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Protein—Protein Interactions in Competition Binding Experiments

Marcin Krajewski! Ulli Rothweiler,” Loyola D'Silva,’ Sudipta Majumdaf,Christian Kleinf and Tad A. Holak*

Max Planck Institute for Biochemistry, D-82152 Martinsried, Germany, and Roche Diagnostics GmbH, Pharmaceutical Research,
D-82377 Penzberg, Germany

Receied March 28, 2007

We present an NMR-basexthtagonistinduceddissociationassay (AIDA) for validation of inhibitor action

on protein-protein interactions. As opposed to many standard NMR methods, AIDA directly validates the
inhibitor potency in an in vitro NMR competition binding experiment. AIDA requires a large protein fragment
(larger than 30 kDa) to bind to a small reporter protein (less than 20 kDa). We show here that a small
fragment of a protein fused to glutathio®dransferase (GST) can effectively substitute the large protein
component. We successfully used a GST-tagged N-terminal 73-residue p53 domain for binding studies
with the human MDM2 protein. Other interactions we studied involved complexes of CDK2, cyclin A, p27,
and the retinoblastoma protein. All these proteins play a key role in the cell division cycle, are associated
with tumorigenesis, and are thus the subject of anticancer therapy strategies.

Introduction these interactions. Binding to a target protein does not directly
imply this desired result. On the other hand, a compound that
does not bind to one component of the complex can still suppress
complex formation by interacting with the second protein; thus,
screening for both targets would be necessary. We have recently
developed an in vitro NMR method for studying the effect of
@ntagonists on proteirprotein interaction$’'® The method,
named AIDA NMR (forantagonistinduceddissociationassay

NMR-based methods for screening for drug candidate com-
pounds that bind protein targets can be divided into two main
classes. In the first class, NMR signals of low molecular weight
compounds are monitored by utilizing N®Effects or dif-
ferential relaxation rates of their free and bound statéghe
second approach focuses on the changes in the ligand-induce
NMR chemical shifts of the proteifr.® The latter class of the X : :
methods requires larger amounts of isotopically labeled proteins ?Y NMR), requires the protein complex of interest to be formed
but can provide more detailed information on the ligapeotein between proteins with considerably varying molecular weights,

interaction by showing where compounds bind on their target ©N€ of which is labeled and should give a good quality S/N
proteins. For proteins of small size (i.e., less than 20 kDa) the NMR spectrum and would serve as an NMR reporter protein.
most popular protocol has been based on the use of chemicaformation of the complex should result in higher transverse

shift perturbations in 2BH—15N HSQC spectra of uniformly relaxation rates R2 of the reporter protein, which causes a
15\-labeled protein&19-12 For larger proteins, wheliN labeling decrease in its NMR intensities to a point that they may

is not sufficient to resolve spectral overlap in 2BI—15N completely disappear. This clear indication of the interaction
spectra, selective amino acid labelitg (15N or 13C) or protein can be easily detected and this part of the experiment must be

perdeuteration may be necessary and TR®S¥type of performed only once, at the time of the system and conditions
experiments are advantageous over “traditional” HSQCs. selection. _ _

In principle, the assignment of NMR resonances is not 1€ Spectrum of the proteirprotein complex changes
required if the only purpose of the NMR experiment is to detect dramatically if an inhibitor that breaks the complex is added.
the binding of ligands to target proteins. To monitor a specific WO oufcomes are possible in the case of the complex
binding site on a protein, active site residues must be identified, dissociation: either the reporter spectrum is recovered un-
for example, by experiments with known ligaridsr for a more changed, when the inhibitor binds to the larger protein, or the
detailed structural interpretation, the interface can be determinedecovered spectrum displays modifications caused by the

on the basis of a known 3D structéfend NMR assignment  Inhibitor binding. It is noteworthy to point out that the
procedured® dissociation is detected irrespective of the protein the compound

The NMR screening techniques concentrated so far on acts on; thus, there are two targets checked simultaneously and
monitoring binary ligane-protein interactions. For protein the selection of the right binding site and the inhibition strength

protein interactions, the ultimate goal of an antagonist compound IS ©Ptained in principle without any prior knowledge of these
discovery is to find a lead compound that inhibits or dissociates Parameters. Our approach therefore targets profeiotein
interactions and not a single protein. A schematic representation
* To whom correspondence should be addressed. Phoret9 89 8578 of our method for a two-protein complex is shown in Figure 1.
2673. Fax: ++49 89 8578 3777. E-mail: holak@biochem.mpg.de. AIDA also provides information whether its action is through
T'Max Planck Institute for Biochemistry. denaturation, precipitation, or release of the protein in its
! Roche Diagnostics GmbH. functional folded state. We have checked this method on three
a Abbreviations: AIDA, antagonist induced dissociation assay; GST, ) L
glutathioneStransferase; MDM2, murine double minute 2; CDK2, cyclin  lead compounds that have recently been reported to inhibit the
dependent kinase 2; p53{B12), a domain of human p53 between residues p53—MDM2 interactioni®-24 only one of them turned out to

1-312; NOE, nuclear Overhauser effect; HSQC, heteronuclear single be a potent inhibitor of this interactida Disrupting the
guantum coherence; TROSY, transverse relaxation-optimized spectroscopy; '

PRb-C, the C-terminus of the retinoblastoma protein; ITC, isothermal MDM2—p53 interaction (and more general also MDMX
titration calorimetry. p53y6-28 would rescue the impaired p53 function, and thus
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cell division cycle¥ MDM2 complexed with p53. Most of the cross-peaks disappear from
the reference MDM2 spectrum, indicating complex formation?Kty
Results 15N HSQC spectrum of MDM2 in complex with nutlin-3. Some cross-

' . . . . k hifted d to Fi 2a) due to bindi f nutlin t
In the first experiment the isotopicallyN enriched fragment EAeSMsz.ares ffted (compared to Figure 2a) due to binding of nutlin to

of MDM2 (residues +118) (Figure 2a) was titrated against
the unlabeled GST-p53 (residues 23). Complex formation  p27 to compete for the pRb-C binding to cyclinA/CDK2.
was observed by the disappearance of most of the MDM2 peaks,Addition of p27 to the fully complexed pRb-C causes the
as seen in Figure 2b. The leftover peaks originate from flexible dissociation of pRb-C from the complex. The initial spectrum
residues of MDM2 in the complex and are located in the of pRb-C is restored (Figure 3b). In a separate experiment, we
spectrum at the “central 8.3 ppm NH amide” region, diagnostic also tested the interaction of tA&\-labeled N-terminal domain
for unstructured residues, plus side chains at 7 and 7.5%pm. p27 with CDK2/cyclinA (Figure 4). The N-terminal domain
We have used nutlin-3 as a positive control for our NMR (residues 396) of p27 by itself is unstructured. Most of the
assay. Nutlin-3 is the most potent inhibitor out of the three  NMR peaks from>N-p27 disappeared on addition of the CDK2/
nutlins, a class ofis-imidazoline compounds recently reported cyclinA complex. The final spectrum consists of peaks arising
as inhibitors of the p53-MDM2 interactiofi. Addition of from the backbone and side chain NHs of residues that are the
nutlin-3 to the MDM2/p53 complex restores the MDM2 most flexible. p27 binds tightly to CDK2/cyclinAKp = 3.5
spectrum, as seen in Figure 2c, with the sites involved in binding nM)3° and the addition of an unlabeled p27 could not replace
to nutlin-3 being shifted. The freed GST-p53 is not precipitated; the bound'®>N-labeled p27, even after incubating the sample
this could be also seen in the 1D NMR spectrum (data not for several hours at 37C.
shown). The experiment also shows that the MDM2/nutlin ~ Analogous experiments were performed on the-labeled
complex is soluble, and that nutlin-3 did not induce precipitation p27 and CDK2 as the only binding partné¢s(= 70 nM)3°
of MDM2. The formation of the complex was clearly seen; addition of an
The second system studied comprises the interaction of p27/unlabeled p27 did not release th#l-labeled p27. The complex
pRb with cyclinA/CDK236 The C-terminal domain of pRb  did not exchange bound p27 even after the 80 min incubation
(pRb-C) does not adopt a structured conformation. Upon binding at 40°C followed by a 1-day measurement. This data indicates
of the 5N-labeled pRb-C to the cyclinA/CDK2 complex, the that p27 in both p27CDK2 and p27/cyclinA/CDK2 interac-
NMR signals of several residues are shifted (Figure 3a), tions forms high-affinity complexes.
indicating the binding to the complex. However, most of the
cross-peaks of®N pRb-C did not disappear, despite the large
molecular weight of the pRB-C/cyclinA/CDK2. Thus, the The benefit of our method is the direct observation of the
binding did not significantly change the dynamics of the action of an inhibitor or a protein without prior knowledge of
unstructured pRb-C. We have used the N-terminal domain of structure/assignment information. The method covers also large

Discussion
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Figure 3. Spectra of thé®N uniformly labeled pRb-C. (a) effects of @2 - H (ppm)
cyclinA/CDK2 addition: red, initial spectrum; green, ca. 50% com- Figure 4. (a) A*N-HSQC spectrum of*N-labeled p27 (a) and after
plexed. Double peaks indicate slow exchange. (b) Fully complexed addition of cyclinA/CDK2 complex (b). Most of the peaks disappeared.
pRb-C (blue) and after addition of p27 initial spectrum is restored (pink). Addition of the substance that dissociates the complex should restore

the spectrum. The system seems to be well-suited for the inhibitor
protein complexes and protein/polypeptide inhibitors, encounter- "¢S€arch.
ing the limit rather in sample concentration (or the spectrometer
sensitivity) than in the multiprotein complex size, provided that 1154
one component of the complex alone gives a good spectrum. A
dramatic change in the spectrum in the case of ligand binding
offers comfortable and reliable automation opportunities.

In the current study, we have used a 118 amino acid
N-terminal domain of MDM2 and the GST fusion N-terminal
73-residue fragment containing the transactivation domain of -
p53 (a schematic of the full-length proteins is shown in Figure * 130
5). The binary complex has a total molecular weight of 50 kDa
and aKp of ca. 0.7uM.*° We show experimentally in this report

1204

125

BN (ppm)

that GST-p53(%73) can substitute for p53{1312) in our assay. R
Although GST is known to form dimers, GST-p53 eluted as a . . . .
monomer in gel filtration experiments. ° ¢ s !

. . . o . 5 - H (ppm)
Since our method is a competition assay, it is essential to :

understand how strong a binder the ligand must be in order to nggs" i“pe:jp%sgi?n OEHSQ% Spe%gag""labeled P53 (residues
dissociate the proteinprotein interaction. In principle, the effect - red) an P53 (residues 23, blue).

pf a Ilga_md will depend_ on the stren_gth of the proteprotein by Sigurskjold*? Below we present considerations for the
interaction, concentrations of the ligand and protein, and the S L .

S - - S conditions specific to our NMR experiments.

inhibitor—protein affinity. The sensitivity of the NMR spectrum . )

is also important, as we have to know how much of the pretein  FIrst, we have to know how much of a free reporter protein
protein complex must be dissociated in order to detect partial IS Present in the sample prior to the ligand addition. The
recovery of the reporter protein in the NMR spectra. We have equilibrium concentrations of the reporter, the binding protein,
used ca. 0.1 mM concentrations for protein complexes, and in @nd the proteifreporter complex are denoted [R], [P], and [PR],
our practice we found that 30% of the dissociated MDM2 is respectively KpC is the dissociation constgnt of the complex,
required for a clear-cut detection BN HSQCs: thus, we will and [Rp a_nd [P} are the total concentrations of the reporter
use this value in further discussion. An exact analytical solution @1d protein ([R§ = [R] + [PR], [P} = [P] + [PR]). The ratio

to the competition problem was published by W4rand was of the free reporter concentration to the total reporter concen-

used for applications in the isothermal titration calorimetry (ITC) trationr = [RV/[R]o is r = Yo/ (k+o—1)*+4k — (k + o —
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Figure 6. Equilibrium concentrations of selected compounds. (a) Binary mixture, free reporter concentration versus #ffecemeporter
concentration ratio, for 1.0, 1.25, and 1.5 molar ratio of the complex substrates. (b) Ternary mixture. Amount of inhibiterymtf#iRhecessery

to bind 30%, 50%, or 70% of reporter molecules for different binding strength ratio, and 1.0 or 1.5 molar ratio of complex substrates, found
numerically atkKp/[R]o = 0.001. (c) Amount of inhibitor (in [R] units) necessary to reach 30%, 50%, or 70% of free reporter molecules for
different binding strength ratio, found numerically at 1.0 and 1.5 molar ratio of complex substrat&s/fRId = 0.001. (d) lllustration on how

the curve from part b depends &@/[R]o.

1)), wherek = Kp%/[R]o anda = [P]o/[R]o. It can be found by
solving a quadratic equation. It is illustrated in Figure 6a.
Typically, the NMR sample concentration is higher than or
close to 0.1 mM, while th& is below 10uM; thus,k < 0.1.
For o = 1.0, one obtains = 0.27, which is near to the 30% 0 RI Pil 0

detection threshold but decreases with higher binding strengths
and sample concentrations. Figure 6a shows how the free

reporter concentration drops for smake©One can also consider

K . . . . . R+1 RI P+1I PI
using an excess of the binding protein, thus increasing paramete
o in the above equation.

The second question is how much of an inhibitor should be Bad spectrum Good spectrum
added to cause a detectable effect. Two cases can be considered. RP+1 RI+P/PY
In the first case, when the inhibitor binds to the reporter there RaPI

are two types of molecules that potentially can be detected (they
have molecular weight smaller than 30 kDa): an inhibitor
reporter complex and the free reporter protein. For simplicity, be detected at total concentration of an inhibitor similar to the
we assume that free reporter is undetectable in this case. In thaotal concentration of the proteirreporter complex component
second case, when inhibitor binds to the protein interacting with which is replaced by the inhibitor. If, on the other hand, the
the reporter, the only detectable molecule is free reporter. For affinity to the ligand is 10 times, or more, weaker than the
further discussion we found it convenient to express the total binding between the two proteins, then the complex can be
ligand concentration [t]= [I] + [RI], as a parametef} = [I] o/ dissociated at detectable levels only when a huge excess of the
[R]o. One can then plot a curve Bfnecessary to release a given ligand is used. Note that a ligand that binds to the target protein
percentage (30%) of the reporter (or inhibitor reporter complex) “tightly”, e.g. 0.5 uM, might require an excess of a ligand
for differentKp!/KpC ratio (Figure 6b,c). The shape of this curve exceeding its solubility limit, if thekp of the complex is, for
depends oiip“/[R]o; however, for NMR conditions, where this  example, below 10 nM, and thus would be deemed to be
value is usually below 0.1, it is almost universal (Figure 6d). ineffective. Our experimental protocol can be still adapted for
The first conclusion is that the concentration of an uncom- the case of an extremely tight binding or an irreversible chemical
plexed reporter protein often can be neglected. The second isreaction. In such cases, effective inhibition requires the presence
that if the large binding component protein or the reporter of the tested inhibitor compound prior to the complex formation
protein have considerably higher affinity to the ligand than to (Figure 7). In this variant, the chemical shift changes caused
the other binding partner, it will bind mostly to the added by the compound in the reporter spectrum can be measured on
inhibitor and dissociation of the reporter protein complex will the same sample. Regardless of which protocol was used for

Figure 7. An AIDA protocol for an irreversible reaction.
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the complex formation, a known strong inhibitor that dissociates
the complex can be used for a positive control if the tested

Krajewski et al.

(Amersham). The recombinant p27 (residues9f) was overex-
pressed at 37C in E. coliBL21 (DE3) using a pET28 vector. The

compound did not cause detectable effects (see Krajewski etprotein was purified under native condition using Ni-NTA Agarose

al.’®). Our method tests this property directly, while the “SAR
by NMR” approach requires comparison of the dissociation
constants of the protein complex and ligatidrget interaction.
Such information can be considerably difficult to obtain at
required precision in the case of tight binding, whereas AIDA-
NMR can provide hints about how much the affinity must be
improved.

We would like to note that our method is neither in
competition with the traditional SAR by NMR%12 nor can it
be considered as a variant of methods described in the
Introduction. Although the common final goal of all these
methods is to find a potential inhibitor, they use different
paradigms to achieve it. The AIDA-NMR and SAR by NMR
methods provide different types of information, and being

(Quiagen). The C-terminal construct of pRb residues (residues 801
890) was overexpressed i coli BL21 (DE3) overnight at 20C
using a pET 46 vector and purified under native condition using
Ni-NTA Agarose (Quiagen). The final purification of all proteins
was done with a HiLoad 16/60 Superdex75 gel filtration column
(Amersham). CDK2 and cyclinA were expressed separately. in
coli BL21 (DES3) at 20°C using a pET 46 vector. They were first
purified under native condition using Ni-NTA Agarose (Quiagen)
and second a HiLoad 16/60 Superdex75 gel filtration column
(Amersham). The two purified proteins were mixed in equimolar
concentrations, and the complex was separated from the monomers
by a second gel filtration. The uniforml§®N-enriched protein
samples were prepared by growing the bacteria in minimal medium
containing!®N-labeled NHCI.

NMR Spectroscopy. All NMR spectra were acquired on a

suitable for different situations, they well supplement each other. Bruker DRX 600 MHz spectrometer equipped with a cryoprobe
The SAR by NMR approach cannot be used when only large €xcept the pRb-C titration experiment, which was done on the DRX
fragments of proteins are available, which may be the case at200 MHz with a standard triple resonance probe. Typically, NMR

the beginning of the characterization of proteprotein binding.

Also, many important minimal domains of proteins are about
300 amino acids in length. For large proteins of ca. 30 kDa,
the HSQC spectra are normally too crowded to be of practical

samples contained up to 0.2 mM (0.5 mM at the 500 MHz
spectrometer) of protein in 50 mM KIRO,, 50 mMNaHPQ,, 150
mM NaCl, pH 7.4, 5 mM DTT, 0.02% NaiN and protease
inhibitors or 40 mM HEPES, 200 mM NaCl, 5 mM DTT for the
experiments with CDK2/cyclinA. The MDM2/p53 system was

use in these types of experiments. Such systems are often perfecf,easured at 300 K, while titration of pRb-C with CDK2/cyclin

for the method we present. AIDA-NMR, on the other hand,
does not provide directly structural information on how to design
or improve the inhibitor.

IncreasedT, relaxation rates in our NMR assays were
achieved through the formation of large molecular weight

was carried out at 283 K. For thHgl—15N HSQC spectrum? a

total of 2048 complex points i, and 128t; increments were
acquired. Water suppression was carried out using the WATER-
GATE 5 sequence. NMR data were processed using the Bruker
program Xwin-NMR version 3.5. Titration experiments were

complexes. Several other methods may be used to achieve @erformed using a series 8H—*N HSQC of labeled p53 or

similar effect, like, for example, complexing with paramagnetic

MDM2 along with the unlabeled partner. By monitoring the 1D

probes. The method can possibly be used for monitoring factorsProton spectra, care was taken to prevent overtitration of the

necessary for a polymerization or depolymerization reaction.

The requirement is that one of the complex members gives a

good NMR spectrum when free in solution and that its transverse
relaxation rates would be distinctly higher after the reaction.

Methods

Protein Expression and Purification. The recombinant human
MDM2 protein was obtained from tHescherichia colBL21(DE3)
RIL expression system and contains the first 118 N-terminal
residues of human MDM2 cloned in a pET46 EK/LIC vector
(Novagen). The inclusion bodies were washed with the PBS buffer
containing 0.05% Triton X-100 with subsequent centrifugation at
12 00@ and solubilized wit 6 M guanidine hydrochloride in 100
mM Tris-HCI, pH 8.0, including 1 mM EDTA and 10 mM DTT.
After lowering the pH to 3-4, the protein was dialyzed overnight
at 4 °C, against 4 M guanidine hydrochloride, pH 3.5, including
10 mM DTT. For renaturation, the protein was diluted (30
100) into 10 mM Tris-HCI, pH 7.0, including 1 mM EDTA and
10 mM DTT by adding the protein in several pulses to the refolding
buffer. Refolding was performed overnight at room temperature.
Ammonium sulfate was added to a final concentration of 1.5 M
and after cal h buthyl sepharose 4 Fast Flow (Pharmacia, FRG)
was added to the refolded human MDM2. We used a glass-frit
funnel as a filter to collect MDM2butylsepharose. The protein
was eluted with 0.1 M Tris-HCI, pH 7.2, supplied with 5 mM DTT.
Finally, all fractions containing MDM2 were pooled, concentrated,
and applied to a HiLoad Superdex 75 pg gel filtration column
(Pharmacia, FRG). The running buffer contained 50 mM,R&,,
50 mM NgHPQ,, pH 7.4, 150 mM NaCl, 5 mM DTT. All fractions
with the monomeric human MDM2 were pooled and concentrated
for NMR spectroscopy.

The recombinant human GST-p53 protein (residue33) was
overexpressed at 3T in E. coliBL21 (DE3) using a pGEX vector.
The protein was purified using a GST Sepharose Fast Flow column

unlabeled sample.

Supporting Information Available: An analytical solution for
a chemical equilibrium in the case of competitive binding. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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