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Abstract We demonstrate a novel NMR method for the

mapping of protein–protein interaction sites. In our ap-

proach protein–protein binding sites are mapped by com-

petition binding experiments using indirect NMR reporter

technology and Ala positional scanning. The methodology

provides high sensitivity, ease of implementation and high-

throughput capabilities. The feasibility of the technique is

demonstrated with an application to the b-Catenin/Tcf4

complex.
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Introduction

Protein–protein interaction is of fundamental importance

for living organisms and provides unique possibilities to

fine tune biological systems at molecular level. Delineating

the fine details of interaction sites has thus been the

motivation of significant research activities in the past

(Lakey and Raggett 1998). NMR spectroscopy has con-

tributed significantly in this area and despite considerable

methodological progress there is, however, still a demand

for improvement of the NMR experimental techniques with

respect to sensitivity, automation capabilities, and protein

consumption (Zuiderweg 2002).

In this article, we introduce a rapid and sensitive NMR-

based approach for mapping protein–protein interaction

sites using competition experiments based on our recently

published NMR protein–protein interaction assay (Fig. 1)

(Ludwiczek et al. 2004). In this assay the protein binding

partner of interest is linked to a ligand binding domain (e.g.

a SH2-domain) with moderate or medium affinity to a well-

defined small molecule ligand (e.g. phenylphosphate),

which serves as a model compound for the natural ligand

phosphotyrosine. Protein–protein interaction is indirectly

observed via subsequent NMR relaxation changes (e.g.

selective T1or T2) of the reversibly binding ligand, caused

by the increase in the molecular weight of the complex.

Note that this method will not work using non-selective T1
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Fig. 1 Outline of the NMR-based mapping of Tcf4/b-Catenin

interaction sites using competition binding experiments. Phenylphos-

phate (P) is used as a reporter ligand which reversibly binds to the

ligand-binding domain SH2 (S) that is fused to the wild type target

protein (Tcf). Changes in the molecular weight of the complex that

occur either upon binding of tagged wild type SH2-Tcf4 to b-Catenin

(Cat) or upon replacement of the tagged wild-type from the complex

by an untagged mutant (mut) with certain binding affinity are both

monitored via changes in relaxation rates of the ligand P
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(or T2) measurements as only selective relaxation rates are

proportional to J(0) and sc. This indirect observation

strategy avoids any molecular weight limit as in the case of

direct NMR observation of the protein and significantly

reduces the amount of protein material required, a general

bottleneck for biological applications of NMR spectros-

copy.

Here we demonstrate a first systematic competition

binding application of this NMR methodology for mapping

the protein–protein interaction site of the b-Catenin/Tcf4

protein complex, an important constituent of the Wnt sig-

nalling pathway and emerging drug development target.

b-Catenin is an intracellular mediator in the Wnt signalling

pathway and is thus interacting with proteins of the Tcf

(T-cell factor)/Lef (lymphocyte enhancer binding factor)

family of DNA binding proteins. In the absence of Wnt

signalling, target genes are kept in a quiescent state by Tcf

proteins (Cavallo et al. 1998; Roose et al. 1998), whereas

under active signalling, cytosolic b-Catenin is transferred

into the nucleus and together with Tcf proteins acts as

transcriptional activator (Huber et al. 1996; Molenaar et al.

1996; Behrens et al. 1996; Nusse 1997; Seidensticker and

Behrens 2000; van de Wetering et al. 1997). Previous

studies have revealed that the Catenin-binding-domain

(CBD) of Tcf4, the human homologue of this protein

family, is located in the 53 N-terminal amino acids, and

this construct is both, necessary and sufficient for high

affinity interaction with b-Catenin (Molenaar et al. 1996;

Behrens et al. 1996; van de Wetering et al. 1997; Knapp

et al. 2001). b-Catenin itself consists of a core region

flanked by an N-terminal segment, which is required for

degradation (Peifer and Polakis 2000), and a C-terminal

segment that recruits transcriptional coactivators (Barker

et al. 2000). The core region, which was used for this

study, is composed of 12 copies of a 42 amino acid se-

quence motif called armadillo repeat and forms a super-

helix of helices that features a long, positively charged

groove and mediates the interaction with Tcf4 (Huber et al.

1997).

Materials and methods

The core region of b-Catenin comprising residues 134–671

was expressed using the pGex-6p2 vector and E. coli strain

BL21(DE3)pLysS. The GST fusion protein was purified

using Glutathione Sepharose affinity and subsequent size

exclusion chromatography. The GST tag was removed

using Precision protease. Mutant forms of Tcf4 and the

fusion protein SH2-Tcf4 were prepared as described else-

where (Ludwiczek et al. 2004; Fasolini et al. 2003).

Selective inversion and excitation in the NMR relaxation

experiments were achieved using IBURP (pulse width:

54 ms) and EBURP (pulse width: 50 ms) pulse shapes,

respectively (Geen and Freeman 1991). Sample concen-

trations were as follows: phenylphosphate: 400 lM; b-

Catenin: 75 lM; SH2-Tcf4: 75 lM; wt-Tcf4: 75lM and

750 lM. Experiments were performed on a Varian Unity

Inova 500 MHz spectrometer. Spectra were acquired with

16 transients each using a relaxation delay of 5 s between

scans. Sample conditions: pH 7.4, 1 mM DTT, T = 25�C.

The NMR interaction data were independently cross-vali-

dated using size exclusion chromatography. For these

experiments equimolar amounts of b-Catenin, SH2-Tcf4,

and the respective competing Tcf4 mutant were loaded

onto a HiLoad 16/60 Superdex Column. As a running

buffer PBS buffer, pH 7.4 was used for the size exclusion

experiments.

Results and discussion

Binding of the reporter ligand phenylphosphate to the SH2

domain in the SH2-Tcf4 fusion protein and/or the SH2-

Tcf4/b-Catenin complex was monitored by selective T1

relaxation (T1,s) measurements. Figure 2 shows the results

of T1,s experiments obtained for the intact SH2-Tcf4/b-

Catenin complex and the competition binding experiments

using wild-type (wt) Tcf4 protein, respectively. Competi-

tion binding experiments were performed with equimolar

amounts and a 1:10 excess of wt-Tcf4, which replaced

SH2-tagged Tcf4 in the SH2-Tcf4/b-Catenin complex thus

Fig. 2 Experimental demonstration of ligand-detected NMR protein–

protein competition binding. The binding of wt-Tcf4 protein to

b-Catenin is indirectly monitored by changes in the T1,s values. T1,s-

recovery curves of the meta proton of phenylphosphate reversibly

bound to SH2-Tcf4/b-Catenin in (a) absence of , (b) presence of 1:1

ratio wt-Tcf4 and (c) 1:10 ratio of wt-Tcf4
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reducing the average molecular weight of the (ligand

binding) SH2-Tcf4 fusion protein and increasing the T1,s

values.

To map Tcf4/b-Catenin protein–protein interaction sites

Ala positional scanning was monitored by NMR competi-

tion binding experiments. The following Tcf4 mutants

were investigated: D10A, D16A, I19A, F21A, E24A, and

V44A. The competition efficiency of a particular mutant

was measured by comparing the resulting selective R1 rates

(R1,s = 1/T1,s) with the values obtained for wt-Tcf4. First,

the replacement of SH2-Tcf4 in the complex by wt-Tcf4

was tested (Fig. 3a). Increasing concentrations of wt-Tcf4

lead to continous substitution of SH2-Tcf4 by wt-Tcf4 in

the Tcf4/b-Catenin complex and thus a reduction of R1,s.

Accordingly, the selective relaxation rate of the reporter

ligand proton is shifted from the bound state of SH2-Tcf4

(meaning bound to b-Catenin) towards the unbound (free)

state of SH2-Tcf4. Virtually complete replacement of SH2-

Tcf4 was observed with a 10-fold access of untagged Tcf4

(relative to SH2-Tcf4). At this concentration the observed

R1,s rate corresponds to that of the free form of SH2-Tcf4.

Next, competition binding experiments were performed

with SH2-Tcf4/b-Catenin and equimolar amounts of Tcf4

mutants (Fig. 3b). Out of the six mutants studied, D16A

and F21A showed the largest loss in competition binding,

followed by V44A, D10A and I19A. E24A exhibited the

smallest change in R1,s rate, indicating that the mutation of

Glutamate to Alanine at this position of Tcf4 does not

significantly influence the affinity between Tcf4 and b-

Catenin. These findings are in very good agreement with

independent isothermal calorimetry (ITC) studies (Fasolini

et al. 2003). Their ITC analysis revealed the largest

reduction in binding constant for mutant D16A. Based on

the crystal structure of Tcf4/b-Catenin and on mutagenesis

data on b-Catenin this was explained by an intricate

interaction network formed between b-Catenin residues

K435, N426, H470, R469, and K508 and the Tcf4 residues

D16 to I19 (von Kries et al. 2000). The impaired b-Catenin

binding of mutants D10A and V44A could also be ex-

plained by the crystal structure of the complex (Graham

et al. 2001). Tcf4 residue D10 forms a salt bridge with b-

Catenin residue R612, while V44 is located in an amphi-

pathic helix and thus being involved in hydrophobic in-

termolecular contacts. Finally, residue E24 is pointing

towards the solvent and thus not part of the binding

interface. Consistently, no significant change in competi-

tion binding was found in the NMR experiments for mutant

E24A. The only observed contradiction to previous ITC

measurements was a significant loss in binding competence

of mutant F21A.

The NMR findings were subsequently independently

cross-validated and corroborated by applying size exclu-

sion chromatography to separate solutions of Tcf4/b-

Catenin complexes containing either tagged (SH2) or un-

tagged Tcf4 proteins, respectively (Fig. 4). While wt-Tcf4

and Tcf4 mutant E24A replace SH2-Tcf4 in the b-Catenin

complex and thus a separate peak of SH2-Tcf4 can be

observed in the chromatogram, Tcf4 mutant F21A looses

its binding affinity for b-Catenin and is not able to

significantly replace SH2-Tcf4 in the complex. Further

Fig. 3 Experimental R1,s rates obtained in competition binding

experiments. (a) Selective relaxation rates of phenylphosphate bound

to SH2-Tcf4/b-Catenin in absence of (1:0) and presence of 1:1, 1:2,

1:4, 1:10 ratios of wt-Tcf4. The R1,s rate at 10-fold molar access

approaches the rate of the free form, indicating nearly complete

substitution of SH2-Tcf4 in the complex. (b) NMR-detected Ala

mutational scanning of the b-Catenin binding site in Tcf4. Relaxation

rates of phenylphosphate bound to SH2-Tcf4/b-Catenin in the

presence of a 1:1 molar ratio of wt-Tcf4 (wt) and Tcf4 mutants

E24, I19, D10, V44, F21, and D16, respectively. The decrease in R1,s

is used as an indicator for the relative binding efficiency of the

individual Tcf4 mutants (see text). Errors were estimated based on a

Monte Carlo analysis

Fig. 4 Cross-validation of NMR findings using size exclusion

chromatography. Mixtures of SH2-Tcf4/b-Catenin and equimolar

amounts of (a) wt-Tcf4, (b) Tcf4 mutant E24A, and (c) Tcf4 mutant

F21A were loaded onto a HiLoad 16/60 Superdex Column. As seen

from (a) and (b) wt-Tcf4 and mutant E24A displace SH2-Tcf4 from

the b-Catenin complex and the mixture separates into three peaks,

while (c) Tcf4 mutant F21A does not displace SH2-Tcf4 from the

SH2-Tcf4/b-Catenin complex.
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evidence for the importance of residue F21 comes from

yeast-two hybrid experiments obtained with the related

transcription factor Lef1 and transfection experiments in

which a 40% loss of function was observed for the double

mutant I19A, F21A (Fasolini et al. 2003). In the crystal

structure of the b-Catenin/Tcf4 complex (Graham et al.

2001), F21 is deeply buried in the complex interface, not

solvent-accessible, and involved in hydrophobic interac-

tions between b-Catenin and Tcf4 (Fig. 5). The changes in

the binding affinity of mutant F21A found by our NMR

measurements are therefore not unexpected and supported

by structural data.

Conclusion

In conclusion, we have shown that protein–protein inter-

action sites can be efficiently mapped using indirect NMR

reporter monitoring. The particular benefit of this meth-

odology is significantly reduced protein consumption

compared to other methods such as ITC. Furthermore, the

methodology does not require sophisticated isotope label-

ling of proteins or complicated multi-pulse NMR experi-

ments. It is very fast (experimental time for a single T1,s

recovery measurement is on the order of about 15 min),

straightforward to implement and easy to interpret. In the

future, further improvements concerning sensitivity could

be envisaged by applying homonuclear band-selective de-

coupling during acquisition. It should be noted that the

SH2-domain, which is used as the ligand binding domain in

those NMR experiments, significantly facilitates the puri-

fication of the fusion protein. It can easily be used as a

purification tag for ion exchange chromatography during

the purification procedure. The proteins for the competition

experiments, however, remain untagged and can be puri-

fied as usual. Concerning the length of the flexible linker

between the SH2 domain and the target protein, care has to

be taken as too long linkers can promote independent

tumbling of the two protein domains and renders moni-

toring of molecular weight induced relaxation changes

unfeasible. However, the NMR relaxation analysis of the

multi-domain protein CRP2 revealed significant correlation

time changes despite the largely independent reorienta-

tional motional dynamics of the two individual LIM do-

mains (Konrat et al. 1998). Specifically, the correlation

times of the two LIM domains (separated by a flexible 58-

amino acid linker region) were significantly larger in full-

length CRP2 (7.4 ns) compared to the isolated amino-ter-

minal LIM1 (5.6 ns) and carboxy-terminal LIM2 domain

(6.2 ns), respectively. We thus conclude that the linker

length does not critically impair the performance of the

experiment.

Extensions to large biological systems are feasible and

straightforward. For example, preliminary experiments in

our laboratory have demonstrated applications of the

methodology to molecular systems as large as intact viru-

ses (unpublished results). We thus anticipate widespread

applications of the method for automated protein–protein

interaction site mapping.
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