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Abstract

The concept of chemical shift-coding monitors chemical shifts in multi–dimensional NMR experiments without
additional polarization transfer elements and evolution periods. The chemical shifts are coded in the line-shape
of the cross-peak through an apparent scalar coupling dependent upon the chemical shift. This concept is applied
to the three-dimensional triple-resonance experiment HNCA adding the information of 13Cβ or 13C′ chemical
shifts. On average, the proposed TROSY-HNCAcodedCB experiment is a factor of 2 less sensitive than the HNCA
experiment. However, it contains correlations via the chemical shifts of both 13Cα and 13Cβ, and provides up
to three times higher resolution along the 13Cα chemical shift axis. Thus, it dramatically reduces ambiguities
in linking the spin systems of adjacent residues in the protein sequence during the sequential assignment. The
TROSY-HNCAcodedCO experiment which is conceptually similar contains correlations via the chemical shifts of
13Cα and 13C’ without major signal losses. The proposed triple resonance experiments are applied to a ∼70% 2H,
∼85% 13C,15N labeled protein with a molecular weight of 25 kDa.

Abbreviations: HNCA – amide proton-to-nitrogen-to-alpha-carbon correlation; HNCAcodedCB – HNCA with the
additional chemical shift of beta-carbons coded in the line-shapes of the cross-peaks along the alpha-carbon
frequency; HNCAcodedCO – HNCA with the additional chemical shift of carbonyls coded in the line-shapes of
the cross-peaks along the alpha-carbon frequency; INEPT – insensitive nuclei enhanced by polarization transfer;
NMR – nuclear magnetic resonance; PFG – pulsed field gradient; TROSY – transverse relaxation-optimized
spectroscopy; 2D, 3D, 4D – two-dimensional, three-dimensional, four-dimensional; SAR – structure-activity
relationships; I-BURP – spin-inversion band-selective uniform-response pure-phase.

Introduction

The introduction of triple-resonance experiments
for the sequential assignment of protein polypeptide
chains has been a major break-through in the structure
determination of protein molecules in aqueous solu-
tion (Bax & Grzesiek, 1993; Gardner & Kay, 1998).
The potential of this approach has been further ex-
tended (Riek et al., 2000) by the introduction of the
TROSY-technique (Pervushin et al., 1997) into triple
resonance experiments (Salzmann et al., 1998; Riek,
2003). Using this approach, the backbone assignments
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of a multimeric protein with a molecular weight of
110 kDa (Salzmann et al., 1999) and of a mono-
meric protein with 736 amino acid residues in length
(Tugarinov et al., 2002) have been achieved.

However, the successful backbone assignment
of large proteins requires expensive preparation of
perdeuterated 13C,15N labeled protein samples and
lengthy NMR measuring time of several weeks. With
the advent of NMR-based structural genomics (Mon-
telione et al., 2000) and SAR by NMR (Shuker et al.,
1996), major challenges to be focused on are (i) the
reduction of NMR-data collection time needed to ob-
tain chemical shift assignments of proteins and (ii) the
straightforward production of labeled proteins. Mar-
ley et al. recently presented a rapid and efficient
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Figure 1. Experimental scheme for the (A) TROSY-HNCAcodedCB experiment and (B) TROSY-HNCAcodedCO experiment for deuterated
and protonated 13C,15N-labeled proteins. (C) Stacked-trace plot showing the relation between the 13Cβ chemical shift and the peak shape in
the transformed spectrum of a 13Cα moiety in a 85% 13C,15N-labeled protein. (D) Contour plot of the relation between the 13Cβ chemical
shift and the peak shape in the transformed spectrum. (A and B): The radio-frequency pulses on 1H, 15N, 13Cα , 13Cβ, 13C′, 2H or 1Hα were
applied at 4.8, 119, 55, 29, 175, 3.8 and 4.8 ppm, respectively. The narrow and wide black bars indicate non-selective 90◦ and 180◦ pulses,
respectively. On the line marked 13COβ, the sine bell shape designated with f 4 indicates a selective 180◦ pulse with a Gaussian shape truncated
at 5% and a duration of 0.7 ms. On the line marked 13CO, a sine bell shape designated with f 4 indicates a selective 180◦ pulse with a Gaussian
shape truncated at 5%, a duration of 1.3 ms and applied with an off-resonance shift of −2.5 ppm. On the line marked 13Cβ, the filled sine
bell shape indicates a selective 180◦ pulse with a I-BURP-1 shape, a duration of 1.1 ms and an off-resonance shift of −2 ppm. On the line
marked 13CO, a filled sine bell shapes indicate selective 180◦ pulses with a Gaussian shape truncated at 5% and a duration of 0.08 ms. The
length of the softpulses have been optimized for a magnetic field strength of 700 MHz 1H frequency. The line marked PFG indicates durations
and amplitudes of sine shaped pulse magnetic field gradients applied along the z-axis: G1: 0.8 ms, 15 G/cm, G2: 0.8 ms, 9 G/cm; G3: 0.8 ms,
22 G/cm; G4: 0.8 ms, 22 G/cm. The delays are τ = 2.7 ms, T = 30 ms, σ = 0.5 ms. The phase cycle is ψ1 = y,-y,x,-x, ψ2 = -y, ψ3
= -y, �1 = 4 x, 4 -x and �rec = y,-y,-x,x,-y,y,x,-x. All other radio frequency pulses are applied either with phase x or as indicated above
the pulses. In the 15N(t1) dimension a phase-sensitive spectrum is obtained by recording a second FID for each increment of t1, with ψ1 =
y, -y, -x, x, ψ2 = y, ψ3 = y and the data is processed as described by Kay et al. (1992). Quadrature detection in the 13Cα(t2) dimension
is achieved by the States-TPPI method (Marion et al., 1989) applied to the phase �1. Between time points b and c the timing of the radio
frequency pulses of the different nuclei have been implemented in a parallel manner to achieve an initial t2 = 0. The water magnetization
stays aligned along the +z-axis throughout the experiment by the use of water flip-back 90◦ pulses with a duration of 1 ms and a Gaussian
shape truncated at 5% indicated by sine bell shapes on the line 1H (Grzesiek and Bax, 1993). For 2H-decoupling, WALTZ-16 (Shaka et al.,
1983) is used with a field strength of 2.5 kHz. For protonated proteins, the radio-frequency line labeled with 2H should be removed. (C)
Stacked trace plot at 1 ppm interval generated by Fourier transformation of 0.85 (1−a(ωCβ) cos[ωSt] cos[π1J(I, S)t]+a(ωCβ) cos[ωSt] and

a(ωCβ) = exp[−(ωcβ,max −ωcβ)
2 ln[20]/(0.5(ωcβ,max −ωcβ,min))

2] with ωcβ,max = 29 ppm and ωcβ,min = 42 ppm and tmax = 1/1J(I, S)

(Kwiatkwoski and Riek, 2003). (D) The contour plot is generated using the parameters in (C). The shading of the contour plot is related to the
intensity in steps of 0.1 (1 is the maximal relative intensity). A potential distortion of the line shape due to Bloch-Siegert effect is not included
in the simulations.

approach for the preparation of isotopically labeled
proteins in E. coli (Marley et al., 2001). Their ap-
proach provides a fourfold to eightfold reduction in
isotope costs, but also allows for a straightforward
adaptation from protein-specific expression protocols
that use rich media. This is of particular interest when
deuterated proteins are needed, because standard la-
beling protocols which require prolonged growth in
deuterated media often result in a severe decrease or

a complete loss of protein expression (Gardner and
Kay, 1998; Marley et al., 2001; C. Ritter, T. Lührs,
R. Riek, K. Baker and S. Choe, unpublished obser-
vations). The drawback of this labeling method is the
relatively low level of incorporation of 15N and 13C
to about 85% and deuteration to about 70%. This low
deuteration level dramatically reduces the sensitivity
of the triple resonance experiments. Therefore, the
major need for NMR-based structural genomics and
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SAR using such expression methods are novel triple
resonance experiments with high sensitivity and high
quality of information for sequential correlation.

Here we present the TROSY-HNCAcodedCB and
TROSY-HNCAcodedCO experiments, which fit the
demanded criteria. These experiments are TROSY-
based HNCA-type experiments that contain in ad-
dition to the 13Cαchemical shifts the 13Cβor 13C′
chemical shift information coded in the 13Cα-multiplet
structure based on the concept of chemical shift-
coding introduced recently (Kwiatkowski and Riek,
2003). In this approach, chemical shifts in multi–
dimensional NMR experiments are monitored without
additional polarization transfer elements and evolution
periods. Instead, additional chemical shifts are coded
in the line-shape of the cross-peaks through a chemical
shift-dependent apparent scalar coupling active during
an established evolution period.

The TROSY-HNCAcodedCB experiment is based
on the TROSY-HNCA experiment (Eletski et al.,
2001) with one minor but pivotal difference during
the 13Cα evolution period, t2 (Figure 1A). During the
frequency labeling period t2 the 13Cα magnetization
evolves under its chemical shift and the scalar coup-
ling 1J (13Cα,13Cβ) with a size of ∼35 Hz. However,
the 180◦ soft pulse on 13Cβ controls the extent of the
refocusing of the 1J (13Cα,13Cβ) coupling. This soft
pulse is on resonance at the high-field edge of the
13Cβ chemical shift range (excluding alanine 13Cβs)
and contains a Gaussian excitation profile a(ω(13Cβ)).
The profile decreases approximately linearly over the
13Cβ chemical shift range resulting in 100% inversion
at 29 ppm to 3% inversion at 41 ppm and is given by

a(ω(13Cβ)) = exp[−(ωCβ,max − ωCβ)
2 ln(100/C)/

(0.5(ωCβ,max − ωCβ,min))
2],

(1)

C = 5,ωCβ,max = 29 ppm. Thus, the extent of the
refocusing of 1J (13Cα,13Cβ) and the multiplet pattern
of the cross-peak in the spectrum along the 13Cα di-
mension depend on the corresponding 13Cβ chemical
shift, leading to chemical shift dependent apparent
scalar couplings. As a result, the 13Cβ chemical shift is
encoded in the line-shape of the cross-peak along the
13Cαdimension (Kwiatkowski and Riek, 2003). With
a t2 max ≈ 1/1J (13Cα, 13Cβ), the cross-peak appears
in the spectrum along the 13Cα frequency as a doublet
with a residual apparent scalar coupling of
residualJ (13Cα,13 Cβ) ≈ [1 − a(ω(13Cβ))]

1J (13Cα,13 Cβ)
(2)

(Figures 1C and 1D; Kwiatkowski and Riek, 2003).
Typically, a t2 max of 27–35 ms is used in the
HNCAcodedCB experiment. The coherence flow can
thus be described as follows:

1H(i) →15 N(i)
↗
↘

13Cα(i)[t2] cos [πresidualJ (13Cα(i),13 Cβ(i))t2]
13Cα(i-1)[t2] cos [πresidualJ (13Cα(i-1),13 Cβ(i-1))t2]

↘
↗

15N(i)[t2] →1 H(i)[t3].

In addition to the TROSY-HNCAcodedCB experiment
we have also proposed the TROSY-HNCAcodedCO
experiment, which is similar to the TROSY-
HNCAcodedCB experiment with the following differ-
ence during the 13Cα evolution period t2 (Figure 1):
The 1J (13Cα,13C′) scalar coupling with a size of
∼55 Hz evolves, whereas the 1J (13Cα,13Cβ) coupling
is suppressed applying an I-BURP-1 pulse for a dur-
ation of 1.1 ms on resonance at 27 ppm. The 180◦
Gaussian soft pulse on 13C′ controls the extent of the
refocusing of the 1J (13Cα,13C′) coupling. This soft
pulse is on resonance at the high-field limit of the 13C′
chemical shift range (172.5 ppm) and contains a Gaus-
sian excitation profile a(ω(13C′)) = exp[−(ωC ′ max −
ωCβ)

2 ln(100/C) /(0.5(ωC ′,max − ωC ′,min))
2 with

C = 5 and decreases approximately linearly over
the 13C′ chemical shift range, resulting in 100% in-
version at 172.5 ppm to 3% inversion at 178.5 ppm.
Thus, with a t2 max < 1/1J (13Cα,13C′) the cross-
peak appears in the spectrum along the 13Cα frequency
as a doublet with a residual apparent scalar coupling
residualJ (13Cα,13C′) ≈ [1−a(ω(13C′))] 1J (13Cα,13C′)
(Kwiatkowski and Riek, 2003). The evolution of
1J (13Cα,13 Cβ) scalar couplings is not perfectly refo-
cused for 13Cβ chemical shifts in the range between
36 and 42 ppm because of the inversion profile of the I-
BURP-1 soft pulse and hence an evolution time t2 max
of 18–22 ms is suggested. Furthermore, the extrac-
tion of the 13C′ chemical shift from the line-shape is
ambiguous due to the partial evolution of some of the
1J (13Cα,13 Cβ) scalar couplings.

In Figure 2, we show strips and cross-sections from
a 3D TROSY-HNCAcodedCB spectrum of ∼70% 2H-,
∼85% 13C,15N-labeled pHET-s∗(1-227), which has a
molecular weight of 25 kDa and a rotational correla-
tion time τc of ∼17 ns. The sample was prepared using
the method of Marley et al. (2001). As in the HNCA
experiment, the cross-peak with the larger volume usu-
ally corresponds to intra-residue correlations between
the intraresidual 13Cα carbons and the 15N-1H moi-
ety, and the weaker cross-peak usually represents the
sequential correlations. Taking the overall position of
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Figure 2. (A) Strips of the 3D TROSY-HNCAcodedCB
spectrum of pHET-s∗(1–227). (B) Comparison of the
corresponding cross-sections along the ω2(13C) dimension of
TROSY-HNCAcodedCB experiment (middle lines), TROSY-HNCA
experiment (left lines), and TROSY-ct-HNCA experiment (right
lines). The sequential connectivities and assignments are indicated.
The 13Cβ chemical shifts specified have been extracted from the
peak pattern along ω2(13Cα) (Kwiatkowski and Riek, 2003).
Chemical shift ambiguities listed are due to the use of the soft-pulse
of 13Cβ on-resonance at 29 ppm (Figure 1). The spectra are
recorded at 700 MHz 1H frequency at 28 ◦C with a 2.5 mM
sample of 70% 2H-, 85% 13C,15N-labeled pHET-s∗(1–227) in
a mixed solvent of 95% H2O/5% D2O at pH 7. The following
parameter settings are used for the 3D TROSY-HNCAcodedCB
experiment: data size 35(t1)∗175(t2)∗1024(t3) complex points;
t1 max(15N) = 24 ms, t2 max (13Cα) = 30.5 ms, t3 max(1H) =
75.6 ms. The data set is zero-filled to 128∗2048∗1024 complex
points; 8 scans per increment are acquired. 3D TROSY-HNCA
experiment: 35(t1)∗44(t2)∗1024(t3) complex points; tmax (15N)
= 24 ms, t2 max (13Cα) = 30/4 ms, t3 max(1H) = 75.6 ms. The
data set is zero-filled to 128∗2048∗1024 complex points; 32 scans
per increment are acquired. 3D TROSY-ct-HNCA experiment:
35(t1)∗175(t2)∗1024(t3) complex points; t1 max (15N)= 24 ms,
t2 max (13Cα) = 26.5 ms, t3 max(1H) = 75.6 ms. The data set
is zero-filled to 128∗2048∗1024 complex points; 8 scans per
increment are acquired. The experiments are measured for equal
times.

the 13Cα cross-peak as a starting point, the sequential
connectivities are then reinforced through the mul-
tiplet pattern of the 13Cα cross-peak (Figure 2). Only
when the multiplet pattern of a sequential cross-peak
fits with the pattern of an intra-residue cross-peak, the
sequential connectivity is confirmed. The sequential
correlation is therefore supported by two independent
correlations, the 13Cα and 13Cβ chemical shifts. This
line-shape comparison significantly reduces ambigu-

ities in linking the spin systems of adjacent residues in
the protein sequence during the sequential assignment
process. In addition, the 13Cβ chemical shift inform-
ation can be extracted from the line-shape using the
program INFIT (Szyperski et al., 1992) to obtain the
apparent scalar coupling and the Equation 2 to calcu-
late the chemical shift. This is important for an un-
ambiguous mapping of the connected strip-fragments
onto the amino acid sequence. The precision of the
13Cβ chemical shifts obtained using this method is ap-
proximately ±2 ppm when compared with the corres-
ponding chemical shifts determined from the TROSY-
HNCACB experiment (data not shown). The accuracy
depends on the maximal evolution time t2 max, the size
of the scalar coupling 1J (13Cα,13 Cβ) ∼35 Hz, the
spectral range (in Hz) of the 13Cβ chemical shifts,
which has to be covered by the shoulder of the inver-
sion profile of the soft-pulse (Kwiatkowski and Riek,
2003), and peak shape distortion due to long range 2H
isotope effects. In order to maximize the 13Cβ chem-
ical shift resolution to the above mentioned ±2 ppm,
we chose an inversion profile covering 29–41 ppm
(see above). Due to the symmetry of the softpulse, a
13Cβ chemical shift of 19 ppm of alanine and a 13Cβ

with a chemical shift of 39 ppm display the same
splitting (Figure 2). Fortunately, the combination of
a cross peak at a 13Cα chemical shift of ∼ 53 ppm
with an almost full splitting (∼ 35 Hz) can be assigned
unambiguously to an alanine residue. Similarly, the
cross-peaks with a full splitting of 35 Hz and a 13Cα

chemical shift larger than 56 ppm belong to serine
or threonine residues, although the apparent residual
scalar coupling of 35 Hz indicates only that the 13Cβ

chemical shift is 41 ppm or larger. The achieved res-
olution of ±2 ppm is sufficient for the identification
of amino acid residues, since the residue-specific 13Cβ

chemical shifts have a standard deviation of ±2.5 ppm
(BMRB data base).

The spectral resolution of a TROSY-HNCA is lim-
ited by the short t2 max of typically only 8 ms due to
the evolution of 1J (13Cα,13 Cβ). Since this evolution
of 1J (13Cα,13 Cβ) is desired in the proposed TROSY-
HNCAcodedCB experiment, long t2 max of 27–35 ms
can be used. This increases the 13C spectral resolution
three-to-four fold when compared to a TROSY-HNCA
experiment. Similarly high resolution along the 13Cα

dimension has been achieved in the TROSY-ct-HNCA
experiment (Salzmann et al., 1999a) using a con-
stant time period of 27 ms, accompanied however,
with a dramatic signal loss (Figure 2B). Hence, Mat-
suo and coworkers (1996) proposed a 13Cβ-decoupled
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HNCA experiment, which contains the same high res-
olution, but is more sensitive than the corresponding
ct-version. Technically, the 13Cβ-decoupled TROSY-
HNCA experiment is very similar to the proposed
TROSY-HNCAcodedCB differing only in the decoup-
ling scheme (in the paper of Matsuo et al. TROSY was
not yet established and therefore not implemented). As
demonstrated by Matsuo and coworkers the complete
decoupling of the 1J (13Cα,13 Cβ) scalar couplings
in the 13Cβ-decoupled HNCA experiment enhances
the signal intensity of the non-glycine cross peaks
between 1–1.5 (on average 1.25) when compared with
a non-decoupled experiment using the same tmax (Mat-
suo et al., 1996: Figure 2). The theoretically pre-
dicted factor of 2 in signal enhancement could not be
achieved, probably due to the extensive and demand-
ing decoupling scheme used. In contrast, the measured
sensitivity gain of 0.9–2 (on average 1.45) for the
TROSY-HNCAcodedCB when compared with the non-
decoupled experiment using the same tmax (data meas-
ured with 13C,15N-labeled ubiquitin, but not shown)
are close to the expected gain due to the simple (par-
tial) decoupling scheme used. Furthermore, the 13Cβ

chemical shift is measured concurrently.
In a comparison with the conventional TROSY-

based HNCA experiment, the TROSY-HNCAcodedCB
spectrum is a factor of 1.2–3 less sensitive (Fig-
ure 2B). The origin of this sensitivity loss is the
splitting of the cross-peak into the 13Cβ-chemical shift
dependent multiplet structure and the additional trans-
verse relaxation occurring during the three-fold longer
t2. On the other hand, the TROSY-HNCAcodedCB
spectrum is a factor of 2–3 more sensitive than the
TROSY-ct-HNCA experiment (Figure 2B), since the
TROSY-HNCAcodedCB experiment is measured in a
non-constant time manner and also the partial car-
bon labeling reduces the sensitivity of the TROSY-ct-
HNCA due to the opposite phase of 13Cα-13Cβ and
13Cα-12Cβ moieties. Similar improvement in sensit-
ivity could be seen, when compared with a TROSY-
HNCACB experiment. For example, 98% of the
expected intraresidual and 85% of the expected se-
quential 13Cα crosspeaks could be observed in the
TROSY-HNCAcodedCB, but only 75% of the intrare-
sidual and 20% of the sequential 13Cα crosspeaks were
observed in the TROSY-HNCACB experiment.

To reduce the ambiguities further in the back-
bone assignment of large proteins we suggest the
additional use of the TROSY-HNCAcodedCO experi-
ment. The TROSY-HNCAcodedCO is an HNCA-type
experiment that contains the 13C′ chemical shift in-

Figure 3. Cross-sections of 13C,15N-labeled ubiquitin of the
(A) TROSY-HNCAcodedCB, (B) TROSY-HNCAcodedCO exper-
iment and (C) combination of both spectra. The sequential
connectivities are marked. For comparison, the cross sec-
tions have been scaled to the same noise for each strip indi-
vidually. The TROSY-HNCAcodedCO spectrum is recorded at
700 MHz 1H frequency at 20 ◦C with a 0.8 mM uniformly
13C,15N-labeled ubiquitin in a mixed solvent of 95% H2O/5% D2O
at pH 6.5. The following parameter settings are used: data size
16(t1)∗110(t2)∗1024(t3) complex points; t1 max(15N) = 11 ms,
t2 max (13Cα) = 20 ms, t3 max(1H) = 75.6 ms. The data set is
zero-filled to 64∗1024∗1024 complex points; 4 scans per increment
are acquired with a total measurement time of 4 h. The parameters of
the TROSY-HNCAcodedCB spectrum are 16(t1)∗175(t2)∗1024(t3)

complex points; t1 max(15N) = 11 ms, t2 max (13Cα) = 30 ms,
t3 max(1H) = 75.6 ms. The data set is zero-filled to 64*2048*1024
complex points; 4 scans per increment are acquired with a total
measurement time of 6 h.

formation coded in the 13Cα-multiplet structure of the
13Cα crosspeaks using the concept of chemical shift-
coding. Figure 3A shows cross-sections from a 3D
TROSY-HNCAcodedCO experiment and a 3D TROSY-
HNCAcodedCB experiment displaying significantly
different splittings of the same 13Cα crosspeak. There-
fore, the two spectra contain complementary inform-
ation about the same sequential correlations. In the
cross-section of the TROSY-HNCAcodedCB experi-
ment, the splitting is due to the corresponding 13Cβ

chemical shift, and in the TROSY-HNCAcodedCO ex-
periment the observed splitting is due to the 13C′
chemical shift.

Another intriguing feature of the proposed concept
of HNCA-coded experiments is the possibility to gen-
erate a spectrum of higher sensitivity using the same
data sets. This can be achieved by a partial transform-
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ation of the HNCAcodedCB experiment using the first
8–13 ms in t2, or when both experiments are collec-
ted, by the combination of the HNCAcodedCB and the
HNCAcodedCO experimental data collections into one
spectrum using the first 8–11 ms in t2 of each (Fig-
ure 3C). With such a transformation, the chemical
shift information of 13Cβ and 13C′ are largely sup-
pressed, and a significant sensitivity gain is achieved
due to less relaxation during t2. This feature is partic-
ularly important for observing cross-peaks with very
low sensitivity.

In summary, the HNCA experiment, which links
resonances of backbone amide groups with their intra-
and inter-residue 13Cαfrequencies, is the most sens-
itive triple-resonance NMR experiment for the se-
quential assignment of proteins (Bax and Grzesiek,
1993; Gardner and Kay, 1998). However, in the
HNCA spectrum of proteins chemical shift degener-
acy of 13Cα nuclei often arises because of limited
resolution due to the 1J (13Cα,13 Cβ) scalar coup-
lings, which often prevents unambiguous correlations
between 15N-1H groups. Therefore, additional ex-
periments like the HNCACB or the HNCACO are
usually required, which correlate sequentially adja-
cent 15N-1H groups via the 13Cβ or 13C′ frequen-
cies (Yang and Kay, 1999; Wittekind and Muller,
1993). Drawbacks of all these experiments are the
reduced intrinsic sensitivity and the requirement to re-
cord a multitude of NMR datasets. For example, the
HNCACB experiment of a 20 kDa 13C,15N-labeled
protein is one order of magnitude less sensitive than
the HNCA (Sattler et al., 1999). Signal losses of 5–10
fold are observed for the 25 kDa protein pHET-s(1–
227), which was ∼70% 2H, ∼85% 13C,15N labeled
in a cost-effective and straightforward approach. It is
therefore of keen interest to develop triple-resonance
experiments with a similar sensitivity as the TROSY-
HNCA but with a much higher quality and quantity of
information for sequential correlations. The TROSY-
HNCAcodedCB and TROSY-HNCAcodedCO experi-
ments fit these criteria. Both experiments contain ad-
ditional information, since the 13Cβ or 13C′ chemical
shift is coded in the 13Cα-multiplet structure. Thus, the
TROSY-HNCAcodedCB and TROSY-HNCAcodedCO
experiments presented here improve upon the stand-
ard triple-resonance experiments in both sensitivity
and information content when applied to large pro-
teins prepared in a cost-effective and straightforward
way. Therefore, we recommend both experiments

for use in obtaining sequence specific chemical shift
assignments in an efficient manner.
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