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Combinatorial selective isotope labeling is a valuable tool to facilitate polypeptide backbone resonance
assignment in cases of low sensitivity or extensive chemical shift degeneracy. It involves recording of
15N-HSQC and 2D HN-projections of triple-resonance spectra on a limited set of samples containing dif-
ferent combinations of labeled and unlabeled amino acid types. Using labeling schemes in which the
three backbone heteronuclei (amide nitrogen, a-carbon and carbonyl carbon) are enriched in 15N or
13C isotopes – individually as well as simultaneously – usually yields abundant amino-acid type informa-
tion of consecutive residues i and i � 1. Although this results in a large number of anchor points that can
be used in the sequential assignment process, for most amide signals the exact positioning of the corre-
sponding residue the polypeptide sequence still relies on matching intra- and interresidual 13C chemical
shifts obtained from 3D spectra. An obvious way to obtain more sequence-specific assignments directly
with combinatorial labeling would be to increase the number of samples. This is, however, undesirable
because of increased sample preparation efforts and costs. Irrespective of the number of samples, unam-
biguous assignments cannot be accomplished for i � 1/i pairs that are not unique in the sequence. Here
we show that the ambiguity for non-unique pairs can be resolved by including information about the
labeling state of residues i + 1 and i � 2. Application to a 35-residue peptide resulted in complete assign-
ments of all detectable signals in the 15N HSQC which, due to its repetitive sequence and 13C chemical
shift degeneracies, was difficult to achieve by other means. For a medium-sized protein (165 residues,
rotational correlation time 8.2 ns) the improved protocol allowed the extent of backbone amide assign-
ment to be expanded to 88% solely using a suite of 2D 1H-15N correlated spectra.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Sequence-specific assignments of backbone amide resonances
enable interaction studies of proteins with their binding partners,
investigations of protein dynamics and proton exchange with the
solvent, measurements of, e.g., paramagnetic relaxation enhance-
ments, pseudocontact shifts, or residual dipolar couplings, and
form the first step in protein structure determinations by NMR.
In most cases this is achieved by correlating 1HN and 15N reso-
nances with those of neighboring nuclei using uniformly 13C and/
or 15N enriched samples in combination with three- or higher
dimensional pulse sequences. In an independent approach, which
proved to be beneficial in situations of limited sensitivity and
extensive chemical shift degeneracy, valuable assignment informa-
tion can be obtained with the help of amino-acid specific labeling,
usually requiring only one- or two-dimensional NMR experiments.
Substantial spectral simplification along with identification of
amino acid types can be achieved by specific 15N labeling [1–6].
Dual-selective labeling with 15N and 1-13C labeled amino acids,
pioneered by Kainosho [7], allows site-specific information to be
attained by exploiting the one-bond scalar coupling across the pep-
tide bond, either observed as J splittings in the 15N dimensions of
HMQC/HSQC spectra [8–12], in 2D carbon-detected 13C-15N corre-
lations [13], or using 2D HN(CO) experiments [14–21]. Preparation
of up to 19 NMR samples would be necessary in order to obtain
amino-acid type information of all non-proline residue types pre-
sent in a particular target protein by means of individual 15N label-
ing. Even more samples – in the dimension of the number of
residues – would be required when aiming at sequence-specific
assignments of all distinguishable amino acid pairs via dual-
selective 15N/1-13C labeling. Considering that only sensitive exper-
iments such as 15N-HSQC and 2D HN(CO) need to be recorded and
that cell-free expression systems allow a fast and cost-efficient
production of selectively labeled protein samples while to a large
extent avoiding problems due to isotope scrambling [15,18,21–

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2019.03.010&domain=pdf
https://doi.org/10.1016/j.jmr.2019.03.010
mailto:vdoetsch@em.uni-frankfurt.de
https://doi.org/10.1016/j.jmr.2019.03.010
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


Table 1
Combinatorial selective labeling scheme employed to obtain complete backbone NH
assignment of p63 PAD.

aAmino acid types not listed do not occur in the sequence of p63 PAD and were
supplied at natural isotopic abundance to enable expression of the N-terminal
sfGFP-tagged peptide. b 15N and 13C labels are color coded in blue and red,
respectively. Amino acids selectively labeled at the backbone nitrogen, carbonyl and
a-carbon are denoted 15N, 1-13C and 2-13C, respectively. 13C/15N refers to fully 15N
and 13C enriched species. Missing entries imply non-labeled amino acids. c 13C
labeled at the a- and b-positions. The additional label at Cb is not required and is of
no experimental relevance. dAlthough the amino acid type does not occur in the
sequence of p63 PAD labeled glutamine was added to samples 2 and 3 to avoid
scrambling of unlabeled glutamine into glutamate.
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26], this approach may be feasible in principle but would be quite
laborious.

Recently reviewed [27–29] combinatorial selective labeling and
unlabeling methods take advantage of multiplexing, resulting in a
tremendous reduction of the number of samples to achieve the
same task in a more efficient manner [23,25,30–33]. For instance,
identification of all 19 amino acid types in 1H-15N correlation maps
can be accomplished with as few as three specifically labeled sam-
ples [34,35]. The systematic analysis of 15N HSQC and 2D HN(CO)
spectra recorded on multiple protein samples, each containing dif-
ferent subsets of 13C and 15N labeled amino acids rather than a sin-
gle of each labeling type, was introduced by Parker and co-workers
[31]. Subsequently, similar combinatorial dual-selective labeling
schemes were employed to facilitate the backbone assignment of
membrane proteins [36–38], which is severely complicated by a
lack of spectral dispersion, further compounded by broad lines,
when otherwise relying on uniformly labeled samples. Including
13C labeling at the a-carbon (2-13C) in addition to selective 15N
and 1-13C labeling increases the number of single amino acid types
and amino acid pairs that can be identified with a given number of
samples [39–41]. On the other hand, to differentiate between all
resulting isotopomeric species involving the observed amide
group, additional 2D HN(CX) type triple resonance experiments
have to be acquired. Accordingly, combinatorial triple-selective
labeling protocols [35,40–42] feature a ‘‘sample dimension” to
identify amino acid types from the occurrence of cross peaks in
the spectra of n different samples and an ‘‘experiment dimension”
in which sequential information is derived from the pattern of cor-
relations detected in a series of m 2D HN(CX) spectra. This results
in an m � n grid of spectra where the presence/absence pattern is
characteristic for a specific residue in the polypeptide sequence.
Owing to the combinatorial nature of both dimensions the number
of distinguishable i � 1/i pairs highly exceeds the total number of
spectra to be acquired.

So far, combinatorial selective labeling of proteins has been uti-
lized to disambiguate crowded regions of the spectra or, con-
versely, to provide amino acid types or selected sequence-
specifically assigned peaks as starting points for the conventional
assignment procedure [18,19,21,32,35–42]. In any case, prepara-
tion of a uniformly labeled sample, followed by acquisition of a
reduced set of 3D triple-resonance experiments is necessary to fill
the gaps between the residues assigned with the help of selectively
labeled samples. One major issue preventing full backbone NH
assignments exclusively with combinatorial selective labeling is
its restriction to unique i � 1/i pairs. Unambiguous assignments
cannot be obtained whenever an amino-acid type combination of
two consecutive residues occurs more than once in a protein
sequence. Recently, Atreya and co-workers demonstrated that this
type of degeneracy can be lifted by application of a pulse sequence
that senses whether the amide nitrogen of residue i + 1 is 15N
labeled or not [43]. Using a single sample in which six residue
types were unlabeled in a 13C/15N labeled background, together
with 13Ca and 13Cb chemical shift information taken from 3D spec-
tra of a uniformly labeled sample, these authors were able to assign
large portions of the signals in the 15N HSQC of two challenging
targets. Here we use a closely related experiment to expand the
information content of previous combinatorial triple-selective
labeling schemes. Despite this improvement ambiguities can
remain due to a degeneracy of i � 1/i/i + 1 tripeptides or because
only two cases, i.e. i � 1/i/14Ni+1 and i � 1/i/15Ni+1, are differenti-
ated for identical i � 1/i pairs. As a remedy, use of an experiment
that probes the labeling state of the carbonyl carbon of residue
i � 2 is suggested, finally resulting in a high coverage of residues
assigned via combinatorial labeling.
2. Materials and methods

2.1. Sample preparations

The production of selectively labeled NMR samples was carried
out using a continuous-exchange cell-free expression system based
on an E. coli S30 extract [44]. The p63 PAD peptide (amino acids
569 to 598 of p63) was cloned into a pET28b vector containing
sfGFP as an expression tag for cell free protein synthesis. In
between the sfGFP protein and peptide sequence a 3C protease
cleavable sequence and a His-tag were introduced, to allow for
standard metal affinity chromatography purification. For NMR
samples of p63 PAD 6 ml of reaction mixture (containing
�0.5 mM of each amino acid) were dialyzed overnight against
100 ml of feeding mixture (containing �0.6 mM of each amino
acid) at 30 �C under 150 rpm shaking. Amino acid type composi-
tions of selectively labelled samples are summarized in Table 1.
The remaining amino acids were supplied in natural abundance.

After expression the reaction mixture was centrifuged at 16,000
g to remove precipitated protein. The supernatant was diluted 1:3
with buffer A (25 mM Tris, pH 8, 200 mM NaCl, 30 mM imidazole)
to dilute the EDTA and DTT in the cell free expression mixture. The
protein was loaded to a 5 ml HisTrap column (GE life sciences) at
1 ml/min. The column was washed with 5 CV of buffer A prior to
elution in buffer B (25 mM Tris, pH 8, 200 mM NaCl, 500 mM imi-
dazole). The peptide was cleaved from the sfGFP-expression tag by
overnight incubation with 1:10 (w/w) of 3C protease at 4 �C. On
the next day the mixture was concentrated to �350 ml and sub-
jected to gel filtration to separate sfGFP and 3C protease from the
peptide as well as buffer exchange to NMR measurement buffer.
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Final peptide concentrations varied between 0.15 mM and
0.45 mM, as detailed in Table S1, in deuterated sodium acetate buf-
fer (pH 4.7), containing 5% D2O and 0.15 mM 4, 4-dimethyl-4-sila
pentane-1-sulfonic acid (DSS) as internal chemical shift standard.

A set of four cyclophilin D (CypD) samples based on the combi-
natorial labeling scheme in Table 2 was prepared as described pre-
viously [35]. Protein concentrations varied between 0.5 and
0.6 mM (specified in Table S2) in a 50-mM sodium phosphate buf-
fer (pH 7.0) containing 1 mM DTT, 5 mM EDTA, 0.15 mM DSS and
4% D2O. All p63 PAD and CypD samples had a volume of 0.32 ml
and were placed in 5-mm susceptibility-matched Shigemi tubes.

2.2. NMR spectroscopy

All spectra of p63 PAD were recorded at a sample temperature
of 15 �C using a Bruker AV II 500 MHz spectrometer equipped with
a room-temperature, three-axis gradient triple-resonance probe.
For CypD the majority of experiments employed the same spec-
trometer, while HN(CACON) spectra of three of the four samples
and all (H)N(COCO)NH spectra were recorded at Bruker AV II or
AV III 600 MHz spectrometers equipped with cryogenic 1H
{13C/15N} triple-resonance z-gradient probes at a sample tempera-
ture of 30 �C.

Pulse sequences applied in this study were of the [15N, 1H]-
TROSY [45–47] type and employed sensitivity-enhanced gradient
echo/antiecho coherence selection [48–51]. Acceleration of longi-
tudinal 1H relaxation between scans was achieved in the Band-
Selective Excitation Short-Transient (BEST) [52–54] manner using
exclusively shaped proton pulses with bandwidths/offsets of
4.2/8.7 ppm for p63 PAD and 4.8/8.6 ppm for CypD. The delay
between scans was set to 0.3 s in all experiments. The acquisition
Table 2
Four-sample combinatorial selective labeling scheme employed for CypD

15N and 13C labels are color coded in blue and red, respectively. Amino
carbon are denoted 15N, 1-13C and 2-13C, respectively. 13C/15N refers
indicated, amino acids were supplied at natural isotopic abundance. bAla
of selectively 13Ca labeled. The label at Cb is not required and has no con
here. cIn samples 3 and 4 cysteine was carbonyl-selectively 13C and 15N
period was immediately followed by a 15N 180� pulse in order to
constructively add polarization from proton magnetization longi-
tudinally relaxed during the pulse sequence and transferred to
15N in the final single-transition-to-single-transition (ST2-PT) ele-
ment [55].

Two-dimensional time-shared (ts) HN(CO)/HN(COCA) and SQ/
DQ-HN(CA) experiments were performed essentially as described
previously [35,56]. Linear combinations of transients acquired with
different 90� 13C pulse phases in an interleaved manner resulted in
CO-filtered 15N-HSQC, Ca-filtered HN(CO) and HN(COCA) subspec-
tra from the ts-HN(CO)/HN(COCA), and in HN(CA) and double-
quantum (DQ) HN(CA) [57] subspectra from the ts-SQ/DQ-HN
(CA) data set. In addition, a pair of 15N single-quantum (SQ) and
double-quantum/zero-quantum (DQ/ZQ) HN(CACON) spectra was
obtained with the pulse sequence shown in Fig. S1, and (H)N
(COCON)H [58–60] spectra resulted from applications of the pulse
sequence in Fig. S2 using 32 cycles of MOCCA-XY16 [61,62] which
corresponds to 13CO TOCSY mixing times of 285.4 ms for p63 PAD
and 280.5 ms for CypD (the small discrepancy is due to the differ-
ence in 13CO 180� pulse width at 500 and 600 MHz spectrometer
frequencies, see legend to Fig. S2).

Experiments on p63 PAD were carried out with spectral widths
of 11 and 20 ppm along the 1H and 15N dimensions, respectively,
and an 1H acquisition time of 81 ms. Spectral widths in experi-
ments of CypD samples were 13 ppm (1H) and 50 (15N) ppm, with
1H acquisition times of 69 ms (at 500 MHz) or 57 ms (at 600 MHz).
Further experimental details regarding acquisition of all 2D spectra
are listed in Tables S1 and S2. Three-dimensional HNCACB spectra
were recorded of all three selectively labelled samples of p63 PAD
to demonstrate the lack of 13C chemical shift dispersion. Each spec-
trum was acquired in 18 h (8 scans/FID) using acquisition times of
.

acids selectively labeled at the backbone nitrogen, carbonyl and a-
to fully 15N and 13C enriched species. Where no labeling type is
nine was supplied as 13C labeled at both a- and b-positions instead
sequences for cross peak occurrence in any of the spectra recorded
doubly labeled.
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81 ms, 66 ms, and 10.5 ms in the 1H, 15N, and 13C dimensions,
respectively.

The rotational correlation of CypD was determined by the
TRACT method [63], using a two-dimensional version to allow
exclusion of very mobile residues.

Spectra processing and analysis was performed with TopSpin
3.5. Cosine-squared window functions were applied for apodiza-
tion in all dimensions. Spectra were referenced with respect to
internal DSS using consensus N values for 13C and 15N [64]. Con-
tour levels were drawn on an exponential scale using a factor of
21/2 for preparation of all plots shown in the following.
3. Results and discussion

3.1. Purely combinatorial labeling based backbone amide assignment:
Application to an unstructured peptide

The established protocol for obtaining backbone resonance
assignments of isotopically labeled polypeptides relies on match-
ing 13Ca [65], 13CO [66], or 13Ca and 13Cb [67] chemical shifts in
intraresidual and sequential correlations of three-dimensional
HN-detected triple-resonance spectra. This approach might fail as
a result of extensive 13C chemical shift degeneracy, as often
encountered for unstructured peptides, especially in the presence
of sequence repeats. A typical example is the Phosphorylation Acti-
vation Domain of TAp63a (herein referred to as p63 PAD) compris-
ing 35 amino acid residues, ten of which are serines. The full amino
acid sequence is given in Fig. S3a. This sequence is crucial for acti-
vation of the tumor suppressor protein TAp63a in oocytes upon
DNA damage. TAp63a is a transcriptionally inactive dimer, but
upon DNA damage the PAD sequence becomes highly phosphory-
lated by the kinases Chk2 and CK1, leading to disruption of a
charge-charge interaction network and subsequent tetrameriza-
tion. The tetrameric protein is then able to trigger a DNA damage
response similar to that of p53 [68]. While most of the 31 signals
of the peptide in a 15N-HSQC (three prolines and the N-terminal
glycine are undetectable) are resolved, their sequence specific
assignment is hampered by the lack of 13C chemical shift disper-
sion. This becomes apparent from the 1H-13C strips of 3D HNCACB
spectra of the three selectively labeled samples of p63 PAD shown
in Fig. S3b.

Except for Ser9 and Thr16, that sequentially precede proline
residues, all 13Ca and 13Cb chemical shifts are almost degenerate
for a given amino acid type, implying that unambiguous assign-
ments will be difficult to obtain using the classical approach. It is
not unlikely that a distinction of individual amino acids based on
13C chemical shifts would be possible using constant-time 13C evo-
lution periods and/or stronger magnetic fields. This would, how-
ever, require relatively long periods of high-field measurement
time and was not attempted here. Also, alternative methods are
available to avoid the problem of low 13C chemical shift dispersion,
most of which were successfully applied to the assignment of
intrinsically disordered proteins where signal overlap is a major
concern. Examples include the direct correlation of neighboring
amide groups [69–72], the use of 1Ha-detected triple-resonance
experiments [73,74] or high-dimensional (�4D) pulse sequences
in combination with either non-uniform sampling [75–82] or auto-
mated projection spectroscopy [74,83]. Conversely, the aim of the
current study is to achieve complete sequence-specific amide
1H/15N resonance assignments by exclusively relying on 2D
proton-nitrogen correlation spectra acquired for a set of selectively
labeled samples.

The objective of previous multiple-selective labeling methods
[10,12,18,21,25,31,34,36,37,39–43,84] was the identification of
amino acid types (providing information about a residue i) along
with unique sequential pairs (residues i and i � 1) for as many sites
in a polypeptide chain as possible. Subsequently, these residues
were used as anchor points to enable full assignments from stan-
dard 3D triple-resonance spectra in cases where the latter were
difficult to analyze due to low sensitivity and/or resolution. While
this complementary approach was successful in a variety of appli-
cations, it requires preparation of an additional uniformly 13C/15N
labeled sample and time-consuming acquisition of 3D spectra.
Recently we have shown that all 19 non-proline amino acid types
can be distinguished with three samples containing amino acids
that are isotope labeled at the backbone nitrogen, a-carbon and
carbonyl carbon positions (either individually or simultaneously)
in a combinatorial manner [35]. In that study, the spectroscopic
deconvolution of the various isotopomeric species occurring in
each sample was achieved with the help of six 2D HN(CX) type
triple-resonance spectra resulting from one stand-alone and two
time-shared [56] experiments. Considering that the p63 PAD pep-
tide comprises only a subset of twelve amino acid types with 31
backbone amides detectable in a 15N-HSQC, it might appear that
its complete assignment can be readily achieved via combinatorial
labeling. However, due to the occurrence of several identical amino
acid pairs in the sequence, only 22 signals, which include no more
than three of the ten serine residues, could in fact be assigned
using our previous protocol.

A suitable triple-selective labeling scheme for sequence specific
assignment of the 22 residues involved in unique pairs is given in
Table 1. Two-dimensional spectra for each of the three samples are
plotted in Fig. 1 to demonstrate the problem of sequence degener-
acy. Shown are the entire spectra resulting from applications of ts-
HN(CO)/HN(COCA) and ts-SQ/DQ-HN(CA) pulse sequences. The
former generates cross peaks for all amino acids that have a 15N
label at the backbone nitrogen and edits them into three subspec-
tra depending on whether the preceding residue is not 13C labeled
at the carbonyl group (CO-filtered HSQC), exclusively labeled at the
carbonyl group (Ca-filtered HN(CO)) or labeled at both the car-
bonyl and Ca positions (HN(COCA)). The second experiment yields
cross peaks in the HN(CA) subspectrum for all 15N labeled amino
acids with a 13C labeled a-carbon in the same or the preceding resi-
due or both, and additionally in the DQ-HN(CA) subspectrumwhen
both residues are 13Ca labeled.

Of the total of 31 residues observed, 22 show a distinct pattern
in the 15 spectra, immediately resulting in their sequential assign-
ment. Remaining ambiguities arise from degeneracies of i � 1/i
pairs Gly3/Ser4 and Gly26/Ser27, Ser4/His5 and Ser11/His12,
Pro10/Ser11 and Pro17/Ser18 and the three Ser/Ser pairs in posi-
tions 8/9, 18/19 and 27/28. It should be noted that combinations
of selectively labeled amino acids other than that of Table 1 would
also be conceivable to obtain the same information, but none of
them would provide further assignments if only the identities of
amino acid types in positions i and i � 1 are established. Likewise,
addition of further samples would not solve the problem. Rather,
supplemental experiments are required to gain information about
adjacent residues, i.e. in positions i + 1 and i � 2. The correspond-
ing magnetization transfer pathways are depicted in Fig. 2.

In the first experiment (Fig. 2a), degenerate i � 1/i pairs may be
distinguished based on the presence or absence of a 15N label in the
sequentially following residue. A suitable pulse sequence, termed
HN-XU, has recently been introduced by Atreya and co-workers
[43] and employed in conjunction with a selective unlabeling
scheme to selectively observe 13C/15N-labeled residues followed
by unlabeled ones. Apart from its BEST-TROSY implementation
the main difference of the pulse sequence version detailed in
Fig. S1 is that signals from 15Ni-13Cai-13COi-15Ni+1 and 15Ni-13Cai-13-

Ni-13Cai-13COi-14Ni+1 moieties are both retained and edited into dif-
ferent subspectra. Following the relay of magnetization from the
amide proton of residue i to its own carbonyl, double antiphase



Fig. 1. Two-dimensional 1H-15N correlation spectra obtained by application of ts-HN(CO)/HN(COCA) (upper three panels) and ts-SQ/DQ-HN(CA) experiments to the three
combinatorial selectively labeled samples (Table 1) of p63 PAD. Peak annotations (residue i) in black indicate unique i, i � 1 pairs, resulting in unambiguous assignments.
Mutually degenerate pairs, showing identical peak presence/absence patterns in the current set of spectra, are highlighted by colored labels. The inset in the CO-filtered HSQC
of sample 3 shows a cross peak for the backbone of W35, which resonates outside the plotted region. An asterisk marks a cross peak of R34 in the CO-filtered HSQC of sample
1 which appears due to scrambling of unlabeled glutamine into glutamate, such that the preceding residue is a mixture of unlabeled and fully 13C/15N labeled glutamate. Note
that this undesired signal would be suppressed by use of 13C/15N labelled glutamine during in-vitro expression of the peptide. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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13CO magnetization with respect to 15Ni and 15Ni+1 builds up dur-
ing the central 13CO-15N HMQC-type element if residue i + 1 is
15N labeled, whereas a single 13CO antiphase state with respect
to 15Ni will be present otherwise. At this time point a pair of 90�
15N pulses is applied where the phase of second is always x
whereas the phase of the first is alternated between x and �x
and transients are stored separately. Addition and subtraction of
the two experiments selects 15Ni-15Ni+1 double/zero-quantum
(DQ/ZQ) and 15Ni single-quantum (SQ) coherence, respectively,
during the short time between the two 15N pulses. Therefore, the
sum (DQ/ZQ) spectrum contains NHi cross peaks for those residues
where residue i + 1 is 15N labeled and the difference (SQ) spectrum
contains NHi cross peaks exclusively for those residues where resi-
due i + 1 is not 15N labeled. The advantage of retaining signals of all



Fig. 2. Magnetization transfer pathways of experiments to determine whether an amino acid in position i + 1 is 15N labeled (a: HN(CACON)) and whether an amino acid in
position i � 2 is 1-13C labeled (b, c: (H)N(COCON)H). Isotope labeled carbons and nitrogens are drawn in red and blue, respectively. Note that labeling of the a-carbon in
residue i � 1 in schemes a and b is not mandatory, i.e. fully 13C/15N labeled amino acids at this position may be replaced by selectively 15N and 1-13C labeled amino acids.
Green ellipses and circles indicate the nuclei whose frequencies are correlated in the 2D spectra. The (H)N(COCON)H experiment is bidirectional and therefore provides cross
peaks between 1Hi�1 and 15Ni (scheme b) as well as between 1Hi and 15Ni�1 (scheme c) in the presence of a 13C label at the carbonyl of residue i � 2. In addition, 1Hi/15Ni and
1Hi�1/15Ni�1 auto-correlation peaks are detected via the HN(CO) out-and-back type pathway. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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13C/15N labeled residues in either of the subspectra rather than
filtering out those with 15N labeled C-terminal neighbors, is that
the HN(COCAN) experiment can thus serve to distinguish
12Cai�1-12COi�1-15Ni-13Cai-13COi from 13Cai�1-12COi�1-15Ni-
12Cai-12COi dipeptides. This distinction would otherwise require
recording of an extra CO-filtered HN(CA) experiment [41] which
now becomes redundant.

Pairs of SQ and DQ/ZQ HN(CACON) subspectra obtained for each
of the three samples of p63 PAD are shown in Fig. 3. They contain
all expected signals for the particular fully 13C/15N labeled residue
types, sorted according to whether the nitrogen nucleus of the
sequentially following residue is 14N (SQ subspectrum) or 15N
(DQ/ZQ subspectrum). This immediately allows the unambiguous
assignment of residues Ser4 and Ser27 that were indistinguishable
in the previously recorded set of spectra [35,41] (Fig. 2), as well as
residues Ser11 and Ser18 from the HN(CACON) spectra of sample 3.
Furthermore, Ser28 can now be assigned as it has a 15N labeled C-
terminal neighbor, contrasting Ser9 and Ser19.

Using the present labeling scheme, additional information will
be required to obtain assignments in the case of higher degrees
Fig. 3. Differentiation of 15Ni-13Cai-13COi-14Ni+1 and 15Ni-13Cai-13COi-15Ni+1 moieties in
observed in SQ and DQ/ZQ subspectra, respectively. Asterisks mark additional sequenti
which 13COi�1 antiphase magnetization with respect to 15Ni is converted into in-phase
(giving rise to cross peaks in DQ/ZQ subspectra) by the phase cycling employed here. The
unambiguously identified by the presence/absence of cross peaks in HN(COCA)/DQ-HN(C
in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader
of degeneracy as, for instance, encountered for the three Ser/Ser
pairs in p63 PAD. This is accounted for by incorporating the residue
types in positions i � 2 of Ser9 and Ser19, respectively, without
(Phe) and with (Pro) a 13C label at the carbonyl group. Probing
whether a remote residue carries a 13CO label is made possible
by the (H)N(COCO)NH experiment [58–60] which involves 13C iso-
tropic mixing via small three-bond 13CO-13CO scalar couplings in
the polypeptide backbone. Magnetization can thus be relayed from
the amide of residue i via the carbonyl of residue i � 1 to the car-
bonyl of residue i � 2 and finally detected on the amide of residue
i � 1 (Fig. 2b), provided that residue i � 1 is fully 13C/15N labeled
and residue i � 2 is 13CO labeled. The two-dimensional (H)N
(COCON)H BEST-TROSY version of the pulse sequence used in the
current study is shown in Fig. S2. It gives rise to rectangular cross
peak patterns spanned by HN(CO)-like auto peaks at the usual
15Ni-1Hi and 15Ni�1-1Hi�1 resonance positions and additional 15Ni-1-

Hi�1 (Fig. 3b) and 15Ni�1-1Hi (Fig. 2c) correlations indicating the
presence of a 13COi�2-15Ni�1-13Cai�1-13COi�1-15Ni fragment.

The application of the (H)N(COCON)H experiment to p63 PAD is
illustrated in Fig. 4. In the samples shown here, serines are 13C/15N
p63 PAD using the HN(CACON) experiment. The former and latter are exclusively
al cross peaks of 15N labelled residues preceded by fully 13C/15N labelled ones, for
magnetization, which is not separated from double antiphase 13CO magnetization
ir appearance does not obstruct the analysis of the HN(CACO)N as these signals are
A) spectra (see Fig. 1). Degenerate i, i � 1 pairs are annotated with the same colors as
is referred to the web version of this article.)



Fig. 4. Identification of 13COi�2-15Ni�1-13Cai�1-13COi�1-15Ni fragments in p63 PAD.
Plotted are 2D (H)N(COCON)H spectra recorded with 285.4-ms MOCCA-XY16
mixing periods at 500 MHz 1H frequency. Assignments are only provided for the HN
(CO) auto-correlation peaks. These are connected with 15Ni-1Hi�1 and 15Ni�1-1Hi

cross peaks by dashed lines, indicating the presence of a 13C labeled carbonyl group
in the N-terminal neighbor. If residue i � 2 is not labeled at the carbonyl, no such
correlations are observed, as visualized by dashed arrows. The differentiation of the
three Seri�1/Seri pairs at positions i = 9, 19 and 28, and of the two Seri�1/Hisi pairs at
positions i = 5 and 12 is highlighted in red and green, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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labeled and the phenylalanine residue at position i � 2 from Ser9 is
not carbonyl labeled. Consequently, no additional correlations are
observed at the F1 (15N) or F2 (1H) chemical shifts of Ser9. Both pro-
line (i � 2 form Ser19) and glycine (i � 2 from Ser28) contain a 13C
label at the carbonyl in sample 3, resulting in the expected rectan-
gular cross peak patterns that connect the two serine residues with
the respective sequentially preceding ones. In sample 2, only pro-
line is 1-13C labeled such that Ser19 shows additional cross peaks
sharing the F1 and F2 coordinates with the preceding residue,
whereas Ser9 and Ser28 do not. Individual assignments for each
of the three degenerate Ser/Ser pairs are thus obtained with the
help of the (H)N(COCON)H method. Likewise ambiguous from
the previous set of 2D spectra was the assignment of the degener-
ate pairs Ser4/His5 and Ser11/His12. It should be noted that a dis-
tinction would have been possible based on the HN(CACON)
experiment, provided that 15N labeled histidine had been replaced
by 13C/15N labeled histidine in sample 1, where only one of the fol-
lowing residues, i.e. Glu6, but not Leu13 is 15N labeled. Incorpora-
tion of expensive doubly labeled histidine was however avoided
here. Instead, the (H)N(COCON)H spectrum of sample 2 allows
straightforward assignment of the two histidine signals based on
the fact that Pro10 is 1-13C labeled whereas Gly3 is not labeled
in this sample, such that only His12 shows the corresponding con-
nectivities with its N-terminal neighbor.

To summarize, exclusively using combinatorial labeling com-
plete NH assignments were obtained for the p63 PAD peptide
which features a repetitive sequence due to its 30% composition
of serine residues. The general assignment strategy is depicted
schematically in Fig. 5. For each backbone NHi of a given amino
acid sequence (top) the expected cross peak occurrence pattern
(bottom right) can be compiled from the list of experiments (left
side) and the chosen labeling scheme (top right). Using four differ-
ent labeling types, i.e. 15N, 1-13C, 2-13C and fully 13C/15N, a total of
15 isotopomers involving the detected residue i, the adjacent resi-
dues i � 1 and i + 1 as well as the remote residue i � 2, can be iden-
tified from a suite of eight proton-nitrogen correlated 2D spectra,
representing the vertical dimension of the grid shown at the bot-
tom right. Seven tetrapeptide fragments are exemplarily shown
here; an overview of all isotopomers and the corresponding spec-
tral signature in terms of presence or absence in these spectra is
provided in the supplementary material (Table S3). Since the num-
ber of amino acid types highly exceeds the number of labelling
types employed and at the same time the number of residues
highly exceeds the number of isotopomeric tetrapeptides that
can be distinguished, this type of information must be multiplexed
by the use of several amino-acid specifically labeled samples to
provide the horizontal dimension of the grid. For instance, residues
C32, G42, and K53 reveal the same pattern in the first column of
the table at the bottom right (sample 1) and can only be differen-
tiated from the set of spectra recorded on samples 2 and 3. In order
to avoid preparation and analysis of an excessive number of sam-
ples selective labeling is implemented in a combinatorial manner.
Thus, the experimental cross peak occurrence at each 1H-15N posi-
tion in the set of spectra of all samples must be compared with the
expected patterns of individual residues of a polypeptide. When-
ever a match is found and the pattern is unique, the corresponding
NH cross peak is sequence-specifically assigned.

3.2. Sequence-specific NH assignment exclusively by combinatorial
selective labeling – a feasible approach for folded proteins?

Having demonstrated how information about sequence posi-
tions i + 1 and i � 2 complements our previous combinatorial
labeling protocol to achieve complete amide group resonance
assignments of a peptide it shall be explored in the following to
what extent the results are transferable to a protein. Two aspects
are relevant here: (1) the much higher number of amino-acid type
combinations that need to be distinguished with a given labeling
scheme and (2) the increased transverse relaxation rates that
might render application of the two additional, lengthy pulse
sequences to a folded protein inefficient. As a test case we have
chosen the 165-residue protein cyclophilin D, a peptidyl-prolyl
cis/trans isomerase for which inhibitor binding was previously
investigated in our laboratory [35]. In that study, assignments were
obtained with the aid of a three-sample combinatorial labeling
scheme, directly resulting in sequence specific assignments for
37% of the 152 residues detectable in a 15N HSQC, and the identifi-
cation of all amino acid types. Assignments were completed by
recording 3D HNCA and HN(CO)CA spectra on a uniformly
13C/15N labeled sample.

Use of a uniformly labeled sample and acquisition of three-
dimensional data sets was dispensed with in the current work.
Instead, a combinatorial selective labeling scheme was devised
which comprises four samples (Table 2) and represents a compro-
mise to allow collection of a sufficient amount of information while
keeping sample preparation efforts at a manageable level. Analysis
of six 2D 1H-15N correlated spectra, i.e. CO-filtered HSQC,
Ca-filtered HN(CO), HN(COCA), HN(CA), DQ-HN(CA), and
CO-filtered HN(CA) – in analogy to previous applications
[35,41]– potentially provides sequence specific assignments of 70
residues (46%) of CypD. For a further 52 residues (34%) two possi-
ble assignments exist, while higher degrees of ambiguity (up to
six-fold) apply for the remaining residues (see Fig. 6, red bars, for
statistics). Among the 82 unassigned residues 73 are involved in
non-unique i, i � 1 pairs, a priori ruling out their assignment with
the above set of experiments, irrespective of the labeling scheme
and the number of samples employed.

In order to assess to what extent ambiguities can be resolved by
the discrimination of 14N/15N nuclei in residues i + 1, the HN
(CACON) experiment is included in the next step. Note that this
allows abandoning the CO-filtered HN(CA) experiment because
13Cai�1-12COi�1-15Ni-12Cai-12COi moieties are now identified by
their absence in both HN(CACON) subspectra. Compared to the
unstructured p63 PAD peptide, application of the HN(CACON)



Fig. 5. Summary of assignment strategy employed here. Top: Section from a hypothetical amino acid sequence. Arbitrary letters, not corresponding to one-letter amino acid
codes, are used. Left: Examples of polypeptide stretches comprising residues i � 2, i � 1, i, i + 1 and their fingerprint in the set of eight 2D 1H-15N correlation spectra used for
identification of the tetrapeptides. 13C and 15N nuclei are indicated in red and blue, respectively. Black dots in the (H)N(COCON)H spectrum are auto peaks from sequential
neighbors of the colored amide groups, connected to the latter by (smaller) 15Ni-1Hi±1 and 15Ni±1-1Hi cross peaks. Top right: Hypothetical three-sample combinatorial labeling
scheme. Bottom right: Cross peak occurrence pattern for a residue i derived from the array of experiments (vertical dimension) and the labeling type in each sample
(horizontal dimension). Of the three i � 2, i � 1, i, i + 1 tetrapeptides marked in the sequence by upper case letters, only one matches the full grid, resulting in the assignment
of the amide of C32 (residue i in the tetrapeptide ABCD).
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experiment to a folded protein resulted in a larger variation of sig-
nal intensities due to differential transverse relaxation of its back-
bone nuclei and required longer accumulation times to observe the
weaker cross peaks. Nevertheless, for CypD assignments could be
extended to 122 residues (80%) and the degree of ambiguity for
the remaining residues reduced (Fig. 6, green bars).

Three cases where the pair of HN(CACON) subspectra resolved
ambiguous assignments in CypD are highlighted in Fig. 7. (1) Thre-
onine residues 41 and 116 are both preceded by a cysteine and
therefore indistinguishable with the previously applied set of
experiments (data not shown). However, Thr41 is sequentially fol-
lowed by a glycine, which is 2-13C-labeled in sample 2, while
Thr116 is sequentially followed by a fully 13C/15N-labeled isoleu-
cine in the same sample. Consequently, cross peaks for Thr41
and Thr116 are exclusively observed in the SQ and DQ/ZQ subspec-
tra, respectively, of the HN(CACON) (peak annotations printed in
blue in Fig. 7a). (2) Individual assignments for the two degenerate
i � 1/i pairs Ser59/Phe60 and Ser144/Phe145 (red peak annota-
tions) can be obtained with the help of the HN(CACON) spectra
of either sample 1 or sample 2, since Phe60 is followed by a



Fig. 6. Uniqueness of CypD NH assignments accomplished with the four-sample
combinatorial labeling scheme of Table 2 using different sets of experiments. The
height of bars in the histogram indicates the distribution of residues for which
either unambiguous sequential information is obtained or up to six possible
assignments exist. Red bars: using only information about the amino acid type of
residues i and i � 1; green bars: after including information about residue i + 1; blue
bars: additionally including information about residue i � 2. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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methionine which carries a 15N label in both samples, whereas
Phe145 is followed by a glycine, which is not 15N labeled. (3)
Due to the binary information about the labeling state of residue
i + 1 provided by the HN(CACON) experiment, combined informa-
tion from both samples is required when more than two i � 1/i
pairs are indistinguishable, as found for the three phenylalanine
residues in positions 36, 83, and 88 (green peak annotations).
Although only Phe36 and Phe88 are preceded by the same residue
type, i.e. asparagine, the degree of ambiguity further increases
because Phe83 is preceded by arginine, which cannot be distin-
guished from asparagine in position i � 1 with the current labeling
scheme (Table 2). The reason is that both residue types carry no 13C
label in samples 1–3, where phenylalanine cross peaks can be
observed (spectra of sample 3 not shown here). For clarity, the
labeling pattern of the three phenylalanine residues and their N-
and C-terminal neighbors is depicted in Fig. 7b. In both samples
1 and 2, Phe36 and Phe83 form peptide bonds with 15N and 14N
nuclei, respectively, and are therefore exclusively detected in
either the DQ/ZQ (Phe36) or SQ (Phe83) subspectra. In contrast,
Phe88 is observed in the SQ subspectrum of sample 1 and the
DQ/ZQ subspectrum of sample 2, revealing that its C-terminal
neighbor is 15N labeled in sample 2 but not in sample 1. The three
phenylalanine residues are thus readily differentiated by their fin-
gerprints in the HN(CACON) experiment.

Expanding the combinatorial triple-selective labeling approach
with the HN(CACON) technique involves analysis of seven 1H-15N
correlated spectra that result from three time-shared pulse
sequences. In the case of the four-sample labeling scheme of CypD
amide resonance assignments are therefore obtained by evaluating
the presence or absence of cross peaks at the corresponding 1H and
15N resonance positions in a total of 28 2D spectra. Each finding of
a unique pattern in a 7 � 4 matrix of the type shown in Fig. 8 con-
tributes an unambiguous sequence specific assignment. Represen-
tative examples are Leu39 (Fig. 8a) and Ile114 (Fig. 8b). For 30
residues of CypD, however, non-unique patterns were observed,
as for asparagines 13 and 102 depicted in Fig. S4. Of these 30 resi-
dues, eight are at the central position of degenerate i � 1/i/i + 1
amino–acid type triplets, implying that their indistinguishability
is labeling-scheme independent. As demonstrated in the following,
the (H)N(COCON)H method is suitable to resolve such ambiguities
not only for an unstructured polypeptide but for a folded protein
such as CypD, too.

The 2D BEST-[15N,1H]-TROSY-(H)N(COCON)H pulse sequence
was applied at 600 MHz to samples 3 and 4 of CypD, where most
of the above mentioned ambiguities occurred. An expansion of
the spectrum of sample 4 is shown in Fig. 9. Serine residues 110
and 147 are both preceded by a glycine and followed by a
non-15N labeled residue and therefore not assigned individually
thus far. However, as illustrated below the spectrum, the residue
in i � 2 position of Ser110 is 13C labeled at the carbonyl group,
whereas the amino acid in the corresponding position of Ser147
is not. Consequently, no 15Ni-1Hi�1 or 15Ni�1-1Hi cross peaks are
detected for Ser147, contrasting Ser110 where the expected con-
nectivities to Gly109 are observed. A slightly different situation is
encountered for the Asn13/Asn102 pair, which revealed identical
patterns in the experiment vs. sample matrices of Fig S4. Again,
amino acids in position i � 2 are carbonyl labeled in one case and
non-carbonyl labeled in the other, in principle allowing a differen-
tiation. However, both asparagines are sequentially followed by a
13C/15N labeled residue, resulting in additional C-terminal correla-
tions in the (H)N(COCON)H spectrum at the 1H and 15N coordinates
of Asn13 and Asn102. Although it cannot a priori be decided
whether these correlations point into the N- or the C-terminal
direction, connectivities involving Ala12, Gly14, Ala103, and
Gly104 immediately result in sequence specific assignments for
Asn13 and Asn102 because the resonance positions of the adjacent
residues are known from the previously applied set of experi-
ments. This example illustrates an attractive feature of the (H)N
(COCON)H experiment not mentioned so far: assignment informa-
tion is not only derived from the presence or absence of signals, but
the observed cross peaks provide direct sequential links to already
assigned residues. An example from sample 3 of CypD is presented
in the supplementary material (Fig. S5).

Including information from the (H)N(COCON)H experiment
raises the fraction of unambiguous assignments in CypD to 88%
with the remaining 18 residues subject to two-fold degeneracies
(Fig. 6, blue bars). Reasons for the incomplete assignment are (1)
the fact that (H)N(COCON)H spectra were only available from
two of the four samples, (2) the lack of suitable isotopomers to
resolve ambiguities in the labeling scheme used in this study,
and (3) the absence of expected correlations in (H)N(COCON)H
experiments. The latter issue is of general concern in the (H)N
(COCON)Hmethod as it critically relies on a magnetization transfer
via three-bond 13CO-13CO scalar couplings that show a Karplus-
type dependence on the backbone torsion angle u [85,86]. Applica-
tions to intrinsically disordered proteins took advantage of confor-
mationally averaged 3JC0C0 coupling constants resulting in uniform
transfer efficiencies along the backbone [59,60]. In folded proteins,
however, this scalar interaction can approach zero in a-helical
regions, preventing the use of the (H)N(COCON)H experiment for
distinction of certain i � 2, i � 1, i amino acid type combinations.

We have successfully applied the extended combinatorial-
labeling based assignment protocol to a protein tumbling with a
rotational correlation time of 8.2 ns. The size of proteins for which
the approach is usable is clearly limited by the sensitivity of the
newly included experiments, HN(CACON) and (H)N(COCON)H,
with the upper limit of the correlation estimated to be roughly
10 ns. Similar to other backbone assignment methods, deuteration
at non-exchangeable sites can shift this limit to larger molecular
sizes. However, it should be noted that the performance of the
HN(CACON) and in particular the (H)N(COCON)H experiment
depends to a significant degree on carbonyl relaxation which is
marginally affected by deuteration. For the same reason, applica-
tion of these experiments at higher static fields may be counter-



Fig. 7. Unambiguous assignment of residues in non-unique i � 1/i pairs in CypD with the help of the HN(CACON) experiment. (a) SQ and DQ/ZQ subspectra of samples 1 and 2
in the labeling scheme of Table 2. Assignments for residues discussed in the text are indicated with colored labels. For Val29 and Thr89, which are sequentially followed by
non-15N-labeled amino acids and therefore only expected in SQ subspectra, weak additional correlations are observed in DQ/ZQ subspectra arising from the magnetization
transfer pathway via 2J(15N,13Ca) couplings involving 13C/15N-labeled residues in position i � 1. The cross peak labeled with an asterisk is due to a degradation product. (b)
Labeling patterns of Phe36, Phe83, and Phe88 and the relevant parts of their adjacent residues in samples 1 (left) and 2 (right). 15N and 13C labeling is indicated in blue and
red, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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productive. The incorporation of deuterated amino acids using
cell-free expression to allow assignment of large systems with
the help of triple-selective combinatorial labeling has been shown
to be feasible [42], it is however compromised by the limited com-
mercial availability of deuterated and site-specifically labeled
amino acids.

Since exclusively 2D spectra were employed in the current
implementation, resolution is a critical issue, too. While 13C chem-
ical shift degeneracy is irrelevant here, any overlap in the 1H-15N
correlation map will lead to ambiguities. Although alleviated to
some extent owing to amino-acid specific labeling, a well-
dispersed 15N HSQC is prerequisite for the success of combinatorial
labeling when aiming at sequence-specific assignments. Therefore,
the method proposed here is preferentially applied to folded pro-
teins, ideally with a high content of b-sheet secondary structure
or a mixture of both a-helical and b-sheet secondary structure ele-
ments. It is not expected to be particularly useful for the assign-
ment of large IDPs.



Fig. 8. Array of 2D HN(CX) spectra of the four selectively labeled samples of CypD at the peak positions of (a) Leu39 and (b) Ile114. Boxes are centered at the corresponding
amide chemical shifts and have a width of 0.2 ppm along the 1H dimension and 2 ppm along the 15N dimension. Spectra expansions are shown with a green background if a
signal is expected in the center and with a red background if it should not contain a signal based on the current labeling scheme. In the latter case, the lowest plot level is
chosen to be within the noise to demonstrate the absence of a cross peak.
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The assembly of triple-selective combinatorial labeling schemes
needs the amino acid sequence of the target protein to be taken
into account. Considerations relevant for the identification of indi-
vidual i � 1, i dipeptides were given in previous publications
[35,40,41] and shall not be reiterated here. As a general guideline
it should be added that a maximum of sequence-specific assign-
ments is scored when abundant amino acid types are 15N and/or
fully 13C/15N labeled in more samples than less abundant ones. This
contrasts the strategy followed for amino-acid type identification
with the help of a combinatorial 15N-labeling scheme, where the
number of cross peaks in 15N-HSQC spectra was sought to be min-
imized in order to optimize resolution [32]. The additional identi-
fication of sequential neighbors however necessitates a
proportional increase of the fraction of samples in which amino
acids are detectable, i.e. carry a 15N label [31]. Further differentia-
tion based on the labeling state of residue i + 1 with the help of the
HN(CACON) experiment requires the presence of fully 13C/15N
labeled residues i in at least one of the samples, and only one of
the sequentially following amino acid types of two degenerate
i � 1, i pairs being 15N labeled in the same sample. In the case of
higher degeneracies the amino acid type of position i must be fully
13C/15N labeled in several samples, while the respective amino acid
types of positions i + 1 can be 15N labeled in these samples in a
combinatorial manner. In order to employ the (H)N(COCON)H
experiment for lifting remaining ambiguities the amino acid type
in position i � 1 needs to be fully 13C/15N or, alternatively, dual-
selectively 15N and 1-13C labeled. When the differentiation is based
on the presence/absence of cross peaks the backbone carbonyl
group of exactly one of the amino acid types in position i � 2 must
be 13C labeled and that of the other(s) non-labeled, or vice versa
when there are more than two possible assignments. The latter
restriction does not apply if the residue in position i � 1 is already
assigned. In this case residue i can be assigned from sequential
linkages in an (H)N(COCON)H spectrum whenever it carries a 15N
label itself, residue i � 1 carries both 15N and 1-13C labels and resi-
due i � 2 is 1-13C labeled. Since the (H)N(COCON)H experiment is
bi-directional the same result can be obtained via correlations with
an already assigned residue i + 1 in a 13COi�1-15Ni-13/12Cai-13COi-15-

COi�1-15Ni-13/12Cai-13COi-15Ni+1 amino acid stretch.
Optimized labeling schemes can be conveniently found using

suitable computer algorithms as demonstrated for dual-selective
(15N and 1-13C) combinatorial labeling [34,36,37,87] and, very
recently, suggested for a larger variety of labeling types and corre-
sponding NMR coding systems [88]. While a labeling scheme that
allowed the complete assignment of the p63 PAD peptide could be
easily devised ‘‘manually”, it is likely that the percentage of
assigned NH resonances achieved for the protein CypD would be
further increased with the help of software that takes into account
all relevant isotopomers (Table S3) and the full set of experiments
employed here.
4. Conclusions

The objective of the presented work was to probe the suitability
of combinatorial selective labeling for obtaining backbone amide
assignments without additional information from 3D (or higher
dimensional) triple resonance spectra of uniformly labeled sam-
ples. Full assignments were achieved for the 31 residues detectable
in a 15N-HSQC of the unstructured p63 PAD peptide using three
selectively labeled samples, while 88% of the 152 detectable amide
signals of the folded protein CypD could be assigned using four
samples. This compares favorably with reported yields of combina-
torial labeling schemes, e.g. 8% [40], 14% [41], 37% [35] (using three



Fig. 9. Application of the (H)N(COCON)H experiment to sample 4 of CypD. The spectrum was recorded at 600 MHz using a MOCCA-XY16 mixing period of 280.5 ms.
Assignments are provided for 15Ni-1Hi auto-correlation peaks that are connected to 15Ni-1Hi±1 and/or 15Ni±1-1Hi cross peaks by dashed lines. Auto-correlation peaks of Gly14,
Val28 and Gly50 are located outside the plotted region. The dashed arrows pointing away from the auto-correlation peak of Ser147 indicate the absence of cross peaks along
the F1 and F2 coordinates of this residue. Cross peaks labeled with green and red asterisks are Asn13 15Nd - Gly14 1HN and Asn108 15Nd - Gly109 1HN side-chain-to-backbone
correlations, respectively, arising from a transfer via intraresidual 3JCcĆ couplings in asparagine residues. For residues whose assignment is discussed in the text (i = Asn13,
Asn102, highlighted in green, and i = Ser110, Ser147, highlighted in red) labeling patterns of i � 2, i � 1, i, i + 1 polypeptide stretches are visualized at the right, where 15N and
13C nuclei are drawn in blue and red, respectively. Double-headed arrows delineate a magnetization transfer via 3JĆĆ giving rise to 15Ni-1Hi±1 and 15Ni±1-1Hi cross peaks. When
crossed out, the transfer cannot take place due to the lack of a 13CO label. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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samples in each study), ca. 25% (five samples) [31], 27% (six sam-
ples) [37] and, representing a theoretical value, 28% (nine samples)
[87].

Aggregate measurement time requirements for the three sam-
ples of p63 PAD were approximately 7 h. Considering that HN
(CACON) spectra of samples 1 and 2 and (H)N(COCON)H spectra
of samples 1 and 3 were not needed for the actual assignment
and only recorded for demonstration, this time further reduces to
4 h. Clearly, this is competitive with conceivable higher-
dimensional methods that address the problem of low 13C chemi-
cal shift dispersion. In the case of CypD the advantage is debatable.
Obtaining assignments via four-sample combinatorial labeling
required a total of 110 h of spectrometer time at 500 and
600 MHz (Table S2). For comparison, a complete backbone assign-
ment has been obtained from a set of five non-uniformly sampled
standard 3D triple resonance spectra recorded on a single uni-
formly 13C/15N labeled sample within 302 h on a 500 MHz spec-
trometer [35]. It is explicitly not claimed here that our approach
is generally superior to existing assignment methods. Also, it is rec-
ognized that exclusively 1HN and 15N chemical shifts assignments
are provided while structural investigations will additionally
require assignments for other nuclei, that are already partially
afforded by �3D based assignment procedures. Nevertheless, the
protocol presented here augments the toolbox of selective labeling
to facilitate studies that rely on backbone amide signals, especially
in cases of extensive 13C chemical shift degeneracy and limited
sensitivity. Based on the results obtained in this study it may be
envisioned that for medium sized proteins the corresponding
assignments can be established entirely by combinatorial selective
labeling.
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