JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Monitoring the Effects of Antagonists on

Protein—Protein Interactions with NMR Spectroscopy
Loyola D'Silva, Przemyslaw Ozdowy, Marcin Krajewski, Ulli Rothweiler, Mahavir Singh, and Tad A. Holak
J. Am. Chem. Soc., 2005, 127 (38), 13220-13226+ DOI: 10.1021/ja052143x * Publication Date (Web): 01 September 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 5 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja052143x

JIAICIS

ARTICLES

Published on Web 09/01/2005

Monitoring the Effects of Antagonists on Protein —Protein

Interactions with NMR Spectroscopy
Loyola D’Silva, Przemyslaw Ozdowy, Marcin Krajewski, Ulli Rothweiler,
Mahavir Singh, and Tad A. Holak*
Contribution from the Max Planck Institute for Biochemistry, D-82152 Martinsried, Germany

Received April 4, 2005; E-mail: holak@biochem.mpg.de

Abstract: We describe an NMR method that directly monitors the influence of ligands on protein—protein
interactions. For a two-protein interaction complex, the size of one component should be small enough
(less than ca. 15 kDa) to provide a good quality >N (*3C) HSQC spectrum after 1°>N(*3C) labeling. The size
of the second unlabeled component should be large enough so that the molecular weight of the preformed
complex is larger than ca. 40 kDa. When the smaller protein binds to a larger one, broadening of NMR
resonances results in the disappearance of most of its cross-peaks in the HSQC spectrum. Addition of an
antagonist that can dissociate the complex would restore the HSQC spectrum of the smaller component.
The method directly shows whether an antagonist releases proteins in their wild-type folded states or whether
it induces their denaturation, partial unfolding, or precipitation. We illustrate the method by studying lead
compounds that have recently been reported to block the MDM2—p53 interaction. Activation of p53 in
tumor cells by inhibiting its interaction with MDM2 offers new strategy for cancer therapy.

Introduction The NMR screening studies for lead compounds concentrated

) ) ) so far on binary interactions of lead compounds with small to
The NMR chemical shift perturbation methods have been iqdie size domains of target proteid? 1! a small size of

successfu!ly used for mapping binding interfacgs i.n proteips and ihe protein being crucial for obtaining a good quality HSQC
for screening small molecule lead compounds in ligapibtein spectrum. The principal purpose of an antagonist compound

interactions™” The most popular protocol has ti(:en based on giscovery, however, is determining whether a lead compound
the use of chemical shift perturbations in 2B-""N HSQC inhibits or dissociates proteirprotein interactions. Here, we

spectra of!®N-labeled proteins upon addition of ligands or
peptides/proteins?#&11|n general, a prerequisite for mapping

describe an NMR method that allows for direct monitoring of
the influence of a ligand on protetprotein binding. Impor-

these interactions is that the assignment of the NMR spectrumtantly, our method shows whether a small molecule compound

of the protein is known, at least for the nuclei that exhibit

is capable of releasing proteins in their wild-type folded states

chemical shift changes, although a method has recently beenor whether it induces their denaturation, partial unfolding, or
described that allows mapping interfaces of protein complexes precipitation.

without the knowledge of chemical shift assignments provided

that the 3D structures are knowhThe assignment is not needed
if the only purpose of the NMR experiment is detecting the
binding of ligands to target proteins.
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We illustrate our method with the pS3/DM2 interaction3-23
The human p53 protein is a tumor suppressor transcription
factor, and loss of p53 function through mutation is involved
in 50% of human cancer. The remainder retains wild-type p53,
but the p53 pathway is inactivated through, for example,
interaction with the MDM2 protein. MDM2 is a principal
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Figure 1. Schematic representation of our method for studying the effect of an antagonist on the interface between two proteiti @G$AC spectrum

of a ca. 10 kDa uniformly®N labeled protein (each amino acid gives a cross-peak for thid Nair. The side-chain NH resonances are observed at around

7 ppmIH and at 120 ppni®N chemical shifts). (b) The cross-peaks disappear on addition of a large protein (ca. 35 kDa) that forms a complex with the
smaller one. (c) The cross-peaks reappear on addition of a strong inhibitor ligand that dissociates the complex. (d) A weak inhibitor doesat®tltissoci
complex.
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cellular antagonist of p53 that interacts through its 100 residue would release about 40% of the protein at 280 concentration,
amino terminal domain with the N-terminal transactivation assuming 10&M each of proteins and lép of 0.7 uM for the
domain of p53. The rescue of the impaired p53 function by complex).

disrupting the MDM2-p53 interaction offers new avenues for We tested our method on the p5BIDM2 interaction.
anticancer therapeutié; 1> and several lead compounds have Structure-based screens for this interaction utilized an N-terminal
recently been reported to inhibit the pSBIDM2 interaction domain of MDM2 of ca. 100 amino acids and short peptides of
in assays based on tumor cell cultures or immunoprecipitation p53 (refs 22, 2#30). The primary binding site of MDM2 on
techniques. All of these compounds were claimed to bind to the p53 protein has been mapped to residues2B3(refs 16-

the p53-binding site on MDMZ2. 21). In our study, we use a 118 amino acid N-terminal domain
of MDM2 and the N-terminal 312-residue fragment of p53,
Results which encompasses the transactivation and DNA binding

domains (a schematic of the full-length proteins is shown in
Supporting Information Figure 1). The binary complex has a
total molecular weight of 45 kDa. Isothermal titration calorim-
etry (ITC) measurements indicateda of 0.77uM in the buffer
solution used in our NMR experiments (see Supporting Infor-
mation for ITC), which agrees well with that of ca. QuM
reported in the literaturé.27.31

In the first experiment, the isotopically enrichEt-MDM2
(Figure 2a) was titrated against unlabeled p53, and the complex

smaller protein b_lnds to a larger one, the_ o_bserveiiz Y formation was observed by the disappearance of most of the
transverse relaxation rates of the bound protein in the complexMDM2 peaks, as seen in Figure 2b. The majority of the

increase significantly and broadening of NMR resonances reSUItSbackbone15N—lH resonances of structured regions of the
in the drlsilﬁggara_\nce of most of_t_he cross-peaks in t_he HSQCmolecule broadened and/or disappeared. The leftover peaks
spectrunt (Figure 1b). Addition of an antagonist that  ,jinate from flexible residues of the complex and/or free

dissociates the complex would restore the HSQC spectrum of ;15 (for the complex MDM2-p53 with aKp of 0.77 uM

the smaller component (Figure 1c), whereas a nonbinder would

not affect the HSQC spectrum of the complex (Figure 1d). A (27) Kussie, P. H.; Gorina, S.: Marechal, V.; Elenbass, B.; Moreau, J.; Levine,
inhihi i i A. J.; Pavletich, N. PSciencel996 274, 948.

weak m_hlbltor could pama"y release the l_ab_el_ed protein when (28) Blommers, M. J. J.; Fendrich, G.; Garcia-Echeverria, C.; Chenk,Am.

added in large excess (for example, an inhibitoiKgf5 uM Chem. Soc1997, 119, 3425,

(29) Stoll, R.; et alBiochemistry2001, 40, 336.

(30) Fry, D. C.; Emerson, S. D.; Palme, S.; Vu, B. T.; Liu, C. M.; Podlaski, F.

A schematic representation of our method for a two-protein
complex is shown in Figure 1. At least two protein components
that make up a multiprotein complex are monitored. The size
of one component should be small enough (less than ca. 15
kDa) to provide a good quality HSQC spectrum afteM or
13C labeling of the protein (Figure 1a). The size of the second
component should be large enough so that the molecular weight
of the preformed complex is larger than ca. 40 kDa. When the

(24) Withrich, K. Angew. Chem., Int. E2003 42, 3340. J. Biomol. NMR2004 30, 163.
(25) Rehm, T.; Huber, R.; Holak, T. AStructure2002 10, 1613. (31) Dawson, R.; Mueller, L.; Dehner, A.; Klein, C.; Kessler, H.; Buchner, J.
(26) Riek, R.; Pervushin, K.; Whrich, K. Trends Biochem. Sc200Q 25, 462. J. Mol. Biol. 2003 332 1131.
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Figure 2. Spectra of thé®N uniformly labeled MDM2. (aH—N HSQC spectrum o®N-MDM2. (b) tH—15N HSQC spectrum of®N MDM2 complexed
with p53. Most of the cross-peaks disappear from the reference MDM2 spectrum, indicating complex formatter1{) HSQC spectrum of MDM2 in
complex with nutlin-3. Some cross-peaks are shifted (as compared to Figure 2a) due to binding of nutlin to MDM2.

and a protein concentration of 0.1 mM, there is still 8.4% free  We also performed the experiment with t&l-labeled p53
MDM2 present, and the residual observed sharp signals couldand unlabeled MDM2. Figure 3a shows thg—15N HSQC
arise from this free protein). All of these signals are located in spectrum of the uniformly labeled p53. The spectrum indicates
the spectrum at the “central 8.3 ppm NH amide” region, that the first 93 residues are flexible and mostly unstructured.
diagnostic for unstructured residues, plus flexible side chains The residues of the p53 DNA core domain are mostly not seen
at 7 and 7.5 ppm (for details on how to use NMR to assess thebecause of their broad line widths as compared to those of the
extent of folding in proteins, see ref 25 and the Supporting flexible part. Complex formation can be monitored from the

Information). NMR spectrum, as the three primary binding sites of p53 to
Nutlins are a class ofis-imidazoline compounds that were ~MDM2 are known (Phel9, Trp23, and Leu26 (ref 27)). The
recently reported to inhibit the p53vDM?2 interaction?? The cross-peaks of these residues begin to disappear on stepwise

most potent among them, nutlin-3, was reported to displace addition of MDM2, and they completely disappeared on the
recombinant p53 protein from its complex with MDM2 with ~ complex formation as seen in Figure 3b. The experiment
an inhibitory concentration (1) value of 0.0M (ref 22). A unequivocally shows that the N-terminal residues are still not
stepwise addition of nutlin-3 to the MDM2/p53 complex restores  Structured when bound to the MDM2 domain, with the exception
the MDM2 spectrum, as seen in Figure 2c, with the sites of a 10 residue-binding site (residues-126). Nutlin-3 was then
involved in binding to nutlin being, however, shifted. The freed added to the MDM2/p53 complex in a stepwise manner, and
p53 is folded (the core domain) as judged by NMR (Supporting the reappearance of the three peaks (Phel9, Trp23, and Leu26)
Information Figure 2). The experiment also shows that the Was monitored. Figure 3¢ shows the spectré&’ifp53 and the
MDM2/nutlin complex is soluble and that nutlin did not induce ~ réappearance of the three binding sites, indicating that nutlin-3
precipitation of MDM2. Supporting Information Figure 3 shows dissociates the pS3VDM2 complex by binding to MDM2.

the cross section from tHel—15N HSQC spectra of one of the We checked our methodology on another small molecule
peaks of!>N-MDM2/p53 complex titrated at increasing con- compound, a sulfonamide compound NSC 279287, recently
centrations of nutlin-3. reported to inhibit the MDM2/p53 interaction with 4gof 32

13222 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Figure 3. Spectra of thé®N uniformly labeled p53. (a)H—15N HSQC spectrum of p53 (for assignments, see refs 36,37). The cross-peak of Phel9 is shown
in yellow, and Leu26 is in green. The two cross-peaks in red are from Trp23, with the side-chain cross-pedK ahtraical shift of 10.10 ppm (inset).

(b) H—15N HSQC spectrum 0#N-p53 complexed with MDM2. The complex formation is monitored by the disappearance of peaks corresponding to
Phel9, Trp23, and Leu26. (#i—1°N HSQC spectrum of free p53 after addition of nutlin-3. The spectrum corresponds to that of Figure 3a, with all of the
“bound” peaks being restored, indicating the dissociation of the complex.

uM (ref 32). A stepwise addition of the sulfonamide to p53/ 5N-labeled MDMZ2, the derivativ8b of the boronic chalcone
15N-MDM2 resulted in the release of the folded p53. The release (Table 1, ref 33) was titrated to study its effect on the MDM2/
of p53 could also be monitored from the 1D proton NMR p53 complex. This boronic chalcone did not dissociate the
spectra. Supporting Information Figure 4 shows the 1D spectra MDM2—p53 complex even at concentrations of 2 mM, that is,
of the region where the side chain of Trp23 resonates at 10.1020 times that of the protein complex (data not shown; the
ppm. We also added sulfonamide to the fted-MDM2 with HSQCs were all equivalent to those of Figure 2b). At this
the intention of adding p53 after the preincubation of MDM2 concentration of the ligand, the complex completely precipitated
with the compound; however, we observed only very small, inthe NMR tube. However, direct titration &IN-MDM2 with
insignificant induced chemical shift changes in thid HSQC chalcone showed that they bind to the tryptophan-binding subsite
spectrum of MDMZ2 on titration with sulfonomide (see Sup- of the p53-binding cleft of human MDM2 (refs 229) with
porting Information Figure 5). We thus conclude that the very low, thatis, high micromolar, affinity, indicating that these
compound sulfonamide works by precipitating MDM2, as no compounds are extremely weak inhibitors for the MDM2/p53
signals from MDM2 were present in the final NMR 1D proton interaction.
spectrum. MDM2 begins to precipitate at about 0.3 mM
sulfonamide concentration, which is about 3 times the protein
concentration, and the precipitation was complete at about 1 We have tested three lead compounds that have recently been
mM, which is about 10 times the protein concentration. reported to block the p53MDM2 interaction: nutlin-3 (ref 22),

Recently, novel boronic-chalcone derivatives have been a sulfonamide compound NSC 279287 (ref 32), and a boronic
described as MDM2 antagonists with antitumor effect against chalcone®® Among these three candidates, only nutlin-3 was
cultured tumor cell§3 Employing our methodology by using  shown to indeed be an inhibitor of the pSBIDM2 complex

. and therefore is a potential candidate for drug development in
ggg Esr'ﬁgp & ﬁg&ﬁ?’gi;%;&""'gﬁ-g&‘ﬁﬂ?ﬁé’gg‘pgﬂfﬁémdson' N, . cancer treatment. Our assay showed that nutlin-3 releases p53
Khan, S. RJ. Med. Chem2003 46, 2813. from the complex by competing with p53 for binding to MDM2.

Discussion

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13223
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The important outcome of our experiment is that it shows that functional fragment of pRb, which is also structured, is the so-
the freed p53 is folded. It also shows that the MDM2/nutlin called small pocket domain of 361 residues (pRb-AB)(ref 39).
complex is soluble and that nutlin did not induce precipitation The retinoblastoma tumor suppressor protein is a fundamental

of MDM2. The dissociation constantKf) of nutlin-3 for negative regulator of cell proliferation that is frequently targeted
MDM2/p53 complexes estimated from NMR is in the low in human cancer. Many viral oncoproteins (for example, HPV
micro-molar range €1 «M), indicating tight binding. E7, E1A) are known to bind to the pRb pocket domain via a

The sulfonamide compound precipitates MDM2 and releases LXCXE binding motif3%-42 The HSQC spectrum of thE&N/
folded p53. The boronic chalcone precipitated p53 and MDM2 2H uniformly labeled pRb-AB contains NH resonances from
at high ligand concentrations. This boronic chalcone is an 361 residues (except prolines) and is too crowded for detecting
extremely weak binder for MDM2, inconsequential for the interactions with the pRb binding peptides. Figure 4a shows
MDM2/p53 interaction, and probably expresses its antitumor the spectra of®N-labeled pRb small pocket domain titrated with
effect in tumor cell lines via inhibition of interactions other than the HPV E7 peptide of 20 amino acids. Figure 4b shows that
the primary p53-MDM2 interaction. In case of sulfonamide, the complex formation E#pRb can easily be detected with
the precipitation was selective for MDM2 but not for p53. Direct NMR if a larger fragment of the E7 protein is used.

treatment of MDM2 with sulfonamide gave the same results as  Another weakness of the traditional “SAR by NMR” approach

that of the complex. o _ arises when NMR cross-peaks of several resonances disappear
The two last examples indicate that our assay provides for aupon ligand binding. This happens for intermediate exchanges
more rigorous detection of inhibition of protetprotein interac-  when the lifetime of the free and bound states is approximately

tions than the approaches based on affinity chromatography pullequal to the differences in chemical shift and/or transverse
down assays, and immunoprecipitation, and similar to these relaxation rates between the free and ligand-bound forms. These
methods they are known to give false positive results. In peaks are usually those residues located at the binding interface;
addition, these methods provide very limited information about however, it is difficult in practice to interpret these data, unless
the structural status of proteins. The correct structure of a proteinadditional information from the structure of the protein is
is a universal requirement for its function. available.

An interesting side-result of our experiments is the determi-  geyera] variants of our approach are possible. In few favorable
nation of the folding status of our pS3 free and bound to MDM2. ¢ases (flexible residues), 1D proton NMR spectra may suffice
Characterization of this status has been a subject of severakyr monjtoring the states of proteins in complexes upon treatment
recent studied* 37 Our NMR spectra indicate that the first 93 \yith ligands. The regions of the proton NMR spectra at ppm
residues are flexible and unstructured, in agreement with theg 7 15 12 and 0.0 te-0.5 could be used for these purpode®
findings that showed that the full-length pS3 contains large e have used 1D spectra of the NH side chains of Trp residues
unstructured N- and C-terminal regions in its native state’ of p53. In general, however, the highly flexible feature of the
Because the HSQC spectrum of these 93 residues is almosiy_terminal domain of p53 is an exception rather than a Hile.

|der}tlcal tt_o thatf t?]f the |s_3latedh N-tetrmé)nalthdoméfnxhe th A protocol that would start first with the titration of the small
contormations of these residues have 1o be the same as toses_|3pejeq component of the complex would correspond to the

found in ref 37; that is, although the p53 transactivation domain traditional “SAR by NMR” approach. Adding the second larger
does not have tertiary structure, it is nevertheless populated byprotein would then follow. Finally, a part of the large protein

i 38 snding i . ,
a nascent helix and wrdS: A new finding is that our NMR fragment could be replaced by GST, which has 226 amino acids.

spe_ctra u_ne_quivqcally §how that, with the exception Of a 10 For example, a GST tagged N-terminal 93-residue p53 domain
residue-binding site (residues-126), the bulk of the N-terminal could replace the 4312 residue p53 fragment.

residues are still not structured when bound to the MDM2

domain. Methods
Our method should provide an important extension to the
traditional “SAR by NMR”1%-11 One weakness of the SAR Protein Expression and Purification. The recombinant human

MDM2 (residues +118) was overexpressed at 3D in E. coli BL21
(DES3) using the pQE-40 vector (Qiagen). The protein was renatured
from E. coli inclusion bodies as previously publish¥dRefolded

approach is that small structured fragments of large proteins
have to be found although only larger fragments are usually

avallaple at initial _Stl,JdleS of prptefrproteln .blndlngs. Also, MDM2 was first applied to the butyl Sepharose 4 Fast Flow (Amer-
marly 'mPO”?”t minimal domains of p.rotelns are about 300 sham) and second to HiLoad 16/60 Superdex75 gel filtration (Amer-
amino acids in length. For large proteins of ca. 30 kDa, the sham) columns. The recombinant human p53 protein (residu842)
HSQC spectra are normally too crowded to be of practical use was overexpressed at 3T overnight inE. coli BL21 (DE3) using a
in these types of experiments. A remedy would be to prepare amodified pQE-40 with N-terminal His-tag and T5 promotor as described
15N selectively labeled protein with one amino acid type and in ref 34. The protein was purified under denaturing conditions using
obtain a less crowded NMR “subspectrufi”. a NiNTA (Qiagen) column, refolded, and further purified using a
An example of spectral overlap is provided by spectra of the Heparin Sepharose 6 Fast Flow (Amersham) column. Final purification

retinoblastoma protein (pRb) shown in Figure 4. The smallest Was done via a HiLoad 16/60 Superdex75 gel filtration column. The
uniformly **N enriched protein samples were prepared by growing the

(34) Dyson, H. J.; Wright, P. ENat. Re.. Mol. Cell Biol. 2005 6, 197. bacteria in minimal media containid§N-NH.CI (ref 29).
(35) Bell, S.; Klein, C.; Miler, L.; Hansen, S.; Buchner, J. Mol. Biol. 2002
322 917.
(36) Ayed, A.; Mulder, F. A. A.; Yi, G. S.; Lu, Y.; Kay, L. E.; Arrowsmith, C. (39) Lee, J. O.; Russo, A. A.; Pavletich, N. Rature 1998 391, 859.
H. Nat. Struct. Biol.2001, 8, 756. (40) Hu, Q. J.; Dyson, N.; Harlow, EEMBO J 199Q 9, 1147.

(37) Lee, H.; Mok, K. H.; Muhandiram, R.; Park, K. H.; Suk, J. E.; Kim, D. (41
H.; Chang, J.; Sung, Y. C.; Choi, K. Y.; Han, K. B. Biol. Chem2000 199Q 9, 1815.
275, 29426. (42) Kaelin, W. G., Jr.; Ewen, M. E.; Livingston, D. Nifol. Cell. Biol. 1999
(38) Uesugi, M.; Verdine, G. LProc. Natl. Acad. Sci. U.S.A999 96, 14801. 10, 3761.

Huang, S.; Wang, N. P.; Tseng, B. Y.; Lee, W. H.; Lee, EENIBO J.

—_ o
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Figure 4. (a) ®N-HSQC spectra of the small pocket domain BN 2H]-pRb. The reference spectrum is shown in red, and the one in blue is after titration
with the E7 peptide. (b) On addition of the dimeric full-length E7 protein (104 residues for a monomer), the pRb spectrum disappears due to the formatio
of the complex.

The small pocket domain of pRb (pRb-AB) was cloned into the Typically, NMR samples contained up to 0.1 mM of protein in 50 mM
pPET30 LIC/Xa vector and consisted of an N-terminal 11 amino acid KH,PQ;, 50 MM NaHPQO,, 150 mM NaCl, pH 7.4, 5 mM DTT, 0.02%
long 6-His-tag followed by the pocket domain without spacer region NaNs;, and protease inhibitors. For thel—>N HSQC spectrum} a
(from amino acid 379578 and 642791). For expression of the  total of 1024 complex points ita and 12&; increments were acquired.
protein, theE. colistrain BL21 STARTM (DE3) (Invitrogen) was used.  Water suppression was carried out using the WATERGATE sequence.
Uniformly >N and specifically*>N lysine labeled pRb-AB were NMR data were processed using the Bruker program Xwin-NMR
prepared following standard proceduf&except that protein induction version 3.5.
was carried out at 18C overnight. For the perdeuterated sample Ligand Binding. Ligand binding experiments were carried out in
preparation, cells were first adapted by growing them on small culture an analogous way to that described in Stoll @ &00uL of the protein

with 30%, 60%, 75%, and 90% before growing them in 93%0 sample containing 10% 40, at a concentration of about 0.1 mM, and
containing media. In this case, induction was carried out for 18 h at 18 3 20 mM stock solution of each compound in DM$©were used in
°C. all of the experiments. Titrations were carried out with three inhibitors,

In the first step of purification, the crude cell lysate, after the nutlin-3 (nutlin-3 was purchased from Cayman Chemical, Ml (Catalog
sonication, was passed through the Ni-NTA column. The eluent from No. 10004372) and comprised an enantiomer with the most potent
the Ni column was subjected to the MonoQ (Amersham-Pharmacia) binding activity toward MDM2 (ref 22)), sulfonamide (obtained from
anionic exchange chromatography column. The final buffer of the the National Cancer Institute, NSC 279287), and a boronic chalcone
protein solution was 50 mM NaiRO,-H,O, 10 mM SME, pH 7.8. (derivative3b, Table 1, ref 33). In case of the experiments with nutlin-
The identity of protein was confirmed with the SDS-PAGE, Western 3, the titration was carried out until no further change in the 2D
blot, N-terminal sequencing, and mass spectrometry. Final protein spectrum was observed, thus indicating saturation. The maximum
samples used for all of the studies were more then 95% pure as judgedconcentration of DMSO at the end of titration experiments was about
by SDS-PAGE analysis. In case of the perdeuterated sample, the proteir2—3%. The pH was maintained constant during the entire titration.
was >95% perdeuterated as judged by mass spectrometry. As controls, to check the effect of DMSO on the proteins, we titrated

NMR Spectroscopy.All NMR spectra were acquired at 300 K on  the protein complex and proteins with DMSO. We found no significant
a Bruker DRX 600 MHz spectrometer equipped with a cryoprobe. changes in terms of chemical shifts, precipitation, or denaturation of

(43) Senn, H.; Eugster, A.; Otting, G.; Suter, F.;'ihich, K. Eur. Biophys. J. (44) Mori, S.; Abeygunawardana, C.; Johnson, M. O.; van Zijl, PJ.@4agn.
1987 14, 301. Reson., Ser. B995 108 94.
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the proteins for DMSO concentrations used in the compound titrations sulfonamide NSC 279287 compound. We thank Dr. Heiko
(up to 3%). Supporting Information Figure 6 shows the->N HSQC Hermeking for the p53 constructs.

spectra of MDM2 titrated with DMSO. The p53/MDM2 complex Supporting Information Available: A discussion on under-
titrated up to 20% with DMSO partially precipitated (40% after 10 h). F_Jp 9 . - . .
Preincubation of the p53/MDM2 complex with 15% DMSO at 310 K standing the extent of protein folding, a schematic representation

for 1.5 h, 10 deg higher than the temperature at which NMR of the full length proteins used in our experiments, ITC binding
experiments were carried out (300 K), resulted in increased precipitation "€sult for p53 and MDM2, &N spectrum of p53 showing the
(50%), but no other changes in the spectrum of the soluble fraction Structured parts of the protein, cross sections of-thNeHSQC
were observed. The soluble complex was reacting with nutlin-3. The spectrum of the complex of p53/MDM2 titrated with nutlin-3,
p53 peaks of thé°N-labeled p53 shift little with higher concentrations 1D proton spectra of the side chains of tryptophans of §%8,

of DMSO (ca. 0.1 ppm in proton dimension for the Trp 23 side-chain spectra of MDM2 titrated with the sulfonamide compou#i
signal at 20% DMSO). We thus conclude that the DMSO effect on the gpectra of MDM2 titrated with DMSO, and complete refs 23
proteins while titrating with different compounds can be neglected. 54 29, This material is available free of charge via the Internet
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