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Abstract: A new NMR approach is presented for observing in vitro multicomponent protein—protein—ligand-
(s) interactions, which should help to understand how cellular networks of protein interactions operate on
a molecular level and how they can be controlled with drugs. The method uniquely allows at least two
polypeptide components of the mixture to be simultaneously closely monitored in a single sample, without
increased signal overlap, and can be used to study complex (e.g., sequential, competitive, cooperative,
allosteric, induced, etc.) binding events, witnessed by two polypeptides independently. One polypeptide is
uniformly labeled with ®>N and another with >N and *3C. The *H—'°N correlation spectra are recorded for
each of these molecules separately, discriminated on the basis of the type of 13C'/*2C’ atom attached to
the amide group nitrogen. Any changes to the state of the two differently isotopically labeled molecules will
be reported individually by fingerprint signals from amide groups, e.g., as unlabeled ligands are added. To
our knowledge, no other technique currently exists which can monitor complex binding events in similar
detail. The proposed method can be combined easily with traditional protein NMR techniques and
incorporated in a variety of applications.

Protein—protein interactions play an enormous role in virtu- assembly or function cycle and can reveal the role of different
ally all aspects of biological processes. Within a cell, many molecular elements. Obtaining such detailed structure is however
proteins participate in multiprotein complexes, either transiently laborious and is subject to difficulties, e.g., with crystallization
or stably, resulting in complex protein interaction networks. or NMR signal analysis. Furthermore, since many complexes
The molecular mechanisms behind the precise ordering of use transient interactions or interactions via flexible dom&ins,
binding and dissociation events in multiprotein complexes they cannot be adequately described by a single snapshot.
remain unclear, but provide a topic of utmost interest and Therefore, the role and involvement of different molecular
importance~’ Interest in the field is heightened by the fragments in protein interactions, as well as effects of ligand
possibility of developing new specific drugs to target key binding, are often studied by more general biochemical and
protein—protein interaction&8° Significant attention, therefore,  biophysical nonstructural methofi$? Since these methods
is being paid to the development of new methods by which to usually monitor a limited number of net signals or measurable
detect, probe, and characterize complex multiprotein interactionsparameters characteristic for the whole complex, it remains
reconstructed in vitro and to extend these methods to drug difficult to detect and characterize allosteric effects, competitive
screening? binding, conformational changes, or changes in stoichiofitry

The atomic-resolution structure of multiprotein complexes or even to attribute such effects to a particular component.
provides a static snapshot of a particular stage of complex Probably the most detailed information about protein behavior

e Univereiy of Mamchestor in cor_np_lexes can be obtai_ned by NMR _spectros&aﬁ)}?The
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unlabeled ligand are then interpreted to deduce information associated new pulse sequences (see the Methods and Support-
about the complex and map binding sité$1518 This approach ~ ing Information Figure S1 for details) were tested on a model
suffers from the serious disadvantage that, to see what happensriple-component polypeptide system. In this system, the first
with unlabeled partners in a protein mixture, the complex needs component is a uniformly®N-labeled construct containing a
to be recreated again, with a different combination of labeled pair of WW domains, domains 3 and 4 (WW3), from a
unlabeled components. This necessity to prepare multiple DrosophilaNedd4 family protein called Suppressor of deltex
samples makes it impossible to run all the experiments required (Su(dx))?2 The second component is a uniformix,3C-labeled
to study a particular system under identical conditions. More- peptide fragment (N3) of the Notch receptor, a cell-surface
over, the correlated changes, happening to several polypeptidereceptor of fundamental importance for multiple cell fate
components as further ligands are added, cannot be detectedjecisiong324Su(dx) is a negative regulator of Notch receptor
again making it difficult to study cooperative, competitive, and signaling, influencing the receptor’s endocytic traffick#td.he
allosteric binding events. N3 peptide was shown recently to bind preferentially to WW
Ideally, to effectively monitor steps in complex assembly and domain 4 (WW4) of Su(dx), with somewhat weaker affinity to
functional transitions, simultaneous observation of fingerprint WW domain 3 (WW3)® A third component of the multiple
signals originating from each component is required. The polypeptide system is an unlabeled proline-rich peptide (P1),
resulting individual “witness reports” from several participants which was shown previousty to bind to WW3, but not to
of the complex would enable a general picture of how a complex WW4. Thus, competitive binding of P1 and N3 to WW3
assembles, dissociates, and functions to be recreated. Here wdomain 3 was anticipated. The sample solubility prot3fsior
propose a new NMR-based approach, which allows the simul- mixing these polypeptides at high concentrations was solved
taneous but separate observation of the individual fingerprint by using 50 mM.-Arg andL-Glu additives to the buffe¥, which
1H—15N correlation spectra of two different polypeptide mol- do not interfere with peptide bindirf§.This relatively small
ecules in a single mixture of two or more components, by using and simple model system possesses all the hallmarks of
a simple isotope-labeling strategy and new isotope-discriminatedmulticomponent protein complexes, such as multiple binding
NMR experiments. This approach dramatically increases the sites and interdependent binding events, competitive binding,
information that can be obtained from a single NMR sample, and changing stoichiometry. All these processes are difficult to
allowing monitoring of complex binding events in multicom- monitor directly with current techniques.
ponent mixtures. Figure 1A shows the newH—1°N IDIS-HSQC and IDIS-
TROSY spectra collected for the 1:1 mixture 8INJWW3—4
and ['5N,13C]N3 in the presence of a 3-fold excess of peptide
Observing Spectra of Two Polypeptide Chains Separately  P1. The conventional HSQC and TROSY spectra of the same
in One Sample.The 2D'H—N correlation, where each amino  sample displayed below contain signals from both WA¥3nd
acid residue is normally represented by one signal from its amide N3, which clearly increases the signal crowding. The use of
group, is probably the most often used type of spectra in protein IDIS-HSQC and IDIS-TROSY separates the signals originating
NMR, and it forms the basis for numerous families of other from the two polypeptides and allows their individual observa-
experimentg31519.20Here, we propose to select and observe tion and analysis within a single experiment,las-15N(12C")
fingerprint tTH—15N correlation subspectra of either of two andH—15N(*3C') correlation subspectra. It should be noted that
polypeptide components from a single NMR sample. Both IDIS-type experiments implemented here largely remove signals
components are isotopically labeled (one WK, another with from the side chains of GIn and Asn, further simplifying the
15N and®3C), with an isotope filter selecting or discriminating appearance of the spectra. It should also be noted that the signals
against!?C' vs 1°C' atoms connected t¥N. As a result, two from indole groups of tryptophans and guanidinium groups of
normal-looking'H—1°N correlation subspectra are obtained in arginines (if present) of doubly labeled protein are visible in
a single experiment for the two differently labeled components, both 'H—1N(*3C") and 'H—15N(12C’) subspectra (data not
one for IH—1N(*2C') and another for'H—1N(*3C'), thus shown). Signals from these groups belonging'id-labeled
allowing each polypeptide to be monitored separately and protein are visible only ifH—1N(*2C') subspectra.
independently. To highlight the fact that the NMR experiment ~ The ability to discriminate between differently labeled
can observe the same type of correlation spectra for two differentmolecules clearly hinges on the ability to incorpor&t€ in
polypeptide molecules and discriminate between them in a one polypeptide with efficiency close to 100%. We have not
mixture, we introduce a new term for this approach: isotopically observed any residual signals from the “wrong” component in
discriminated (IDIS) NMR. This term also distinguishes from the spectra of an equimolar mixture ofNJWwW3—4 and
the currently accepted nomenclature for isotopically “edited” [1N,13C]N3 (Figure 1A). However, closer inspection of IDIS
and “filtered” experiments used to select or discriminate against spectra of these and other proteins (e.g., Figure S2 in the
protons connected to different isotopes of C and N at¥ims.
In the first instance, we have_ created and tested two types of (21 Sgwiggigh,lilze;égig?fr' G.; Wuthrich, Rroc. Natl. Acad. Sci.
IDIS *H—15N correlation experiments, one based on HSQC (22) Fedoroff, O. Y.; Townson, S. A.; Golovanov, A. P.; Baron, M.; Avis, J.
and another based on the TRGSgrinciple. The approach and
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Figure 1. Comparison ofH—1N(12C) and'H—5N(13C) components of IDIS-HSQC and IDIS-TROSY with the conventidhtt 15N HSQC and TROSY
spectra of the same sample. The sample contains a 1:1:3 mixture of unitéivigbeled protein WW3-4, 15N, 13C-labeled peptide N3 (0.25 mM concentration),
and unlabeled peptide P1, respectively. (A) Two-dimensidHal'>N correlation spectra acquired using new IDIS-HSQC and IDIS-TROSY, in which
IH—-15N(12C) andIH—15N(13C) components are observed separately (upper two panel rows), compared to traditional HSQC and TROSY spectra (lower
panels). Positions of representative signals are marked which were used to assess the relative sensitivity of the experitarotsy"signal originating
from the flexible part of the system, and W “weak” signal originating from the folded part. (B) Comparisontbfprojections of 2D'H—1°N correlation
spectra showing the relative intensities of the signals.

2

Supporting Information) revealed that doubly labeled polypep- reduce traces of residutdC present in doubly labeled protein,
tide can show traces of its fingerprint amide signalsthh- e.g., by cell pregrowth in labeled media and their transfer to
15N(*2C) subspectra. This happens in the case of incomplete fresh labeled media before inducing expression.

13C-labeling, when a fraction of thé®N,*3C]polypeptide appears The comparison of théH projections of the traditiondH—
only *N-labeled. The false peaks due to incomplete labeling N HSQC and TROSY spectra with those for IDIS-HSQC and
are likely to cause interference only if the doubly labeled IDIS-TROSY, acquired similarly and within the same experi-
component is going to be used in large excess overike mental time, is shown in Figure 1B. IDIS-HSQC is 2-fold less
labeled one. Generally, special measures should be taken tcsensitive than HSQC for typical signals from the folded part of
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Table 1. Comparison of the Sensitivity of the New 'H—15N increasing amounts ofgN,13C]N3 were further added, up to a
'FI,DJE;EH;%;;?]‘:S’ IDIS-TROSY Experiments with That of Parent 1:1 molar ratio for the labeled compounds (Figure 3). Addition
of N3 causes the broadening and disappearance of a number of

a i b . . .

SN decrease in SN signals in the subspectra of WW32, all of which belong to
experiment S av w S av w domain 4. Similarly, signals from the N3 region involved in
HSQC 159.2 48272 36.0 binding are broadened beyond detection in the N3 subspectrum.
'TDF;%;?QC ﬁ’?'g’ ggéﬁ g'g 22'33 155 20%013 3.74 The N3 subspectrum shows an increase in signal intensities, in
IDIS-TROSY 100.0 26965 11.7 117 1.3%0.13 228  Proportion to amounts of added N3. The sequence-specific

assignment of observable signals was achieved by running the
aIThedSi_gnall-t(;-noiSf1 r?ti% (3/("\1) was Caéculated ffér fogrftypical well-  standard set of triple-resonance experiments using the same
o e i /2 sample, revealing tha pepide region1ii remains unbound,
signal W (weak signal from the folded domain which displays exchange Whereas region 1221 participates in binding. When the
broadening)P_The decrease ir_1 S/N was calculated relative to that of the concentration of N3 is less than or equal to that of WAM3
parent experiment for each signal. all N3 molecules exist in bound form as no signals characteristic
of the unbound form are visible. The intensities of the N3 and
WW3—-4 signals from flexible residues observed in IDIS
subspectra for a 1:1 complex are very similar (see the projections
above each panel, Figure 3). Peptide P1, known to bind
specifically to WW3, occupies one of the two potential binding
sites for N3 on WW3-4;26 therefore, its presence should alter
the N3:WW3-4 binding stoichiometry from 2:1 to 1:1. Indeed,
IDIS spectra reveal that further addition of N3 beyond a 1:1

larger systems which display faster transverse relaxation. : . .
Monitorina Simul s | Ch Diff molar ratio causes the appearance of signals corresponding to
onitoring Simultaneous Spectral Changes to Different 0\ \nhaund form of N3 (data not shown). Hence, direct

Components by IDIS-NMR. The ability to observe separately o itoring of the binding stoichiometry in a multicomponent
the spectra of two differently labeled components in a single mixture is achieved

mixture allows changes occurring to both of them to be In summary, the IDIS-NMR experiments enablesfrelated

monitored, e.g., changes caused by the addition of unlabeleds ectral changes for two labeled polypeptides to be monitored
ligand(s). Figure 2 shows the changes caused by the addition; P 9 polypep

of unlabeled peptide P1 to a 1:2.5 mixture GINJWW3—4 in a multicomponent mixture, in response to addition of further,
and [°N,3C]N3. For the initial mi>.<tl.Jre without P1, the number unlabeled, ligand. The proposed approach is thus distinct in

of signals in the spectra is less than expected, likely due to the type of information it provides to traditional experiments,

exchange broadening caused by the interaction between bothWhere only one protein at a time is isotopically labeled in a

domains of WW3-4 and N3: the spectra of free WWa and mixture. Additionally, use of IDIS-NMR achieves chemical shift
N3 (Supporting Informatio’n Figure S3) are very different mapping for binary or multicomponent complexes much more

from those of the complex. As P1 is added, which is known to efficiently (fewer samples and titrations), while also ensuring

interact only with WW3?2 both IDIS-TROSY subspectra reflect spectral changes are recorded under identical experimental
changes in multicomponent interactions. In the WAM3sub- conditions.

spectrum, one indole signal disappears, while several signals,piscussion

which can be traced to WW domairt8appear. (The same set

of signals from WW domain 3 is affected directly by P1 binding ~ Traditionally, isotope filtering in NMR has been used to
to WW3—429), For the N3 subspectrum, addition of P1 causes distinguish between protons linked to particular isotope atoms
the appearance of signals characteristic of unbound N3 (see(**N/**N or 2C/1*C).14 On the basis of the typé?C vs 13C) of

the spectrum of free N3 in Supporting Information Figure S3). atom connected, a selection of particular homonuclear (namely,
In the N3 subspectra (Figure 2B), the addition of P1 peptide *H—'H) correlation subspectra have also been described
causes the appearance and growth of signals Il and IV previously?®-31 Our strategy is a significant extension of these
corresponding to the unbound form of N3, whereas the intensity old ideas: here we discriminate heteronuckft*N correlation

of signals | and I, reflecting the total amount of N3 present in subspectra of different molecules on the basis of the 3 (

the sample, does not change. These changes in N3 subspectrés °C') of atom connected to the HN moiety. The value of
are consistent with the partial release of N3 from WW domain *N—23C' one-bond coupling is uniform throughout the protein

3 in response to competitive P1 binding, and changes in and does not depend on the conformation, making the discrimi-
WW3—4 subspectra are consistent with binding of P1 instead nation extremely robust. Use of heteronuclear correlation enables
of N3 to WW domain 3. Thus, having identified characteristic an increase in the spectral resolution and provides useful, readily
signals in individual IDIS-NMR subspectra for two polypeptide interpretable fingerprintH—!N spectra that reflect a protein
components in different states, the experiment then allows usstate in solution. Importantly, the additional layer of isotope
to monitor independently correlated changes occurring to both editing provided by heteronuclear correlation spectroscopy

polypeptide components upon addition of a further unlabeled
|igand(s)_ (28) Otting, G.; Senn, H.; Wagner, G.; Wuthrich, K.Magn. Resornl986 70,
. . . 500-505.
The titration in this test system was also done in reverse (29) Fesik, S. W.; Gampe, R. T.; Rockway, T. WW.Magn. Reson1987, 74,
. ) - 366—371.
order: a 3-fold excess of nonlabeled P1 was initially added to (30) Otting. G.: Wuthrich, KJ. Magn. Resor1989 85, 586-594.
[**N]WW3—4, and IDIS-TROSY spectra were recorded as (31) Andersson, P.; Otting, G. Magn. Resor200Q 144, 168-170.

the protein, the loss lower for strong signals from the flexible
region (1.55-fold) and higher for broad signals with short
relaxation times (3.74-fold, Table 1). As expected, for IDIS-
TROSY, which selects the slowest relaxing component of the
signal, the loss in sensitivity compared to normal TROSY is
lower: only 1.35 times on average, with 2.3-fold loss for the
broad signal. IDIS-TROSY is thus more suitable for folded or
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Figure 2. Monitoring changes in IDIS subspectra of a multicomponent mixture as unlabeled ligand is added. The bars at the top represent amounts of
unlabeled P1 peptide present in the sample and relate to all the spectra shown below tHétr:1fA)12C) andH—15N(13C) IDIS-TROSY subspectra for

the two polypeptide components (WW38 and N3, respectively), observed separately. The sample initially contained a 1:2.5 mixfindaifeled WW3-4

(0.1 mM) and!™N,**C-labeled peptide N3 (left column, signals shown in blue). The addition of substoichiometric amounts of nonlabeled peptide P1 caused
changes in the subspectra of both WWBand N3 (middle column, signals in green), with the changes becoming more pronounced when a 3-fold excess
of P1 was added (right column, signals in red). The subspectra of WAAMd N3 without P1 (blue) are overlaid with their subspectra in triple complex
(red) to highlight the spectral changes. The sequence-specific assignments are shown for the affected signals in-thesWSp@ctrum, all of which

belong to WW domain 3. The square marks an indole signal from W¥y8lisappearing when P1 is added. Circles mark signals characteristic of unbound
N3, which originate from region 1221 (see Figure 3 for assignment of visible signals from N3). TH@rojection is shown above each 2D spectrum to
reflect changes in the signal intensities. The black 1D proton spectrum at the bottom reflects the overall composition of each mixture and sheasrie in
amounts of nonlabeled P1. (B) Observing the release of N3 peptide from the complex using IDIS-TROSY. The expanded fragmeéhts- BNISC)
IDIS-TROSY subspectra are shown. Signals marked | and Il originate from flexible residues not involved in intermolecular interactions. Hik#sinten
reflect the total amount of N3 peptide in the sample, which remains constant. Signals Ill and 1V, reflecting the amount of the unbound form of N3, grow
as P1 is added. The spectra above each panel represent horizontal slices through the respective signals.
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Figure 3. Monitoring changes in the subspectra of a multicomponent mixture as the isotopically labeled component is added. The sample initially contained
(blue spectra) 0.25 mMPN-labeled WW3-4 in the presence of a 3-fold excess of unlabeled peptide P11H®&N(*3C) IDIS-TROSY subspectrum is

empty (except the spike signal in the middle). A substoichiometric amouft\o¥3C-labeled peptide N3 was then added (green spectra), causing the
broadening of a number of signals in tHé—15N(12C) IDIS-TROSY spectrum of WW34. Red spectra were obtained with a 1:1 ratio of N3 to WAX3

in the presence of the same excess of P1. The blue spectrum is overlaid with the red one to highlight the signals-dfWHitt3 disappear when an
equimolar amount of N3 is added. The sequence-specific assignments are shown for the affected signals, all of which belong to WW domain 4. In the N3
subspectra, the sequence-specific assignment of signals from the nonbound peptide fragment is shown. Signals from texldabth@Zpeptide are
broadened beyond detection, thus mapping the interaction site with W\Burther additions of N3 beyond a 1:1 ratio cause the appearance of signals
characteristic of unbound N3 (data not shown). THehorizontal projection is shown on the top of each 2D spectrum to reflect the overall signal intensities.

The bars at the bottom represent the relative concentration of N3 peptide.

makes nonlabeled ligands, contaminants, and buffer additivesit impossible to see what happens to the unlabeled components
invisible. To our knowledge, separate recording of fingerprint while changes to the system are induced. Monitoring correlated
IH—15N correlation spectra for a mixture &iN- and15N,3C- changes by IDIS-NMR might be useful, for example, for
labeled proteins to monitor them independently has not beeninvestigation of cooperative folding or unfolding of two
reported previously. polypeptides. Also, it can be used in ligand-binding screens,
It is important to stress the advantages the new IDIS-NMR where ligands are proposed to affect interprotein interactions
method offers compared to traditional approaches where only either antagonistically or inductively. Any change in protein
one protein at a time is labeled isotopically. Conveniently, it protein interactions should necessarily affect the fingerprint
makes titrations for chemical shift mapping more efficient. For spectra of both proteins simultaneously, which is easily moni-
a binary complex, mapping can be done for both polypeptides tored by IDIS-NMR, but is difficult using methods where only
simultaneously in one titration under identical sample conditions. one polypeptide component is labeled and obset/&4The
For multicomponent complexes, it reduces the number of |p|S approach would constitute a useful screen for ligands
samples required for chemical shift mapping of all its individual against polypeptide complexes, rather than single polypepfides.
components and makes it easier to ensure that the 3°|Ven§6\dditionally, by observing signals from two labeled compo-
conditions and component concentrations used are similar. Mostpents, reflecting their quantities and state in solution, IDIS can
importantly, however, the IDIS approach provides unique nrovide direct information about the stoichiometry of binding,

information not offered by traditional methods: it enabiles whereas, using traditional methods, binding partners are unla-
correlatedchanges happenirgmultaneousiyo two different beled and therefore “invisible”. Thus, for multicomponent

labeled molecules to be observed and interpreted quantitatively;,aractions. IDIS-NMR offers numerous advantages over the
in a multicomponent environment. Spectral changes can eVOIVeexisting app;roaches

in time or may be induced by addition of ligands or denaturing
agents, changing temperature or pressure, etc. Labeling of jus
one protein at a time in a multicomponent environment makes

R32) Krajewski, M.; Ozdowy, P.; D'Silva, L.; Rothweiler, U.; Holak, T. Nat.
Med. 2005 11, 1135-1136.
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Figure 4. Model for the interactions observed during the titration
experiments. The colored shapes correspond to isotope-labeled polypeptide
with fingerprint signals observable by IDIS-TROSY. The gray shape
corresponds to unlabeled P1 peptide. (A) Displacement of bound N3 from
WW3—4 by the added P1 peptide. The amount of unbound N3 in the

analysis then can be performed for both polypeptides in parallel.
The traditional triple-resonance experiments for sequence-
specific signal assignment of doubli§N,13C-labeled polypep-
tide?? can be run for the sample prepared for IDIS experiments,
providing cost efficiency and maximizing information obtained
from the single sample.

The sensitivity of the IDIS-TROSY experiment compared to
the IDIS-HSQC experiment is significantly improved for the
signals from the structured parts of the protein. In the current
pulse sequence implementation, il magnetization resides
for approximately 66 ms in the transverse plane, which is slightly
longer than the typical 54 ms required for CT-HNG&ausing
additional magnetization losses due to transverse relaxation. The
practical size limits for protein complexes amenable for studies
using the IDIS approach are still to be determined experimen-
tally; however, it is anticipated that use of the TROSY version
of the experiment and protein deuteration, combined with the
use of higher field NMR spectrometers, will be beneficial for
larger system&:35The increased information content of IDIS-
based experiments, with spectra of two separate polypeptides
obtained in a single experiment, partly offsets the loss in
sensitivity and opens new possibilities in studies of multicom-
ponent polypeptide complexes in vitro.

Conclusion

It is generally acknowledged that fingerprititi—1°N cor-
relation spectra reflect the quantity and state of a protein in
solution and can be used for monitoring and mapping protein
interactions. Here we demonstrate for the first time that it is
possible to observe separately fingerpfHt—15N correlation
spectra from two different polypeptide molecules in a mixture.
The system used for the proof-of-principle demonstration
éncludes!™N,°C-labeled peptide N3>N-labeled protein WW3
4, and unlabeled peptide P1, for which detailed interaction
studies are described elsewhé&@he IDIS-NMR experiments

solution is increased, as indicated by the increase of the representative signa€nabled independestmultaneoushemical shift mapping for

intensities. P1 is added in excess; therefore, the equilibrium is shifted toward
P1 binding. Simultaneously, the P1 interaction region on WW domain 3 is
mapped, and the WW34 interaction region 1221 on N3 is also mapped.

(B) Addition of labeled N3 peptide to the system. WW& is preloaded

two polypeptide components and have allowed direct observa-
tion of the N3:WW3-4 binding stoichiometry and its change
upon addition of a further unlabeled ligand (summarized in

with P1 peptide. The added N3 becomes bound to a spare binding site onFigure 4). Given the versatility of the new isotope-discriminating

WW3—4, up to equimolar levels. Simultaneously, N3 interaction is mapped
to WW domain 4, and the WW34 binding region of N3 is mapped to
residues 1221.

The IDIS approach may also be useful for single-chain
proteins with site-speciffé or segmental isotope labelisg).
IDIS-NMR, applied to selectively labeled systems, where site-
specific or segmental labeling of some fragments is performed
with 15N and that of other fragments wifliN and3C, would
enhance the information content of experiments obtained from
a single sample, enabling simultaneous yet independent obser
vation of spectra from different parts of the same protein.

The IDIS-HSQC or IDIS-TROSY elements, instead of normal
HSQC® or TROSY?! can be plugged into many existing NMR
pulse sequences, allowing this principle of discrimination
between differently isotopically labeled polypeptides in a single
mixture to be extended to a variety of applicatiéftDIS-NMR

(33) Yabuki, T.; Kigawa, T.; Dohmae, N.; Takio, K.; Terada, T.; Ito, Y.; Laue,
E. D.; Cooper, J. A.; Kainosho, M.; Yokoyama, B.Biomol. NMR1998
11, 295-306.

(34) Yamazaki, T.; Otomo, T.; Oda, N.; Kyogoku, Y.; Uegaki, K.; Ito, N.; Ishino,
Y.; Nakamura, HJ. Am. Chem. S0d.998 120 5591-5592.
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filtering technique and the associated advantages afforded, we
would envisage its application to a wide range of multicom-
ponent systems in the future.

Methods

Pulse Programs A detailed description of the new IDIS-HSQC and
IDIS-TROSY pulse sequences is included in the Supporting Informa-
tion. The IDIS-HSQC and IDIS-TROSY pulse programs for Bruker
spectrometers are available from us.

Sample Preparation Both the WW3-4 and N3 constructs were
cloned as GST fusions into pGEX-6P-1 (GE Healthcare). To prepare
N-labeled WW3-4 and**N,*3C-labeled N3 Escherichia coliBL21
cells were grown in M9 minimal medium containing &N, >98%]-
ammonium chloride and either normal glucose offJs, 99%)]glucose
(CIL), accordingly. Polypeptides were affinity purified using glu-
tathione-Sepharose 4B beads (GE Healthcare), cleaved using PreScis-
sion Protease (GE Healthcare), and further purified by reversed-phase
chromatography (PepRPC HR 10/10, Pharmacia) with a gradient of
0—40% acetonitrile in 0.1% trifluoroacetic acid before lyophilization
and resuspension in NMR buffer (20 mM sodium phosphate, pH 6.75,

(35) Pervushin, KQ. Rev. Biophys.200Q 33, 161-197.
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50 mM NaCl, 50 mML-Arg, 50 mML-Glu2’ 1 mM EDTA, 5% D,O). WW3—4 with a 3-fold excess of unlabeled P1 present. The signal
The synthetic nonlabeled peptide P1 (GPPPPPYP@&)s purchased assignments of WW34 in the presence of P1 have been reported
from Pepceuticals (Nottingham, U.K.). The sequence of the WW3 previously??

construct was described previoustyThe N3 peptid® included the .
Notch protein fragment, residues 2318333, with resultant sequence Acknowledgment. A.P.G. is grateful for the FLS start-up

GPLGPNTGAKQPPSYEDCIK (the italicized part of the sequence 1uUnds which facilitated this work. R.T.B. was supported by a
is plasmid-derived). Wellcome Trust grant to J.M.A. Martin Jennings is acknowl-

NMR Experiments. The NMR experiments were performed at €dged for discussions on the interactions within the Su(dx) test
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with TXI Cryoprobe, using XWINNMR3.5. The sample concen- Christian Griesinger and Nigel Scrutton are acknowledged for

trations of labeled polypeptides for NMR experiments were in the reading the manuscript and for valuable comments.
range 0.+0.25 mM. The 2D data matrices contained typically 2048

points in the'H acquisition dimension and 128 points in the indirect ~ Supporting Information Available: Complete refs 3 and 4,
15N dimension, with a sweep width of 8 and 2 kHz, respectively. detailed description of IDIS-HSQC and -TROSY pulse se-
Experiments used for sensitivity comparison were collected under quences with diagrams, illustration of the effect of incomplete
identical conditions in 1.5 h each, with 32 scans per point in the indirect incorporation of13C label in doubly labeled protein on IDIS
dimension. spectra, and reference spectra of unbodd, JBC]JN3 and [°N]-

The sequence-specific assignment of N3 signals visible in complex \\\w3—4. This material is available free of charge via the
with WW3—4 was achieved using triple-resonance 3D HNCO, HNCA, Internet at http://pubs.acs.org

HNCOCA, CBCACONH, and HBHACONH experiments, for the
sample containing an equimolar mixture dfN,'3C|N3 and [°N]- JA070505Q
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