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Abstract

We describe an efficient NMR triple resonance approach for fast assignment of backbone amide resonance
peaks in the 15N-HSQC spectrum. The exceptionally high resolutions achieved in the 3D HncocaNH and
hNcocaNH experiments together with non-uniform sampling facilitate error-free sequential connection of
backbone amides. Data required for the complete backbone amide assignment of the 56-residue protein
GB1 domain were obtained in 14 h. Data analysis was vastly streamlined using a ‘backbone NH walk’
method to determine sequential connectivities without the need for 13C chemical shifts comparison. Amino
acid residues in the sequentially connected NH chains are classified into two groups by a simple variation of
the NMR pulse sequence, and the resulting ‘ZeBra’ stripe patterns are useful for mapping these chains to
the protein sequence. In addition to resolving ambiguous assignments derived from conventional backbone
experiments, this approach can be employed to rapidly assign small proteins or flexible regions in larger
proteins, and to transfer assignments to mutant proteins or proteins in different ligand-binding states.

Introduction

Protein structure determination by NMR in solu-
tion typically begins with the sequential assignment
of backbone amide and carbon resonances using
well-established 3-dimensional (3D) experiments
(Cavanagh et al., 1996; Ferentz and Wagner,
2000). The data are analyzed manually or auto-
matically by connecting spin systems with common
(overlapping intra-residual and sequential) carbon
resonances. This process can be complicated by
degeneracy in 13C chemical shifts. Furthermore,
for many applications such as mapping of binding

sites, it may be sufficient to assign only the amide
group cross peaks in the 15N Heteronuclear Single
Quantum Coherence (HSQC) spectra (Bodenhau-
sen and Ruben, 1980), without the need for
13C chemical shift information. Consequently,
HNcaNH and HNcocaNH experiments (Grzesiek
et al., 1993b; Weisemann et al., 1993) have been
designed to achieve such amide connectivities,
complementing the conventional triple resonance
experiments by utilizing the superior resolution of
the amide chemical shifts. Improvements of these
3D and 4D pulse sequences have been reported,
including perdeuteration, homonuclear carbon
decoupling or concatenation of pulse-sequence
elements, that significantly enhance their sensitivity
(Matsuo et al., 1996; Bracken et al., 1997; Ikegami
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et al., 1997; Panchal et al., 2001). However, all of
these experiments require days of spectrometer
time, and their spectral resolution does not take
full advantage of the narrow amide line-widths.

Here, we present a novel backbone amide
assignment approach that is based on improved
3D HncocaNH and hNcocaNH pulse sequences
and ultra high resolutions, in all indirect dimen-
sions, obtained with non-uniform sampling
(NUS) (Schmieder et al., 1993, 1994). Recently
developed NUS experiments for backbone as well
as side-chain resonance assignments have been
shown to significantly reduce the overall
measurement time by sampling only a subset of
time increments while maintaining high resolution
(Rovnyak et al., 2004a; Sun et al., 2005). Non-
uniform sampling preserves excellent signal-
to-noise ratios by sampling more densely at short
evolution times when the signals are strong, and
less frequently at long evolution times when
signals are weaker than noise (Rovnyak et al.,
2004b). As shown in the experiments described
here, we have converted all evolution periods for
the indirect dimensions to semi-constant time
(semi-CT) evolution modules. This enables us to
obtain maximum spectral resolution (as limited by
line-widths) and improve sensitivity at the same
time by sampling non-uniformly. Utilizing ultra-
high resolution (comparable to the directly
detected dimension) for all indirectly evolved
dimensions, we devised a simple ‘backbone NH
walk’ approach to establish sequential connectiv-
ities. We demonstrate this approach with the
complete backbone amide assignment of the
56-residue protein GB1 domain (Gronenborn
et al., 1991), with data acquired overnight (14 h)
on a 750 MHz spectrometer with a conventional
room-temperature probe.

Methods

Pulse sequence overview

Although our approach is applicable to both the
HNcaNH and the HNcocaNH experiments, we
chose to focus on the latter for its spectral sim-
plicity and stronger sequential cross peaks, barring
relaxation considerations (Panchal et al., 2001).
The magnetization transfer in the HNcocaNH
experiments consists of a strong sequential and a

weaker intra-residual correlation pathway (Grzesiek
et al., 1993b; Matsuo et al., 1996; Bracken et al.,
1997; Panchal et al., 2001). The sequential path-
way consists of magnetization transfers from Ni+1

to COi via the 1JNCO coupling, then to Cai via
1JCOCa, and finally to Ni via the 1JNCa coupling.
The intra-residual pathway branches off in the last
step from Cai back to Ni+1 via the weaker 2JNCa

coupling. Therefore, the 3D HncocaNH and
hNcocaNH spectra generally contain strong
sequential cross peaks and weak intra-residual
diagonal peaks. The sequential cross peaks corre-
late amide resonances of the succeeding residue
(evolved in the indirect dimensions) to the directly
observed amide resonances, enabling a forward,
unidirectional ‘backbone NH walk’.

The pulse sequences for the NUS HncocaNH
and hNcocaNH experiments, as shown in
Figure 1, are identical except for the initial periods
(points a–c). In the HncocaNH experiment, the
first semi-CT (Grzesiek and Bax, 1993b) evolution
period transfers coherences encoded with 1H
chemical shifts from Hi+1 to Ni+1, and is followed
by an INEPT (Morris and Freeman, 1979) transfer
from Ni+1 to COi. The hNcocaNH experiment
includes instead a Hi+1 to Ni+1 INEPT transfer
and a 15N semi-CT evolution period that encodes
15N chemical shifts while transferring coherences
to COi. In order to maximize sensitivity, concate-
nations of the coherence transfer and refocusing
steps are employed through out the remaining
portions of the pulse sequences, except for the final
WATERGATE period (Piotto et al., 1992; Skle-
nár et al., 1993).

In particular, a pulse scheme eliminating a
24 ms refocusing period was adopted to signifi-
cantly increase the sensitivity as previously
reported (Panchal et al., 2001). Specifically, the
anti-phase coherence of Ni+1 with respect to COi

is not immediately refocused at point c, and
becomes anti-phase with respect to Cai after the
COi fi Cai coherence transfer period at point d.
During the Cai fi Ni coherence transfer period
(points d–f), the coherence evolves to be in-phase
via the 2JNCa coupling. The length of the Ca fi N
magnetization transfer period (2TC) was set to
32 ms as a demonstration for general-applica-
tions, although it can be as long as 48 ms for
maximum sensitivity gain for small proteins such
as GB1. Since Ca magnetization is transverse
during this period, a Ca selective pulse was
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additionally employed (at point e) to allow for Cb
decoupling that further improves sensitivity
(Matsuo et al., 1996).

Semi-constant 15N evolution periods

Compared with previous reported HNcaNH and
HNcocaNH pulse sequences, the major modifica-
tion is inclusion of the 15N semi-CT evolution
periods. The length of a typical 15N constant
evolution period (tmax) is 24.8 ms, which yields a
maximum intrinsic spectral resolution of 40 Hz.
The use of 15N semi-CT periods is necessary for
achieving higher spectral resolution when
employing NUS schedules to match the narrow
15N line-widths. For protein GB1, a 15N intrinsic

resolution of 26 Hz was obtained corresponding to
0.34 ppm on a 750 MHz spectrometer. For even
narrower peaks (e.g. in unfolded protein), this can
potentially be improved further by using a NUS
schedule with extended maximum evolution times.

The first 15N semi-CT evolution period in
Figure 1b is designed to perform four tasks
simultaneously: chemical shift evolution for Ni+1,
refocusing of Hi+1 anti-phase coherence, coher-
ence transfer from Ni+1 to COi, and Ca decou-
pling. The four initial delays were set to yield a
transfer time of 24.8 ms (relaxation optimized).
The four time increments were calculated so that
the transfer time was gradually increased to a final
value of 33.2 ms (1/2JNCO) for maximal transfer
efficiency with increasing 15N evolution time.

Figure 1. Pulse schemes for the 3D NUS (a) HncocaNH and (b) hNcocaNH experiments (identical after points c). Narrow and wide
bars indicate 90� and 180� hard pulses, narrow and wide hemi-ellipses indicate 90� (GaussCascadeQ5) and 180� (GaussCascadeQ3)
shaped pulses respectively (Emsley and Bodenhausen, 1992). Shaded hemi-ellipses indicate water flip-back pulses (Grzesiek and Bax,
1993a). The shaped 180� pulse at points e has a bandwidth of either 22 ppm or 31 ppm for Ca and Ca+ selective pulse, respectively.
The delays are: e=5.5 ms; f=g=4.5 ms; k=2.3 ms; D=140 ls; TN=12.4 ms. TC is set to 16 ms. The short delay d=210 ls
compensates for the 13C 180� pulse. The delays and increments for 1H t1 semi-CT period in HncocaNH are: t1

a=t1
c=2.3 ms; t1

b=0 ms;
Dt1

a=1/2 SWH+0.45 ms/n1max; Dt1
b=1/2 SWH)2.75 ms/n1max; Dt1

c=)2.3 ms/n1max. The parameters for the 15N t1 semi-CT period in
hNcocaNH are: t1

a=t1
d=12.4 ms; t1

b=t1
c=0 ms; Dt1

a=1/2 SWN)12.4 ms/n1max; Dt1
b=16.6 ms/n1max; Dt1

c=1/2 SWN)16.6 ms/n1max;
Dt1

d=)12.4 ms/n1max. The parameters for the 15N t2 semi-CT periods are: t2
a=t2

d=13.7 ms; t2
b=t2

c=0 ms; Dt2
a=)13.7 ms/n2max;

Dt2
b=1/2 SWN)15.7 ms/n2max; Dt2

c=15.7 ms/n2max; Dt2
d=1/2 SWN)13.7 ms/n2max. The values n1max and n2max are the maximum

incremented points for the respective dimensions. All pulses are applied along x, unless specified otherwise. Phase cycling in both
experiments are as follows: /1=x; /2=x, )x; /3=2(x), 2()x); /4=4(x), 4()x); /31(receiver)=x, )x, )x, x, )x, x, x, )x. For
hNcocaNH, quadrature detections in t1 and t2 are achieved by incrementing /2 and /4 according to States-TPPI respectively (Marion
et al., 1989). For HncocaNH, quadrature detection in t1 (

1H) uses States method for /1 that shifts the
1H signals by half the spectral

width, and in t2 (15N) regular States-TPPI for /4. The
1H carrier is centered on water resonance, and the 15N carrier is placed at

118 ppm. The 13C carrier is placed on CO resonance at 176 ppm until point d where it is switched to Ca. The 1H DIPSI2 decoupling
(Shaka et al., 1988) uses a 15 kHz decoupling RF field, and the 15N GARP decoupling (Shaka et al., 1985) uses a 5.9 kHz RF field.
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The second 15N semi-CT periods in both Figures 1a
and b are designed similarly to achieve Ni evolu-
tion, Ca refocusing, Ni fi Hi coherence transfer,
and CO decoupling simultaneously. But the initial
and final magnetization transfer time were set to
27.4 ms (relaxation optimized) and 31.4 ms
(transfer efficiency optimized), respectively.

Data acquisition and processing

The pulse sequences were developed in part using a
15N/13C-labeled GFL (Gly–Phe–Leu) peptide
standard (Cambridge Isotope Laboratories,
Andover, MA), and tested using a 2 mM sample
of uniformly 15N/13C-labeled protein GB1 domain
(6.4 kDa) in 20 mM KPO4 buffer with 150 mM
NaCl, pH 6.4. All data were acquired at 25 �C
using a conventional room-temperature probe on
a Bruker Avance spectrometer with a 1H operating
frequency of 750 MHz, with a recycling delay of
1 s. The NUS HncocaNH data were acquired
using a 1400-complex point sampling schedule
with 4 scans per FID in 8 h. The maximum
increments in the NUS schedule are 180 and 100
for the indirect 1H and 15N dimensions, all cen-
tered in the amide region with the spectral widths
being 4498 Hz and 2583 Hz respectively. The
NUS hNcocaNH data of protein GB1 were
acquired using a 1024-complex point sampling
schedule with 4 scans per FID in 5.6 h. The
maximum increments in the NUS schedule are 100
for both indirect 15N dimensions, with spectral
widths of 2583 Hz. The directly observed 1H
dimension for both experiments has a spectral
width of 8993 Hz (centered at 4.7 ppm) with 512
complex points. To achieve a similar resolution
with conventional uniform sampling, the total
measuring time would have needed to be extended
from the current 14 h to 158 h (6.6 days).

Data processing was carried out using the
maximum entropy reconstruction algorithm of the
Rowland NMR Toolkit (Hoch and Stern, 1996),
on a Dell computer with dual Xenon 3.0 GHz
processors running under Fedora Core 1 Linux
operating system. The processing time (using the
parameters DEF=5 and LAMBDA=0.1) was
21 min for the NUS HncocaNH data set with a
final matrix size of 512 � 256 � 450 points, and
11 min for NUS hNcocaNH data with a final
matrix size of 256�256�450 points. The resulting
NMR spectra were analyzed using the software

CARA (available from http://www.nmr.ch/)
(Keller, 2004). CARA provides a very useful
interface for implementing the ‘backbone NH
walk’ algorithm using the 3D HNcocaNH data.
However, the same method may be adopted using
other software such as nmrView and Sparky, and
can be readily automated with scripts or stand-
alone programs.

Results

Sequential connectivity in GB1

The process of establishing sequential connectivity
of the 56-residue protein GB1 domain using
‘backbone NH walk’ is illustrated in Figure 2.
Three spectra of the 2D 15N-HSQC, 3D NUS
HncocaNH and hNcocaNH experiments are
simultaneously displayed using CARA. Marking a
spin-system (peak identifiers) in the HSQC spec-
trum will bring up the corresponding plane strips
in the HncocaNH and hNcocaNH spectra, cen-
tered with the diagonal peak. The 15N and 1H
chemical shift values of the sequential cross peaks
in the HncocaNH and hNcocaNH strips are highly
accurate given the ultra-high resolutions, and are
then used to locate the spin-system of the suc-
ceeding residue in the HSQC spectrum. As shown
by the arrows in Figure 2, each sequential con-
nection involves two separate steps using Hnco-
caNH and hNcocaNH data respectively,
resembling a bipedal walking process. The dotted
lines in the HSQC spectrum in Figure 2 show a
chain of 9 spin-systems that have been sequentially
connected using this simple ‘backbone NH walk’
method, without any need for strip comparison.

As in a conventional sequential assignment
procedure, ‘backbone NH walks’ terminate at a
proline or the C-terminal residue, or when two (or
more) NH peaks are unresolved in the HSQC
spectrum. For protein GB1, three spin-system
chains were identified, with lengths of 26 (chain
A), 28 (chain B) and 5 (chain C) residues, respec-
tively. Chain A is clearly terminated with the
C-terminal residue (there is no proline residue
present). Chain B is looped back to an unresolved
peak-pair (residues Lys4 and Lys31), and is linked
with the C-terminus of chain C. Based on these
characteristics, all backbone NH resonances of
protein GB1 were unambiguously assigned using
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the 3D NUS HncocaNH and hNcocaNH data
only. For larger proteins, with increased number
of sequentially connected chains as a result of
more unresolved NH peaks and/or proline resi-
dues, it is desirable to obtain the amino acid type
information from the CcoNH experiment (Logan
et al., 1992; Grzesiek et al., 1993a), or use a simple
method described below.

Sequential assignment using ‘ZeBra’ patterns

As shown in Figure 1, the Ca selective 180� pulse
(with 22 ppm bandwidth centered at 55 ppm) in
the middle of the Ca fi N transfer period removes
the Ca/Cb J-coupling. However, the Cb spins of
serine residues are also inverted by the Ca selective
pulse (Figure 3a) and remains coupled to Ca.
Likewise, by varying the offset (51 ppm) and
bandwidth (31 ppm) of this 13C shape pulse, we

can selectively refocus Ca and invert the Cb reso-
nances in the shaded region shown in Figure 3a,
resulting in the loss of Cb decoupling for certain
types of amino acids. Serendipitously, when the
duration of the Ca fi N magnetization transfer
period (2TC) is approximating 1/JCaCb

(27 ms), the
effect of the Ca/Cb coupling results only in a sign
inversion for the Ca coherences. We can thus
classify amino acid residue types into two groups
according to their responses to this (Ca+) selec-
tive pulse affecting the Ca plus a subgroup of the
Cb resonances. The one-letter abbreviation codes
for amino acids Asp/Asn (‘B’) and Glu/Gln (‘Z’)
are chosen to represent the two groups of amino
acids that have clearly separated average Cb
chemical shifts. The group ‘B’ includes Asp, Asn,
Leu, Phe, Tyr, and Ile residues, and the group ‘Z’
includes Glu, Gln, Thr, Met, Lys, Val, Pro, Arg,
His, Trp, Ala (plus Gly and Ser) residues. The Cys

Figure 2. A diagram illustrating the ‘backbone NH walk’ method for assigning the polypeptide amide resonances. The tracing of
sequentially connected residues (Lys10 to Thr18) in a segment of protein GB1 domain is shown with dotted lines in the 15N-HSQC
spectrum. The 1H and 15N chemical shift values of the succeeding residues are obtained from the sequential cross peaks in the
HncocaNH and hNcocaNH spectra. The solid-line and dashed-line arrows relating to the top and left strip panels demonstrate 1H and
15N connectivities, respectively, leading from residue Thr18 to Glu19.
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residues straddle both groups unless their redox
states are predetermined. This classification of
amino acids as ‘Z’/‘B’ types can be used to con-
struct ‘Z/B’ residue annotation (‘ZeBra’) patterns
for any given protein sequence.

As indicated by arrows in Figure 3b, the
sequential cross peaks of residues of group ‘B’
have opposite signs in the two HncocaNH spectra
acquired using different Ca selective pulses. In this
way, the ‘ZeBra’ patterns can be determined for
all spin-system chains connected by the ‘backbone
NH walks’, and utilized for unambiguous assign-
ments. In the case of protein GB1, using the
HncocaNH data re-acquired with a Ca+ selective
pulse, chain A and chain B can be readily assigned
according to their ‘ZeBra’ patterns that are un-
ique in the protein sequence. The assignment of
the shorter chain C is also consistent with six
possible matches using its ‘ZeBra’ pattern. This
approach of using ‘ZeBra’ pattern obtained from
all residues is more informative compared to a
triplet identification method (Panchal et al., 2001)
which depends only on the glycine and proline
residues.

Discussion

The high-resolution 3D NUS HncocaNH and
hNcocaNH data required for ‘backbone NH
walk’ sequential assignment can be acquired in a
short experimental time (overnight). However, the
use of the 3D instead of the 4D HNcocaNH data
gives rise to uncertainties in identifying spin-
systems of the succeeding residues when encoun-
tering unresolved NH peaks. A 3D HNcocaNH
experiment using the reduced-dimensionality
(RD) method (Szyperski et al., 1993; Simorre
et al., 1994; Freeman and Kupce, 2003) to
simultaneously evolve the Ni+1 and Hi+1 spins
has been reported to remove such ambiguity
(Bracken et al., 1997). We have obtained a
RD-HNcocaNH data set (acquired in 8 h) for
protein GB1 but deemed it unnecessary for the
‘backbone NH walk’ method. This is because the
very Hi+1Ni+1 correlations can be elucidated by
analyzing the HiNi diagonal peaks for the same
set of amino acid residues.

To assess spectral crowding in the 15N-HSQC
spectra of larger proteins, a survey was conducted
using chemical shift data deposited in the BioMag
ResBank (http://www.bmrb.wisc.edu). Assuming
upper limit line-widths of 18 and 20 Hz for 1H and
15N on a 750 MHz spectrometer, 90% of non-
complexed protein molecules with 51–100 residues
(476 surveyed) would have 3.8 unresolved NH

Figure 3. (a) Statistical values of the Cb chemical shift
distribution with standard deviations represented by error bars
(obtained from BioMagResBank). The region between the
dotted lines indicates the spectral range affected by the Ca
selective pulse, while the region shaded in grey is affected by the
Ca+ selective pulse as described in the main text. Residues
inside the shaded region (except Ser) form the ‘B’ group, while
those outside (except Cys) plus Gly and Ser belong to the ‘Z’
group, as explained in the main text. (b) Example of strips from
HncocaNH spectra acquired using a Ca (experiment I) or a
Ca+ (experiment II) selective pulse during the Ca fi N
magnetization transfer period. Positive peaks are represented
by solid contours, and negative peaks by dotted contours. For
residues of the ‘B’ group, the more intense cross peaks
correlating the succeeding residue (indicated by the arrows)
have opposite signs between the two experiments. The resulting
‘ZeBra’ stripe pattern ‘BBBZZ’ is consistent with this short
stretch of amino acid sequence ‘YDDAT’.
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peaks on average, or 5.0% of the total backbone
amide peaks. These numbers increase to 8.4 peaks,
or 7.3% for proteins with 101–150 residues (518
surveyed), and 15 peaks, or 9.4% for proteins with
151–200 residues (193 surveyed). The remaining
10% of the proteins may include unfolded proteins
or large unstructured regions with sharper peaks
and require separate analyses. It should be noted,
however, that unresolved NH peaks contain
information of possible chain connections that can
be sorted out when combined with ‘ZeBra’ pattern
matching for sequential assignments. On average,
spin-system chains containing seven or more resi-
dues can be uniquely mapped to the protein
sequence according to their ‘ZeBra’ patterns.
Overall, this inspection of the chemical shift data
base is encouraging and indicates that the ‘back-
bone NH walk’ and ‘ZeBra’ pattern matching
methods should work well for proteins of less than
15 kDa, as well as most proteins around 20 kDa.

We envisage many useful applications for this
robust and simple NH resonance assignment
approach. In addition to resolving ambiguities in
conventional triple-resonance experiment data, the
sequentially connected spin-system chains can be
used as error-free initial inputs for existing manual
and automated sequential assignment strategies.
In combination with the NUS RD-HCcoNH
experiments (Sun et al., 2005), it is also possible to
obtain backbone and side-chain (aliphatic) reso-
nance assignment for small proteins using a mini-
mal number of short experiments. Moreover,
backbone amide assignment alone is very impor-
tant for studying protein complexes and ligand
binding. It is relatively straightforward to transfer
known backbone NH assignments to proteins in a
complex (especially useful for tight complexes in
slow-exchange on the NMR time scale) or mutant
proteins using the 3D NUS HNcocaNH experi-
ments. This method could also dramatically
shorten the experimental time for assigning
unfolded proteins (Bhavesh et al., 2001) or flexible
region of large proteins (Juneja et al., 2002) in
proteomic studies. Currently we are extending this
assignment approach to larger proteins (MW >
20 kDa) using deuteration (Grzesiek et al., 1993b;
Matsuo et al., 1996) and additional sensitivity
enhancing techniques, such as TROSY(Pervushin
et al., 1997).
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