularly Trp23,
identified as critical for transcription and for binding MDM2
(25—30).

Short hydrophobiax-helical FXX®® motifs have been
observed in many proteins as general mediators of-AD
hTAF,31 (and more generally ABcoactivator) interactions
(19, 2123, 31, 32). The protein p65 (RelA), which is a
member of the NAKB family of heterodimeric transcription
factors critical in inflammation-mediated signaling and
prevention of apoptosis, contains a potent AD with FX%&
motifs that are functionally critical for transcriptional activa-
tion (19, 32—34). The p65 AD has been characterized by

sciences), which were used for protein expression. Cells
grown in luria broth (Fisher Scientific) overnight at 3€
with shaking were used to seed 500 mL cultures of terrific
broth (Fisher Scientific) that were then grown for 1.5 h at
37°C. Atotal of 0.4 mM IPTG was added to induce protein
expression, and cultures were then grown3cd at 30°C
with shaking. Bacterial pellets were collected by centrifuga-
tion and frozen until purification. For protein purification,
His-bind resin (EMD Biosciences) was used following the
instructions of the manufacturer. Protein eluents were
dialyzed into phosphate-buffered saline (PBS) (pH 7.4)
containing 5 mM ethylenediaminetetraacetic acid (EDTA)

nuclear magnetic resonance (NMR), binding assays, andand 0.5 mM dithiothreitol (DTT) using a Spectra/Por 6

functional assays as a binding partner of hT8E, with the
p65 AD undergoing a transition from random coildehelix
upon binding hTAR31 (19, 22, 32, 33). In these studies,

membrane, molecular weight cut-off (MWCQO) 10 000
(Spectrum Laboratories). Purified proteins were analyzed on
a 10% Tris sodium dodecyl sulfatgolyacrylamide gel

Uesugi and Verdine demonstrated that MDM2 is a relatively €lectrophoresis (SDSPAGE) gel (BioRad), and their iden-

specific protein, binding the FX®&® motif of the AD of

tity was confirmed by quantitative amino acid analysis (Keck

p53 but not, under the stringent conditions examined, the Center, Yale University, New Haven, CT). Bradford assays

FXX®® motifs of the ADs of p65 or VP1610). In contrast,
hTAF,31 readily bound the ADs of p53, p65, and VP18,(

(BioRad) were used to determine protein concentrations.
Peptide Synthesis and Characterizatidheptides were

21). These critical studies provided important insight into Synthesized via standard Fmoc solid-phase peptide synthesis
the interactions between ADs and potential protein partners.on a CEM Liberty microwave peptide synthesizer or on a
However, in these studies, the affinities of these ADs for Rainin PS3 peptide synthesizer. Peptides containing a p53-
their binding partners were not quantified, which is necessary derived C terminus were synthesized using Rink amide resin.
for a detailed understanding of specificity and to understand Peptides containing a p65-derived C terminus were synthe-
conditions in which binding between different partners is Sized using Fmoc-Ser(Bu)-Wang resin. All peptides were

favored.
Because the FX®® motif plays a central role in both

transcriptional activation and transcriptional repression, we
sought to understand the determinants of specificity for
binding to either co-activator proteins or repressor proteins.

In addition, the disruption of the interaction between MDM2

and p53 has been extensively examined as an anticance

therapeutic 10, 13—15, 35—37). However, molecules ca-
pable of mimicking the p53 AD to bind MDM2 might also

acetylated on the N terminus, except p85s: and phos-
phorylated p6&s;-ss;.

Phosphorylated p@5-ss5; was synthesized using Fmoc-
Ser(OTrt)-OH at the site of serine phosphorylation and Fmoc-
Ser(QBu)-OH at all other serine residues. After peptide
synthesis, with the N terminus Fmoc-protected, the trityl
group was selectively removed with 2% trifluoroacetic acid
(TFA) and 5% triethylsilane (TES) in Gi&l, (3 x 1 min).
Phosphitylation was performed under nitrogen by the addition

be expected to bind other targets of the p53 AD, including of tetrazole (1:35 mmol; 3 mL of 3% tetraz__ole in acetonitrile)
hTAF,31, and thereby also prevent the transcription of p53- (Transggr_lomlcs) an(D,O-d|benzyIN,N—d||sopropylphos.-
responsive genes. To address these questions, we havBhoramidite (S0QiL, 1.52 mmol) (Fluka) to 50 mg of resin
undertaken an examination of the residue determinants ofand allowed to react f05 h with mixing. The S,’OIUt'On was
specificity for transcriptional activation versus transcriptional "€MOVed, and the resin was washed wilN-dimethylfor-
repression. We examined the determinants of specificity by Mamide (DMF) () and CHCI, (3x). Oxidation was
the preparation and analysis of chimeras of the potent AD Performed withtert-butyl hydroperoxide (3 mL oa 3 M

of p65, which binds hTAR31, and the p53 AD, which binds solution in CHCI,) and allowed to react with mixing for 1
both h,TAFn31 and MDM2 dg)- ’ h. The solution was removed, and the resin was washed with

DMF (3x) and CHCI, (3x). Fmoc deprotection of the N
terminus was achieved using 20% piperidine in DMF.
Peptides were subjected to cleavage from the resin and
Protein Expression and PurificatioiThe DNA region deprotection for 2.53 h (40uL of thioanisole, 40uL of
coding for residues 25117 of MDM2 was amplified by ethanedithiol, 4Q.L of phenol, 40uL of 1 M DTT, and 1.5
polymerase chain reaction (PCR) from the plasmid pGmdm2, mL of TFA). p6532-s51 and phosphorylated pé5-ss; were
obtained from the lab of Hua Lu, using the following cleaved as above without DTT. TFA was evaporated with
primers: 5-taaattccatatggagaccctggttagaccaaagcaaeB3- nitrogen, and the peptides were precipitated with ether. The
gtcaatcagcaggaatcatcggactagggatccadnbhTAR 31, DNA precipitates were dissolved in 1.5 mL of 100 mM phosphate
encoding residues-1140 was amplified by PCR from the buffer (pH 8), and the resulting solution was filtered. The
plasmid pG31, also from the lab of Hua Lu, using the primers peptides were purified by reverse-phase high-performance
5'-taaattccatatggagtctggcaagacggcttca3id 3-cagaaaaag-  liquid chromatography (HPLC) (Vydac semipreparative C18,
gcatcaacttctgcgtagggatccadtt-PCR products were sub- 10 x 250 mm, 5um particle size, 300 A pore). Peptides
cloned into the pET-14b vector (Novagen) containing an were purified to homogeneity, using a linear gradient of

EXPERIMENTAL PROCEDURES
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0—60% buffer B (80% MeCN, 20% D, and 0.05% TFA)
in buffer A (98% HO, 2% MeCN, and 0.06% TFA) over
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mM phosphate buffer (pH 10.0). A total of 2Q@L of
fluorescein isothiocyanate isomer | (7 mg/mL in DMF) was

60 min unless otherwise indicated. The peptides 666, 333,added to the peptide solution with vortexing, and the solution
336, 636, and 366 were purified to homogeneity using a was allowed to react for 2630 min at room temperature.

linear gradient of 8:60% buffer B in buffer A over 120 min.

The solution was filtered, followed by purification by

Peptide purity was indicated by the presence of a single peakreverse-phase HPLC on a linear gradient of 55% buffer

on analytical HPLC reinjection (Microsorb MV C18, 4:6
250 mm, 3-5 um particle size, 100 A pore). Peptide identity
was characterized by electrospray ionizationass spec-
trometry (ESHMS) in positive-ion mode on an LCQ

B in buffer A over 60 min. 363f and p53-P27Sf were purified
by reverse-phase HPLC on a linear gradient of-35%
buffer B in buffer A over 60 min, followed by 55100%
buffer B in buffer A over 10 min. Analytical data for

Advantage (Finnigan) mass spectrometer. Phosphorylatedfluorescein-labeled peptides: 333g,[55.7 min; expected

p65s32-551 Was characterized by ESMS in negative-ion

mass, 2758.4; observed mass, 2761.8{M2H)?"], 336f

mode. Observed masses of peptides for which the multiply- [tg, 50.7 min; expected mass, 2453.2; observed mass, 2456.2
charged species were seen are reported as the deconvolutedl + 2H)**], 633f [tr, 52.5 min; expected mass, 2725.3;
molecular masses. Analytical data for the peptides: 333 observed mass, 2728.4 (M 2H)>*], 636f [tr, 49.2 min;

[retention time by HPLC &), 115.9 min; expected mass,
2371.2; observed mass, 2374.1 (M2H)>*], 336 [tr, 75.7
min; expected mass, 2065.9; observed mass, 2068.4 (M

expected mass, 2420.1; observed mass, 24226 gi)>*],
666f [tr, 52.5 min; expected mass, 2303.1; observed mass,
2305.2 (M+ 2H)?*'], 663f [tr, 59.1 min; expected mass,

2H)?*], 633 [tr, 52.5 min; expected mass, 2338.1; observed 2608.3; observed mass, 2610.8 dV2H)?*], 366f [tr, 49.9

mass, 2340.4 (M- 2H)"], 636 [tr, 86.1 min; expected mass,
2032.8; observed mass, 2035.6 (M2H)>"], 666 [tr, 91.8
min; expected mass, 1915.9; observed mass, 1918.8¢ (M

min; expected mass, 2336.2; observed mass, 2338.6 (M
2H)?1], 363f [tgr, 61.5 min; expected mass, 2641.4; observed
mass, 2644.0 (M+ 2H)**], p53-D21Af [tr, 58.8 min;

2H)?*], 663 [tr, 54.3 min; expected mass, 2221.1; observed expected mass, 2714.4; observed mass, 2716:8 g@w)>'],

mass, 2223.6 (M- 2H)*"], 366 [tr, 90.7 min; expected mass,
1948.9; observed mass, 1950.8 (M2H)?'], 363 [tr, 54.2
min; expected mass, 2254.2; observed mass, 2257.8 (M
2H)?>*], p53-D21A ftr, 53.6 min; expected mass, 2327.2;
observed mass, 2330.4 (M 2H)?'], p53-W23L g, 51.0
min; expected mass, 2298.2; observed mass, 2301.2 (M
2H)?*], p53-K24S fr, 51.6 min; expected mass, 2330.1;
observed mass, 2333.0 (M2H)?], p53-L26I [tr, 48.3 min;
expected mass, 2371.2; observed mass, 23742 gW)?*],

p53-W23Lf [tr, 58.9 min; expected mass, 2685.4; observed
mass, 2688.0 (M+ 2H)*'], p53-K24Sf |r, 54.4 min;
expected mass, 2717.3; observed mass, 2719:#4 Qi)?*],
p53-L26If [tr, 51.1 min; expected mass, 2758.4; observed
mass, 2761.0 (M+ 2H)?*"], p53-P27Sf {r, 60.6 min;
expected mass, 2748.4; observed mass, 2751:6 QW)?*],
p53—36f [tr, 59.1 min; expected mass, 3892.0; observed
mass, 3896.1 (NH‘ 3H)3+], p65\,327551-f [tR, 58.4 min;
expected mass, 2608.4; observed mass, 2610:6 Qi)?*],

p53-P27S tk, 53.9 min; expected mass, 2361.1; observed and phosphorylated p&s-ss:-f [tr, 55.1 min; expected mass,

mass, 2364.2 (M- 2H)?'], p53;-3s [tr, 51.7 min; expected
mass, 3504.7; observed mass, 3507.2{MH)>*], p5317-29

2687.4; observed mass, 2687.2 (M2H)*].
Fluorescence Polarization Assayoteins and fluorescein-

[tr, 51.4 min; expected mass, 1631.8; observed mass, 1632.8abeled ligands were diluted in PBS (140 mM NacCl, 2.7 mM

(M + H)], p5317-29-P27S {r, 55.2 min; expected mass,
1621.8; observed mass, 1622.9 4VH)], p6532-551[tr, 51.2

KCI, 10 mM K;HPQ,, and 2 mM KHPQO, at pH 7.4)
containing 0.1 mM DTT and 0.04 mg/mL bovine serum

min; expected mass, 2219.0; observed mass, 2221.4albumin (BSA) (BioRad). Concentrations of the labeled

(M+2H)?"], and phosphorylated pé% ss: [tr, 49.1 min;
expected mass, 2298.0; observed mass, 22984 QW > ].

peptides were determined by UV absorbance at 492 nm,
using an extinction coefficient for fluorescein of 83 000.

The peptides 333 and p53-P27S used in circular dichroism Two-fold serial dilutions of MDM2 or hTAE31 proteins to
(CD) and NMR experiments were alkylated on cysteine to concentrations ranging from 0.00018M (p53-P27S) or
prevent oxidative disulfide formation. Purified peptides were 0.0024uM (other ligands) to 3«M for MDM2 and from

lyophilized and subsequently dissolved in 1 mL of 1 M
phosphate buffer (pH 7.5) containing 1 mg/mL of 2-bro-

0.24 to 6QuM for hTAF; 31 were mixed with ligands, which
were kept at final concentrations of 100 nM (for all peptides

moacetamide. The reaction was allowed to proceed for 30 except 336, which was at 50 nM, and p53-P27S, which was

min at room temperature with intermittent vortexing. The

at 5 nM), in 96-well flat-bottom black opaque plates (Costar)

solution was filtered, followed by reverse-phase HPLC on a with 150 uL total volume per well. After 30 min of

linear gradient of 6:60% buffer B in buffer A over 60 min.
Analytical data for the peptides: 333-acetamiged1.1 min;
expected mass, 2428.3; observed mass, 24312 QW )>*]
and p53-P27S-acetamideg,[ 54.6 min; expected mass,
2418.2; observed mass, 2421.4 (M2H)*'].

Fluorescein Labeling of PeptideBurified peptides were
lyophilized and subsequently dissolved in 200 of 100
mM phosphate buffer (pH 4.0). A total of 200L of
5-iodoacetimidofluoroscein (10 mg/mL in DMF) was added
slowly to the solution containing the peptide with gentle
vortexing during addition. The reaction was allowed to
proceed for 1530 min at room temperature. p5.ss; and
phosphorylated pG5,-ss; were dissolved in 30@L of 100

incubation at room temperature, the plates were read on a
Perkin-Elmer Fusion plate reader in fluorescence polarization
mode with a 485 nm fluorescein excitation filter and a 535
nm emission filter with polarizer. Data indicate the average
of at least three independent trials. Error bars indicate
standard error.

Dissociation constant&() were determined by a nonlinear
least-squares curve fit (KaleidaGraph 4.0) of #eto the
fluorescence polarization, via a binding equation for 1:1
complex formation. Peptideprotein complexes with dis-
sociation constants higher than 500 nM were fit to a
simplified binding isotherm (eq 1), witpmin = polarization
in the absence of proteipm.x = polarization at saturation,
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and the data fit to calculatgn.x andKqy s 1eas202l 23 2
P53, 5 CDPSVEPPLSQETFSDLWKLLEPENNVLSPLE
\arizati o ) 1 P53, ., (333) CPPLSQETFSDLWKLLPENN
olarization= p,,; = Pri -
p pmln pmax pmln 1+ Kd/[prOtelnlota . i .
o DP65c5c o5, (666) CSSIADMDFSALLSQISS-0H
P65cs ser GEDFSSIADMDFSALLSQISS -OH
The peptides with calculated dissociation constants lower N .
than 500 nM were analyzed via a quadratic binding equation 3°° CPPLSQETFSALLKLLPENN
(eq 2), with the data fit to calculai@nay and Kq i;g giiiigﬁ?ﬁ:ﬁi:égizg-gi
olarization= p.... + — b Mligandl..... + 663 CSSIADMDFSALLKLLPENN
P . Pmin (p”“”f Prin)lllig ]m_" 366 CPPLSQETFSALLSQISS-0H
[protein) o, + Ky — (([ligand]y, + [Proteinky, + 633 CSSIADMDFSDLWKLLPENN
K )2 —4fligand rotein Y2rorigand 2 p53-D21A CPPLSQETFSALWKLLPENN
d) [ g lotal[p lotal]) [ [ g ]total] ( ) p53-W23L CPPLSOETFSDLLKLLPENN
CD SpectroscopyCD spectra were collected at 298 K on pf'j “K24s5 CPPLSQETFSDLWSLLPENN
) . . p53-L261 CPPLSQETFSDLWKLIPENN
a Jasco J-810 spectropolarimeternil mmcell with 75uM P53-P27S CPPLSQOETFSDLWKLLSENN
peptide in 5 mM phosphate buffer (pH 7.0) containing 25 ~ )
mM KF in H,O or 30% trifluoroethanol (TFE) in pD. Data CET ETFSDLWKLLEPEN

are the average of at least three independent trials. Individual ;53" " _p275 ETFSDLWKLLSEN
spectra were collected every nanometer with a bandwidth o . o
f 2 nm and an averaging time @ s with two or three Ficure 1: Sequences of the peptides used in this study. Nomen-
0 . ging clature for p53-p65 chimeric peptides indicates the source of the
accumulations. Data were backgrounq-cqrrected but were notN-terminal sequence (first number), the central RX& segment
smoothed. Error bars are shown and indicate standard error(middle number), and the C-terminal segment (final number), with
NMR Spectroscopyeptides were dissolved in 90%®f 3 indicating that the segment is derived from p53 and 6 indicating

0 . that the segment is derived from p65. Residues derived from p53
10% D,O containing 20 mM phosphate and 10 mM NaCl are indicated in red, and residues from p65 are indicated in blue.

(P5317-20 and p537-25-P27S) or 5 mM phosphate and 25 MM gjgie site variants of peptides derived from p53 synthesized are
NaCl (333 or p53-P27S). The pH of the solution was adjusted indicated by the site and nature of the residue substitution. All
to pH 6.0. NMR spectra were collected at Z3on a Biiker peptides were acetylated on the N terminus, excepizp&s: and
AVC 600 MHz NMR spectrometer equipped with a triple- Phosphorylated p65,-ss,, which were fluorescein-labeled on the

e N terminus. All peptides except those containing p65-derived
resonance cryoprobe or a TXI triple-resonance probe. NMR C-terminal segments contain C-terminal amides. The free C-terminal

samples were prepared as 620 mM solutions. Spectra  carpoxylic acid ¢ OH), as is present in full-length p65, is indicated.
were referenced with deuterated 3-trimethylsilylproprionate Peptides were labeled on the N terminus with fluorescein isothio-

(TSP). One-dimensional spectra and total correlation spec-cyanate (p6%27551 ‘?‘Ed pthphoryla_tgdﬂp@&ssﬁ_Or(0|r|1 thk? addeO!OI
pression using a w5 pulse sequence wigiadients. Nuclear %E\tee?i; gj%(]égs;ﬁgsepr?r?g;ﬁezsﬁaé zggs(mﬂyéiidn)pﬁ@ﬁl
Overhauser effect spectroscopy (NOESY) spectra were '

collected with watergate water suppression. TOCSY spectrangs (FSALL) are similar, differing in a single contact residue
were acquired with sweep widths of 7183 Hztinandt, (Trp23) plus one noncontact residue, which could contribute
600 x 4096 complex data points, 8 scans peincrement,  gjectrostatically to binding specificity or affinity. In contrast,
arelaxation delay of 1.5 s, and a TOCSY mixing time of 60 he flanking sequences are nonhomologous, with similar
ms. NOESY spectra were acquired with sweep widths of haerns of polar and hydrophobic residues but lacking a
7183 Hz int; andt,, 600 x 4096 complex data points, 6 gingle identical residue. The flanking sequences in BXX
32 scans pef; increment, a relaxation delay of 2.0's, and a  mqtifs could provide specificity and/or increased affinity for
NOESY mixing time of 300 ms'H-'3C heteronuclear S|r_1gle— the disparate targets, as is observed in LXXLL mot#8-
quantum coherence (HSQC) spectra were acquired 0Ny Considering the experimental definitions, we note that
samples with natural _abundan’é@, using sweep widths of p53 and p65 differ at p53 residue 26 [Leu (p53) versus lle
12073 and 6009 Hz i andt,, respectively, 600< 4096 (p65)], which contacts MDM2 but is defined in the experi-
complex data points, 16 scans perincrement, and a  menta| design herein as part of the C-terminal flanking
relaxation delay of 2.0 s. Delays in th#l-*C HSQC  gequence. Similarly, Thri8 (p53), defined herein as part of
experiment were based on a 1-bondi coupling constant e N-terminal flanking sequence, is a critical residue to
of 145 Hz. Residues were assigned via TOCSY spectra, andgsigpilize binding to MDM2 and hTAR1, apparently via
sequential residues were identified via nuclear Overhauseryp, a-helix-stabilizing hydrogen bond with the side chain or
effects (NOEs) between ki) and H(i + 1). with the backbone amide of Asp22(; 23, 30).
RESULTS AND DISCUSSION f Analysis of MDM2 Binding to Chim_eric_Peptide_:s Dexil
rom p53 and p65.A series of chimeric peptides was

The molecular basis for specific recognition of FDXp synthesized, in which residues were derived from the AD
motifs by MDM2 was examined using a series of chimeras sequences of the p53 and p65 F¥¥® motifs and the N-
of the ADs of p53, which binds MDM2 with high affinity, — and C-terminal sequences to that motif (Figure 1). Homolo-
and p65, whose affinity for MDM2 has not been quantified gous sequence lengths were used, with the sequence length
but has been determined to be worse than that of §63 ( based on the observation that a 19-residue sequence of p53
19, 20, 29, 30). The FXX®® motifs of p53 (FSDLW) and  shows high affinity for MDM2 R0, 25—30). Peptides
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Ficure 2: Fluorescence polarization data for MDM2;1; binding to peptides. Polarization data are in millipolarization units. Data represent

the average of at least three independent trials. Error bars are shown and indicate standard error. (a) MDM2 binding to two different
constructs of the p53 AD. (b) MDM2 binding to peptides containing the BXXXmotif of p53. (c) MDM2 binding to peptides containing

the FXX®® motif of p65. (d) MDM2 binding to the extended p65 peptidesfass: and p653,-55; With Ser536 phosphorylated (pS536).

(e) MDM2 binding to single-site variants of pb33o (333).

containing extended sequences of the parent p53 and p65Ky) <400 nM. In contrast, all chimeric peptides with the
peptides were also synthesized. In addition, a series of single-=XX®® motif (FSALL) from p65 (X6X sequences) bound
site substitution peptides was synthesized to analyze the rolesMDM2 with a K4 > 25 000 nM. These data indicate that
of individual residues to binding specificity of MDM2. MDMZ2 binds FSDLW with>2.6 kcal mot* specificity over
Peptides were labeled with fluorescein, and the binding to FSALL.

MDM2,5-117 was measured by fluorescence polarization. The N-terminal ligand flanking sequence had a relatively
Binding data (Figure 2 and Table 1) indicated that the small effect 0.3 kcal mot? for most comparisons) on
central FSDLW motif of p53 is the critical recognition MDM2 specificity (e.g., 333 versus 633 or 366 versus 666)
element for specific binding of p53 by MDM2. All chimeric  (parts a-d of Figure 2 and Table 1). The largest impact of
peptides containing the FX®&® motif (FSDLW) from p53 the N-terminal sequence on MDM2 affinity was the N-
(X3X sequences) bound MDM2 with dissociation constants terminal extension of p65-derived 666 to incorporate three
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Table 1: MDM2s-117 Binding Data to Peptides

Kqg AG? AAGP
peptide (uM) error  (kcal molY) (kcal mol?)

P53-36 0.121 0.007 -9.4 -0.4
333 (p532-30) 0.229 0.012 -9.0 0.0
336 0.036 0.002 -10.1 -1.1
633 0.353 0.013 -8.8 0.2
636 0.102 0.004 -9.5 -0.5
p53-D21A 0.170 0.007 -9.2 -0.2
p53-W23L 43 2 -6.0 3.0
p53-K24S 0.162 0.007 -9.2 -0.2
p53-L261 0.209 0.014 -9.1 -0.1
p53-P27S 0.0047 0.0006 -—11.3 -2.3
p655327551 5.7 0.2 -7.1 1.9
p65s32-551, PS536 3.4 0.1 -7.4 1.6
666 29 5 -6.2 2.8
663 33 5 —6.1 2.9
366 40 6 —6.0 3.0
363 49 14 -5.9 3.1

2 AG indicates the free energy of binding and was calculated from
AG = —RTIn(1/Ky). ® AAG indicates the difference in the free energy
of binding relative to the MDM2z-117p5312-30 (333) complex.
¢ p65532-551, PS536 indicates the pgh-ss; peptide variant with Ser536
phosphorylated.

additional residues (p&5-ss1), which improved binding by
0.9 kcal mot?, with an additional 0.4 kcal mot improve-
ment in affinity for MDM2 when this sequence is phospho-
rylated (Figure 2d). The increased affinity observed on

Zondlo et al.

hydrogen-bond acceptor, observed crystallographically, by
elimination of the Thr hydrogen-bond donor and additionally
by electrostatic repulsion of the Asp and phosphothreonine
side chainsZ0, 43).

Trp23 is the key residue for specific recognition of p53
by MDM2 (19, 25, 26, 28, 44). Replacement of Trp23 with
Leu, derived from p65, resulted in a 3.0 kcal moloss in
binding affinity. Trp23 has been previously identified as a
critical residue for MDM2 binding, and many functional
analyses of Trp23 modification have been performed,;
however, the energetic importance of Trp23 to MDM2
binding has not been quantified experimentall, (25, 26,

28, 44). Trp23 is deeply buried in the p53VDM2 crystal
structures, contacting 10 residues of MDM20(42). In
addition, the Trp23 indole NH makes a hydrogen bond with
the main-chain carbonyl of Leu54 of MDM2. Moreover, both
the Phel9 and Leu26 side chains from p53 pack against
Trp23, indicating that Phel9 and Leu26 may be important
for organizing the Trp23 side chain to interact with MDM2
(45). In summary, these interactions are clearly critical for
high-affinity binding to MDM2; however, modest MDM2
binding has been observed previously with a Trp23Ser
substitution in p53%5).

Surprisingly, p53-derived peptides with a C-terminal
segment derived from p65 (e.g., 336 and 636) exhibitéd
kcal mol* greater affinity for MDM2 than was observed
when a p53-derived C-terminal segment was present (e.g.,

N-terminal extension of p65-derived peptides is consistent 333 and 633). The bases for the increased MDM2 affinities
with data that suggest that the binding of p65 to protein of p53 variants with a p65-derived C-terminal flanking

targets is increased by a second FE$ motif in p65
(FSSIAs3g), which is present in the longer p65 peptid2,(

sequence were examined with p53 variants containing the
single-residue substitutions K24S, L26l, or P27S. The free

33). In contrast to the results observed with p65-derived carboxy terminus in p65 is electrostatically similar to the
peptides, N- and C-terminal extension of p53-derived 333 Glu28 in p53 and seemed unlikely to explain the effect of

[P5315-30 (333) to p53-36] only modestly impacted binding
to MDM2 (0.4 kcal mot?) (Figure 2a).

In contrast, the C-terminal flanking sequence more sig-

nificantly impacted MDM2 binding than the N-terminal

the p65 C-terminal sequence on MDM2 affinity. The peptide
p53-K24S modulates the electrostatics of complex formation,
but K24 does not make hydrophobic contact with MDM2.
The K24S modification did not significantly affect the

flanking sequence (parts b and c of Figure 2). Surprisingly, stability of the complex (Figure 2e and Table 1). In contrast,
replacement of the p53 C-terminal sequence (333 or 633)Leu26 of p53 makes hydrophobic contact with Leu54, His96,
with a p65 C-terminal sequence (336 or 636, respectively) and 1le99 of MDM2 and with Trp23 of p53, organizing the

increasedhe affinity of the p53-MDM2 interaction by 0.7
1.1 kcal mot?. A p53-derived sequence containing the p65
C-terminal flanking sequence (336) bound MDM2 with the
highest affinity Ks = 36 nM) among the swapped-domain
chimeric peptides.

Effects of Single-Residue Modifications on MDM2 Affinity.
The bases for MDM2 affinity and specificity were further

Trp side chain. However, analysis of the stability of the p53-
L261 complex revealed that Leu and lle at residue 26
contributed similarly to complex stability.

Replacement of Pro27 with p65-derived Ser resulted in a
2.3 kcal mot? increase in binding affinity. The observed
binding constantky = 4.7 nM) is the tightest measured
affinity for a complex between MDM2 and a genetically

analyzed with a series of single-site substitutions (Figure 2e encodable ligand and approaches the highest affidi6y (

and Table 1). Within a p53 context, individual residues from

47) MDM2 ligands reportedZ7, 48—62). Pro27 is conserved

p53 were replaced with the corresponding residues from p65.in all mammalian p53 sequences and is observed in a number

Substitution of Asp21 with Ala (p53-D21A), from the
FXX®® motif, only minimally impacted MDM2 affinity,
with a modest 0.2 kcal mol improvement in binding
observed. In combination with the minimal effect of p65-

of more distant p53 sequences, includgnopus lagis.
These data suggest a possible functional role of Pro27 in
masking the FSDLW motif of p53, reducing the inherent
affinity of the interaction of p53 with MDM2.

derived versus p53-derived N-terminal flanking sequences Characterization of the Structural Effects of Residue 27
on MDM2 affinity, these data suggest that a hydrogen bond Identity. To understand the molecular basis for the observed
between Thr and the Asp21 side chain has little significance increased affinity of p53-P27S for MDM2, the peptides 333

for p53—MDM2 affinity (23). Thrl8 phosphorylation has

and p53-P27S were examined by CD and NMR. CD spectra

been previously observed to significantly reduce the stability (Figure 3) indicated that p53-P27S was significantly more

of the p53-MDM2 complex @3, 29, 30). Phosphorylation
could disrupt ana-helical N-capping motif, between the

o-helical than 333, displaying an increase in mean residue
ellipticity at 222 nm and a red shift in the minimum in the

Thr18 OH hydrogen-bond donor and the Asp21 carbonyl CD spectrum. The relatively small magnitude of the mean
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Ficure 5: CD spectra of the peptides p539 (red circles) and
E?5317_29-P278 (blue squares). Experiments were conducted at 25
C in 30% TFE in water containing 5 mM phosphate (pH 7.0) and
25 mM KF. Note that the vertical axis in this figure is significantly

different from that in Figure 4.

nm

Ficure 3: CD spectra of the peptides 333 (p530) (red circles)

and p53-P27S (blue squares). Experiments were conducted at 2
°C in water containing 5 mM phosphate (pH 7.0) and 25 mM KF.
Peptides were analyzed as the cysteine-alkylated acetamides.

10000 [ T T T T T T ]
*i"""._ (Figure 3). An increase im-helicity of p537-,5-P27S is

. observable by a decrease in mean residue ellipticity at 222
5000 - " . nm, a red shift in the minimum near 200 nm, and the
observation of an intense maximum in mean residue ellip-
ticity near 190 nm. The difference ia helicity between
pP5317-29 and p537-29-P27S is even more pronounced in 30%
TFE, a stronglya-helix-promoting solvent (Figure 558).
-5000 | ¢ g p5317-26-P27S exhibits a strong-helical CD signature, with

* " ,* minima at 208 and 222 nm, a maximum at 192 nm, and
L \ greater than 50%w-helicity (@, = —17 170 deg crh

¢ u o" dmol™). In contrast, even under strongkyhelix-promoting

e m % conditions (30% TFE), only weak-helicity is observed for
-15000 |- ¢ '.; i P5317-20 (@22, = —4270 deg crh dmoll), indicating a
++“¢.* significant energetic cost to forming anhelix for the native

! X ! L L ! p53 transactivation domain. When bound to MDM2, 6 of
190 200 210 220 230 240 250 the 13 residues (46%) of pb329 adopt am-helix [Phel9-
nm Leu24, with Leu25 additionally somewhat distorted from the

] ) : o-helix (p = —89°, v = +18°); Leu26 and Pro27 adopt a
g'%’:i;}bz%g (sbrisgtglj);rtgse)lpg)r()ggﬁ;gﬁézgw(gg gg%eusgtgg (;t 25 polyproline helix_ conformation]Z0). Th_ese data indicate that
°C in water containing 5 mM phosphate (pH 7.0) and 25 mM KF. Pro27 substantially reduces the ability of the AD of p53 to

adopt ano-helix, the observed MDM2-binding epitope.

residue ellipticity at 222 nm even in p53-P27S reflects the  The effects of P27S substitution on the structure of p53
observation that, in the p53VIDM2 complex, ana-helix is were further examined by NMR24, 64—66). H, and G,
only observed over six residues (residues-29), only 30% chemical shifts correlate with protein secondary structure:
of the sequence examined here. H, chemical shifts are more upfield im-helices, whereas

To obtain further insight into the basis for the significantly C, chemical shifts are more downfiel&{—70). A com-
higher MDM2 affinity of p53-P27S, two shorter peptides, parison of the | and G, chemical shifts of p53-29 and
p5317-29 and p537-25-P27S, were synthesized for detailed p537-20-P27S (Figure 6 and Table 2) revealed thatp53
analysis by CD and NMR. The smaller construct used for P27S is significantly more-helical than p53-,s, consistent
these experiments represents the sequence observed crystakith the CD data. Increases a-helicity were specifically
lographically to be well-ordered in the pSB1DM2 complex observed in the MDM2-binding epitope, from Phel%u26,
(20). The binding of a smaller construct, p53, to MDM2 with the largest changes in residues-2%, which includes
and hTAR31 was also examined by Uesugi and Verdine the critical MDM2 recognition residues Trp23 and Leu26.
(19). Moreover, previous work has shown that N-terminal Of particular note is a dramatic change in the chemical shifts
truncation at residue 17 does not affect the stability of the of Leu26, indicating a large conformational change from an
p53—MDM2 complex @9, 30). extended or turn conformation to anhelical conformation

p537-26-P27S was substantially more-helical than upon P27S substitution. In addition, chemical-shift index
p5317-29 (Figure 4), as was observed in the longer peptides (CSI) analysis (Table 2) indicates an increase in the

-10000

0, deg cm? dmol™
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4:6 4:4 4;2 40 Pro27 @8, 30, 46, 47, 61). However, examination of the
Neg 126 p53-MDM2 crystal structure reveals no explanation for
"o these observations; indeed, Pro27 makes hydrophobic contact
* % with MDM2 (20). The data herein indicate that Pro27
D21 _ significantly reduces the affinity of the p5S3DM2 interac-
e - tion: replacement of Pro with Ser increases the affinity of
% = 125 % the p53-MDM2 complex by 2.3 kcal mof. These data
EVTETT K24 suggest that Pro27 functions to stabilize the free, unbound
wa3 E6 g2 L2 form of the p53 AD in an inactive conformation by disrupting
58 B - \oa [ the o-helical recognition epitope, thereby reducing the
F19  was 2% o energetic driving force for p53MDM2 complex formation.
- Several explanations for the reduced affinity of pb3
601 60 compared to p53-20-P27S seem reasonable. First, proline
may disrupt thex-helix because proline cannot provide an
_ amide hydrogen to continue the hydrogen-bonding pattern
e 62 characteristic ofx-helices. Proline is a widely recognized
46 44 42 40 o-helix termination signal{l). Indeed, in the p53MDM2
w,-"H (ppm) structure, the last main-chaim-helical hydrogen bond is
FIGURE 6: Ha—C, region of theH-13C HSQC spectra of pa3.o between the carbonyl of Leu22 and the amide of Leu26.
(red) and p53-,0-P27S (blue). Data were collected at 296 K. Ser27 or other nonproline residues observed at this position
in previously described high-affinity ligands could potentially
magnitude and extent of the-helix for p537-,6-P27S stabilize thea-helix by hydrogen bonding to the Trp23
compared to p53-29 (69, 70). Moreover, residues Leu22 carbonyl @0).
Ser27 of p5g-2s-P27S all exhibited a three-bond coupling Alternatively, an additional molecular basis to mask the
constant between the proton and the amide protoRl{y) p53 AD may be via the interaction of Pro27 with the aromatic
<6.1 Hz (see the Supporting Information), consistent with residues Phel9 and Trp23 and/or the hydrophobic Leu
formation of a partiabi-helix for these residues. residues. Interactions between aromatic residues and proline

p53172-P27S was further characterized by NOESY are particularly favorable, especially between tryptophan and
experiments at 277 ¥(see the Supporting Informatior4, proline, a_nd would provide a strong e_nergetic driving force
64). The observed NOE patterns were consistent with the for masking FSDLW 72, 73). Interactions between Trp23
adoption of a nascemt-helix by p537-20-P27S. Key NOEs  and Pro27 were observed in molecular dynamics simulations
were observed that are consistent with partiehelix of p53;7-29 (74). Moreover, the proline-rich region of p53 is
formation, including H(@i)—HN(i + 1), Hy(i)—HN(i + 2), and known to regulate and reduce the affinity of p53 for MDM2
Ho(i)—HN@ + 3) NOEs for Ser20, Asp21, Leu22, Trp23, Via the interaction with the p53 AD76—78). In addition,
and Lys24, as well as #i)—HN(i + 4) NOEs for Ser20, the proline-rich domain of p53 is a target for non-MDM2
Asp21, and Trp23. Also observed was a weak NOE betweenprotein—protein interactions79—85). In combination with
Trp23 H; and Ser20 K this NOE is consistent with a close  the data herein, these observations suggest that a possible
contact observed between these atoms in the—pﬂst role for proline residues and the proline-rich sequence of
crystal structure. Moreover, although p53s exhibited the P53 may be to modulate the stability of the p8daDM2
Signature of a nasceunt-helix, as was observed previ0u3|y complex via tunable stabilization of the unbound form of
in NMR studies of p53 4, 64, 66), a modestly reduced P53 (78). The close proximity of the proline-rich domain
number of NOEs were observed in p53, compared to  and the AD in p53 is consistent with Pro27, and potentially
p5317 2¢-P27S, with no H(i)—HN(i + 4) NOEs, generally ~ other proline residues, being capable of interacting with
weaker H()—HN(i + 3) NOEs, and noo-helical NOEs FSDLW, providing tunable MDM2 affinity that is dependent
extending beyond Leu26 in p5320. These data are con- Upon the competitive interactions of the proline-rich domain
sistent with the results above, indicating that p53-P27S ~ With other proteins. Moreover, because proline-rich domains
is more o-helical than p58-2s. Both peptides exhibited —are common constituents of proteins important in cell

evidence of clustering of hydrophobic residues, as was Signaling, proline-mediated intramolecular masking of protein
observed previously for the p53 A24). recognition residues in disordered domains could potentially

In summary, the NMR and CD data indicate that Pro27 be a general mechanism of cellular regulation, analogous to
reduces the stability of the recognitiam-helix of p53, other autoinhibitory regulatory mechanisms, such as those
decreasing the population and stability of the functional In Protein kinasesg6-92).

MDM2-binding o-helical epitope. It has been previously ~ Detérminants of Specificity in Binding hT4%1. The ADs
observed that truncation of p53 after Leu26, or replacement©f P53 and p65 interact with proteins in the general
of Pro27 with Tyr, resulted in an improvement in MDM2 transcriptional machinery to activate transcription. One of
binding of p53 peptides26, 29, 30). In addition, none of  these targets is the TFIID component hT/&& (17, 19, 21—

the highest affinity peptide-based ligands for MDM2 retains 23 25 93—99). Binding of the p53 and p65 ADs to hTAF
31 is mediated by the shout-helical FXXPd epitopes of
p53 and p65X9, 2123, 31, 32, 95, 96). The same FXXd

2 A reduced number of NOEs were observed at 296 K, as expected ; Fat At
for a dynamic structure: notably, the CD spectrum of pia P275 motifs are used for both transcriptional activation and

was temperature-independent from 2 to &7 (see the Supporting  transcriptional repression, indicating that inhibitors of the
Information). p53—MDM2 interaction could potentially disrupt transcrip-
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Table 2: NMR-Derived Data for p53-29 and p537-,9-P273

P5317-29 pP5317-20-P27S

0, Hy 9, Cy H, CSI C.Csl d, Hy 9, Cy H, CSI C.Csl A6, Hy A6, Cy
Glug7 4.26 56.9 —-0.16 0.7 4.27 56.9 -0.15 0.7 0.01 0.0
Thrig 4.28 61.8 —-0.15 -0.2 4.28 61.8 -0.15 -0.2 0.00 0.0
Phag 4.61 58.2 —-0.04 0.1 4.58 58.5 -0.07 0.4 —0.03 0.3
Sekg 4.34 58.7 —-0.17 0.0 4.34 59.1 -0.17 0.4 0.00 0.4
Aspz1 4.56 55.0 —0.26 2.0 4.56 55.3 —-0.26 2.3 0.00 0.3
Lew:; 411 56.6 -0.27 1.1 4.10 57.1 —-0.28 1.6 —0.01 0.5
Trpzs 4.54 57.8 -0.16 0.2 4.46 58.6 —-0.24 1.0 —0.08 0.8
Lysz4 4.07 56.9 —-0.29 0.2 3.99 57.9 -0.37 1.2 —0.08 1.0
Lews 4.29 55.1 —0.09 —-0.4 4.22 56.2 —-0.16 0.7 —0.07 1.1
Lews 4.63 53.1 +0.25 —-2.4 4.29 55.9 —0.09 0.4 —-0.34 2.8
Proy; 4.38 63.7 —-0.07 0.0 na na na na na na
Seby na na na na 4.34 59.1 -0.17 0.4 na na
Glugg 4.21 57.3 —-0.21 1.1 4.28 57.2 -0.14 1.0 0.07 -0.1
Asipg 4.71 53.2 —0.08 -0.1 4.69 53.4 -0.10 0.1 —0.02 0.2

a Data were collected at 2% in 90% HO/10% DO with 20 mM phosphate (pH 6.5) and 10 mM NacCl.-aaot applicable. CSl indicates the
deviation from random-coil chemical-shift value89( 70). Ad indicates the change in the indicated chemical shift (in ppm) inp53P27S
compared to p53-29: A0 = O(p5317-20-P27S)— O(p5317-29).
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Ficure 7: Fluorescence polarization data for hT,/8/; 140 binding to peptides. Polarization data are in millipolarization units. Data represent
the average of at least three independent trials. Error bars are shown and indicate standard error. @b hikMBinding to peptides
containing the FXXp® motif of p53. (b) hTAR31-140 binding to peptides containing the FX)X motif of p65. (¢) hTAR311-140
binding to nonphosphorylated and phosphorylated;6&; peptides. (d) hTAFR31;-140 binding to two different constructs of the p53 AD.
Insets are shown on a linear scale of the protein concentration to indicate the extent to which saturation binding is approached.

tional activation as well. To address the determinants of
specificity for transcriptional activation versus transcriptional peptides exhibited modest affinities to hTfd1-140 Al-
repression, binding of the chimeric peptides to the N-terminal though dissociation constants have not previously been
domain (residues -1140) of hTAR31 was measured.
hTAF;31;-140 Was previously demonstrated to bind and
inducea-helix formation in disparate ADs, including those
of p53 and p6519, 21—-23, 95).

Binding analysis (Figure 7 and Table 3) indicated that all

measured for binding to hTAB11-140, the measured affini-
ties are consistent with the data of Uesugi and Verdine, who
estimated mid-to-high micromolar dissociation constants to
hTAF;31;-140based on NMR datdl @, 21). Among chimeric
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Table 3: hTAR31: 140 Binding Data to Peptides differences in affinity to multiple possible targets and is
inherently dependent upon the concentrations of all binding
partners. Under a given set of conditions (e.g., higher protein

Kqd AG? AAGP

peptide (M) error  (kcalmol?)  (kcal mol?) . . .
053 317 13 y T4 concentration; see Figure 2 gnd cpn§|der [MDM210 1M,
333 163 44 5o 11 and [AD] < 100 nM), multiple binding partners may be
336 55 20 58 0.4 observed, whereas under more stringent conditions (e.g.,
633 78 21 —5.6 0.6 [MDM2] = 100 nM, and [AD] =< 100 nM), binding to a
636 38 6 —6.0 0.2 more limited set of partners may be observed. Indeed, MDM2
p53-P27S 63 5 -5 0.5 was observed to effectively disrupt the p§5ss-hTAF; 31
p2553H51 <536 2;5 38 :g-g _%i complex via the preferential binding of pf5. ss; to MDM2
263’32‘551"3 >7 6 62 0.6 (see the Supporting Information). In the current study,
663 110 40 54 0.8 rigorous determination of binding constants was used to
366 33 5 —6.1 0.1 guantitatively address the determinants of thermodynamic
363 82 22 —5.6 0.7 specificity for binding partners in transcriptional activation

2 AG indicates the free energy of binding and was calculated from and transcriptional repression.
AG = —RTIn(1/Kg). ® AAG indicates the difference in the free energy FXX®ddD motifs have been observed as common constitu-

of binding relative to the hTARBL-140p6535-551 (666) complex. n c .
€ DBBss»-ser, pS536 indicates the peb.se: peptide variant with Ser536 ents of transcriptional ADs, which interact with the general

phosphorylated. The error indicates the calculated standard error of thetr@nscriptional machinery to stimulate transcriptids, (21,
curve fit. 22, 108. Because the FX%® motif of p53 also plays a

critical regulatory role in binding to the repressor protein
MDM2, we sought to understand the determinants for
specific binding by MDM2, which, on the basis of previous
data, apparently binds p53 as a specific target and is not an
important regulator of other transcriptional ADs (e.g., p65)
(19). Binding data from chimeric peptides revealed that most
AD flanking residues contribute minimally to specific
MDM2 binding. As the chimeric sequences were derived
from ADs, the lack of sensitivity to the flanking sequence
could be due to either general insensitivity to flanking
sequences or functional similarity of the flanking sequences
of different ADs.

Overexpression of MDM2 is observed in a number of
human cancers. The data herein indicate that non-p53
transcriptional ADs bind MDM2 with low micromolar
affinity, with the affinity tunable by phosphorylation of these
proteins. These affinities are comparable to those measured
for AD interactions with the transcriptional machineB
5, 109. Under normal conditions, MDM2 binding to ADs
could be largely prevented by the maintenance of low MDM2
concentrations in the cell. However, under conditions of
MDM2 overexpression, MDM2 likely binds a variety of

peptides analyzed here, the lowest affinity for N8R 140
was exhibited by the extended p53 sequence;(p§3which
bound hTAR31;-140 worse than 333. In general, peptides
containing more p53-derived residues exhibited lower af-
finities for hTAR,31 than the more p65-derived sequences,
although the differences are modest in all cases. Notably,
p53-P27S bound hTARBL with only mid-micromolar af-
finity, indicating that p53-P27S exhibits very high specificity
(AAG = —5.6 kcal mot?) for binding MDM2 over hTAR-

31 (Table 3 and the Supporting Information). Significant
increases in binding specificity because of the stabilization
of a-helical epitopes have been previously obsen@d. (

Phosphorylation of S536 did not increase the binding of
P65s32-551 t0 hTAR31;-140, IN contrast to transcriptional
activation data from cellular assay83. Interestingly,
p65s3,-551 bound MDM2 with 0.8 kcal mol! greater affinity
than hTAR31;-140 phosphorylation of Ser536 further in-
creased the preference of ggbss, for MDM2 by 0.8 kcal
mol~?, for a total of 1.6 kcal mol* specificity for MDM2
over hTAR31:-140 These data indicate quantitatively how

phosphorylation of the p65 AD may significanty impact its transcriptional ADs as targets, suggesting that other, non-

specificity for different binding p_art.ner323,. 29 30). p53-mediated transcription might be reduced under these
The comparable hTAR1:-140 binding affinities for most  ¢ongitions 05, 108).

of the peptides herein is consistent with models of transcrip-  \y/e have analyzed the determinants of specificity in

tional activation in which hydrophobic and polar patches recognition of the p53 and p65 ADs by the MDM2 repressor
capable of adopting structured epitopes interact relatively protein and the transcriptional machinery component hFAF

nonspecifically with the general transcriptional machinery 33 ntroduction of specificity is a critical challenge in the

to initiate transcription, 3, 5, 10, 15, 19, 22, 25, 32, 41, design of artificial activators and repressots0, 92, 103

98-109). Under these models, specificity is to a significant  109-114). These results should be useful in the development
extent provided spatially, via proximity and local concentra- ¢ specific ligands for both MDM2 and hTABL.
tion effects. Consistent with these models, it is noteworthy

that, in solution, p65,-s5; binds MDM2 with significantly ACKNOWLEDGMENT
higher affinity than it binds hTARB11-140

Transcriptional ADs are nonglobular hydrophobic protein
segments that may bind to multiple cellular targets. Similarly,
transcriptional co-activator and repressor proteins are con-
formationally plastic and hydrophobic proteins capable of
binding to multiple targets86—88, 106, 107). Biological SUPPORTING INFORMATION AVAILABLE
function usually depends upon specificity in binding, under  Additional NMR, CD, and protein-binding data. This
a given set of cellular conditions, to a limited subset of material is available free of charge via the Internet at http://
possible targets. Thermodynamic specificity is defined by pubs.acs.org.

We thank Hua Lu for plasmids encoding full-length
MDM2 and hTAR31. We thank Arlene Rockwell for
preliminary experiments.
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