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Abstract Obtaining NMR assignments for slowly tum-

bling molecules such as detergent-solubilized membrane

proteins is often compromised by low sensitivity as well as

spectral overlap. Both problems can be addressed by amino-

acid specific isotope labeling in conjunction with 15N–1H

correlation experiments. In this work an extended combi-

natorial selective in vitro labeling scheme is proposed that

seeks to reduce the number of samples required for assign-

ment. Including three different species of amino acids in

each sample, 15N, 1-13C, and fully 13C/15N labeled, permits

identification of more amino acid types and sequential pairs

than would be possible with previously published combi-

natorial methods. The new protocol involves recording of up

to five 2D triple-resonance experiments to distinguish the

various isotopomeric dipeptide species. The pattern of

backbone NH cross peaks in this series of spectra adds a new

dimension to the combinatorial grid, which otherwise mostly

relies on comparison of [15N, 1H]–HSQC and possibly 2D

HN(CO) spectra of samples with different labeled amino

acid compositions. Application to two a-helical membrane

proteins shows that using no more than three samples

information can be accumulated such that backbone

assignments can be completed solely based on 3D HNCA/

HN(CO)CA experiments. Alternatively, in the case of severe

signal overlap in certain regions of the standard suite of

triple-resonance spectra acquired on uniformly labeled

protein, or missing signals due to a lack of efficiency of 3D

experiments, the remaining gaps can be filled.
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Introduction

Backbone resonance assignments form the basis of NMR

structural investigations of proteins, especially for charac-

terization of their interactions with binding partners and

small molecules. For membrane proteins, this is a chal-

lenging task as the size contribution of the hydrophobic

environment to the overall complex size leads to broad

linewidths in the NMR spectrum, and consequently low

sensitivity in experiments that are crucial for the assignment

process (Sanders and Sönnichsen 2006; Tamm and Liang

2006; Kim et al. 2009). The choice of amenable hydro-

phobic environments is therefore restricted, and existing

solution NMR structures have been solved only in detergent

micelles (Nietlispach and Gautier 2011). Small isotropic

lipid assemblies such as bicelles and nanodiscs are, however,

gaining importance as the detergent micelle cannot always

fulfil the folding requirements of the MP, leading to

decreased structural stability and eventually loss of function

(Raschle et al. 2010). These lipid assemblies have thus far

exclusively been used as a reference medium to validate the

structure in the detergent micelle (Raschle et al. 2009;

Gautier et al. 2010). An additional aspect, in particular when

working with a-helical membrane proteins, is the clustering

of resonances in certain regions of the spectrum which

impedes the identification of individual resonances. Slow

tumbling and signal overlap thus complicate the assignment
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of the membrane protein backbone to such an extent that

ambiguities cannot be resolved based on uniform labeling

strategies alone. For membrane proteins, some of the most

informative triple-resonance experiments are often not sen-

sitive enough, and deuteration, as standardly used in solution

NMR, is often not sufficient to fully overcome these diffi-

culties. Selective labeling strategies have therefore been

suggested to assist the backbone assignment of large com-

plexes and in particular membrane proteins (Trbovic et al.

2005; Reckel et al. 2008; Maslennikov et al. 2010;

Sobhanifar et al. 2010).

Previous work by our group has shown that partial

backbone assignments from 3D triple-resonance spectra

can be completed using information from a combinatorial

dual-selective labeling protocol (Trbovic et al. 2005). The

latter involves simultaneous labeling of certain amino acid

types with 15N and 1-13C and recording of [15N, 1H]–

HSQC and 2D HN(CO) spectra for each of three samples

containing different labeling patterns. It enables efficient

amino acid-type identification in the same manner as

combinatorial selective 15N labeling (Wu et al. 2006) or

unlabeling (Shortle 1994), but additionally permits selec-

tive detection of specific amino acid pairs based on inter-

residual 1JNC’ scalar interactions, as exploited in dual

amino acid-selective 1-13C/15N labeling methods (Kainosho

and Tsuji 1982; Ikura et al. 1990b; Yabuki et al. 1998;

Weigelt et al. 2002). The most prominent feature of com-

binatorial selective labeling is the reduction of the number

of samples required compared to selective 15N labeling of

single amino acid types or dual-selective labeling of spe-

cific 13C–15N pairs in individual samples. Conversely,

increasing the number of samples and the number of

labeled amino acids per sample may eventually lead to

identification of all amino acid types (Wu et al. 2006) and

unique sequential pairs (Parker et al. 2004; Hefke et al.

2010). Recently it was demonstrated that, of the 15N–1H

cross peaks of a 185-residue membrane protein containing

four transmembrane helices, 74% (22%) can be assigned

amino acid type- (sequence-) specifically using an expan-

ded seven-sample combinatorial dual-selective 1-13C, 15N

labeling scheme (Maslennikov et al. 2010).

Here we pursue a different approach, termed combina-

torial triple-selective labeling, to enhance the extractable

information while employing only three samples. The

advantages of combinatorial triple-selective labeling are

two-fold: first, more amino acid types can be included for a

given number of samples and second, sequential pairs

involving an N-terminal fully labeled amino acid are

directly identified for each sample independently. As also

described for the dual-selective labeling scheme, the use of

a cell-free expression system greatly facilitates this amino

acid selective labeling strategy. The cell-free system offers

reduced isotope scrambling, and only low amounts of

isotopically labeled amino acids are required (Ozawa et al.

2006; Staunton et al. 2006; Sobhanifar et al. 2010). Addi-

tionally, the sample preparation is often faster as compared

to in vivo methods. In this study, we demonstrate this

approach for the assignment of two a-helical membrane

proteins and evaluate the impact at different stages of the

assignment process. In the case of the voltage-sensor

domain (VSD) of the voltage-dependent K? channel from

Aeropyrum pernix (KvAP), combinatorial triple-selective

labeling was employed as the initial step to fully assign the

backbone. The structure of this four-helix bundle is known

from solution NMR (Butterwick and MacKinnon 2010;

Shenkarev et al. 2010) and X-ray crystallographic (Jiang

et al. 2003) studies and NMR resonance assignments are

available in two different detergent systems. In contrast, de

novo assignment of the bacterial retinal binding protein

proteorhodopsin (PR) was completed with the help of

combinatorial selective labeling which enabled the struc-

ture determination of this heptahelical membrane protein

(Reckel et al. 2011).

Materials and methods

Sample preparations

The voltage sensor domain of KvAP and the green-

absorbing variant proteorhodopsin were cloned into the

pIVEX2.3d vector (Roche) optimized for cell-free

expression. The KvAP VSD construct consisted of 159

amino acids (17.9 kDa) comprising residues 14–160 of

full-length KvAP, a C-terminal His10-tag and a two-residue

linker N-terminal to the His-tag. PR was cloned without the

signal peptide (amino acids 21–249) together with an

N-terminal Met, a His6-tag on the C-terminus and a five

residue long linker N-terminal to the His-tag, resulting in a

final size of 241 amino acids, 26 kDa. Both constructs were

expressed in the continuous-exchange cell-free system

based on an E. coli S30 extract (Schwarz et al. 2007). Per

NMR sample, 3 ml reaction mixture were dialyzed against

52 ml feeding mixture yielding about 3–4 mg of purified

membrane protein. For production of NMR samples stable-

isotope labeled amino acids (Cambridge Isotope Labora-

tories) were included in the 4-mM amino acid stock solu-

tion used for the cell-free reaction, replacing unlabeled

amino acids. The final amino acid concentration in the cell-

free reaction was 0.6 mM for the reaction mixture and

0.8 mM for the feeding mixture. The amounts of labeled

amino acids varied between 3 and 10 mg and isotope costs

ranged between $50 and $120 per NMR sample depending

on the type of isotopically labeled amino acids.

The expression of KvAP VSD was conducted in the

absence of detergent, and thus the expressed protein was
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present in the insoluble fraction of the cell-free reaction.

After centrifugation of the reaction mixture (13,000 rpm,

10 min), the pellet was resuspended in 2% Fos-choline12

(DPC, Anatrace) and incubated at 310 K for 1 h to allow

resolubilisation. The NiNTA purification buffer (buffer A)

included 20 mM phosphate pH 7.5 and 400 mM NaCl.

Binding to the NiNTA resin (Qiagen) in the presence

of 0.1% Fos-choline12 was allowed for 2 h at room tem-

perature. A washing step was conducted prior to

elution (washing buffer: buffer A ? 25 mM imidazole,

0.1% Fos-choline12, elution buffer: buffer A ? 375 mM

imidazole, 0.1% Fos-choline12). N, N-Dimethyldodecyl-

amine N-oxide (LDAO, Sigma) was added to a final con-

centration of 0.03% (w/v) to the elution fraction. Buffer

exchange for NMR conditions was achieved on gravity flow

PD-10 columns (GE Healthcare, NMR buffer: 25 mM

NaOAc pH 5, 2 mM DTT, 0.1% Fos-choline12, 0.03%

LDAO). The detergent added up during concentration to

approximately 5% Fos-choline12/1.7% LDAO. For the

preparation of PR NMR samples, the detergent mode of the

cell-free expression system was used containing 0.4% digi-

tonin (Sigma) mixed with diheptanoyl-phosphatidylcholine

(diC7PC, Avanti Polar Lipids) in a 4:1 molar ratio. 0.6 mM

all-trans retinal (Sigma) was included directly in the reac-

tion mixture. Subsequent Ni-affinity purification removed

impurities from the extract and allowed detergent exchange.

In essence, the procedure described for KvAP VSD was

used with buffers containing 0.05% n-dodecyl b-D-maltoside

(DDM) in the loading and washing buffer. After the washing

step, the detergent exchange was accomplished prior to

elution (exchange buffer: buffer A ? 0.1% diC7PC, elution

buffer: buffer A ? 375 mM imidazole, 0.1% diC7PC).

Buffer exchange for NMR conditions was achieved on

gravity flow PD-10 columns (GE Healthcare, exchange

buffer: 25 mM NaOAc pH 5, 2 mM DTT, 0.1% diC7PC).

The detergent added up during concentration to approxi-

mately 2%. Final protein concentrations of all samples were

0.35 mM in a volume of 0.3 ml.

NMR spectroscopy

All experiments were conducted at a sample temperature of

323 K on a Bruker Avance 600 MHz spectrometer equip-

ped with a cryogenic 1H{13C/15N} triple-resonance probe.

Two-dimensional 15N–1H correlations resulted from HSQC

(Bodenhausen and Ruben 1980) as well as HNCO (Ikura

et al. 1990a), HNCA (Ikura et al. 1990a), HNCOCA (Bax

and Ikura 1991), COHNCA (Szyperski et al. 1995), and

double-quantum (DQ) HNCA (Nietlispach et al. 2002)

triple-resonance pulse schemes, where 13C evolution peri-

ods are replaced by a fixed 3-ls delay. As originally pro-

posed (Bax and Ikura 1991), the 13C0–13Ca out-and-back

magnetization transfer in the HNCOCA experiment was

implemented in an HMQC-like rather than the more

common INEPT-based version, yielding higher sensitivity

owing to the reduced number of RF pulses and shorter

delay periods (Bayrhuber and Riek 2011). All pulse

sequences were of the [15N, 1H]-TROSY (Pervushin et al.

1997; Salzmann et al. 1998) type and employed sensitivity-

enhanced gradient echo/antiecho coherence selection (Kay

et al. 1992; Czisch and Boelens 1998; Pervushin et al.

1998; Weigelt 1998). Acceleration of longitudinal 1H

relaxation between scans was achieved by the Band-

selective Excitation Short-Transient (BEST) (Schanda

et al. 2006; Farjon et al. 2009) technique, exclusively using

shaped proton pulses centered at 8.3 ppm. In experiments

on the KvAP VSD, 1H acquisition was immediately fol-

lowed by a 15N 180� pulse in order to constructively add in

the subsequent scan polarization from proton magnetiza-

tion longitudinally relaxed during the pulse sequence and

then transferred to 15N by the single-transition-to–single-

transition (ST2-PT) element (Favier and Brutscher 2011).

No such 15N pulse was applied in experiments on PR as the

data were collected before publication of this method for

sensitivity improvement.

Two-dimensional H(N)CA, H(N)CACB (Wittekind and

Mueller 1993), and H(NCA)CO (Clubb et al. 1992)

experiments on KvAP VSD were recorded with acquisition

times (complex data points) of 49 ms (384) in the 1H

domain and 9.2 ms (56), 8.9 ms (86), and 20 ms (42),

respectively, along the 13C dimensions. Each spectrum was

acquired within 8 h using a 400-ms repetition delay and

512, 352, and 640 scans per FID, respectively. Spectral

widths in 3D BEST–[15N, 1H]–TROSY–HNCA and

BEST–[15N, 1H]–TROSY–HN(CO)CA experiments were

28 ppm (13C), 26 ppm (15N), and 13 ppm (1H). Time-

domain data consisted of 38 9 96 9 384 points, corre-

sponding to acquisition times of 8.9 ms (13C), 60 ms (15N),

and 49 ms (1H). Each FID was the sum of 48 transients.

The repetition delay was linearly decreased from 400 to

250 ms along with t1 (Macura 2009), yielding a reduction

of the measurement time from 112 to 93 h in both

experiments.

Spectral widths in 2D 15N–1H correlation experiments on

KvAP VSD were 13 and 50 ppm in the 1H and 15N

dimension, respectively. Acquisition times in BEST–[15N,
1H]–TROSY–HSQC spectra were 65 ms (t2) and 63 ms (t1),

corresponding to 512 9 192 complex data points. The

recycle delay was set to either 0.5 or 0.7 s. Semi-constant

time (Logan et al. 1992; Grzesiek and Bax 1993) 15N evo-

lution was employed in BEST–[15N, 1H]–TROSY triple-

resonance pulse sequences. Compared to the HSQC spectra

those experiments were acquired with lower resolution in

both dimensions (ranging from 256 to 384 data points in t2
and from 60 to 160 data points in t1) according to the

expected number of correlations, with scan repetition delays
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of 0.3 s. Typically, 16, 64, 128, 224, 288, and 1,024 tran-

sients were accumulated for each FID in (2D) HSQC,

HN(CO), HN(CA), HN(COCA), (CO)HN(CA), and

DQ-HN(CA) experiments, respectively, giving rise to mea-

surement times between 1.2 and 27 h for individual spectra.

Experiments on PR were recorded with spectral widths

of 11 (1H) and 30 (15N) ppm and acquisition times were

adjusted to 27.2–45.5 ms (180–300 complex data points)

along t2 and 23.0–54.8 ms (42–100 complex data points)

along t1, depending on the required spectral resolution and

sensitivity. The number of scans per FID were 32, 384, and

1,024 for HSQC, HN(CO), and HN(COCA) spectra of both

samples and 768/1,024, 1,792/1,472, and 2,048/1,152 for

HN(CA), (CO)HN(CA), and DQ-HN(CA) spectra of

samples A/B. Using an inter-scan delay of 1 s, individual

measurement times ranged from 2 h for HSQC to up to

48 h for triple-resonance experiments, except for the

DQ-HN(CA) experiment on sample A which required 73 h.

Spectra processing and analysis was performed with

TopSpin 3.0 software (Bruker). Where appropriate, 15N

time domain data were extended by 20–30% using linear

prediction in order to enhance resolution. A cosine-squared

window function was applied for apodization in all

dimensions. Spectra were referenced with respect to

internal DSS using consensus N values for 13C and 15N

(Wishart et al. 1995). For preparation of all spectral plots

shown here contour levels were drawn on an exponential

scale using a factor of 21/2.

Results and discussion

Providing direct correlations between backbone amide

groups and a-carbons of the same and the preceding residue

in 13C/15N labeled proteins (Ikura et al. 1990a), the HNCA is

one of the most sensitive triple-resonance experiments in

solution NMR. In our experience, it can often be applied

successfully to moderately slow tumbling molecules such as

membrane proteins in detergent micelles even without

sample deuteration. On the other hand, extensive sequential

backbone assignment cannot be obtained based on the

HNCA alone due to chemical shift degeneracy of 13Ca

resonances as well as their broad line widths caused by

efficient transverse relaxation. Further independent path-

ways are indispensible for tracing sequential connectivities.

Crucial experiments such as HNCACB (Wittekind and

Mueller 1993) or HN(CA)CO (Clubb et al. 1992), however,

suffer from low sensitivity due to comparatively inefficient

magnetization transfers. This is demonstrated in Fig. 1,

where the performance of the three experiments is compared

for the detergent solubilized KvAP VSD, which has an

apparent MW of &50 kDa (Butterwick and MacKinnon

2010; Shenkarev et al. 2010). It is readily apparent that only

relatively small subsets of correlations presumably corre-

sponding to mobile regions of the protein can be observed in

2D H(N)CACB and H(NCA)CO spectra. Therefore, only

very sparse sequential connectivities based on 13Cb and 13C0

chemical shifts would be obtainable. In the H(N)CA, how-

ever, reasonable signal intensities are obtained over a wide

range of 1HN chemical shifts, suggesting that the assignment

of well-structured parts is feasible, provided that additional

information is available to overcome ambiguities inherent to

the 13Ca pathway.

Pulse sequences have been devised that are suitable to

distinguish amino acids based on the spin topologies of

their side chains. This allows two-dimensional amino-acid

type selective 15N–1H correlation spectra to be obtained for

uniformly 13C/15N labeled proteins (Schubert et al. 1999).

In a related approach, seven classes of amino acid topol-

ogies can be differentiated from the signs of cross peaks in

a set of eight Hadamard encoded 2D triple-resonance

spectra (Lescop et al. 2008; Feuerstein et al. 2011). Due to

their lengths and number of coherence transfer steps such

experimental schemes are most favorably applied to pro-

teins featuring relatively long transverse relaxation times.

This restriction does not apply to amino-acid specific iso-

tope labeling methods (Ozawa et al. 2006; Staunton et al.

2006). Here we show that, despite restricting the number of

samples to three, combinatorial triple-selective labeling is a

rich source of anchor points to complement 3D triple-res-

onance experiments applied to uniformly labeled proteins.

Concept of combinatorial triple-selective labeling

The approach introduced here extends combinatorial dual-

selective labeling schemes (Shi et al. 2004; Parker et al.

2004; Trbovic et al. 2005; Staunton et al. 2006; Maslennikov

et al. 2010) by employing three different labeling patterns in

each sample. One fully 13C/15N labeled amino acid type is

included per sample in addition to four 15N-labeled and two

1-13C labeled types in a three-sample scheme. This gives

rise to six possible combinations of either 15N- or 13C/15N

labeled residues at the C-terminus of a dipeptide (position i)

with either unlabeled, 1-13C-, or 13C/15N labeled residues at

the N-terminus (position i - 1), each of which can be

detected in a [15N, 1H]-HSQC spectrum. As outlined in

Fig. 2, these combinations can be distinguished by the

presence/absence in five 2D HN(C)-type triple resonance

spectra recorded for each sample. No distinction can be

made as to whether the observed NH is preceded by an

unlabeled or a 15N labeled residue. Contrary to 15N or 1-13C

labeled moieties, correlations can involve the 13C/15N

labeled amino acid type either in position i or i - 1.

Importantly, the latter can be differentiated from the two

singly labeled amino acid types by spectroscopic means

owing to the additional 13C label at the 2-(Ca) position. As a
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consequence, more amino acid types and more sequential

pairs can be identified than in previous combinatorial

labeling procedures. Using combinatorial selective 15N

labeling (Wu et al. 2006) a maximum of 7 (= 2n - 1) amino

acid types are discerned from the presence/absence of cross

peaks in [15N, 1H]–HSQC spectra for n = 3 samples: One

amino acid type is present in all samples, three are unique in

each sample and three are missing in one sample, but present

in the other two. Application of triple-resonance pulse

sequences that involve 13Ca nuclei allow selective detection

of 15N–1H cross peaks of a supplementary fully 13C/15N

labeled amino acid, thereby increasing the number of amino

acid types to 10 (= 2n - 1 ? n). Once residue type

assignments have been obtained, dipeptide sequences with

the 13C/15N labeled amino acid on the N-terminal side are

immediately identified by means of interresidual correlation

between 15N and 13Ca spins. This, in turn, leaves only two

possible dipeptide sequences for the remaining peaks

observed in the HN(CO) spectrum of each sample, some of

which can be narrowed down to a single solution if one of

the combinations occurs in the HN(CO) spectra of the

respective other samples.

In order to unambiguously recognize the fully 13C/15N

labeled amino acid type in either the N- or the C-terminal

side of a dipeptide, 2D (15N–1H) versions of HNCA (Ikura

et al. 1990a), HN(CO)CA (Bax and Ikura 1991), and DQ-

HNCA (Nietlispach et al. 2002) experiments are recorded in

addition to HSQC and HN(CO). Optionally, a (CO)HN(CA)

(Szyperski et al. 1995) spectrum, which contains the subset

of correlations simultaneously present in HN(CO) and

HN(CA), can be acquired. Although this information is

redundant it may be useful to confirm cross peaks that are

arguable in the latter two spectra due to overlap. It should be

noted that detection in the HN(CA) is a necessary but not a

sufficient condition for the identification of 13C/15N doubly

labeled residues, because the N–Ca magnetization transfer

can arise through one-bond and two-bond scalar couplings,

thus making sequentially following 15N labeled residues

observable in the HN(CA), too. These are, however, sorted

out by the presence in HN(COCA) spectra and the absence in

DQ-HN(CA) spectra, which exclusively show 15N–1H cor-

relations of amides coupled to both the intraresidual and the

preceding 13Ca spin. As an example, a 13C/15N labeled res-

idue preceded by a 1-13C labeled one will give rise to cross

peaks in HSQC, HN(CO), HN(CA), and (CO)HN(CA)

spectra. In contrast, two 13C/15N labeled residues sequen-

tially following each other are recognized by the appearance

of cross peaks in all spectra (Fig. 2). Since only one residue

type is fully 13C/15N labeled in each sample this immediately

identifies sequential pairs of the corresponding species. Note

that pairs of like amino acid types are ‘‘invisible’’ in com-

binatorial dual selective 15N/1–13C labeling schemes, while

in 3D HNCA spectra of uniformly labeled proteins they often

cause ambiguities due to 13Ca chemical shift degeneracy.

Conceptually, combinatorial triple-selective labeling is

related to an approach employed for deconvolution of
15N–1H correlation spectra of ternary mixtures consisting of

uniformly 15N labeled, uniformly 13C/15N labeled and

1-13C/15N or 2-13C/15N labeled protein (Masterson et al.

2008; Tonelli et al. 2009), where signals from either or both
13C labeled species are selectively suppressed by virtue of
15N–13C spin-echo filtering. Also, 13C/15N doubly labeled

amino acids have been combined with 15N singly labeled

ones to derive amino acid types and sequential pairs from
13C chemical shifts obtained in 2D H(N)CACB and

CBCA(CON)H experiments (Shi et al. 2004). This infor-

mation was used to supplement a set of 3D triple resonance

spectra of uniformly 13C/15N- and 2H/13C/15N-enriched

Fig. 1 Performance of standard

triple-resonance experiments for

sequential backbone assignment

on [U–13C; 15N] KvAP VSD.

Shown are 2D BEST–

[15N, 1H]–TROSY–H(N)CA

(a), –H(N)CACB (b),

and –H(NCA)CO (c) spectra

each recorded within 8 h on a

600 MHz spectrometer. In the

H(N)CACB experiment the

Ca–Cb transfer delay was

adjusted to (4 1JCaCb)-1

resulting in approximately equal

signal intensities of HN–Ca and

HN–Cb cross peaks, however

only negative contours

corresponding to the latter are

plotted
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samples. In a similar vein, [15N, 1H]–HSQC, 2D HN(CO)

and 2D HN(CA) experiments on samples with different

combinations of either a 15N or 13C/15N doubly labeled

amino acid with two 1-13C or 2-13C labeled amino acid type

were employed to resolve ambiguities in 3D spectra of

uniformly labeled samples (Butterwick and MacKinnon

2010). To our knowledge the systematic combinatorial use

of three isotopic species in the backbone of the same protein

as presented here has not been described so far.

Assignment of KvAP VSD with no prior information

To assess the feasibility of obtaining complete backbone

assignments for a membrane protein using combinatorial

triple-selective labeling supplemented with 3D HNCA

data, the 149-residue KvAP voltage-sensor domain in Fos-

choline12/LDAO mixed micelles was chosen as a test case.

Resonance assignments for the uniformly 2H/13C/15N

labeled E.coli-expressed protein in the same detergent

mixture (Shenkarev et al. 2010) and in diC7PC (Butterwick

and MacKinnon 2010) have been published recently,

allowing a validation of our approach. The labeling scheme

devised for the three selectively labeled samples is depicted

in Table 1. Each contains one uniformly 13C/15N labeled,

four 15N labeled and two 1-13C labeled amino acid types.

The choice of amino acid types to be labeled for a

particular protein is mostly governed by two aspects,

spectral dispersion and liability to isotopic scrambling.

Selecting the most abundant amino acid types for 15N and
13C/15N labeling maximizes the information that can be

obtained but may cause ambiguities due to signal overlap.

Cell-free synthesis of selectively labeled proteins results in

reduced scrambling of the 15N label as compared to in vivo

expression but requires optimization (Morita et al. 2004;

Ozawa et al. 2004; Klammt et al. 2007; Tonelli et al. 2011).

Depending on the expression system, interconversion

between glutamate and aspartate, glutamate and aspara-

gine, and serine and glycine is often not completely elim-

inated unless enzymes such as transaminases and

glutamine synthetases are inhibited. Cross-labeling is less

critical for carbonyl carbons (Takeuchi et al. 2007) and, as

in combinatorial dual-selective labeling, the choice of the

1-13C labeled amino acid types therefore primarily requires

inspection of the amino acid sequence to maximize the

number of unique 1-13Ci-1–15Ni combinations while

avoiding those that do not occur in the target protein.

Computational methods have been developed to optimize

combinatorial selective labeling schemes for a given protein

Fig. 2 Correlation between the six different combinations of labeled

or unlabeled amino acids in a dipeptide and the six types of 15N–1H

correlation experiments recorded in this study. The 15N labeled amide

nitrogen of the detected amide group is drawn in blue and 13C labeled

carbonyl or a-carbons are marked in red. The remaining carbons are

in natural abundance. Each of the six isotopomers is represented

schematically by a cross peak in the HSQC spectrum. Its identitiy is

revealed by the pattern of occurrence in the various triple resonance

spectra
Table 1 Combinatorial triple-selective labeling scheme employed

for the KvAP voltage-sensor domain

Amino acid type Samples

1 2 3

Leucine 13C/15N 1-13C 1-13C

Valine 1-13C 13C/15N

Isoleucine 13C/15N

Methionine 15N

Lysine 15N

Phenylalanine 15N

Arginine 15N 15N

Tyrosine 15N 1-13C 15N

Alanine 15N 15N

Threonine 15N 15N 15N

Glycine 1-13C

Aspartate 1-13C
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sequence (Trbovic et al. 2005; Hefke et al. 2010; Maslen-

nikov et al. 2010), but no such software was employed here.

In the present application, leucine, valine and isoleucine

which have a high abundance in KvAP VSD were selected

for 13C/15N-labeling in order to maximize the number of

correlations to be expected in triple resonance experiments.

Of the remaining 16 non-proline amino acid types glycine,

serine, asparagine, aspartic acid, glutamine and glutamic

acid, which showed signs of scrambling in the cell-free

expression system used in this study, were disregarded for
15N labeling. Furthermore, KvAP VSD does not contain

cysteines and only one tryptophan, and histidine was con-

sidered unsuitable due to the presence of a His10-tag in the

construct used here. This left alanine, methionine, threo-

nine, arginine, lysine, phenylalanine and tyrosine as the

seven amino acid types to be 15N labeled in a three-sample

combinatorial scheme. The decision for leucine, valine,

tyrosine, aspartate and glycine as 1-13C labeled residues

(Table 1) was guided by an attempt to maximize the

sequential connectivities detected in the HN(CO) experi-

ment for the given set of 15N labeled amino acids in each

sample. Identification of specific sequential pairs requires

the simultaneous presence of a certain 13C labeled amino

acid type (either 1-13C or uniformly 13C/15N) and a dif-

ferent 15N labeled amino acid type in at least two samples.

For instance, samples 2 and 3 contain 1-13C labeled leucine

and 15N labeled alanine (Table 1). The dipeptide Leu–Ala

gives rise to cross peaks in HN(CO) spectra of both sam-

ples. In contrast, dipeptides Tyr–Ala and Asp–Ala result in

HN(CO) cross peaks exclusively in samples 2 and 3,

respectively. Hence, the three dipeptides are unambigu-

ously identified. In a similar manner, arginine preceded by

glycine, leucine, valine or tyrosine can be spotted by

inspection of spectra of samples 1 and 2. Note that the pairs

Leu–Arg and Val–Arg can only be differentiated due to the

fact that leucine and valine are fully labeled in one sample

and 1-13C labeled in the other such that cross peaks appear

in HN(CO) and HN(COCA) spectra in the first case, but

only in HN(CO) spectra in the second case. No differen-

tiation would be possible between the dipeptides Gly–Met

and Val–Met, both observed in HSQC and HN(CO) spectra

of sample 1 exclusively. However, since only Val–Met

occurs in the sequence of KvAP VSD, in fact only once,

the 1H and 15N resonance frequencies of the corresponding

methionine are readily assigned.

A total of 18 2D spectra were recorded on the three

samples of KvAP VSD. As illustrated in Fig. 3, a virtually

complete set of the expected correlations was observed.

The only exceptions are residues Lys147 (sample 2) for

which no HSQC cross peak could be identified, Ile40

(sample 3) which is presumably hidden by a stronger peak

belonging to Ile68 (Butterwick and MacKinnon 2010;

Shenkarev et al. 2010), and Leu26 (sample 1) whose amide

proton resonates at 10.61 ppm, outside the bandselectively

excited region. The latter signal was, however, detected in

HSQC and HN(CA) spectra acquired with a more down-

field shifted 1H offset (not shown). Some of the spectra

contain spurious broad peaks in the region around 8.0 (1H)

and 120 ppm (15N) that are due to a small fraction of

unfolded protein in our preparation. In addition residues

Leu8, Arg14, Val15, Arg16, and Val21 exhibit a second

(and a third in the case of Val15) set of signals, upfield-

shifted in both dimensions by a varying amount. Most of

these residues belong to the amphiphatic a-helix S0 which

has been suggested to interact with the interfacial region of

the micelle (Butterwick and MacKinnon 2010) and is not

seen in the KvAP crystal structure due to a lack of electron

density (Jiang et al. 2003). These signals could be

sequence-specifically assigned using the combinatorial

spectra shown here in conjunction with a 3D HNCA, but

the origin of this heterogeneity in our samples remains not

fully understood.

In the following the extraction of information from this

matrix of spectra is described using four representative

examples (Fig. 3): (1) Cross peaks for residue Tyr46 are

observed in the HSQC spectra of samples 1 and 3 (at
1H/15N chemical shifts 7.84/114.4 ppm, blue circles),

which immediately identifies its residue type. As there are

no peaks at this position in any of the triple resonance

spectra, no specific hint about the sequentially preceding

residue can be gained, except that it cannot be preceded by

amino acid types that are 13C labeled in samples 1 or 3, i.e.

leucine, valine, isoleucine, glycine or aspartate. Similar

information would be obtained via combinatorial dual-

selective labeling (Parker et al. 2004; Trbovic et al. 2005;

Maslennikov et al. 2010). (2) Residue Ile64 gives rise to

cross peaks (7.68/117.2 ppm, magenta circles) in spectra of

sample 3 exclusively. The fact that this amide group is

observed in the HN(CA) but not in the HN(COCA) spec-

trum proves that it belongs to a 13C/15N labeled isoleucine

and not to a 15N phenylalanine, which is also present in

sample 3 only and might be preceded by an isoleucine.

Since the peak also shows up in the HN(CO) and, hence, in

the (CO)HN(CA), it must have either of the two 1-13C

labeled residue types on its N-terminal side. The sequence

Asp-Ile does not occur in KvAP VSD, leaving Leu-Ile as

the only possibility in this case. (3) The amino acid type of

Arg120 (7.66/117.6 ppm, orange circles) follows from the

presence of a cross peak in the HSQCs of samples 1 and 2.

Signals are also observed in the corresponding HN(CO)

spectra, compatible with the dipeptides Leu–Arg and

Val–Arg which both occur in the protein sequence. These

two possibilities can be easily distinguished by the obser-

vation of cross peaks in the HN(CA), (CO)HN(CA) and

HN(COCA) spectra of sample 2 expected for Val–Arg but

not for Leu–Arg. Finally, (4) Lys88 at 7.31/115.1 ppm
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(green circles) is detected only in sample 2 which is in

accordance with either 15N labeled lysine or fully 13C/15N

labeled valine. Because the cross peak is present in all

triple resonance spectra of this sample except for the

DQ-HN(CA) it must be due to the 15N labeled amino acid

preceded by a fully 13C/15N labeled one rather than the

fully 13C/15N labeled amino acid itself. The dipeptide

Val–Lys is unique in the sequence of KvAP VSD resulting

in the unambiguous sequential assignment of Lys88.

The overall amount of information provided by combina-

torial triple-selective labeling of KvAP VSD is summarized in

Fig. 4a. Of the 145 non-proline residues (excluding the His10

tag) the amino acid type could be determined for 103 residues

(71%). Considering that glycines can often be identified

already from their highfield 15N chemical shift in a [15N, 1H]-

HSQC and, more reliably, from their highfield 13Ca chemical

shift in a 3D HNCA, the number of residues for which the

amino acid type remains undetermined reduces to 28 (19%).

Sequential information is obtained for 45 sites (31%), where

38 pairs are determined unambiguously, while 7 pairs are two-

fold degenerate because Leu–Val and Tyr–Val cannot be

distinguished with the labeling scheme chosen here. Among

the non-degenerate pairs 12 (8%) are unique in the sequence of

KvAP VSD, meaning that the C-terminal residue of each

dipeptide is assigned sequence-specifically. These are then, as

the next step, used as anchor points during analysis of 3D

HNCA and 3D HN(CO)CA spectra.

Connecting anchor points in KvAP VSD

An example for the combinatorial-labeling assisted sequential

assignment of KvAP VSD is given in Fig. 4b. It shows strips

from the 3D HNCA spectrum for residues Trp70 through

Asp82. In some cases (Trp70, Asp72, Tyr75, Tyr78, Lys79)

the interresidual correlation was not observed, requiring the

combined use of HNCA and HN(CO)CA spectra. In principle

Fig. 4 Sequential assignment of KvAP VSD. a The amino acid

sequence is shown with those residues highlighted for which

information is obtained from combinatorial triple-selective labeling.

The color coding is indicated adjacent to the sequence. The stretch of

residues selected in (b) is highlighted in a box. Residues that were not

observed experimentally are printed in grey. b F1 (13Ca)–F3 (1HN)

strips from a 3D HNCA spectrum (black contours) taken at F2 (15N)

chemical shifts indicated above each strip and centered (0.3 ppm

width) at the 1H chemical shifts given at the bottom. The dashed line
indicates the sequential walk through residues Trp70 to Asp82. For

residues where the sequential correlation in the HNCA is too weak,

the corresponding strip from a 3D HN(CO)CA (brown contours) is

superimposed

Fig. 3 Experimental 15N–1H correlation spectra obtained for the

three combinatorial triple-selectively labeled samples of KvAP VSD.

For clarity, peak assignments are indicated only once within each

series of spectra for the individual samples, and are displayed in the

last spectrum where the corresponding residue is detectable. For

instance, only those peaks are annotated in the HSQC that are not

present in any of the triple-resonance spectra. The insets in the upper
left corner of the HSQCs show cross peaks located outside the plotted

region. Empty dashed boxes indicate the positions of peaks observed

at lower contour levels. Asterisks mark additional signals belonging to

residues Leu8, Arg14, Val15, Arg16, and Val21. Resonance positions

of Tyr46, Ile64, Lys88, and Arg120 discussed in the text, are

highlighted by colored circles. The corresponding dipeptide labeling

patterns are shown on the right-hand side. Note that the cross peaks of

Ile64 and Lys88 partially overlap with those of Ile127 (HSQC and

HN(CA)) and Lys89 (HSQC), respectively

b
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a complete ‘‘sequential walk’’ through this segment would be

possible, indicating that the spectral quality obtained for a

non-deuterated 50-kDa protein-detergent complex is suffi-

cient. However, a closer look at some of the strips (Tyr73,

Ala74, Tyr75, Tyr78), which all contain pairs of cross peaks at

very similar position, reveals potential problems. Typical for

an a-helical membrane protein, there are many more instances

in the sequence of KvAP VSD where 13Ca chemical shift

degeneracies make it very difficult—if not impossible—to

find the correct sequential connectivities without prior

knowledge of at least individual residue types or preferentially

residue types of sequential pairs. Among the tyrosine residues

of the stretch shown in Fig. 4b, Tyr73 could already be

unambiguously placed into the sequence based on the com-

binatorial labeling results whereas the residue type was known

for Tyr75 and Tyr78. The latter two could be distinguished

based on a small difference of their 13Ca chemical shifts which

were known from the interresidual cross peaks of Arg76 and

Lys79, both sequentially assigned by combinatorial labeling.

Similarly, it was known that the correlation at 9.18/118.8 ppm

belongs to an alanine preceded by a tyrosine. This dipeptide

occurs twice in KvAP VSD, but the alternative assignment

could be ruled out by a mismatch of the 13Ca(i - 1) chemical

shift with the 13Ca(i) chemical shift of the Tyr73 strip. No

information from combinatorial labeling was available for the

three rightmost strips (Ser80, Gly81, Asp82), but they could

be readily linked together and appended to Lys79. It is

apparent from Fig. 4a that, together with Ser51 to Glu53 and

Glu107 to His109 this represents the largest stretch lacking

residue type or sequential information from combinatorial

triple-selective labeling.

Overall, 1HN, 15N, and 13Ca chemical shifts obtained

from combinatorial triple-selective labeling and 3D

HNCA/HN(CO)CA spectra on uniformly labeled KvAP

VSD are in reasonable agreement with published values at

42�C and at pH 4.7 (Shenkarev et al. 2010). Proton and

nitrogen chemical shifts usually match within 0.1 and

0.6 ppm, respectively, and 13Ca chemical shifts differ

systematically by about 1 ppm due to 2H/1H isotope shifts

since the previous assignments were obtained for a per-

deuterated protein. Significantly different resonance fre-

quencies were only found for residues Ile141 through

Asp146, presumably because in our construct the two

C-terminal residues (Arg148, Ser149) were substituted and

a His10-tag attached. Signals for residues Met1, Ala2, and

Arg3, previously unassigned, were identified here with the

help of combinatorial triple-selective labeling.

Resolving signal overlap in proteorhodopsin

In the implementation described above amino-acid specific

labeling was employed as the initial step in the sequential

assignment process. Information attained about the majority

of the residues then enabled signal assignment of 3D

HNCA/HN(CO)CA spectra of the uniformly labeled variant

of the protein. However, the reverse scenario is also con-

ceivable. For a-helical membrane proteins with a limited

chemical shift dispersion the conventional 3D triple-

resonance approach often yields incomplete backbone

assignment even with deuterated protein samples, where

sequential connectivities via 13Cb and 13CO spins are avail-

able. Reasons for this may be signal overlap, fast transverse

relaxation of nuclear spins in certain regions of the protein

and incomplete back-exchange of deuterated amide groups.

For such cases dual amino-acid specific labeling in combi-

nation with [15N, 1H]–HSQC and 2D triple-resonance

experiments has been shown to provide valuable information

to promote the degree of assignment and resolve ambiguities

(Shi et al. 2004; Trbovic et al. 2005; Butterwick and

MacKinnon 2010). In the following, we outline how triple

amino-acid specifically labeled samples contributed to the

near complete backbone resonance assignment of the

241-residue retinal-binding integral membrane protein pro-

teorhodopsin, which was essential for its solution structure

determination (Reckel et al. 2011). Using [15N, 1H]–TRACT

(Lee et al. 2006) a rotational correlation time of 24 ns at

50�C was determined for this seven-transmembrane-helix

protein in diC7PC micelles, corresponding to a 70-kDa

complex. Standard triple-resonance and 15N-separated NO-

ESY experiments on [U–13C; 15N] and [U–2H; 13C; 15N]

labeled samples yielded unambiguous assignments only for

about 80% of its residues as the analysis was complicated

either due to overlap in the 15N–1H plane or because of

missing correlations in the 3D spectra. Both problems were

compounded by conformational exchange line broadening in

particular for residues in the retinal-binding pocket, entailing

a decrease of signal intensities with increasing B0 field

(Reckel et al. 2011). On the other hand, the utility of 2D

triple-resonance spectra recorded for amino-acid specifically

labeled samples as proposed here does not critically depend

on high static magnetic field strengths. For this purpose, two

samples were prepared with labeled amino-acid type com-

positions that allowed identification of as many of the

unassigned amide signals as possible. Sample A contained
13C/15N Ile, 15N Tyr, Trp, and 1-13C Gly, Leu while sample B

contained 13C/15N Phe, 15N Ile, Lys, Tyr, and 1-13C Ala, Met.

The spectral simplification achieved by amino-acid

specific labeling becomes apparent in Fig. 5 (top) where

the most congested region of a [15N, 1H]-HSQC spectrum

of uniformly labeled PR is superimposed with those of

samples A and B. Using only two samples the potential of

combinatorial triple-selective labeling cannot be fully

exploited. Nevertheless, as illustrated in the following for

residues Ile112 and Lys125, the labeling scheme allows

one to derive information from the intra-sample as well as

inter-sample pattern of cross peak occurrence. Assignment
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of the two residues in the uniformly labeled protein was

hampered by near degeneracy of their 1HN and 15N

chemical shifts with those of Glu85 (for Ile112) and with

Asn176 (for Lys125), and partial overlap of both signals

with Phe46, Ile154, and Glu245. Low intensities or even

absence of cross peaks in 3D triple resonance spectra, in

particular for Ile112, posed additional problems. Cross

peaks for Ile112 were however observed in [15N, 1H]-

HSQC of both amino-acid specifically labeled samples,

which would be expected for either a 13C/15N labeled

isoleucine or a 15N labeled tyrosine residue. Presence of a

cross peak in the HNCA of sample A would also be in

agreement with an isoleucine or a tyrosine preceded by an

isoleucine but the absence in the HN(COCA) rules out the

second option. Since it is additionally present in the

HN(CO) (not shown) and the (CO)HN(CA), this isoleucine

residue must be preceded either by a glycine or a leucine

which are both 1-13C labeled in sample A. The same pat-

tern is observed for isoleucine residues 71, 106, 145, 222

and 237, but these were already assigned from 3D exper-

iments applied to uniformy labeled PR, leaving Ile112 as

the only possibility. In the second example, residue Lys125

is part of a unique dipeptide and could therefore be

assigned exclusively based on the 2D spectra of the amino-

acid specifically labeled samples. It is observed in the

HSQC as well as HN(CO) (not shown), HN(CA),

(CO)HN(CA) (not shown), and HN(COCA) spectra of

sample B, which is also the case for Phe47, Phe48, and

Ile153. The two phenylalanine signals are immediately

identified owing to their presence in the DQ-HN(CA)

spectrum, where only the NH of the second residue in Phe–

Phe pairs is detected, and Ile153 can be ruled out because

the signal also occurs in spectra of sample A. Hence, the

assignment of the fourth peak in the HN(COCA) as Lys125

was established unequivocally. By avoiding extensive

overlap encountered in spectra of uniformly labeled PR, the

use of amino-acid specifically labeled samples in combi-

nation with 2D triple-resonance experiments allowed to

raise the amount of backbone amide assignments to 96%

and to confirm several tentative assignments from con-

ventional 3D spectra.

Sensitivity considerations

The combinatorial triple-selective labeling method proposed

here relies on the recording of several 2D 1H/15N/13C triple-

resonance experiments to assign amino acid types and

sequential pairs to 15N–1H cross peaks. Compared to their 3D

counterparts, these experiments have a clear sensitivity

advantage arising from three major sources: (1) Dispensing

with the 13C dimension, as opposed to the echo/antiecho type
15N dimension, yields a gain of a factor of 21/2. (2) Transverse
13C relaxation which leads to a significant loss of magnetiza-

tion in larger proteins is avoided. (3) Pulse sequences can be

simplified, as decoupling pulses during carbon evolution and

possibly 13C 180� pulses required to refocus chemical shift

evolution during the decoupling pulses in the first 13C incre-

ment of the 3D sequences are not needed. In particular, we

found that omission of the pair of 1H 180� pulses usually

applied in the 13C evolution period of TROSY-type experi-

ments enhances sensitivity by 10–20% on our spectrometer.

Taken together, the sensitivity of, e.g., 2D HN(CA)

Fig. 5 Assignment of the NH resonances of Ile112 and Lys125 of

proteorhodopsin with the help of two triple-selectively labeled

samples. The top panel is an overlay of [15N, 1H]–TROSY–HSQC

spectra of [U–15N] labeled (grey contours) protein and amino-acid

specific labeled protein samples A (orange contours) and B (purple
contours). Remaining panels on the left and right are expansions from

2D triple-resonance spectra of the amino-acid specific labeled

samples showing the same spectral region. Assignments are indicated

only for residues mentioned in the text. Cross peaks of residues Ile112

and Lys125 are marked with colored circles. Labeling patterns of the

respective dipeptide fragments are shown in the bottom panels
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experiments on combinatorial labeled samples was sufficient

to observe all expected interresidual correlations between
15N-labeled and fully 13C/15N labeled amino acids, despite the

small size of the active 2JNCa coupling typically found in

a-helical conformations (Delaglio et al. 1991; Wirmer and

Schwalbe 2002; Schmidt et al. 2010). In contrast, several

sequential cross peaks were not detected in the 3D HNCA

applied to uniformly labeled KvAP VSD at the same con-

centration although the measurement time was significantly

longer. It should however be noted that in uniformly labeled

proteins the efficiency of the magnetization transfer to a-car-

bons of the preceding residue is reduced by passive 1JNCa

couplings.

All pulse sequences employed in the current study take

advantage of the BEST (Schanda et al. 2006; Farjon et al.

2009; Favier and Brutscher 2011) technique to enhance

longitudinal relaxation rates of amide protons, allowing the

use of short scan repetition times. Differing from its ori-

ginal intention of recording ‘‘fast’’ experiments, BEST was

applied here to increase signal-to-noise ratios by enabling

more scans in the same time. In all experiments, including

the [15N, 1H]–TROSY–HSQCs, experimental times were

determined by sensitivity rather than by sampling issues.

This implies that under more favorable conditions (narrow

linewidths, high sample concentrations, higher magnetic

field) measurement time demands of combinatorial triple-

selective labeling are moderate. For KvAP VSD the

recording time for the 18 2D spectra totaled 6 � days. Most

of this time was spent in acquiring the two least sensitive

experiment types, DQ-HN(CA) (just under 3 days) and

(CO)HN(CA) (1 � days). Taking into account that infor-

mation from the DQ-HN(CA) experiment is only required

when there are two or more consecutive residues of the
13C/15N labeled amino acid type in the protein sequence,

and recalling that the (CO)HN(CA) is redundant if peaks

are clearly identified in both HN(CO) and HN(CA) spectra,

a reduced set consisting of HSQC, HN(CO), HN(CA), and

HN(COCA) experiments can be obtained in about 2 days

even under sensitivity-limited conditions.

It should however be noted that, although not a problem

in the applications described here, peaks observed in the

HSQC might escape detection in some or all of the 2D

triple-resonance experiments because of short T2 and/or

severe conformational exchange leading to false negatives.

This problem would be alleviated in related methods such

as IDIS–HSQC/IDIS–TROSY (Golovanov et al. 2007) or

CCLS–HSQC (Tonelli et al. 2007) where reference 15N–1H

correlation spectra are recorded with constant-time type

pulse sequences. Peaks detected here should also be

observable in the 13C edited/filtered subspectra because

they use identical periods of transverse magnetization.

Conclusions

We have introduced a new combinatorial labeling scheme

which either provides anchor points for or completes 3D

triple-resonance based protein backbone resonance

assignment while minimizing sample preparation efforts

and expenses. It involves a four-step procedure to retrieve

residue type and sequential information: (1) identification

of the fully 13C/15N labeled amino-acid type within each

sample from the pattern of occurrence in 2D triple-reso-

nance spectra, (2) amino-acid type determination of the 15N

labeled residues by alignment of the remaining signals in

[15N, 1H]–HSQC spectra of all samples, (3) discovery of

sequential pairs with the 13C/15N labeled residue type in

position i - 1 and either a 15N or the same 13C/15N labeled

amino acid type in position i from their appearance in

HN(COCA) and DQ-HN(CA) spectra, respectively, and

(4) analysis of HN(CO) spectra to identify further

sequential pairs involving 1-13C labeled amino acid types

in position i - 1. Steps (2) and (4) are analogous to the

combinatorial dual-selective labeling protocol whereas

steps (1) and (3) are unique to the combinatorial triple-

selective labeling method presented here and constitute the

source of additional information. An alternative strategy—

increasing the number of samples in combinatorial dual-

selective labeling—not only requires the production of

more isotopically labeled protein but also means that more

residue types per sample have to be enriched with 15N,

which gradually reintroduces the overlap problem. On the

other hand, a drawback of combinatorial triple-selective

labeling is that more NMR spectra have to be recorded per

sample, resulting in increased spectrometer time demands.

It has been demonstrated that using only three amino-

acid specifically labeled samples and 2D spectra recorded

at moderate polarizing field, a sufficient number of amino

acid types and sequential pairs can be tagged to achieve

complete backbone assignments with the help of comple-

mentary 3D HNCA and 3D HN(CO)CA experiments on

[U–13C; 15N] labeled protein. Successful application to

integral membrane proteins with apparent molecular

weights of approximately 50 and 70 kDa indicates that the

approach is feasible in cases where otherwise perdeutera-

tion would be required. The method is in principle not

limited to membrane proteins and may also be useful for

assignment of other demanding targets such as larger

protein complexes or intrinsically disordered proteins.
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