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Abstract Sequence specific resonance assignment constitutes an important step towards high-resolution structure
determination of proteins by NMR and is aided by selective
identification and assignment of amino acid types. The traditional approach to selective labeling yields only the
chemical shifts of the particular amino acid being selected
and does not help in establishing a link between adjacent
residues along the polypeptide chain, which is important for
sequential assignments. An alternative approach is the
method of amino acid selective ‘unlabeling’ or reverse
labeling, which involves selective unlabeling of specific
amino acid types against a uniformly 13C/15N labeled background. Based on this method, we present a novel approach
for sequential assignments in proteins. The method involves a
new NMR experiment named, {12COi–15Ni?1}-filtered
HSQC, which aids in linking the 1HN/15N resonances of the

selectively unlabeled residue, i, and its C-terminal neighbor,
i ? 1, in HN-detected double and triple resonance spectra.
This leads to the assignment of a tri-peptide segment from the
knowledge of the amino acid types of residues: i - 1, i and
i ? 1, thereby speeding up the sequential assignment process. The method has the advantage of being relatively
inexpensive, applicable to 2H labeled protein and can be
coupled with cell-free synthesis and/or automated assignment
approaches. A detailed survey involving unlabeling of different amino acid types individually or in pairs reveals that
the proposed approach is also robust to misincorporation of
14
N at undesired sites. Taken together, this study represents
the first application of selective unlabeling for sequence
specific resonance assignments and opens up new avenues to
using this methodology in protein structural studies.
Keywords Selective unlabeling  Sequence specific
resonance assignment  Isotope labeling  Protein structure
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Introduction
The first step towards three-dimensional (3D) structure
determination of proteins by NMR involves sequence
specific resonance assignments of its backbone and sidechain 1H, 13C and 15N nuclei (Wüthrich 1986). For proteins
with molecular mass[10 kDa, this is accomplished using a
suite of triple resonance spectra acquired with a doubly or
triply labeled (13C, 15N or 2H, 13C, 15N) protein sample
(Cavanagh et al. 1996). In this method, sequential connectivities between neighboring amino acid residues along
the polypeptide chain (di-peptide links) are established and
a stretch of assigned residues is mapped on to the primary
sequence for assigning the resonances sequence specifically. Due to high sensitivity and resolution of triple
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resonance experiments, the spectra obtained are often
amenable to automated assignments and several algorithms
have been proposed in this direction (reviewed in Baran
et al. 2004).
In the case of spectral overlap and/or larger molecular
weight proteins, it becomes necessary to identify spin
systems corresponding to the different amino acid types
selectively to aid resonance assignments. This is accomplished in one of the two ways: (a) selective isotope
labeling of amino acids (Goto and Kay 2000; Muchmore
et al. 1989; Ohki and Kainosho 2008) or/and (b) use of
NMR experiments which detect specific amino acid types
selectively (Barnwal et al. 2008; Dötsch et al. 1996a, b;
Dötsch and Wagner 1996; Schubert et al. 2005, 2001a, b,
c, 1999). In the first approach, selective labeling of a
specific amino acid type is achieved by feeding the
host organism with the desired isotopically labeled
(13C/15N/2H) amino acid, while supplying the rest of the
amino acids in unlabeled form (Muchmore et al. 1989).
There are two drawbacks of this method: (a) the use of
expensive 13C/15N enriched amino acids, resulting in
prohibitively high costs, especially if the protein yields are
low and (b) the method provides 1HN/15N chemical shifts
only for the amino acid residue being selectively labeled
(residue i) and does not help in establishing a link between
1 N 15
H / N resonances of residue i and residue i ? 1 along
the polypeptide chain, which is essential for sequence
specific resonance assignments.
The second approach mentioned above involves design
of NMR experiments which exploit the nature of the sidechain of different amino acids. The magnetization transfer
pathways in these experiments are tuned so as to selectively detect a given amino acid type (Barnwal et al. 2008;
Dötsch et al. a, b; Dötsch and Wagner 1996; Schubert et al.
1999, 2005, 2001a, b, c). A disadvantage of this approach
is the rapid loss in sensitivity with increasing molecular
weight of the proteins due to the long delay periods used in
the pulse sequences. Further, these experiments often
cannot be applied to deuterated proteins owing to the fact
that the magnetization originates from the side-chain 1H of
the different amino acids which are lost upon deuteration.
An alternative and inexpensive approach is the method
of amino acid selective ‘‘unlabeling’’ or ‘reverse’ labeling
(Atreya and Chary 2000, 2001; Vuister et al. 1994). This
involves selective unlabeling of specific amino acid types
against a uniformly or fractionally 13C or/and 15N labeled
background. A particular or a set of amino acid type(s) in a
protein is selectively unlabeled by feeding the host
microorganism with 15NH4Cl or/and 13C (1H/2H) -D-glucose as the sole source of nitrogen and carbon, respectively, along with the desired amino acid(s) in unlabeled
form (i.e., containing 12C and 14N). As a result, cross peaks
due to these residues are not observed in the double and
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triple resonance spectra. A comparison of such a spectrum
with that of a control spectrum involving uniformly 13C or/
and 15N labeled protein enables one to distinguish peaks
and assign the corresponding chemical shifts of nuclei
belonging to the unlabeled residues. This method has the
advantage of being relatively inexpensive (only unlabeled
amino acids are required along with 15NH4Cl and/or 13CD-glucose) and applicable to 2H labeled protein. It has been
used in a range of applications such as spectral simplification (Kelly et al. 1999; Vuister et al. 1994), spin-system
identification, (Atreya and Chary 2000; Mohan et al. 2008;
Shortle 1995), stereospecific assignment of the pro-chiral
methyl groups of Val and Leu in large molecular weight
proteins (Tugarinov and Kay 2004) and measurement of
residual dipolar couplings (RDC) (Mukherjee et al. 2005).
Its application has been proposed for structural studies of
membrane proteins (Hilty et al. 2002) and proteins with a
paramagnetic centre (Turano et al. 2010). Despite such
potential applications, a detailed study with respect to its
robustness and its use particularly in the sequential
assignment process is lacking.
We present here a novel approach to use the method of
selective unlabeling in HN-detected double and triple resonance experiments based resonance assignments. Specifically, we have: (a) developed a method which will allow
the assignment of 1HN and 15N resonances at the C-terminus (i.e., residue i ? 1) of the amino acid residue being
unlabeled (i.e., i) for establishing sequential connectivity
(this results in a tri-peptide linkage from the knowledge of
the amino acid types of i - 1, i and i ? 1 residues) and
(b) evaluated the extent of misincorporation 14N at undesired sites for the different amino acid types. For accomplishing the first objective above, we have devised a new
NMR experiment, 2D {12COi–15Ni?1}-filtered HSQC to
select residues in the protein that are 15N and 13C labeled
and have an N-terminal neighbor that has been selectively
unlabeled (i.e., containing 12C). These studies have been
carried out on the protein Ubiquitin (8.6 kDa) and a
intrinsically disordered protein, Tim23 (11 kDa) overexpressed in E. coli and can be combined with other
methods for isotope labeling (Kainosho and Guntert 2009;
Ohki and Kainosho 2008) and/or with completely/partially
deuterated protein samples.

Materials and methods
Selection of amino acid types for selective unlabeling
Identification and assignment of resonances corresponding
to the selectively unlabeled amino acids is done by comparing a given spectrum with that of a reference sample of
the same protein which is uniformly 13C/15N labeled
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(Atreya and Chary 2000, 2001). In general, a single or
combination of two or more amino acid types can be
chosen for selective unlabeling at a time. Choosing more
than one amino acid type in the same sample reduces the
total number of samples required for analysis. In the case
of one type of amino acid being unlabeled, its identification
and assignment is straightforward (described below).
However, if two or more amino acid types are chosen
together for selective unlabeling in the same sample, the
particular combination chosen depends on the relative ease
with which the different amino acid types can be distinguished from one another in the spectrum and their relative
abundance in the protein. Such discrimination can be made
on the basis of 13Ca and 13Cb chemical shifts which are
well-known indicators of amino acid types (Atreya et al.
2002, 2000; Cavanagh et al. 1996). This is depicted
in Fig. 1 using chemical shift statistics available in the
BioMagResBank (BMRB, http://www.bmrb.wisc.edu).
The 20 amino acids can be divided into 9 groups (labeled
I–IX in Fig. 1) with each group having a distinct range of
13 a
C and 13Cb chemical shifts. For instance, Arg and Asn
can be chosen together for selective unlabeling as their
13 b
C shifts resonate in different spectral regions (Fig. 1).
Out of the 20 amino acid types, Gly, Ala, Ser and Thr are
usually not required for selective detection owing to the
fact their 13Cb shifts occur in distinct spectral regions
and can be identified directly from inspection of the 3D
spectra. Further, the amino acid, Pro, is not observed in
HN-detected double and triple-resonance experiments and
hence omitted from selective unlabeling.
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Fig. 1 Classification of the 20 amino acids (indicated by single letter
code) into 9 categories based on their 13Ca and 13Cb chemical shifts
(Atreya et al. 2000). The different categories are numbered I–IX and
indicated on top or bottom of the dotted boxes drawn for each
category of amino acids. Red and green circles denote 13Ca and 13Cb
chemical shifts, respectively

In the present study, we have chosen 8 amino acids in
four pairs for selective unlabeling: (a) Gln, Ile (Q,I), (b)
Arg, Asn (R,N) (c) Phe, Val (F, V) and (d) Lys, Leu (K, L).
Each pair corresponds to one protein sample and together
with the reference (uniformly 13C or/and 15N labeled),
results in five samples. The four combinations have been
chosen on the basis that the two amino acid types in each
pair have distinct 13Ca and 13Cb chemical shifts (Fig. 1).
Furthermore, these are among the most abundant amino
acid residues in a given protein. Together with Gly, Ala, Ser
and Thr, they constitute *80% of the amino acid residues
found in proteins of prokaryotes and eukaryotes. However,
in any given protein, it is possible to change the combination of amino acids chosen which is discussed below.
Identification of resonances corresponding to unlabeled
amino acids
The signals/peaks corresponding to the selectively unlabeled amino acid residue in 2D [15N–1H] HSQC is usually
identified by appropriate scaling and subtraction of the
spectrum from that of the reference sample containing
uniformly 15N labeled protein (hereafter referred to as the
‘difference spectrum’). The difference spectrum is comprised of peaks corresponding to the specific amino acid
residue being unlabeled. A disadvantage of this method is
the imperfect cancellation of undesired peaks upon subtraction, due to the fact the two protein samples (reference
and the selectively unlabeled) may have different concentrations and hence different signal-to-noise (S/N) ratios.
We have devised an alternative method for this process. It
involves taking the ratio of two quantities, IRunlab and IRref
(i.e., IRunlab/IRref), which are defined as follows: IRunlab is
the ratio of the volume of each peak in the 2D HSQC
spectrum of the selectively unlabeled protein sample to the
sum total of intensities of all peaks in the same spectrum.
That is, IRunlab,i = Iunlab
/RIunlab
, where ‘Ii’ refers to the
i
i
volume of a given peak (‘i’). Similarly in the case of the
ref
reference sample, IRref,i = Iref
i /RIi . An alternative to using
the total intensity is to choose a reference or ‘control’ peak
in the spectrum which is known to be un-affected by unlabeling (for instance a Gly residue). The intensity of that
peak in the two respective spectra can be used, replacing
unlab
ref
RIunlab
and RIref
i
i with Icontrol and Icontrol, respectively. The
ratio, IRunlab/IRref, is thus independent of the differences in
the signal-to-noise of the two spectra being compared and
can be used in concert with the 2D difference spectrum. It
also provides information on the extent to which the unlabeling of the particular amino acid has occurred. For
instance, for a peak which is completely absent in the
spectrum acquired for the selectively unlabeled sample
IRunlab,i/IRref,i will be *0, whereas IRunlab,i/IRref,i will be
*1 for any peak unaffected by selective unlabeling. In
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practice, a range of values from 0 to 1 are observed for the
unlabeled residues reflecting the extent to which a given
amino acid type has been unlabeled.
Sequential assignment strategy
In the general sequential assignment process, a link
between 1HN/15N resonances of residue i and residue i ? 1
along the polypeptide chain is established by using, in
concert, 3D HNCACB and 3D CBCA(CO)NH/HN(CO)CACB spectra (Cavanagh et al. 1996). Starting from a
spin-system i in 2D [15N–1H] HSQC, a search is carried out
in the 3D CBCA(CO)NH/HN(CO)CACB spectrum for a
spin-system j such that the 13Ca and 13Cb chemical shifts of
residue i (obtained from HNCACB) are observed on j. The
spin system j then corresponds to the C-terminal neighbor
(i.e., i ? 1) of i. In the case of spectral overlap and/or
larger molecular weight proteins, 1Ha and/or 13CO shifts
from suitable 3D experiments can also be used to establish
this link (Baran et al. 2004; Tugarinov et al. 2004). This
process is hindered if the search ends up with more than
one choice for spin systems corresponding to i ? 1. For
unambiguous assignments, it is thus preferable to reduce
the ‘‘search space’’ such that the spin-system i ? 1 is easily
tractable for a given spin-system i. Towards this end, we
have devised a simple method based on a HSQC-type
NMR experiment, which detects 1HN/15N resonances of the
residue C-terminus (i ? 1) of an amino acid unlabeled
selectively (residue i). The selection scheme of the experiment, named {12COi–15Ni?1}-filtered HSQC, is depicted
in Fig. 2 and the radio-frequency (r.f.) pulse scheme is
shown in Fig. 3.
The flow of magnetization is briefly explained as follows. After transfer of polarization from 1Hi?1, the magnetization on 15Ni?1 evolves under one-bond J-coupling to
13
C’i during the delay period s (set to 1/2JNC’ *30 ms)
into anti-phase 15Ni?1–13Ci’ magnetization. In the event of
residue i being an unlabeled amino acid residue, 15Ni?1
remains anti-phase only with respect to 1HN
i?1 and gets
frequency labeled during the chemical shift evolution
period, t1, similar to that in a 2D [15N–1H] HSQC.
However, if the residue i is isotopically labeled (13C/15N),
the resulting anti-phase 15Ni?1–13Ci’ magnetization is
Fig. 2 Schematic illustration of
selection of magnetization in the
2D {12COi–15Ni?1}-filtered
HSQC. The letters ‘t1’ and ‘t2’
indicate the chemical shift
evolution periods in the RF
pulse sequence (see Fig. 3)
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dephased by the gradient, G2 (Fig. 3). Thus, the resulting
2D spectrum is comprised of peaks corresponding only to
those residues which have selectively unlabeled N-terminal
neighbors. This experiment is sensitive in nature and can
be applied to deuterated proteins.
The next step is to map the 1HN/15N resonances
observed in the difference spectrum with the corresponding
resonances of their C-terminal neighbors in the 2D
{12COi–15Ni?1}-filtered HSQC. This is depicted schematically in Fig. 4 and is accomplished by an inspection of the
3D HNCACB and 3D CBCA(CO)NH/HN(CO)CACB
spectra acquired for the reference sample. For a given spinsystem i in the 2D difference spectrum, the spin system
corresponding to i ? 1 in 2D {12COi–15Ni?1}-filtered
HSQC is the one in which the 13Ca and 13Cb chemical
shifts in 3D CBCA(CO)NH/HN(CO)CACB spectrum
matches that of the residue i in HNCACB (see Fig. 4).
Based on the 13Ca and 13Cb chemical shifts (Fig. 1), the
amino acid types comprising the tri-peptide segment (residues i - 1, i, i ? 1) can be identified, which can then be
mapped on to the protein primary sequence for sequence
specific resonance assignments. We have carried out a
statistical analysis of 186 non-homologues primary
sequences from the BMRB to estimate the extent to which
such tri-peptide segments can be placed uniquely in a
protein sequence (discussed below). Note the procedure
can also be carried out in the reverse direction, that is, from
residue i to i - 1. Further, the above process can be
extended to longer stretches of amino acid residues by
repeating the process further along the polypeptide chain.
Sample preparation
Ubiquitin containing plasmid (pGLUB) was transformed
into E. coli BL21 cells. Cells were grown at 37°C in M9
minimal medium consisting of 1 g/L of 15NH4Cl and 3 g/L
of 13C-Glucose. For selective unlabeling, 1.0 g/l each of
desired unlabeled amino acid(s) (stock solution of 1.0 g in
50 ml of H2O was prepared and filter sterilized) was added
to the growth medium. Protein expression was induced at
midlog phase (O.D600 * 0.6) by addition of 1.0 mM isopropyl b-D-thiogalactoside (IPTG). Cells were harvested
by centrifugation and solubilized in acetate buffer (5 mM
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EDTA, 50 mM Na acetate, pH 5). Following sonication,
the supernatant containing the protein was loaded on to a
pre-equilibrated ion exchange column (SP Sepharose fast

shaped 180° pulses on 13C’ are of Gaussian cascade type (Cavanagh
et al. 1996) with duration of 256 us. All pulsed z-field gradients
(PFGs) are sinc-shaped with gradient recovery delay of 200 ls. The
duration and strengths of the PFGs are: G1–G2 (1 ms, 26.8 G/cm);
G3: (1 ms 42.9 G/cm) G4: (1 ms 4.3 G/cm). The delays are:
s1 = 2.3 ms, s2 = 15.0 ms, s3 = 2.3 ms, d = 1.2 ms and d1 =
1.2 ms. Phase cycling: /1 = x, -x; /2 = y; /rec = x, -x. Quadrature
detection along x1(15N) is achieved with sensitivity enhancement
(Cavanagh et al. 1996) (G3 is inverted with a 180° shift for /2)

flow from GE) and the protein eluted with a salt gradient of
0–0.6 M NaCl. The protein sample was further purified
using size exclusion chromatography with Superdex 75
(Sigma). For NMR studies, a sample containing *1.0 mM
of protein in 50 mM Phosphate buffer (90% H2O/10%
2
H2O, pH 6.0) was prepared. Four samples containing the
following pairs of selectively unlabeled amino acids were
prepared: (a) Gln, Ile, (b) Arg, Asn (c) Phe, Val and
(d) Lys, Leu. Three other 15N (only) labeled samples
containing the following selectively unlabeled amino acids
were prepared: (a) Asp, (b) His and (c) Tyr.
The gene encoding N-terminal domain of Tim 23 (1–98)
with the inclusion of a hexa-histidine tag at the C-terminus
was cloned into a pET3a vector and transformed into the
E. coli strain, Rosetta. The cells were grown at 30°C in 1liter of a M9 minimal medium containing 4 g of 13C-glucose and 1 g of 15NH4Cl as the sole source of carbon and
nitrogen, respectively. Lysine was selectively unlabelled
by adding at a concentration of 1.0 g/L to the minimal
medium. Cells were induced at A600 of 0.6 with 0.5 mM
IPTG and grown for an additional 4 h. Cells were harvested by centrifugation at 4,000 rpm at 4°C and resuspended in 12 ml of lysis buffer (20 mM Tris–Cl, pH. 7.5,
20 mM imidazole, 0.5 M NaCl, 5% glycerol, 50 lM
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(a) 2D Difference spectrum (b) {12COi-15Ni+1}-filtered HSQC
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b Fig. 5 Experimental (a) 2D difference spectrum and (b) 2D

{12COi–15Ni?1}-filtered HSQC spectrum for the different selectively
unlabeled samples of Ubiquitin. The difference spectrum was
obtained by appropriate scaling and subtraction of 2D [15N, 1H]
HSQC spectrum acquired for the selectively unlabeled sample from
that of the reference sample. Amino acid pairs selectively unlabeled
in each sample are indicated in each spectra. The assignments of
peaks are indicated by the single letter code followed by the residue
/Iunlab
number. c A plot of IRunlab,i/IRref,i: IRunlab,i = Iunlab
i
control and
ref
/I
where
i
denotes
the
residue
number,
I denotes
IRref,i = Iref
i
control
volume of the peak and ‘control’ denotes a residue which does not
undergo any effect of unlabeling in both selectively unlabeled and the
reference sample. In this case the control residue chosen was G75. All
residues that undergo the desired unlabeling are indicated as green
bars and correspond to the pairs of amino acids indicated in the
respective spectra in (a) and (b). Those residues which undergo
unlabeling due to misincorporation of 14N are shown in red. In the
case of (R, N) sample complete unlabeling of Arg and Asn was
obtained (i.e., IRunlab,i/IRref * 0) and hence these residues are
indicated in the top panel with the single letter code. E24 and G53
were not assigned and hence are absent along with Pro

Leupeptin, 1 lM Pepstatin, 1 lg/ml Aprotinin and 1 mM
PMSF). Cell lysis was carried out by sonication for 20 s on
ice (Ultrasonic processor, 30% amplitude) for 5 times in an
interval of 2 min. The lysate was clarified by centrifugation
at 15,000 rpm (4°C) and applied to 1 ml of Ni–NTA column pre-equilibrated with the lysis buffer. The column was
washed with 20 column volumes of a buffer A (20 mM
Tris–Cl, pH 7.5, 20 mM imidazole, 0.5 M NaCl and 5%
glycerol), followed by washing with 10 column volumes
buffer B (20 mM Tris–Cl pH 7.5, 40 mM imidazole, 0.5 M
NaCl, 5% glycerol, 1 mM ATP and 10 mM MgCl2). The
protein was eluted with buffer C (20 mM Tris–Cl, pH 7.5,
200 mM imidazole, 0.5 M NaCl and 5% glycerol). To
remove higher molecular weight impurities, the peak
fractions were pooled and subjected to gel filtration on a
GE Superdex Hiload-75 (16/60) column at a flow rate of
1 ml/min. The purified isotope labeled protein fractions
were dialyzed (Spectra-Por dialysis membrane MWCO:
6–8 kDa) against 50 mM Phosphate buffer (pH 6.5) containing 50 mM NaCl and concentrated using Amicon
Ultra-15 (Ultracel-5 K) centrifugal filter unit (Millipore).
The purified protein was found to be 98% pure as checked
on SDS–PAGE and confirmed as monomer (*12 kDa;
with uniform 13C/15N labeling and including the hexahistidine tag) by mass spectrometry and NMR. For NMR
studies, a sample of 1 mM concentration of protein in
50 mM phosphate buffer (pH 6.5) and 50 mM NaCl was
prepared in 90% H2O/10% 2H2O.
NMR data collection, processing and analysis
All NMR experiments were performed at 25°C on Bruker
500 MHz and spectrometer equipped with a room temperature triple resonance probe with Z-axis gradients. Data
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were processed with NMRPipe (Delaglio et al. 1995) and
analyzed using XEASY (Bartels et al. 1995).

Results
Figure 5a and b shows the 2D [15N–1H] HSQC-difference
spectrum and 2D {12COi–15Ni?1}-filtered HSQC of the
four selectively unlabeled samples, respectively. The efficacy of 2D {12COi–15Ni?1}-filtered HSQC to suppress
peaks from residues having 13C/15N labeled N-terminal
(sequential) neighbors was tested using the reference
(uniformly 13C/15N) labeled sample of Ubiquitin. No peaks
were observed in the spectrum (Figure S1 of Supporting
Information) which is due to the fact that all residues in the
reference sample have 13C/15N labeled N-terminal neighbors. Analysis of the intensities of peaks corresponding to
the unlabeled amino acids (i.e., IRunlab/IRref) is shown in
Fig. 5c. For calculating IRunlab and IRref, G75 was chosen
as a control residue as it is unaffected by selective unlabeling in any of the samples. In all the four pairs of
samples, complete peak yields were obtained for residues, i (i.e., the amino acid type being unlabeled) and
i ? 1. This implies that the extent of unlabeling of a
desired amino acid type is always complete. Similar analysis
for the 15N-labeled samples of the three other major selectively unlabeled amino acid types is provided in Supporting
Information (Figure S2 of Supporting Information). Note
that if two consecutive amino acids (i.e., both i and i ? 1)
are unlabeled, the experiment will not detect resonances
corresponding to the i ? 1 residue. This happens in the case
of Q40–Q41, I2–I3, I30–Q31 and I61–Q62 in Ubiquitin.
Figure 6 illustrates the identification and assignment of
a tri-peptide segment using the Arg, Asn unlabeled sample
of Ubiquitin. As described above (Fig. 4), based on 3D
HNCACB and 3D CBCA(CO)NH spectrum acquired for
the reference (uniformly 13C/15N labeled) sample, the 1HN
and the 15N resonances of the G75 were identified in 2D
{12COi–15Ni?1}-filtered HSQC and the segment LRG
could be assigned and placed uniquely in the primary
sequence. A statistical analysis (described below) describes
the extent to which such tri-peptide segments in general are
present uniquely in a given protein sequence. Figure 7
illustrates larger segments of amino acid residues that can
be assigned using different selectively unlabeled samples.
The methodology described above was particularly
found to be useful for resonance assignment of an 11 kDa
glycine rich and intrisincally disordered protein, Tim23
from S. cerevisiae (Cruz et al. 2010). Tim23 is a critical
component of the protein machinary involved in the import
of nuclear-encoded proteins into the mitochondrial membranes. Figure 8a shows an overlay of the 2D [15N–1H]
HSQC acquired for uniformly 15N-labeled and selectively
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unlabeled sample of Tim23. Figure 8b shows the 2D
{12COi–15Ni?1}-filtered HSQC acquired for the selectively
unlabeled sample. The protein sequence has two D-K

123

8.4

i+1

60

70

8.5

C (ppm)

3D HNCACB

3D CBCA(CO)NH

13

Fig. 6 Illustration of sequence
specific resonance assignment
of a tri-peptide segment in
Ubiquitin. Given a peak in the
2D difference spectrum of
(R, N) selectively unlabeled
sample, (e.g., R74), its
C-terminal neighbour (i ? 1) is
identified using the procedure
shown in Fig. 4 and its amino
acid type (indicated as group I)
is assigned using 13Ca and
13 b
C chemical shift based
classification described in
Fig. 1. The amino acid type of
residue i - 1 (indicated as
group VI) is assigned like-wise
from 3D CBCA(CO)NH and the
tri-peptide segment is then
mapped on to the protein
sequence shown for sequence
specific assignments
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di-peptide segments (D7–K8 and D65–K66) resulting in
ambiguity for assignment of the two lysines with the
conventional selective labeling approach given further that
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2D Difference spectrum

2D {12COi-15Ni+1}-filtered HSQC

R, N unlabeled

R, N unlabeled

HSQC helped in removing this degeneracy and the tripeptide segments D7–K8–T9 and D65–K66–G67 were
uniquely identified (complete assignments are deposited in
BMRB under accession number 16198).

105

I61

120

Analysis of misincorporation

The extent of misincorporation of 14N at the undesired sites
is presented in Fig. 5c, where the ratio: IRunlab/IRref has
been plotted as a function of residue number. Residues
which undergo the desired unlabeling are shown in green
and residues with misincorporation of 14N are shown in
red. A value of IRunlab/IRref \ 0.5 is taken to indicate that
the residue has undergone selective unlabeling. In the four
selectively unlabeled samples prepared in the present
study, it was found the while Arg, Asn and Lys did not
undergo isotope scrambling, Phe, Tyr showed weak conversion to each other. On the other hand Ile, Leu, Val interconverted strongly to each other. However, since these
three amino acids belong to distinct categories (Fig. 1),
such cross metabolism does not hamper the assignment
process. Based on the intensity patterns of the peaks corresponding to the desired and undesired unlabeled amino
acids, we have tabulated the extent of isotope scrambling
for each amino acid type (Table 1). They are classified as
strong or weak depending on the average value of IRunlab/
IRref: a IRunlab/IRref \ 0.5 implies strong and IRunlab/
IRref [ 0.5 signifies inefficient (weak) unlabeling. Such an
analysis helps to choose the combination of amino acids for
unlabeling. The overall nature of isotope scrambling is
similar to that observed in the selective labeling approach
(Muchmore et al. 1989), which is expected as the biosynthetic pathways involved are identical in the two methods.
Notably, we observed that unlike in the selective labeling
approach, unlabeling of glutamine was not detrimental. Its
conversion to glutamic acid gets diluted by transamination
of the latter to other amino acids. Only weak unlabeling of
proline (via Glutamic acid) was observed in the (Q, I)
sample (P19 and P38, Fig. 5b). On the other hand, glutamic
acid was observed to strongly unlabel all other amino acid
types.
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Fig. 7 Illustration of sequence specific resonance assignment of a
penta-peptide segment in Ubiquitin. The procedure described in
Fig. 4 is repeated for three contiguous tri-peptide segments: Y59–
N60–I61, N60–I61–Q62 and I61–Q62–K63. First, the 15N and 1HN
resonances of N60 and I61 are identified with the procedure described
in Fig. 4 using the (R, N) selectively unlabeled sample. Subsequently,
the procedure is repeated to obtain the 15N and 1HN resonances of
Q62 and K63 using the (K, L) and (Q, I) selectively unlabeled
samples, respectively

all lysines had nearly degenerate 13Ca and 13Cb chemical
shifts. However, identification of G67 and T9 (i ? 1 to K8
and K66, respectively) using 2D {12COi–15Ni?1}-filtered

N at undesired sites

Discussion
Sequence specific resonance assignments are often supported by selective identification of amino acid types. This
is primarily done to simplify the ‘search problem’. Automated assignment approaches employ this information, if
available, in their algorithms to reduce the ambiguity in
linking amino acid residues (Baran et al. 2004). The
objective of this study was to apply the method of selective
unlabeling to sequential assignments and accomplish: (a)
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Fig. 8 a 2D [15N–1H] HSQC and (b) a selected region of 2D
{12COi–15Ni?1}-filtered HSQC acquired for lysine selectively unlabeled sample of an 11 kDa intrinsically disordered protein Tim23. In
(a) overlay of 2D [15N–1H] HSQC of the uniformly 15N labeled

Tim23 (blue) with that of lysine selectively unlabeled (red) is shown.
Assignments are indicated with the single letter code followed by the
residue number. Note that the residue i ? 1 of K25 is a Pro and hence
not observed in the 2D {12COi–15Ni?1}-filtered HSQC

Table 1 Extent of isotope scrambling due to cross metabolism

obtained from 13Ca and 13Cb chemical shifts (Fig. 1). Note
that the following types of tri-peptide segments cannot be
assigned using the approach described here: (a) the tripeptide segment in which the residue Pro is the immediate
C-terminal neighbor of the central (unlabeled) residue,
(b) the tri-peptide segment in which the two consecutive
amino acids i and i ? 1 are selectively unlabeled and
(c) if the selectively unlabeled residue is located at the
C-terminus end of the protein.
We have carried out a statistical analysis of 186 nonhomologues primary sequences from the TALOS database
(Cornilescu et al. 1999) to estimate the extent to which
such tri-peptide segments can be placed uniquely in a
protein primary sequence. The analysis was carried out by
assigning a unique number code to each of the 9 categories
shown in Fig. 1 except for the residue being selectively
unlabeled, which was assigned a separate code (given that
its type is known exactly). Thus, both the tri-peptide segment and the polypeptide chain were converted into a new
sequence of codes, which was then searched for multiple
occurrences of the tri-peptide segment (this is further
illustrated in Figure S3 of Supporting Information for a 99
amino acid residue protein HIVprotease). This approach
was carried out for 15 amino acids (excluding Ala, Gly,
Ser, Thr and Pro) in the central position of the tri-peptide
segment and repeated for each protein in the database. The
following two comparisons were made to judge the
advantage of selective unlabeling: First, the number of
proteins in the database was taken wherein all tri-peptide
segments (comprising a given amino acid type in the

Selectively unlabeled
amino acid

Cross
metabolism to

Extent of cross
Metabolism

Arginine

–

–

Asparagine

–

–

Aspartic acid

Phenylalanine

Weak

Tyrosine

Weak

Threonine

Strong

Asparagine

Strong

Lysine

Weak

Glutamine

Proline

Weak

Histidine
Isoleucine

–
Leucine

–
Strong

Valine

Strong

Leucine

Isoleucine

Strong

Valine

Strong

Lysine

–

–

Phenylalanine

Tyrosine

Weak

Valine
Tyrosine

Leucine

Weak

Isoleucine

Weak

Phenylalanine

Weak

the identification and assignment of 1HN/15N resonances of
given amino acid types selectively and (b) assignment of
1 N 15
H / N resonances of their C-terminal neighbors. These
together result in the assignment of tri-peptide segments
from the knowledge of the amino acid types of residues:
i - 1, i and i ? 1, which can then be mapped on to primary sequence. The amino acid type information is
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centre) were rendered unique with and without selective
unlabeling. This number brings out the extent of uniqueness obtained from the knowledge of the central and its Cterminal residue of the tri-peptide segment by selective
unlabeling as compared to the conventional sequential
assignment process without selective identification of
amino acid types. The second calculation involved the
remaining proteins in the database in which some of the tripeptide segments had multiple occurrences. In such cases,
the increase in the percentage of unique tri-peptide segments due to knowledge of the central amino acid residue
was evaluated. The results are depicted in Fig. 9.
It is evident that the information of amino acid type significantly reduces the multiple occurrences of tri-peptide
segments. For instance, nearly one-third of the proteins in the
database had all tri-peptide segments containing lysine as the
central residue unique given the knowledge of its amino acid
type (shown in dark blue) (Fig. 9a). Further out of the
remaining two-thirds of the protein, about 60% of tri-peptide
segments containing lysine as the central residue were
unique compared to 30% without selective identification of
lysine (Fig. 9b). Thus, the selective unlabeling approach
described here not only helps in reducing the search space for
sequential assignments (with 2D {12COi–15Ni?1}-filtered
HSQC) to link two adjacent amino acid residues, but also
increases the uniqueness of the tri-peptide segment identified, resulting in unambiguous assignments. Larger stretches
of assgined residues (Fig. 7) further helps in reducing the
ambiguities facilitating accurate assignments. The advantage with selective unlabeling is more in the case of Group V
and Group VI amino acid residues, which are composed of a
large number of amino acid types (Fig. 1). In the case of Ala,
Gly, Ser and Thr, while selective unlabeling approach is not
needed for spin system identification, it will nevertheless
benefit for assignment of 1H/15N resonances of their C-terminal neighbors.
Figure 9c indicates the ratio of number of tri-peptide
segments that had multiple occurrences without the
knowledge of the central amino acid residue as against
multiple occurrences with selective identification. Thus,
selective identification of residues reduces multiple occurences of tri-peptide segments 5–20 times in comparison to
the situation wherein such selective identification is not
carried out.
As in the case of selective labeling, misincorporation of
the isotopic label at the undesired sites also occurs in
selective unlabeling (Table 1). It leads to incorporation of
14
N in the undesired amino acids resulting in diminution of
their intensity. This can be alleviated by use of E. coli
strains that are auxotrophic for a given amino acid type
(Muchmore et al. 1989) or by employing the cell-free
protein synthesis approach (Apponyi et al. 2008; Kainosho
et al. 2006; Vinarov et al. 2004). However, we have
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10

0

Fig. 9 Statistical analysis of the uniqueness of tri-peptide segments
in proteins rendered with selective unlabeling. The numbers/percentages corresponding to the selective unlabeling approach are shown in
pink colour, whereas those corresponding to the non-selective method
are indicated in blue. a The number of proteins in the database of 186
non-homologues proteins which have unique tri-peptide sequences
containing a given amino acid residue in the central position. In such
tri-peptide segments, the residue preceding and following the central
residue is given a number code according to its amino acid type
(Fig. 1) and the central residue is given a unique code (see Figure S3
of Supporting Information). The entire polypeptide chain (also
converted to a sequence of codes) is then searched for multiple
occurrences of such tri-peptide segments. b In proteins which had
more than one occurrences of a given tri-peptide segment, the fraction
of tri-peptide segments (expressed as percentage) that were unique
using the criterion described in (a). c The ratio of number of tripeptide segments that had multiple occurrences without the knowledge of the central amino acid residue as against multiple occurrences
with selective identification

observed that with an appropriate choice of the amino acid
type, the misincorporation is not detrimental to the analysis. For instance, selective unlabeling of Leu results in
significant unlabeling of Ile and Val (Fig. 5). However, the
13 a
C and 13Cb chemical shifts of these occur in distinct
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spectral regions (Fig. 1), enabling their distinction. Thus,
by avoiding selective unlabeling of amino-acid types
belonging to the same group, the effect of misincorporation
of 14N at the undesired sites can be safely ignored.

Conclusion
In summary, we have developed a new method for
sequence specific NMR assignments in proteins based on
the method of amino acid selective unlabeling. Using a
new pulse sequence proposed in combination with 2D
[15N–1H] HSQC, the method involves the detection of tripeptide segments along the polypeptide chain. The method
achieves the dual objective of reducing the search space for
sequential assignments and conferring uniqueness to short
segments of linked amino acid residues. This will directly
benefit automated assignment algorithms for unambiguous
and accurate resonance assignments. The method can be
combined with other approaches for isotope labeling
(Kainosho and Guntert 2009; Ohki and Kainosho 2008)
and/or with completely/partially deuterated samples prepared for structure determination of larger molecular weight
proteins. Taken together, this study opens up new avenues
to using this methodology in protein structural studies.
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