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1. Introduction

During the last decade a variety of triple resonance
pulse sequences that are used for the structure deter-
mination of proteins by heteronuclear multidimen-
sional NMR spectroscopy have been introduced and
optimized. Here, we would like to give a critical
review of experiments that have been proposed for
chemical shift assignment and for the extraction of
distance restraints based on NOE experiments.
Detailed descriptions of useful implementations of
pulse sequences will be given with respect to
improvements in signal-to-noise ratio and artifact
reduction, especially by the use of pulsed field gradi-
ents in combination with sensitivity enhancement and
water-flip-back schemes.

The introduction of three- and four-dimensional
NMR experiments [1–5] and the availability of13C-,
15N-labelled proteins [6–16] allow one to assign the
proton, nitrogen and carbon chemical shifts of
proteins and protein complexes with molecular
weights well above 25 kD [17,18] and to determine
their structures in solution [19–22]. The resonance
assignment of singly (15N or 13C) labellled proteins
using 3D experiments [23] is basically an extension
of Wüthrich’s strategy which exclusively relies on
homonuclear1H NMR experiments [24]. The conven-
tional assignment strategies for unlabellled or singly
labelled molecules make combined use of experi-
ments with coherent (COSY, TOCSY) and incoherent
(NOESY, ROESY) magnetization transfer. However,
incoherent magnetization transfer using the dipolar
interaction is dependent on the secondary structure,
which can cause misassignments, especially in
crowded spectra. The introduction of heteronuclear
triple resonance experiments relying exclusively on
1J/2J couplings, which are to first order independent

of conformation [9,25] triggered a development that
to date has yielded a large number of experiments for
13C-, 15N-labelled proteins and new assignment strat-
egies. As1J/2J couplings are relatively large, they
yield fast coherence transfers that can compete with
the loss of magnetization as a result of relaxation
during the pulse sequence. This becomes more and
more important with increasing molecular weight.
Recently, the use of deuterium labelling has been
shown to increase the relaxation times dramatically,
thereby allowing the study of proteins with molecular
weights well above 30 kD [26,27].

The intention of this review is to summarize triple
resonance pulse sequences that have been introduced
and to evaluate their performance and applicability
with respect to the molecular weight of the protein
to be studied. Useful implementations of these experi-
ments based on the practical experience of the authors
are presented in greater detail. Further, experimental
aspects and optimizations of the pulse sequences are
discussed. We will especially focus on the use of
pulsed field gradients in combination with sensitiv-
ity-enhanced magnetization transfers and water-flip-
back schemes to improve the quality of the NMR
spectra.

In Section 2, the various assignment strategies that
depend on the respective isotope labelling scheme are
introduced. In Section 3, basic building blocks and
experimental aspects of the implementation of multi-
dimensional triple resonance experiments are
discussed. Pulse sequences for the assignment of
backbone (Section 4) and side-chain resonances
(Section 5) in 13C-,15N-labelled proteins are
described, thereafter including modified pulse
sequences for deuterated samples. 3D and 4D
NOESY experiments used to derive internuclear
distance restraints for structure calculations are
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discussed in Section 6. For applications on complexes
(e.g. between an unlabellled peptide and a13C-, 15N-
labellled protein) these experiments can be modified
by the use of spectral editing and filter elements in
order to separate inter- and intramolecular NOEs
(Section 6.2).

We would also like to direct the reader’s attention
to some recent developments which are not discussed
in this review but are expected to have a great impact
in the field of biomolecular NMR spectroscopy in the
near future. In the context of studying protein/ligand
interactions we would like to refer to a very elegant
and efficient technique that is used for identifying and
designing high-affinity binding ligands for proteins in
pharmaceutical research. The method called ‘‘SAR by
NMR’’ (Structure Activity Relationship by NMR) is
based on monitoring chemical shift changes of amide
protons and nitrogens which accompany the titration
of potential ligands to a solution of15N-labelled
protein [28,29].

More recently, some promising new methodologi-
cal developments have been introduced. These refer to
novel types of structural restraints that have been
investigated for use in high-resolution NMR studies
of biomolecules. One type of restraints is based on
residual dipolar couplings that are observed if a
small alignment of the biomolecule can be achieved
in solution [30–32]. The angle- and distance depen-
dence of these residual dipolar couplings provide true
long range structural restraints. Thus, if used in
combination with NOE-based distance restraints
these should significantly increase the precision and
accuracy of NMR-derived structures. Another type of
experiment exploits the angular dependence of cross-
correlated relaxation, i.e. dipole/dipole or dipole/CSA
[33]. In these experiments direct projections of bond
vectors onto each other are obtained without the need
for calibration, as is required for angular restraints
derived fromJ-couplings. These projection restraints
should therefore improve structure determination in a
similar way as the orientational restraints derived
from residual dipolar couplings. Moreover, since the
novel long range restraints not only supplement but
may also partially replace NOE based distance
restraints, it is conceivable that – in combination
with 2H-labelling schemes – this will allow the deter-
mination of three-dimensional structures for proteins
with molecular weights well above 50 kD.

In addition, NMR techniques, called Transverse
Relaxation-Optimized Spectroscopy (TROSY) [34],
have recently been introduced that largely attenuate
T2-relaxation at high magnetic fields by mutual
cancellation of dipole/dipole and CSA relaxation
mechanisms. Similar effects have been observed by
removing the heteronuclear dipolar relaxation through
multiple quantum line narrowing (see Section 3.6).
Combination of these principles with other strategies,
i.e. deuteration and the aforementioned novel struc-
tural restraints, should provide an avenue to success-
ful NMR structure determination for very large
biological macromolecules with molecular weights
well above 50 kD.

2. Strategies and experiments for the resonance
assignment of uniformly 13C-, 15N-labelled proteins

The assignment strategy for proteins that are not
isotopically enriched [24] makes use of a combination
of COSY/TOCSY and NOESY or ROESY spectra.
The spin systems attached to each HN are identified
in the COSY and TOCSY spectra. NOESY or ROESY
are used for the sequential assignment of the indivi-
dual spin systems. The establishing of the sequential
connectivity relies on the occurrence of the resonance
frequency of the Ha (i) proton of amino acid (i), which
is observed in the HN(i), Ha(i) cross peak in the COSY
(TOCSY) spectrum and in the HN(i 1 1), Ha (i) cross
peak in the NOESY spectrum (Fig. 1a). (Especially in
a-helical proteins the sequential connectivity is also
supported from HN(i), HN(i 1 1) cross peaks in the
NOESY spectrum). Resonance overlap becomes so
severe in the 2D spectra of proteins with more than
80 amino acids, that it is often impossible to identify
adjacent spin systems by utilizing only a single
common resonance frequency of the connecting
cross peaks. In 3D assignment experiments, each
cross peak is labelled by three frequencies rather
than by two frequencies as in 2D experiments.
Using 15N labelling it is then possible to resolve the
resonance frequencies of the amide protons according
to the 15N chemical shift of the attached amide nitro-
gens. This is done in 3D15N,1H-HSQC-TOCSY [35–
38] and 3D 15N,1H-HSQC-NOESY [23,39–43]
experiments (Fig. 1b). While this facilitates the iden-
tification as well as the sequential assignment of the
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spin systems, the sequential connectivity still relies
mainly on the common chemical shift of the Ha(i)
proton (Fig. 1b), which can introduce ambiguities.
In order to resolve overlapping Ha chemical shifts,
3D 13C,1H-HMQC-TOCSY and 3D13C,1H-HMQC-
NOESY spectra can be recorded on a13C-labelled
sample (Fig. 1c). However, the use of the conforma-
tionally dependent NOE effect for the sequential
assignment is a principal drawback of these strategies.
As the secondary structure is not known at this stage
of the resonance assignment, an assignment based on
interactions that rely on the conformation may be
erroneous. The dependence of the3J coupling
constants used in COSY and TOCSY experiments
on the conformation can also hinder the assignment
process since cross peaks between spins that share a
small coupling (i.e. the HN and Ha protons in ana -
helix) may be missing.

The problems of limited resolution among the Ha

resonances and the conformation dependence of the
NOE and3J coupling constants are overcome in the
assignment strategies for13C-, 15N-labelled proteins
since they employ coherence transfer via1J (and in
part 2J) couplings only, which are largely independent
of conformation. Also, since the1J (2J) couplings are
generally larger than the linewidth (J . Dn1/2) of
nuclei under consideration, the transfer via these
couplings remains efficient for relatively large mole-
cules with short transverse relaxation timesT2*. Fig. 2
shows the spin system of the peptide backbone and
indicates the size of the coupling constants used for
magnetization transfer in doubly13C-, 15N-labelled
proteins.

The nomenclature for these triple resonance
experiments reflects the magnetization transfer path-
way of the experiments. Nuclei that are involved in
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Fig. 1. Assignment strategies for unlabelled or singly (13C- or 15N-labelled) proteins. The sequential assignment relies on NOE cross peaks
between protons of adjacent amino acids. (a) Classical assignment strategy based on COSY (TOCSY) and NOESY spectra. The sequential
assignment is based on the chemical shift of the Ha(i) protons in the COSY and NOESY cross peaks. (b) Overlap among proton resonances can
be resolved by dispersing the proton resonances in a third dimension of the chemical shift of the directly-bound heteronucleus. For15N-labelled
proteins, the resolution of the HN resonances is improved in15N edited TOCSY or NOESY spectra. (c) In the case of13C-labelled compounds,
13C edited spectra can be used (in a similar way).



magnetization transfers form the name of an experi-
ment. Spins, whose chemical shifts are not evolved
are put in parentheses. For an out-and-back type
experiment [44], where magnetization of a spin is
transfered to a remote spin and then brought back

the same way, only the first half of the magnetization
transfer is used for its name. For example, the out-
and-back experiment that transfers magnetization
from the amide proton (HN) via the amide nitrogen
(N) to the carbonyl C0 (CO) of the previous residue is
called HNCO. If another magnetization transfer step
to the Ca (CA) of the previous residue is included and
the corresponding Ca chemical shift is recorded, the
experiment is referred to as H(N)COCA. The parenth-
eses indicate that magnetization is only transferred via
the nitrogen spin, without chemical shift evolution
taking place. In the following section, NMR experi-
ments for the assignment of13C-,15N-labelled proteins
are summarized and the corresponding assignment
strategies are discussed. Table 1 provides a summary
of sections in this review where the pulse sequences
of important experiments are discussed. Also,
comments are given regarding sensitivity and
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Table 1
Pulse sequences typically used for protein structure determination as described in this review. The relative sensitivity of backbone assignment
experiments compared to the HNCO experiment based on Figs. 21, 24 and 26 is given. Bruker pulse programs for these experiments can be
obtained from http://www.nmr.EMBL-Heidelberg.de/

Experiment Nuclei observed Evaluation Relative S/N
[%]

Section

HNCO H(i), N(i), C0(i 2 1) , 20 kD, above use2H labelling 100 4.1
HNCA H(i), N(i), Ca (i),Ca(i 2 1) , 20 kD, above use2H labelling 50/15 4.1
HN(CO)CA H(i), N(i), Ca (i 2 1) , 20 kD, above use2H labelling 71 4.2
HN(CA)CO H(i), N(i), C0(i) , 20 kD, above use2H labelling 13/4 4.3
CBCA(CO)NH H(i), N(i), Ca(i 2 1), Cb(i 2 1) , 20 kD, above use2H labelling 13/9a /b 5.1
HBHA(CO)NH H(i), N(i), Ha(i 2 1), Hb(i 2 1) , 20 kD, above use2H labelling 13/9a /b 5.1
CBCANH, HNCACB H(i), N(i), Ca (i),

Cb(i),Ca(i 2 1),Cb(i 2 1)
, 15 kD, above use2H labelling 4/1.7a /b (i)

1.3/0.5a /b(i-1)
5.2

(H)CC(CO)NH-TOCSY H(i), N(i), Caliph.( i 2 1) , 15–20 kD, above use2H labelling 5.3
H(CC)(CO)NH-TOCSY H(i), N(i), Haliph..(i 2 1) , 15–20 kD, above use2H labelling 5.4
HCCH-TOCSY Haliph., Caliph. , 25 kD, – sensitive, but tedious to

analyze, combine with HCCONH
type experiments

5.5

Aromatic side-chain
experiments

, 15 kD, for aromatic resonance
assignments

5.6

CT-HNCA with 2H-decoupling H(i), N(i), Ca (i),Ca( i 2 1) with 2H-labelling excellent S/N up to
64 kD has been shown

5.8

NOESY-1H, 15N- HSQC H�i� !NOE
H�j�;N�j� NOEs of amide protons 6.1

NOESY-1H, 13C- HMQC H�i� !NOE
H�j�;C�j� NOEs to13C bound protons; record

preferably in D2O; yields the majority
of NOE derived distance restraints

6.1

v2-filtered NOESY 1H !NOE 1
H 2 �12C=14N� for unlabelled ligand: intra- and

intermolecular NOEs
6.2

1H, 13C-HMQC-v3-filtered
NOESY

1H�-13C� !NOE 1
H-�12C=14N� unambiguous identification of

intermolecular NOEs, S/N problems
for complexes. 25 kD

6.2

Fig. 2. Spin system of the peptide backbone and the size of the1J
and2J coupling constants that are used for magnetization transfer in
13C-, 15N-labelled proteins.



applicability of these experiments with respect to
molecular weight.

The strategies that have been developed for reso-
nance assignment using triple resonance experiments
are summarized in Fig. 3.

The strategy originally proposed by Bax’s group
employs the 3D experiments HNCO, HNCA,
HN(CO)CA, HCACO and HCA(CO)N [25,45–48]
to exclusively correlate the resonances of the
peptide backbone (HN(i), N(i), Ca (i), Ha(i),
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Fig. 3. Assignment strategies for13C-,15N-labelled proteins using coherent magnetization transfer only. (The boxes drawn around the spin
system indicate the connectivity established in the respective experiment. Grey parts of the boxes indicate that a spin is used as a relay spin,
without chemical shift evolution. Sequential assignment of the backbone resonances is obtained either from a combination of four 3D
experiments (a), or in two 4D experiments (b). These experiments use only correlations among the backbone resonances of HN, N, Ca , Ha ,
and C0. (c) The sequential assignment is improved if combinations of Cb and Ca chemical shifts are available. (d) Assignment of the spin
systems of the aliphatic proton and carbon-resonances: The H,C spin systems identified in an HCCH-TOCSY experiment are connected with the
backbone resonances HN and N using the chemical shifts of Ha ,band Ca ,b nuclei from the HCCH-TOCSY spectrum and the CBCA(CO)NH or
HBHA(CO)NH spectra. Alternatively, the aliphatic proton and carbon chemical shifts can be correlated directly with the chemical shifts of the
amide moiety in (H)CC(CO)NH-TOCSY and H(CC)(CO)NH-TOCSY experiments. A combination of both strategies, however, is more likely
to yield complete side-chain assignments.



Ca (i 21) Ha(i 21), C0(i) and C0(i 21)) (Fig. 3a).
Equivalent information can be obtained from the 4D
experiments HN(CO)CAHA and HNCAHA [49] or
HCANNH and HCA(CO)NNH [50,51] (Fig. 3b).
For smaller proteins with more favorableT2 relaxation
times of the Ca spins (see Section 4.1.1), the assign-
ment of the resonances of HN(i), N(i), Ca (i), Ha (i),
Ca (i 21) and Ha(i 21) can be accomplished using
the 3D experiment H(CA)NNH [52] or HN(CA)HA
[53], or using a combination of HN(CA)NNH and
H(NCA)NNH [54]. The HN(CA)CO [55,56] or
H(N)CACO experiments [57] support the assign-
ments using the C0 chemical shifts but are usually
less sensitive unless applied to a deuterated protein
sample (see Section 5.8).

Further developments involved including the
chemical shifts of side-chain carbon and proton
spins to achieve the sequential assignment (Fig. 3c
and d). In these experiments chemical shifts of side-
chain resonances are correlated to the amide proton by
combinations of the 3D experiments CBCA(CO)NH
[58] and CBCANH [59] or HNCACB [60], HBHA-
(CO)NH [61], HCC(CO)NH-TOCSY [62–65] and
HCCNH-TOCSY [64,66] or with a 4D
HCC(CO)NH-TOCSY experiment [67]. Information
about the chemical shifts of the Ca and Cb carbons is
especially valuable for the assignment process, since
they are characteristic of the different types of amino
acids and can therefore help to position a sequentially
connected stretch of amino acids within the known
primary sequence of the protein [61].

The recommended set of experiments to achieve
sequential chemical shift assignments is summarized
in Fig. 3c (see Section 5). From the combination of
CBCA(CO)NH and CBCANH experiments the back-
bone resonance assignments and the sequential
connectivities can be obtained. These experiments
will be sensitive enough for proteins, 130 residues
and provide the Ca and Cb chemical shifts to establish
the sequential link between neighboring residues.
Further, the Ca and Cb chemical shifts provide impor-
tant information about the amino acid type and the
secondary structure. In addition to sequential assign-
ments, these two experiments can, in principle,
provide the secondary structure of the protein.
However, for proteins.15 kD the CBCANH or
HNCACB experiment become less sensitive. Then
the more sensitive experiments HNCA and

HN(CO)CA can be used in addition to establish the
sequential connectivities. If the Ca and Cb chemical
shifts obtained from these four experiments still leave
some ambiguities, the pair of HNCO and HN(CA)CO
can be used to resolve the overlap. However, since the
HN(CA)CO experiment is quite insensitive, this
approach will be useful only in combination with a
deuterated protein. Then the set of six backbone
experiments shown in Fig. 3c should allow the unam-
biguous assignment even for larger proteins (30 kD).

Assignment of the side chain proton resonances is a
prerequisite for analyzing NOE interactions (Section
6) which yield distance restraints that are used for
structure calculations. Experiments that use C,C-
TOCSY transfer to establish side chain assignments
via correlation of side chain protons with backbone
resonances (Fig. 3d) become insensitive with
increasing molecular weight. In these cases, the
side chain spin systems are identified in 3D
HCCH-COSY [68,69] or preferably 3D/4D HCCH-
TOCSY [70–73] experiments. The Ha /b and Ca /b

chemical shifts of the side chains are then used to
link the side chain spin systems to the backbone
assignments (Fig. 3d).

For proteins with molecular weights above 30 kD,
the sensitivity of all heteronuclear triple resonance
experiments declines as a result of increasingT2

relaxation rates. Owing to the strong dipolar coupling
in C–H fragments, this problem is especially severe
for aliphatic carbons, especially the Ca spins. Partial
(75%) or complete (100%) deuteration was proposed
as a remedy [74,75], since the dipolar coupling in a
C–D fragment compared to a C–H fragment is scaled
down because of the lower gyromagnetic ratio,
g(2H) < 1/6.5g (1H). Dilution of protons by deuter-
ons thus leads to longer relaxation times for the13C
spins. Modified pulse sequences for backbone [26,27]
and sidechain [76,77] assignments of partially deuter-
ated proteins with deuterium decoupling have been
published in the meantime, and the expected increase
in sensitivity and higher resolution in the carbon
dimensions have been observed (Section 5.8).

In all 3D and 4D experiments described so far,
chemical shift evolves for one spin per dimension
only. The dimensionality of a 3D (nD) experiment
can be reduced to 2D((n2 1)D), if chemical shifts
of two nuclei are recorded simultaneously. The
application of this principle on triple resonance
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experiments was first demonstrated by Wu¨thrich and
coworkers [78–80] and has been extended by Marion
and coworkers [81,82]. These experiments are
discussed further in Section 4.4.

A number of experiments especially designed for
the assignment of the aromatic proton and carbon
chemical shifts in13C-labelled proteins have been
proposed. Assignment of these resonances is particu-
larly important, since aromatic side chains are usually
involved in NOE contacts that define the tertiary
structure. These experiments are discussed in some
detail in Section 5.7.

Several experiments have been proposed to identify
certain amino acid residue types, e.g. prolines [83] or
glycines [84,85]. Other pulse sequences were
designed for the assignment of side chain resonances
of Met [86], His, Trp [87], Glu, Asp, Gln and Asn
residues [88–92]. Experiments have been introduced
to obtain assignments for arginine side chain reso-
nances [93–96]. The guanidinium group of the argi-
nine side chain is often involved in intermolecular
contacts e.g. to phosphorylated proteins or nucleic
acids. In order to define these important interactions
it is necessary to assign the arginine side chain reso-
nances. These experiments are discussed in Section
5.7.

The availability of complete sets of chemical shifts
for all 1H, 13C and15N resonances in proteins enabled
correlations between chemical shifts and secondary
structure elements to be established [97–102]. The
secondary chemical shift for a nucleus in an amino
acid in a given secondary structure element is defined
as the difference between the average chemical shift
found for the nucleus in this secondary structure
element and the average chemical shift of the nucleus
in all proteins assigned to date. So far, it has been
found that the secondary chemical shifts of Ha , Ca ,
Cb and C0 nuclei correlate well with the secondary
structure (characterized by the backbone dihedral
anglesf andc). Using this information the secondary
structure of a protein can be established at an early
stage of the structure determination process. The
secondary chemical shift has also been used during
the refinement of NMR-derived structures. It has
been shown that the root-mean-square deviation
of the ensemble of structures can be slightly
improved using this ‘‘chemical shift refinement’’
[103–105].

3. Basic tools and experimental aspects of triple
resonance pulse sequences

The NMR pulse sequences for the assignment of
uniformly 13C-, 15N-labelled proteins are composed
of a large number of pulses that have to be applied
at three or four different frequencies in order to excite
1H, 15N, aliphatic13C and13C0 resonances. As signal
losses as a result of miscalibration or pulse imperfec-
tions accumulate, accurate calibration of pulses and
good RF homogeneity of the probe on all frequency
channels is essential. The aliphatic and carbonyl
pulses can either be generated in separate spectro-
meter channels, or a single channel can be used, as
explained in the following.

In addition, special techniques and the use of pulsed
field gradients in the design of pulse sequences have
led to improved signal-to-noise and better artifact
suppression in NMR experiments. Some basic princi-
ples will be discussed later.

3.1. Selective pulses

A 13C spectrum of the protein Rhodniin (103 amino
acids) is displayed in Fig. 4. Three separate regions
are visible, corresponding to the carbonyl (C0),
aromatic and aliphatic resonances. It is therefore
possible to selectively manipulate the C0 and aliphatic
carbon resonances, using either rectangular pulses
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Fig. 4. 150.9 MHz proton-coupled 1D13C spectrum of the protein
Rhodniin (103 amino acids). The three separate spectral regions
contain the carbonyl (C0) resonances (around 175 ppm), the
aromatic resonances (around 130 ppm) and the aliphatic13C reso-
nances between 10 and 85 ppm.



adapted for this purpose [106] or shaped pulses. If the
pulses on either side of the spectral regions do not
disturb populations or coherences of spins belonging
to the other region, the aliphatic and C0 carbons can be
regarded as a heteronuclear spin system. In our
experience G4 (bandselective 908 pulse) and G3
(bandselective 1808 pulse) pulses introduced by
Emsley and Bodenhausen [107] are useful for these
purposes. The excitation profiles of these pulses will
be discussed later. In addition, a number of different
pulse shapes (e.g. BURP [108]) with comparable
performance have been introduced for selective exci-
tation, inversion and refocusing [109].

As an alternative to treating the different carbon
nuclei as a heteronuclear spin system by the applica-
tion of selective pulses, extremely broadband pulses
can be implemented as frequency-swept adiabatic
pulse shapes. These pulses can be used for extremely
broadband decoupling (e.g. to cover the full13C
chemical shift range at high magnetic field strengths
at an acceptable RF power). However, adiabatic
decoupling introduces artifacts in the form of cycling
side bands which have to be taken care of when
applied in heteronuclear decoupled proton/proton
correlation spectra, e.g. heteronuclear NOESY experi-
ments [110–112]. A very elegant application of
frequency swept adiabatic pulses has been introduced
for 12C-filtered experiments (see Section 6.2)
[113,114].

If pulses for carbonyl and aliphatic carbons are to
be delivered by a single RF channel, the frequency of
this channel is centered in one of these regions, while
pulses on the remote carbon frequencies are generated
by phase- or amplitude-modulated shaped pulses.
Compared to switching the carrier frequency, this
has the advantage that phase coherence is retained
throughout the pulse sequence. Phase modulation of
a shaped pulse leads to a shift in the excitation region
of the shaped pulse, while amplitude modulation
generates two excitation side bands, each having to
a first approximation the same excitation profile as the
unmodulated shape. Shaped pulses are executed by
the spectrometer hardware as a series of pulse steps,
which each have a defined amplitude and phase.
Consider a shaped pulse of durationtP and consisting
of 0 , j , NP steps. If a frequency offsetDV [Hz] of
this pulse is achieved by superimposing a phase gradi-
ent on the shape, the phasefmod( j) of pulse stepj is

given by Eq. (1a). Symmetrical excitation at̂ DV
can be achieved by a cosine modulation of the ampli-
tude of a shaped pulse. If the amplitude of stepj of the
unmodulated shaped pulse is denoted byA(j), the
amplitudeAmod( j) of the amplitude-modulated pulse
is given by Eq. (1b).

Phase modulation:

fmod� j� � f� j�2 �2p*DV*tp*j =NP� �1a�
Amplitude modulation:

Amod� j� � A� j� 2cos�2p*DV*tp*j =NP� �1b�
As amplitude-modulation according to Eq. (1b)

leads to two excitation side bands, an amplitude-
modulated shaped pulse has a peak field strength
twice as high as the unmodulated shape. Thus, the
RF power required is up to four-fold higher compared
to using the unmodulated shape.

Rectangular pulses can replace shaped pulses for
the selective excitation of the two carbon frequency
ranges to some degree. The selectivity of a rectangular
pulse is achieved by adjusting their field strength
[106]. To see how this can be achieved, the effective
field v1

eff at a frequency offsetDV for a pulse with
applied with a field strengthv1 is shown in Fig. 5.

For a spin with offsetDV , the effective fieldv1
eff is

defined by Eq. (2):

�veff
1 �2 � �DV�2 1 v2

1 �2�
To achieve selectivity for one group of spins,v1

eff is
chosen such that the spins to be excited (inverted)
experience a flip angle ofp /2 (p ), while the flip
angle at offsetDV is 2p . This condition is met if
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Fig. 5. Definition of the effective fieldveff
1 � 2gBeff

1 as a function
of the offsetDV and the RF field strengthv1 � 2gB1: The orienta-
tion of veff

1 defines the axis about which magnetization precesses
during the RF pulse.u is defined by sinu � v1=v

eff
1 :



v1� 2 gB1� DV /
���
15
p

for a 908 pulse and2 gB1�
DV /

��
3
p

for a 1808 pulse. Fig. 6a shows the excitation
profile of a rectangular pulse and a G4 pulse, both
adjusted to excite13Ca magnetization while leaving
the carbonyl resonances untouched. The inversion
profiles of a rectangular pulse and of a G3 pulse
adjusted to selectively invertz magnetization of Ca
are shown in Fig. 6b. In contrast to the rectangular
pulses, the shaped pulses achieve nearly homogenous

excitation or inversion, while leaving the whole
carbonyl region undisturbed.

3.2. Bloch–Siegert phase shifts

A common fragment of multinuclear pulse
sequences is evolution of chemical shift of one
group of carbon spins with the coupling to another
group of off-resonance carbon spins being refocused
by a selective pulse. Application of the selective refo-
cusing pulse leads to a phase shift for the on-reso-
nance coherence, known as Bloch–Siegert phase
(BSP) [115,116]. This phase shift is introduced even
if the conditionuDVu . uv1u holds, i.e. if the on-reso-
nance spin is not excited by the selective pulse.
Bloch–Siegert effects are also introduced when selec-
tive decoupling sequences [117–120] are applied
[121]. In this case small frequency shifts are produced
for the off-resonant spins.

The Bloch–Siegert phase shift has the same origin
as the Bloch–Siegert frequency shift, which intro-
duces a shift of resonance frequencies in the vicinity
of an irradiation RF frequency [115,122,123]. It
results from interference of the selective pulse with
the evolution of off-resonance transverse magnetiza-
tion. An example is shown in Fig. 7 for a rectangular
p pulse applied at an offset2DV � 2

��
3
p

v1 : The on-
resonance (zero order) Bloch–Siegert phase for this
pulse can be derived as follows: Viewed in a
coordinate system rotating on-resonance with the
frequency of the applied pulse of durationtp , mag-
netization at an offsetDV experiences an effective
rotation of 2p due tov1

eff� 2v1. Thus, the orientation
of the magnetization after the pulse is unchanged, its
phase isfpulse� 0. However, in absence of the pulse,
the magnetization would have evolved a phase
fnopulse � DV p tp since it has an offsetDV
(Fig. 7b). Thus, the zero order Bloch–Siegert phase,
which is the phase difference with and without appli-
cation of an off-resonance pulse,fpulse 2 fnopulse,
equals:

BSP�0� � 2DV*tp � 2
��
3
p

v1*p=v1

� 2
��
3
p

p , 48:28 �3�
In Eq. (3) the fact that BSP(0) is determined only

modulo2p has been used. An alternative description
in a coordinate system that is on-resonance with the
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Fig. 6. (a) Excitation of transverse magnetization�Mxy � �M2
x 1

M2
y�1=2� from zmagnetization by a 908x pulse and by a G4 pulse as a

function of the offsetDV . In order to avoid excitation of frequencies
with an offset^ 18 kHz (corresponding C0 in proteins at 150 MHz
with the 13C carrier in the Ca region) the pulse duration for the 908

pulse istP � 53.8ms (corresponding tov1=2p � DV=�2p ����
15
p � �

4:65 kHz�: The excitation profile of the rectangular pulse is
compared to that of a G4 pulse withtp � 400ms �gBmax

1 =2p �
11:48 kHz�: (b) Inversion of z magnetization by a rectangular
pulse and by a G3 pulse. The pulse width of the 1808 rectangular
pulse is tp � 48ms �v1=2p � DV=�2p ��

3
p � � 10:3 kHz�; to avoid

excitation of resonances at̂ 18 kHz. In contrast to the rectangular
pulse, the selective G3 pulse�tp � 250ms; gBmax

1 =2p �
14:37 kHz� shows almost ideal inversion for the desired bandwidth
( ^ 5 kHz), while off-resonance magnetization remains unper-
turbed.



magnetization yields the same result (Fig. 7c): since
this coordinate system rotates withDV compared to
Fig. 7b, the magnetization with application of the off-
resonancep -pulse has a phasefpulse� 2DV*tp:
However, without an off-resonance pulse it will not
evolve chemical shift, because this coordinate frame

is rotating on-resonance with the magnetization
(fpulse � 0). Again, BSP(0)� fpulse 2 fnopulse �
2

��
3
p

p: Note, that the sign of the Bloch–Siegert
phase shift will be reversed if the off-resonance
pulse is applied atDV rather than2 DV . Therefore,
amplitude modulated pulses do not introduce a
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Fig. 7. (a) Effective fieldveff
1 of transverse magnetization during application of an off-resonancep pulse of field strengthB1 � 2v1=g and

durationtp at an offset2DV � ��
3
p

v1: The off-resonancep pulse acts as a 2p pulse for the magnetization under consideration. (b) Viewed in a
coordinate system rotating at angular frequency2 DV , the off-resonance pulsep aligns the magnetization at the same position as before.
However, in the absence of the pulse, it would have developed a phaseDV*tp because of chemical shift evolution. (c) In the coordinate system
on-resonance with the magnetization, the phase of the magnetization with application of the pulse is shifted by2DV*tp; because this
coordinate system rotatesDV faster than the one in (b). However, without the off-resonance pulse, the magnetization would not have developed
a phase. Both descriptions lead to the same value of the zero order Bloch–Siegert Phase BSP�0� � fpulse2 fnopulse� 2DV*tp � 2

��
3
p

p (cf.
Eq. (3)).



zero order Bloch–Siegert phase on-resonance (vide
infra).

The Bloch–Siegert phase introduced by a shaped
pulse depends primarily on the total rotation angle of
the pulse and is therefore usually larger than the
Bloch–Siegert phase induced by a rectangular pulse
applied with the maximum RF field of the shaped
pulse. The Bloch–Siegert phase for a G3 pulse with
an inversion bandwidth of 70 ppm (tP � 250ms,
gB1

max/(2p ) � 14.37 kHz for 13C at 150 MHz) is
shown in Fig. 8 as a function of the offset in [ppm].
For offsets in the range 130̂ 10 ppm, which corre-
sponds to the separation of the Ca and C0 resonances,
the BSP is nearly linear as a function ofDV and can

therefore be compensated approximately by a phase
shift of RF pulses (equal to the frequency-independent
‘‘zero order’’ BSP(0)) and the introduction of a delay
(reversing the linearly frequency-dependent ‘‘first
order’’ BSP(1)).

This method and two alternative methods used to
compensate BSP shifts are depicted in Fig. 9. In this
example, the off-resonance inversion pulse on C0

introduces BSP shifts for the transverse Ca magneti-
zation during the evolution time 2T.

The second possibility for compensating Bloch–
Siegert phase shifts makes use of amplitude modula-
tion instead of phase-modulation (Fig. 9b). An
amplitude-modulated pulse has two excitation bands
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Fig. 8. Bloch–Siegert Phase (BSP) of a G3 pulse with an inversion bandwidth of 70 ppm as a function of the offset [ppm].

Fig. 9. A phase-modulated G3 pulse, applied during the evolution time of Ca nuclei to refocus the C0,Ca coupling, induces a Bloch–Siegert
phase shift on the Ca nuclei, which can be compensated in different ways: (a) The zero and first order BSP shifts can be determined and can be
compensated for by a adjusting the phase of a 908 pulse and introducing a delayd , respectively. For the G3 pulse applied to C0 in this example
(duration 250ms, offset 18 kHz), a phase change of BSP(0)� 558 and a delay ofd� 2 25ms are needed. (b) Replacing the phase-modulated C0

pulse by an amplitude-modulated shape of 700ms duration leads to cancellation of the zero order BSP, a delayd 0 � 2 15ms is still needed to
eliminate the first order BSP. (c) A second off-resonance shaped pulse, (denoted ‘‘BSP’’) separated from the first one by an on-resonance (Ca)
1808 pulse, leads to compensation of BSP shifts of all orders.



at ^ DV . The Bloch–Siegert phase shifts of the two
side bands interfere, such that the zero order Bloch–
Siegert phase shifts cancel completely while first
order shifts cancel at least on-resonance. A drawback
of this compensation is that the shaped pulse must
have twice the RF amplitude.

In the third method (Fig. 9c) a second shaped pulse
is applied, which is separated from the first shaped
pulse by a 1808 pulse applied to the on-resonance
spins. This on-resonance 1808 pulse does not further
complicate the pulse sequences, since it is needed
anyway for refocussing13C chemical shifts. This
method eliminates BSP shifts of all orders. However,
the additional off-resonance phase-modulated pulse
can still cause some loss in sensitivity.

3.3. Pulsed field gradients

Pulsed field gradients are linear spatial changes
(Ga � dB0/da , a � x,y,z) of the staticB0 field applied
for relatively short (millisecond) durations. Until
1990, weakB0 gradients along thez-axis were used
as homogeneity spoiling (homospoil) pulses [124] in
high resolution NMR spectroscopy. Since then,
problems with shielding of eddy currents that
prevented gradients from achieving their final value
and led to delayed decay after switching off the gradi-
ent have been solved. Therefore, gradients of up to
50 G/cm are now available for high resolution NMR
experiments. A number of pulse sequences have been
introduced that incorporate pulsed field gradients for
coherence selection and achieve superior suppression
of solvent signals and artifacts [125–132]. In the
following, we summarize useful implementations of
gradients as tools in NMR pulse sequences. For
comprehensive reviews about the use of pulsed field
gradients in high resolution NMR see [133,134]. More
recently it has been shown, that ‘‘impossible cross-
peaks’’ e.g. from intermolecular multiple quantum
coherences, can be observed in combination with
the use of gradients in aqueous solutions [135].
These peaks, that are usually undesired because they
lead to poor solvent suppression, can be suppressed by
the use of magic angle gradients, that can be obtained
in probes with multiple-axis gradients. These probes
also allow optimized automated shimming of samples
by three-dimensional mapping of theB0 field [136].
However, in heteronuclear experiments single axis

gradients are usually sufficient for the suppression of
solvent signals and artifacts [137].

A gradient pulse with amplitudeG � (Gx, Gy, Gz)
and a durationtG introduces a phasef (r ) on spin
coherence at the positionr :

f�r � � �GtGr �
X

k

�pkgk� �4�

pk is the coherence order of spink with the gyro-
magnetic ratiog k. For a sufficient gradient strength
GtG, coherences over the sample volume experience
phase shifts between 08 and several hundred 2p rota-
tions. Thus, no macroscopic coherence (which is
obtained by integration over the active sample
volume) is observable (fanned-out arrows in Fig.
10a). However, the spin systems within the active
volume of the probe are in a well-defined state. Appli-
cation of a second gradient with strength2GtG

reverses the action of the first gradient. The dephased
coherence is being refocused and thus becomes
macroscopically observable (Fig. 10a). This is called
a gradient echo [138]. In an NMR experiment wherej
gradients (GtG)j are applied, a coherence transfer
pathway involving the coherence orderspkj is refo-
cused by a gradient echo, ifX

j

{ �GtG�j
X

k

�pkjgk�} � 0 �5�

For example, two gradients with identical strength
placed symmetrically around a 1808 pulse refocus all
coherences for which the sign is inverted but for
which the absolute value is kept constant by the
1808 pulse (Fig. 10b). In general, only coherence
from selected pathways is refocused and observable
at the beginning of acquisition.

The suppression of artifacts by pulsed field gradi-
ents is achieved within a single scan. This is in
contrast to phase cycled experiments, where suppres-
sion of artifacts is achieved by subtraction of signals
from two or more scans. Imperfect subtraction is the
main source oft1 noise in multidimensional experi-
ments. Another advantage of pulsed field gradients is
the suppression of solvent signals that usually consti-
tute the most severe artifacts in NMR spectra. If
solvent signal suppression, e.g. for samples dissolved
in H2O, is achieved by presaturation, the maximum
receiver gain is still determined by the incompletely
suppressed solvent signal and the suppression must be
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considerably improved by signal averaging. In
contrast, solvent suppression by the use of heteronuc-
lear gradient echoes, as described in the following,
allows optimum use of the dynamic range of the
receiver.

The various implementations of gradients in multi-
dimensional NMR experiments differ with respect to
performance. There are two concerns: first, the
desired coherences should be fully refocused at the
end of the pulse sequence. This cannot always be
achieved, because many pulse sequences rely on
retaining multiple coherence orders during most of
the delays, e.g. normally coherences with opposite
sign but equal value of the coherence order have to
be selected simultaneously. Application of gradients
during such a time of simultaneous existence of
several coherence orders can annihilate some of the
pathways, leading to a reduction of signal-to-noise.
This will be explained in more detail in the next
section. The second goal to achieve is the suppression
of undesired pathways which is usually perfect except
for accidential refocusing because of a less than opti-
mal selection of gradient values. The amount of
suppression achievable by a certain selection of gradi-
ents can be quantified and the gradients can be
selected such that the undesired pathways are maxi-
mally suppressed [139]. However, especially for
solvent suppression the goal is not only to reject
certain coherence order pathways but to completely
suppress any signal derived from these molecules.

With respect to solvent signal suppression, two
distinct classes of pulse sequences employing gradi-
ents can be distinguished. In the first case, the unde-
sired spin system topology is, in principle, able to
generate the selected coherence orders. Thus the
degree of suppression relies on the performance of
the pulse sequences to prevent excitation of the
selected coherences for the undesired spin topologies.
This is the case when using spoil gradients e.g. for
solvent suppression (Fig. 10c). Pulse or phase imper-
fections can produce undesired spin topologies (e.g.
z-magnetization of the water resonance after the
(p /2)y(I) pulse (Fig. 10c) which can pass the pulse
sequence. Therefore, the quality of suppression relies
critically on minimal pulse imperfections. In the
second class of gradient experiments, the undesired
spin topology is physically unable to form the selected
coherences (e.g. because a heteronuclear spin with a
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Fig. 10. Effects of gradients. (a)I-spin coherence of orderp is
dephased by a gradient with strength GztG by pGztGg I, whereg I

is the gyromagnetic ratio for theI spins. The projections of magne-
tization vectors into thexy-plane are shown. Given a sufficient
dephasing power of the first gradient pulse, no magnetization is
observable macroscopically because signals from different volume
elements of the active volume cancel. Application of a second
gradient of opposite sign (2Gz tG) leads to rephasing of the
coherence forming a gradient echo. (b) A 1808 pulse inverts
the coherence order, thus application of two gradients of the
same sign on both sides of a 1808-pulse will produce a gradient
echo. Artifacts resulting from imperfect refocusing will be
dephased. (c) In the initial part of a HSQC experiment the
magnetization of interest exists as longitudinal two-spin order
2IzSz. Therefore, a spoil gradient during this period will dephase
transverse magnetization. The residual water magnetization
depends solely on the imperfections of the three proton pulses
that may produce water magnetization along thez-axis at the
time of the gradient.



certain gyromagnetic ratio is missing). In this case the
degree of suppression relies only on the duration and
amplitude of the gradients employed and is not
limited by pulse or phase imperfections. This is the
case for the1H signal of H2O in 1H,X correlation
experiments with coherence selection by a heteronuc-
lear gradient echo. Coherence selection for the X
spins during the evolution period combined with
application of a second gradient before detection
establishes a heteronuclear gradient echo for1H, X
spin topologies. As the1H spins of H2O can never
lead to X spin coherence they are efficiently
suppressed by the application of a heteronuclear
gradient echo, independent of pulse imperfections.
In a 2 mM aqueous solution suppression factors of
< 106 are required to observe resonances of the solute
under the solvent signal. This is achievable by the use
of heteronuclear gradient echoes in contrast to the use
of spoil gradients. Therefore the implementation of a
heteronuclear gradient echo is recommended if effi-
cient solvent suppression is required. Optimum imple-
mentations of heteronuclear gradient echoes with
respect to sensitivity and artifact suppression will be
discussed in the following section.

3.4. Sensitivity enhancement

An ingenious idea to improve the sensitivity of two-
dimensional NMR experiments has been introduced
by Rance et al. in 1991 [140–142], reviewed in [143].
In conventional 2D NMR experiments a cosine and a
sineamplitude-modulated signal has to be recorded in
different scans in order to achieve quadrature detec-
tion in the indirect dimension. This corresponds to
selectingSx and Sy during the t1 evolution period,
e.g. in a heteronuclear experiment with a coherence
transfer step (CTS).

Only one of the two magnetization components is
selected in each case, the other part does not contri-
bute to the observed signal. However, by using a
phase-modulatingpulse sequence, both signals are
retained and the signal-to-noise ratio (S/N) of the

experiment can be improved by
��
2
p

, as is derived in
the following [144,145]. The cosine- and sine- modu-
lated signals in a conventional NMR experiment
represent two signals with intensityIN � (1/2) at
positions ^ VS in the spectrum (Fig. 11a). These
four signals are added and folded during processing
and Fourier transformation and yield a single cross
peak in the final spectrum with a signal intensity of
4 p (1/2)� 2. Assuming that the standard deviation of
the statistical noises at each of the four signals iss �
1, the noise at the peak position in the final spectrum is��

4
p

, yielding a signal-to-noise of S/N� 2/2� 1. More
generally:

S=N � �IN*
��
n
p �=s �7�

In contrast to this amplitude-modulating coherence
transfer, the use of a phase-modulating pulse sequence
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Fig. 11. (a) Fourier transform of the two amplitude-modulated
signals, that are required for quadrature detection in the indirect
evolution time in a two-dimensional experiment. Combination of
the cosine- and sine-modulated 2D spectra yields a spectrum with
pure phases and sign discrimination inv1. (b) Fourier transform of
the echo- and anti echo signals in a phase-modulating pulse
sequence. The numbers indicate the relative signal-to-noise.



achieves coherence order selective transfers corre-
sponding to the echo- (S1 ! I2) and antiecho signal
(S2 ! I2):
Antiecho:

Echo:

Complex Fourier transformation yields two signals
with intensity 1, since bothSx andSy components are
transfered simultaneously (Fig. 11b). Folding with
respect tov1 � 0 yields a cross peak with intensity
2, that can be phased to absorption. However, the
noise is only increased by

��
2
p

, thus S/N� ��
2
p

(cf.
Eq. (7)).

Echo- and antiecho spectra can either be processed
separately and combined to a single data set with pure
phases, or prior to Fourier transformation they can be
transformed to an amplitude-modulated time domain
signal, which can be processed in the conventional
manner [141]. Combination of the two time domain
signals follows Eq. (9):

�9�

The combination of a gradient echo with ampli-
tude- or phase-modulating pulse sequences has very
different effects on the signal-to-noise ratio. The
implementation of a gradient echo during the evolu-
tion time of an amplitude-modulating pulse sequence
reduces the S/N to1��

2
p compared to the experiment

without gradients (S/N� 1). This is explained in
Fig. 12.

Gradient echoes cause phase modulation of the
NMR signal, even if the pulse sequence is amplitude
modulating. Thus, only the echo- or the antiecho
signal that contribute to the cosine- or sine-modulated
magnetization components (Fig. 12a, compare Fig.
11a) is selected (Fig. 12b). With Eq. (7) we obtain
S/N� (1/2) p

��
2
p � 1/

��
2
p

. However, the application
of a gradient echo is fully compatible with a phase-
modulating pulse sequence. Therefore, the sensitivity
improvement of

��
2
p

compared to a conventional NMR
experiment is retained (Fig. 12c, compare Fig. 11b).
As phase-modulating pulse sequences select only a
single coherence order even without application of a
gradient echo, they are calledCoherenceOrder
Selective (COS) [144–146]. An alternative name
reflecting the fact that both cartesian operators are
transfered is PEP forPreservation ofEquivalent
Pathways [147].

Pulse sequences have been introduced that achieve
coherence order selective coherence transfer (COS-
CT) in homonuclear TOCSY experiments [140], and
for heteronuclear coherence transfer via a double
INEPT transfer [141] (Fig. 13b) and heteronuclear,
planar TOCSY sequences [146] (Fig. 13c). The latter
two are compared to a conventional HSQC experi-
ment in Fig. 13a. The combination of sensitivity
enhancement with a heteronuclear gradient echo was
first demonstrated on a sensitivity-enhanced HSQC
experiment by Kay and coworkers [148] and later
on a three-dimensional HNCO experiment
[144,149]. Modification of the coherence transfer
steps for application toInS versusIS spin systems
are discussed in [146]. Upper bounds for such coher-
ence transfers have been derived from a systematic
optimization procedure [150].

In addition, experiments have been developed that
achieve in-phase COS-CT (S2 ! I2) [151], and a
pulse sequence element for simultaneous COS-CT
(13C ! 1H and 15N ! 1H) has been introduced
[152]. An extension of sensitivity enhancement ton-
dimensional NMR experiments is discussed in [153].
There it is derived, that in ann-dimensional NMR
experiment, the signal-to-noise can be improved by
2(n21)/2, if COS-CT is used starting from the first
evolution period until acquisition. Applications are
shown for HNCO and HCCH-TOCSY. Applications
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to HSQC-TOCSY and TOCSY-HSQC experiments
have also been published [154,155]. The mixing
time required for homonuclear COS-CT equals the
mixing time for a conventional in-phase transfer. In
contrast, the mixing time for heteronuclear COS-CT
from antiphase to in-phase coherence is twice as long
as a conventional coherence transfer. This reduces the
sensitivity of heteronuclear COS-CT steps, depending
on the relaxation times of the nuclei involved in the
coherence transfer [153]. This becomes more critical
with increasing molecular weight of the molecule
studied. However, in combination with deuterium
labelling, relaxation rates are significantly reduced.
Therefore, the sensitivity-enhanced methods are
recommended to be used for proteins with molecular

weights ,15–20 kD or for larger molecules in
combination with2labelling (see Section 5.8). In any
case, the excellent solvent and artifact suppression
achieved by the application of heteronuclear gradient
echoes makes this a recommended accessory for
heteronuclear NMR experiments, especially for use
with samples that are dissolved in H2O.

3.5. Water-flip-back

While dephasing of the H2O magnetization by
applying a heteronuclear gradient echo (e.g. in the
pulse sequences of Fig. 13b,c) achieves dramatically
improved solvent suppression compared to presatura-
tion, the dephasing may still reduce the sensitivity for
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Fig. 12. Fourier transform of signals in thev1 dimension of two-dimensional experiments. (a) amplitude modulated signals, (b) phase-
modulated signals obtained by implementing a gradient echo in an amplitude-modulating pulse sequence and (c) phase-modulated signals
in a phase-modulating pulse sequence combined with a gradient echo.
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Fig. 13. Heteronuclear correlation experiments employing a heteronuclear gradient echo. Note that the gradient for dephasing the13C coherence
during t1 is applied before the 1808(13C) refocusing pulse in order to suppress artifacts from imperfect refocusing by this pulse. The coherence
transfer betweent1 andt2 is indicated for each pulse sequence. Also the effective Hamiltonian imposed by the mixing sequence is given on top of
each figure. (a) Conventional1H,13C-HSQC experiment with heteronuclear gradient echo. For optimum coherence transfer,D � 1/2J(H,C). (b)
and (c) Sensitivity-enhanced HSQC with COS-CT for the13C ! 1H transfer. Echo- and antiecho selection is achieved by inversion of the
gradient followingt1 in combination with inversion of the phasec and storing the resulting two FIDs in separate memory locations (see Section
3.4). The transfer amplitude depends on the13C multiplicity. In (b) for IS spin systems both delays should be set to 1/2J(H,C), for InS spin
systems (n� 1, 2, 3) recommended settings areD1� 1/4J(H,C) andD2� 1/2J(H,C). In (c)tm should be 1/J or 0.7/J for the observation ofISor
InSspin systems.



the observation of solvent exchangeable spins, e.g.
amide protons. The much longerT1 relaxation time
of H2O compared to the protein resonances prevents
the solvent magnetization from complete relaxation
and thus leaves the solvent signal in a partially satu-
rated state at the end of the NMR pulse sequence.
Thus, chemical exchange and spin diffusion between
protein protons (mainly the HN and Ha spins) and
partially saturated water lead to partial saturation of
the HN spins (‘‘saturation transfer’’) and therefore
reduce the magnetization available for the next scan.
This can be avoided by turning the water magnetiza-
tion back along thez-axis (‘‘water-flip-back’’) before
or after the acquisition time, and dephasing only the
residual water magnetization during acquisition. In
some sequences, e.g. where proton frequencies near
the water resonance should be observed, water-flip-
back has to be accomplished without the use of a
water-selective pulse. For example, radiation damp-
ing automatically flips the water magnetization back
along thez-axis within a short delay of few milli-
seconds [156], e.g. during the mixing time in a
NOESY experiment, provided the water magnetiza-
tion is transverse and not dephased by gradients. The
time needed for this process is determined by the
quality factor (Q) of the probe. However, in pulse
sequences that explicitely employ water-flip-back
pulses (see the following) radiation damping of the
water magnetization should be avoided because it
may interfere with the water-flip-back scheme. In
these pulse sequences, it is therefore important to
keep all transverse components of the water dephased
throughout the whole pulse sequence by the applica-
tion of suitable dephasing and rephasing gradients
during delays and to only rephase the water magneti-
zation before it is turned along thez-axis prior to
acquisition.

For example, the standard HSQC experiment inher-
ently contains water-flip-back if the phases of the
908(H) proton pulse are set accordingly [157]. Radia-
tion damping of the water magnetization can be
prevented by employing two gradients just before
and after the 908(N) pulses that flank thet1-evolution
period as indicated in Fig. 14a. In order to combine
this pulse sequence with an efficient water suppression
scheme, the experiment in Fig. 14b can be used. In
Fig. 14b water-flip-back is combined with a WATER-
GATE [158,159] pulse sequence by employing water-

selective pulses. Without water-flip-back the solvent
magnetization is transverse during the reverse INEPT
and efficiently dephased by the WATERGATE
element, because the element 908(selective) 2
1808(non-selective)-908(selective) leads to a net rota-
tion of 08 for the solvent magnetization. The applica-
tion of water-flip-back pulses aligns the solvent
magnetization alongz during the WATERGATE
sequence, which therefore will only dephase residual
water magnetization that has not been flipped back
along the z-axis beforehand. This concept [160] has
been demonstrated by Grzesiek and Bax for experi-
ments that detect amide protons, e.g.1H,15N-HSQC
and 15N-{ 1H}-NOE [161]. Sensitivity improvements
of 10%–20% have been observed.

In sensitivity-enhanced heteronuclear correlation
experiments with a heteronuclear gradient echo, the
H2O magnetization is completely dephased at the
beginning of the acquisition period. Thus, through
the mechanism described before, dephased H2O
magnetization can be transfered to HN spins and result
in reduced initial HN magnetization for the following
scan. However, by the use of appropriate phases for
the 1H pulses and water selective pulses, the H2O
magnetization is aligned along1z at the beginning
of the acquisition time [149,157] (Fig. 14c). Remain-
ing transverse magnetization components of the
solvent signal (resulting from pulse imperfections)
are efficiently dephased by the heteronuclear gradient
echo. The signal-to-noise and water-suppression
using a one-dimensional version of the pulse sequence
Fig. 14c and different states of the water magnetiza-
tion before acquisition is illustrated in Fig. 14d.
Almost any pulse sequence can be combined with
water-flip-back to avoid H2O saturation and thus
improve the signal-to-noise ratio.

3.6. Multiple-quantum line narrowing

Another principle to improve the sensitivity in
heteronuclear NMR spectra of isotopically labelled
biomacromolecules has been utilized recently. This
is based on the fact, that the relaxation of1H-spins
bound to13C is largely dominated by the dipolar inter-
action between the13C- and the1H-spin. However, it
has been shown earlier that for molecules in the slow
tumbling limit the dipolar coupling between two
nuclei (e.g. 1H–13C) does not contribute, to first
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order, to the relaxation of multiple quantum coher-
ence between the two spins [162]. Therefore, the
main relaxation pathway for protons in13C-labelled
biomacromolecules can be eliminated by utilizing the
evolution of heteronuclear1H,13C multiple quantum
rather than1H or 13C single quantum coherences
during an NMR pulse sequence. This so-called multi-
ple-quantum line narrowing has been demonstrated in
a number of applications to proteins [163,164], also in
combination with fractional deuteration [165]. As a
result, 13C constant-time evolution can be used even
with molecules . 20 kD molecular weight, if the
HMQC-type rather than HSQC-type experiments are
implemented.

For carbon multiplicities. 1, the same principle
can be exploited. However, for CH2 groups, the evolu-
tion of 13C, 1H, 1H triple-spin, triple- and single-quan-
tum coherences is required. A technique that allows
the combined evolution of two-spin and three-spin
multiple quantum coherences has been recently intro-
duced and has been shown to yield significantly
reduced relaxation rates for an RNA molecule [166].
The signal-to-noise improvement of< 3 observed in
the RNA 36mer is larger than what has been demon-
strated for proteins. This is because there are fewer
additional1H,1H relaxation pathways in RNA or DNA
than in proteins as a result of the smaller proton
density in nucleic acids.

4. Experiments for the assignment of backbone
resonances

In the following two sections, recommended pulse
sequences for the assignment of backbone and side-
chain resonances using uniformly13C,15N-labelled
proteins will be discussed. Where appropriate, sensi-
tivity-enhanced back transfer is combined with a

heteronuclear gradient echo and water-flip-back. The
use of these building blocks yields excellent solvent
suppression without saturation of exchangeable
proton signals. This is of prime importance since
most of the experiments described excite amide
proton magnetization which is subject to exchange
with the solvent, especially at neutral or basic pH or
in partially folded biomolecules.

The transfer amplitudes given for the individual
experiments include terms for chemical shift evolu-
tion only for real-time implementations, not for
constant-time evolution. Relaxation ofz operators is
ignored considering that, for large molecules, long-
itudinal relaxation times are much longer than trans-
verse relaxation times. In addition, the gain of up to��

2
p

in signal-to-noise as a result of the use of the
sensitivity-enhanced back-transfer is not included in
the transfer functions. In pulse sequences where sensi-
tivity enhancement is employed the gradient ampli-
tudek and the pulse phasec have to be inverted and
the resulting FIDs stored in a different memory loca-
tion for data processing as described in Section 3.4.
K < gH/gx is experimentally optimized. In the pulse
sequences, 1808 Ca or C0 pulses that are merely
applied to compensate for Bloch-Siegert phase shifts
are labelled ‘‘BSP’’. If pulse phases have to be
adjusted in order to compensate for Bloch–Siegert
phase shifts this is indicated in the phase cycle
given below the pulse sequences. Pulse phases not
stated explicitly in the pulse sequence are alongx.

4.1. 3D HNCO and 3D HNCA

The pulse sequences for the 3D HNCO and 3D
HNCA experiments (Fig. 15) are identical, except
for the interchange of Ca and C0 pulses. Two types
of cross peaks are observed in the HNCA experiment,
namely the correlations HN(i), N(i), Ca(i) and HN(i),
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Fig. 14. (a) Conventional1H,15N-HSQC experiment combined with water-flip-back by suppression of radiation damping. (b) Solvent suppres-
sion with the WATERGATE technique in a conventional HSQC experiment can be combined with water-flip-back. For the shaped water-
selective proton pulses a 1 ms 908 Gaussian or a 2.5 ms 2708 Gaussian pulse (then with inverted phase) can be used. As rectangular water-flip-
back pulses in the WATERGATE element a 908 pulse of 1 ms duration can be employed. (c) Sensitivity enhanced1H,15N-HSQC experiment
with water-flip-back employing a 2.5 ms 2708 Gaussian shaped pulse. Note that the two-step phase cycle onf2 is optional, because the
heteronuclear coherence is already selected by the heteronuclear gradient echo. (d) Comparison of 500 MHz proton 1D experiments using the
pulse sequence (c) on a 1 mM sample of a PH domain at pH 7.0. The phase of the water-selective pulse was chosen such that the water-
magnetization is aligned along1 z or 2 z prior to acquisition. For the experiment without water-flip-back the water-selective pulse was
omitted. The S/N and the water supression are optimal when the water magnetization is aligned along z at the beginning of acquisition. Note that
the water suppression is unacceptable if the water magnetization is aligned along -z prior to acquisition.



N(i), Ca (i 2 1) because both the couplings1JCa (i),N(i)�
11 Hz and 2JCa (i-1),N(i) � 7 Hz are of similar size
(cf. Fig. 2). In contrast, only the correlations HN(i),
N(i), C0(i 2 1) are observed in the HNCO, since
1JC/(i-1),N(i) � 15 Hz, while2JC/(i),N(i) < 0.

The pulse sequences shown in Fig. 15 are published
pulse sequences [45] and have been improved by the
introduction of sensitivity enhancement in the N–H
back transfer. This results in a gain in sensitivity of up
to

��
2
p

compared to the corresponding unmodified
experiment. Both experiments use constant time
evolution of15N and both are ‘‘out and back’’ experi-

ments. Thus, the transfer pathway starts on a nucleus
(the HN in these experiments) and magnetization is
detected on the same nucleus, after chemical shifts
of other nuclei have been monitored. The ‘‘out and
back’’ pathway is not the only conceivable way to
correlate nuclei, but magnetization can also be trans-
ferred from a starting nucleus to another nucleus to be
detected (transfer experiment). In the following
section, ‘‘out and back’’ and transfer experiments
will be compared with respect to sensitivity using
the HNCA as an example, as will be the implementa-
tions of these experiments with constant time or real
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Fig. 15. Pulse sequences for 3D HNCO and HNCA experiments. HNCO and HNCA are identical but for the interchange of pulses acting on Ca

and C0 nuclei. Note, that for the selection of echo/antiecho pathways, which is required to achieve frequency discrimination for the15N
dimension (v2), for everyt2 point a second experiment has to be recorded with the gradientk and the phasec inverted and the resulting FIDs
have to be converted as described in Section 3.4.

Fig. 16. Different implementations of the HNCA experiment. (a) 3D HNCA as transfer experiment. Note that the pulse sequence corresponds to
the 3D HCANNH experiment [50–52]. A pulse serving to compensate Bloch–Siegert phase shifts (cf. Fig. 9c) is labelled ‘‘BSP’’ (b)
Implementation of a 3D HNCA as an ‘‘out-and-back’’ experiment. This is the optimal implementation with respect to sensitivity. (c) Out-
and-back HNCA experiment with constant-time chemical shift evolution of Ca frequencies duringt1. This experiment provides higher
resolution for the Ca dimension but is much less sensitive than the corresponding RT implementation shown in (b). However, in combination
with deuterium labelling this is the experiment of choice. (d) Out-and-back HNCA with separate evolution of15N chemical shifts duringt2
followed by a delay 2t2 for refocusing of the13C,15N antiphase coherence. Apart from being less sensitive than the sequence shown in (b), this
implementation would also lead to phase-twisted line shapes inv2 because two couplings (1JC,N and 2JC,N) evolve during 2t2.
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time evolution. The ratio of active to passive
couplings as well as the values of the relaxation
time T2* determine which implementation is
preferable.

4.1.1. ‘‘Out and back’’ versus transfer experiments
Fig. 16 shows the pulse sequences for the implemen-

tation of HNCA as transfer experiment (a) and as a
‘‘out and back’’ experiment (b). In the transfer experi-
ment, which has been introduced as HCANNH experi-
ment [50–52], the evolution times for Ca (t1) and15N
(t2) are implemented as constant time evolution times,
and the durations 2t1, 2t2 of the constant time delays
are chosen such that sin�p1JCa;N2t1�cos�p2JCa;N2t1�
sin�p1JCa;N2t2�Ca�p2JCa;N

2J2� are maximal. For the
couplings encountered in proteins, this corresponds to
maximum transfer for 2t1, 2t2 < 28 ms. Constant time
evolution times of this duration allow for sufficient
resolution in the heteronuclear dimension, at the
same time the homonuclear Ca , Cb coupling is
refocused duringt1. The transfer amplitude for the
HN(i), N(i), Ca (i) cross peak in this experiment is
given by:
Transfer experiment:

Ha ! Ca�t1� ! N! HN�t3�

sin2�p1JHa;CaD
0�exp�2D 0=T2Ha�

sin�p1JCa;N2t1�cos�p2JCa;N2t1�

cos�p1JCa;Cb2t1�exp�22t1=T2Ca�

sin�p1JCa;N2t2�cos�p2JCa;N2t2�

exp�22t2=T2N�sin2�p1JN;HND�exp�2D=T2HN� �10�

The transfer amplitude for the H(i), N(i), Ca(i)
cross peak in the ‘‘out-and-back’’ experiment
(Fig.16b) is given by:
‘‘Out-and-back’’-HNCA:

HN ! N! Ca�t1� ! N�t2� ! HN�t3�

sin4�p1JN;HND�exp�22D=T2HN�

sin2�p1JCa;N2t�cos2�p2JCa;N2t�

exp�24t=T2N�cos�p1JCa;Cbt1�exp�2t1=T2Ca� �11�

Neglecting relaxation, both implementations have
the same transfer amplitudes of 0.45 and therefore the
same sensitivity, assuming typical values for1JHN,N�
92 Hz, 1JHa ,Ca � 140 Hz,1JCa ,Cb � 35 Hz and 2t �
2t1 � 2t2 < 28 ms, D � 1/(21JHN,N), D 0 � 1/
(21JHa ,Ca ). However, assuming relaxation timesT2*
for 1Ha , 13Ca , 1HN and 15N spins to be 20, 20, 100
and 100 ms, we obtain a ratio of sensitivities for the
first increment (t1� 0) of 0.23/0.06 for the ‘‘Out-and-
back’’ variant versus the transfer variant. Although
the ‘‘Out-and-back’’ pulse sequence looks more
complicated, this implementation is more sensitive,
because the evolution of fast-decaying transverse
magnetization of the Ca - and Ha-spins during
extended time periods is avoided. As the overall trans-
fer efficiency of any experiment is a function of both
the couplings involved and relaxation timesT2*, the
values of the delays have to be optimized for each
experiment. Taking the relaxation terms into account,
it becomes clear that 2t1 should be chosen to be
shorter than 2t2 in the HNCA transfer experiment,
because relaxation is much faster during 2t1.

4.1.2. ‘‘Constant time’’ versus ‘‘real time’’ evolution
Two types of evolution times can be distinguished

in multidimensional hetero-nuclear NMR experi-
ments: either only chemical shift evolution is desired
to take place, with all couplings being refocused, or
one coupling is to evolve for a certain time during the
evolution time as well, to prepare a coherence transfer
step. In both cases, the evolution time can be imple-
mented in a ‘‘constant time’’ (CT) or ‘‘real time’’
(RT) fashion. The two implementations will have
different sensitivity, depending on the desired resolu-
tion, the size of passive couplings and the relaxation
time of the evolving nucleus. The sensitivity is given
as the time-averaged integral over the FID taken on-
resonance at the signal of interest.

We first consider the ‘‘real time’’ evolution of
the Ca chemical shift in an ‘‘out-and-back’’-
HNCA experiment (Fig. 16b). In the constant
time version of this experiment (Fig. 16c), the t1

evolution period [(t1/2)1808(C0,N)(t1/2)] is replaced
by H[(t1/2)1808(C0,N)(t1)1808(Ca)(t12t2/2)]. Chemi-
cal shift evolution for Ca takes place during a
delay 2t1 < 1/1JCa ,Cb in order to refocus the
Ca ,Cb coupling. This is to be compared with the
‘‘real time’’ implementation (Fig. 16b), in which
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t1
max is restricted to <10 ms (<1/(31JCa ,Cb)),

because the1JCa ,Cb coupling is not removed in
v1 and therefore the spectral resolution is limited
by the size of the1JCa ,Cb coupling constant. (Note,
that the Ca ,Cb coupling can also be refocused by
application of a Cb - or Ca-selective 1808 pulse
during t1, because, with the exception of Gly,
Ser and Thr residues, the frequency bands of Ca

and Cb chemical shifts are reasonably well sepa-
rated [167,168]).

To compare the sensitivitySCT of the constant-time
version�tmax

1 � 2t1 � 1=�1JCa;Cb�� with the sensitivity
SRT of the real time implementation�tmax

1 � 2t1=3�
1=�31JCa;Cb�; we obtain usingJ �1JCa;Cb and b �
pJt1:

SCT � 1
tmax
1

Ztmax
1

0
�cos�pJ2t1�exp�22t1=T2�� dt1

� cos�pJ2t1�exp�22t1=T2� �12a�

SRT � 1
tmax
1

Ztmax
1

0
�cos�pJt1�exp�2t1=T2�� dt1

� 3=�pJ2t1�
Zp=3

0
�cosbexp�2b=�pJT2�� db �12b�

For a � 2 1/(pJT2) we obtain:

SRT � 3=p
1

1 1 a2 eab�sinb 1 a*cosb�up=30

� �
�12c�

and with the integration limits:

SRT � 3JT2

1 1 �pJT2�2

� e21=�3JT2� pJT2sin
p

3
2 cos

p

3

� �
1 1

� �
�12d�

It should be pointed out that it is appropriate to
determine the intensity of the real time cross peak
on-resonance at the Ca signal, because the evolution
time is too short to resolve the1JCa ,Cb splitting. Under
these circumstances, maximum intensity is expected
at the center of the cross peak and not at the positions
of the two lines of the Ca doublet. With the same
argument, the calculation also accounts for the line
broadening caused by the evolution of the1JCa ,Cb

coupling duringt1, which reduces the signal intensity.
For 1JCa ,Cb � 35 Hz, 2t1 � 1/1JCa ,Cb and for a Ca

T2 of 20 ms, the ratio of sensitivities is:

SRT=SCTj j � 0:67=0:24 < 2:8 �12e�
Thus, the real-time implementation is far superior

for the 13Ca evolution time. The corresponding inte-
grals are represented graphically in Fig. 17a and b.

Second, we consider the chemical shift evolution of
15N during t2. In both the HNCA and the HNCO
experiment, optimal refocusing ofJC,N is needed, in
addition to the evolution of15N chemical shifts. In the
constant-time evolution of the15N chemical shift
during t2 (Fig. 16a,b,c), coupling and shift evolution
take place simultaneously during a constant-time
delay 2t2 � 1/(21JC0,N) for the HNCO and 2t2 <
1/(41JCa ,N) for the HNCA experiment, respectively.
The spectral resolution inv2 is limited by t2

max �
2t2. During 2t2, the magnetization decays withT2N

of the 15N spins. In the real-time version of an
HNCO (Fig. 16d, HNCA not feasible due to
mentioned phase twist),15N chemical shift evolution
in t2 with decoupling of allJC,N couplings is followed
by refocusing of the13C, 15N antiphase coherence
during a delay 2t2 � 1/(21JC0,N). To obtain the same
resolution in both experiments,t2

max� 1/(21JC0N) must
be chosen. (The HNCA is not considered here, since it
would be impossible to obtain a purely in phase
absorptive line shape in the15N frequency dimension
as a result of the different dephasing of the1JCa,N and
2JCa,N couplings during 2t2). The relative sensitiv-
ities of the CT and the RT-HNCO experiments are
(J � 1JC0,N, T2 � T2N):

SHNCO
CT � sin�pJ2t2�exp�22t2=T2� �13a�

SHNCO
RT � 1=�2t2�

Z2t2

0
exp�2t2=T2�� dt2sin�pJ2t2�

� exp�22t2=T2� �13b�

SHNCO
RT � 2JT2�exp�2t2=T2��u1=�2J�

0 :SCT �13c�

SHNCO
RT � 2JT2�1 2 exp�21=�2JT2���SCT �13d�
With J �1 JC0;N � 15Hz; 2t2 � 1=�21JC0;N� �

33:33 ms; andT2 � 100 ms we obtain:

SHNCO
CT =SHNCO

RT

��� ��� � 0:72=0:61 < 1:16 �13e�
As can also be expected from comparing Fig. 17c
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and d, the constant-time implementation is about 20%
more sensitive.

The use of constant time evolution is always advan-
tageous if a delay for the evolution of a coupling is
needed at that point of the pulse sequence, in order to
prepare a coherence transfer step. If the delay is not
long enough to provide adequate resolution of the
chemical shift (as in the case of the large1JHC or
1JHN couplings), it can be extended in what is called
‘‘shared-time’’ or ‘‘semi-constant-time’’ [61,65]
evolution. This will be explained in Section 5.5
using the example of an HCCH-TOCSY experiment.

In summary, in heteronuclear multidimensional
NMR experiments it is necessary to minimize delays
during which transverse magnetization is evolving of
spins that relax fast or that have many homonuclear
couplings. In a protein backbone, these conditions are
most critical for the Ca and Ha spins, which relax fast
as a result of their dipolar interaction and the large
number of homonuclear coupling partners. The Ha is
broadened by couplings to the HN and Hb spins, and
the Ca as a result of couplings to the aliphatic side-
chain carbons. In contrast, the amide nitrogen does not
have any, and the HN spin has only one homonuclear
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Fig. 17. Relative sensitivities of constant-time (CT) and real-time (RT) evolution times, as calculated as integrals taken over the respective
FIDs. The integrals have to be normalized with respect to the maximum evolution timetmax

1;2 (Eqs. (12) and (13)). In (a) and (b), evolution of
couplings is not desired during the evolution time. (a) real time evolution�tmax

1 � 2t1=3� 10 ms� (compare Fig. 16b) (b) constant time
evolution �tmax

1 # 2t1 � 1=J� (compare Fig. 16c). A relaxation timeT2 of 0.7/J was assumed for the spin evolving chemical shift, e.g. for
13Ca with J� 1JCa ,Cb � 35 Hz andT2 � 20 ms. (c), (d) Relative sensitivities for evolution times where evolution of a coupling and chemical
shifts is needed. (c) Real time evolution with 2t2 # �2t2 1 t2� # �tmax

2 1 2t2��tmax
2 � 2t2 � 1=�2J�� (see Fig. 16d) and (d) constant time

evolution �tmax
2 # 2t2 � 1=�2J�� (as in Fig. 16a,b,c). A relaxation time ofT2 < 1.5/J was assumed for the nucleus evolving chemical shift.

(E.g. for 15N with J � 1JC0 ,N � 15 Hz andT2 � 100 ms.)



coupling partner. Further, the dipolar interaction of
the HN spins with the directly bound nitrogen is smal-
ler by a factor�g �13C�=g �15N��2 < 6; becauseg (15N)
is smaller thang (13C) [169].

We now have the tools at hand to discuss hetero-
nuclear triple resonance experiments in detail. In
this discussion, we will especially keep in mind
the sensitivity of the experiments and the use of
pulsed field gradients for solvent- and artifact
suppression.

The pulse sequence for the ‘‘out-and-back’’ CT-
HNCO (Fig. 15) can be described as a series of
INEPT transfers HN ! N, N ! C0, and back to
the HN for detection. The HNCO experiment
yields a single cross peak per amide arising
from the 1JC0,N-coupling (the 2JC0,N coupling is
< 0). The transfer amplitude for this experiment
is given by:

3D HNCO HN ! N! C0�t1� ! N�t2� ! HN�t3�

sin4�p1JN;HND�exp�22D=T2HN�sin2�2p1JC 0;Nt�

exp�24t=T2N� �14�

The decoupling of the protons in the middle part of
the pulse sequence by a multiple pulse decoupling
sequence (e.g. DIPSI-2, or WALTZ-16) yields higher
sensitivity compared to the use of refocusing pulses
[170,171]. The reason for this lies in the relaxation
properties of the operators present during this time:
the relaxation for antiphase coherence of the type
2Nx,y Hz (N and H denote the spin operators for15N
and1H spins) is effected byT2N andT1H while in-phase
coherence Nx,y relaxes only with theT2N. This leads
to higher sensitivity of the experiment with
decoupling.

The pulse sequence of the HNCA experiment
(Fig. 15) is identical to the HNCO, with the excep-
tion that pulses on Ca and C0 are interchanged.
However, the HNCA experiment yields two cross
peaks at the frequencies HN(i), N(i), Ca(i) and
HN(i), N(i), Ca (i 21), because the1JCa ,N (11 Hz)
and the 2JCa ,N (7 Hz) couplings are both non zero.
To enhance the valuable transfer toboth the intra-
and interresidual Ca 2t < 22 ms < 1/(4JCa ,N) is

chosen. The transfer amplitudes for the two cross
peaks are:

3D HNCA HN ! N! Ca�t1� ! N�t2� ! HN�t3�

sin4�p1JN;HND�exp�22D=T2HN� p f �t�

p exp�24t=T2N�cos�p1JCa;Cbt1�exp�2t1=T2Ca�
�15a�

where f (t) for the cross peak correlating Ca(i) is
given by:

f �t� � sin2�2p1JCa;Nt�cos2�2p2JCa;Nt� �15b�

and for the Ca(i 21) cross peak:

f �t� � sin2�2p2JCa;Nt�cos2�2p1JCa;Nt� �15c�

The transfer efficiencies for the HN(i), N(i),
Ca(i 21) and HN(i), N(i), Ca (i 21) cross peaks as a
function of the delay 2t are plotted in Fig. 21a at the
end of this section.

4.2. 3D HN(CO)CA and 3D H(N)COCA

The 3D HN(CO)CA [45] and 3D H(N)COCA
experiments correlate the spins HN(i), N(i),
Ca(i 21) and HN(i), C0(i 21), Ca(i 21). Thus, they
connect the amide proton of amino acidi with reso-
nance frequencies of the preceding amino acid.
Whether 3D HN(CO)CA or 3D H(N)COCA is prefer-
able depends on the dispersion of the 2D HN(i), N(i)
and 2D HN(i),C0(i 21) correlation spectra. In Fig. 18,
these 2D correlations of the protein rhodniin are
displayed. The resolution of the HN(i), C0(i 21)
spectrum is higher than that of the 2D HN(i), N(i)
spectrum, and the H(N)COCA experiment is there-
fore preferable for the correlation of the Ca (i 21)
spins.

The pulse sequence for the 3D HN(CO)CA experi-
ment is shown in Fig. 19a. The experiment is derived
from the HNCO experiment: After an HSQC-type
magnetization transfer from HN to N the magnetiza-
tion is transferred to C0 in a second HSQC-type step.
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Fig. 18. Comparison of the (a) 2D HN(i),N(i) and (b) 2D HN(i),C0(i 21) projections of a 3D HNCO experiment of13C-,15N-labelled rhodniin
recorded at 600 MHz proton frequency.



For the C0,Ca transfer, the HMQC implementation
proves to be superior. After chemical shift evolution
of the Ca , the magnetization is transferred back along

the reversed path, a COS-INEPT building block is
used for the final N, HN transfer to increase the sensi-
tivity. The transfer amplitude for the pulse sequence
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Fig. 18. (continued)
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Fig. 19. Pulse sequences of the 3D HN(CO)CA (a) and the 3D H(N)COCA (b) experiments.



displayed in Fig. 19a is:

3D HN�CO�CA HN ! N! C0 ! Ca�t1� ! C0

! N�t2� ! HN�t3�

f � sin4�p1JN;HND�exp�22D=T2HN�sin2�2p1JC0;Nt�
exp�24t=T2N�

sin2�p1JC0;Cad�exp�2�t1 1 2d�=T2C0 �cos�p1JCa;Cbt1�
exp�2t1=T2Ca� �16a�

If the H(N)COCA experiment (Fig. 19b) is prefer-
able for resolution reasons, COS-INEPT transfers
could be used for both the C0, N and N, HN transfers.
However, this is not advisable since relaxation losses
prevent a sensitivity gain in the C0, N step (cf. chapter
3.4). The H(N)COCA experiment is therefore less
sensitive than the HN(CO)CA. A COS-INEPT step
can still be used for the N, HN transfer to suppress
the solvent. The transfer amplitude is almost identical
to Eq. (16a):

3D H�N�COCA HN ! N! C0 ! Ca�t1�

! C0�t2� ! N! HN�t3�
f �Eq:�16a��*exp�2t2=T2C0 � �16b�

The duration of 8 ms for the delayd used for the C0,
Ca transfer optimal for1JC0,Ca < 55 Hz and assuming
a transverse C0 T2 relaxation time of 50 ms (see Fig.
21). The transfer amplitude for the H(N)COCA
experiment, Eq. (16b), differs from that of the
HN(CO)CA experiment only in a relaxation term for
C0 during t2. This term occurs because the chemical
shift of C0 evolves during a real time evolution,
compared to a constant time chemical shift evolution
of N in the HN(CO)CA. Real time evolution is accep-
table because the carbonyl magnetization decays only
slowly.

The resolution for recording the15N chemical shift
during t2 can be doubled by utilizing both of the N,C0

transfer steps (2t � 1/(2JN,C0)) for chemical shift
evolution, with a slight modification of the pulse
sequence (‘‘full-sweep constant time’’ evolution,
FCT) [172–174] e.g. using HMQC steps for the

N ! C0 and C0 ! Ca transfer, the resolution in
the nitrogen dimension can be doubled in the
HN(CO)CA experiment [173]. In an analogous
manner, the C0 resolution can be doubled in the
alternative H(N)COCA experiment by making full
use of the duration 2d for C0 shift evolution.

4.3. 3D HN(CA)CO

The HN(CA)CO experiment [55] correlates the
chemical shifts of HN(i), N(i) and C0(i), the
H(N)CACO experiment [57] those of HN(i), Ca(i)
and C0(i). In analogy to the HNCA experiment,
cross peaks involving the resonances of C0(i 2 1)
and Ca (i 2 1)) can also be observed, depending on
the relaxation properties of the protein. Owing to the
low sensitivity of the experiment, only a fraction of
these correlations is normally observed. Whether13Ca

or 15N chemical shift evolution is preferable depends
on the resolution of the correlations HN(i), Ca(i) or
HN(i), N(i), which are also projections of the HNCA
experiment. For most proteins, the resolution of the
H(i), N(i) correlation is far superior to the HN(i), Ca(i)
correlation, and the HN(CA)CO experiment is there-
fore preferable. As an additional advantage, a COS
backtransfer N! HN leads to a gain in sensitivity
of < 2 in the HN(CA)CO experiment, which cannot
be realized in the H(N)CACO.

The HN(CA)CO experiment (Fig. 20) is derived
from the HNCA experiment. Starting on the amide
protons, magnetization is transferred via the amide
nitrogens to the Ca spins. For the following magneti-
zation transfer between the Ca and the C0 spins either
an HMQC- or an HSQC-type experiment can be used.
In the HMQC based experiment (Fig. 20a), the Ca

magnetization is transversal during a CT delay of
duration 2(d 1 h ) � 1/1JCa ,Cb < 24 ms, thus refo-
cusing the homonuclear C,C couplings. This results in
inverted signals for Gly Ca cross peaks. A fraction of
the constant time delay (2h ) is also used for chemical
shift evolution of the carbonyls in a CT evolution time
t1. The resolution in this dimension can be increased
by ‘‘mirror image’’ linear prediction [175]. During
the back transfer of the magnetization, amide nitrogen
chemical shift evolves during the delay 2t , which is
needed for the refocusing of the Ca , N coupling. The
COS-INEPT back transfer N! H is combined with a
heteronuclear gradient echo.
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Fig. 20. Pulse sequences for the a) HMQC-based 3D HN(CA)CO and b) HSQC-based 3D HN(CA)CO experiment.



Analogously to the HNCA experiment two cross
peaks are expected. The intraresidual peak correlating
to Ca (i) originates from N!Ca transfer via the1JCa ,N

coupling and the sequential cross peak to Ca (i 2 1)
originates from N! Ca transfer via the 2JCa ,N

coupling. The corresponding transfer amplitudes are:

3D HN�CA�CO�HMQC� HN ! N! Ca

sin4�p1JN;HND�exp�22D=T2HN�exp�24t=T2N�

! C0�t1� ! Ca ! N�t2� ! HN�t3�

sin4�p1JN;HND�exp�22D=T2HN�exp�24t=T2N�

f �t�*sin2�p1JC0Ca
d�exp�22h=T2C0 �

exp�22�d 1 h�=T2Ca
�

for Ca�i� : f �t� � sin2�2p1JCa;Nt�cos2�2p2JCa;Nt�

for Ca�i 2 1� : f �t� � sin2�2p2JCa;Nt�cos2�2p1JCa;Nt�
�17�

The Ca ,C0 transfer can alternatively be implemen-
ted as a HSQC (Fig. 20b). This should be favorable
with respect to relaxation. However, more pulses have
to be applied compared to the HMQC-type implemen-
tation. In our hands, the HMQC-type experiment

yields better sensitivity than the HSQC-based imple-
mentation.

The transfer amplitudes for the experiments
discussed so far are compared in Fig. 21. Useful
delays for a protein of < 20 kD molecular weight
are: 2t � 26 ms (HNCO) or 2t � 24 ms (HNCA),
d � 8 ms (HN(CA)CO and HN(CO)CA). It can be
seen from Fig. 21 that the intensity of C0 cross peaks
in the HN(CA)CO is only about 10% of that in the
HNCO. This is mainly because of the fast relaxation
of transverse Ca magnetization during the CT delay
2(d 1 h ) < 24 ms. This loss in sensitivity is even
more pronounced for proteins with shorterT2, render-
ing the HN(CA)CO experiment impractical in such
cases. However, HNCACO-type experiments are
very useful if applied to a deuterated sample in combi-
nation with 2H-decoupling (see Section 5.8).

4.4. Reduced dimensionality experiments

In the triple resonance experiments described so
far, n types of chemical shifts are recorded in an
n-dimensional experiment. As an alternative, reduced
dimensionality triple resonance experiments have
been proposed [78–82], that recordn chemical shifts
in an (n 2 1)-dimensional experiment. The simulta-
neous recording of the chemical shift can be done
either by evolution of zero and double quantum

M. Sattler et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 34 (1999) 93–158 125

Fig. 21. Transfer amplitudes of experiments used for the assignments of HN, N, Ca and C0 of proteins: HNCO, HNCA, HN(CO)CA and
HN(CA)CO. (a) Transfer amplitude of the HNCO (Eq. (14)) and HNCA experiment (Eq. (15)) as a function of the CT delay 2t , used for
evolution of1JCa ,N and2JCa ,N (dashed lines) couplings. (b) Transfer amplitude of the HN(CO)CA (Eq. (16)) and HN(CA)CO experiment (Eq.
(17)) as a function of delayd , used for evolution of1JCa ,C0. Transfer amplitudes for cross peaks to Ca(i 2 1) or C0(i 2 1) caused by2JCa ,C0 are
indicated by dashed lines. Parameters used:1JH;N � 92 Hz, 1JC0 ,N � 15 Hz,1JCa ,N � 11 Hz,2JCa ,N � 7 Hz, 1JC,C � 35 Hz, 1JC0 ,Ca � 55 Hz,
T2HN � 50 ms,T2N � 50 ms,T2Ca � 20 ms,T2C� 50 ms,D � 5.4 ms,t � 12 ms, 2(d 1 h) � 24 ms, 2h � 8 ms.



coherences or by simultaneous incrementing of two
single quantum evolution times. As the simultaneous
chemical shift recording leads to a peak doublet in the
respective frequency domain, automatic peak picking
will be facilitated. In addition, for evolution of
DQ/ZQ coherences the relaxation rates of these coher-
ences for directly bound pairs of spins like H,C or H,N
are smaller for molecules in the slow tumbling limit
than those of single quantum coherences [162,170]. In
contrast, the sensitivity of these experiments is
reduced by a factor 1=

��
2
p

compared to the correspond-
ing 3D single quantum (SQ) experiment in which only
SQ of either of the two spins evolves. This is because
the cross peak intensity is split into two peaks (loss of
signal-to-noise: 1/2), however a factor

��
2
p

is gained as
a result of the lower dimensionality of the experiment.
A modified version of these experiments has been
introduced recently, which in part yields improved
sensitivity by utilizing symmetrization with respect
to a reference peak [176]. Another drawback of this
strategy is that the chemical shifts of the individual
spins have to be calculated from the frequencies of the

zero or double quantum coherences. The spectra used
for resonance assignment can therefore not be
compared directly to the isotope-edited NOESY spec-
tra used to derive distance information. As an exam-
ple, the pulse sequence of the reduced dimensionality
3D HNCOCA experiment is shown in Fig. 22. The
experiment was originally named 3D COHNNCA.
However, in following the previously mentioned
nomenclature for triple resonance experiments we
prefer the name HNCOCA, where the underlined
nuclei correspond to simultaneous evolution of
chemical shifts defining the reduced dimensionality
of this experiment. Compared to the original experi-
ment, in the pulse sequence shown in Fig. 22
sensitivity enhancement is combined with a hetero-
nuclear 15N,1H gradient echo for improved solvent
suppression.

In the out-and-back pulse sequence, magnetization
is transferred from the amide proton to the amide
nitrogen, followed by simultaneous HMQC-type
transfer from15N to 13Ca and to 13C0. The chemical
shift for the 13C0 and 13Ca spins is recorded
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Fig. 22. Pulse sequence for a reduced dimensionality 3D HNCOCAexperiment. The chemical shifts of the C0 and Ca spins are recorded in
simultaneous evolution of single quantum coherences duringt2. TPPI onf4 is done in steps of 608 in order to shift the center of the Ca chemical
shifts such that resonance overlap in the13C dimension is reduced [176].



simultaneously. However, because13Ca relaxation
times are much shorter than those of13C0, and, in
addition, homonuclear C,C couplings can evolve for
the 13Ca spin, its chemical shift evolution is scaled by
1/2 compared to the13C0 chemical shift. The15N
chemical shift evolution exploits the out and the
back part of the magnetization transfer to obtain opti-
mum resolution as was proposed by Madsen and
Sørensen [177]. The transfer amplitude given in Eq.
(18) also includes the terms for chemical shift evolu-
tion in order to indicate the corresponding chemical
shift modulation of the cross peaks observed in the
experiment.

3D HNCOCA

HN ! N�t1=2� ! CO�t2�=CA�t2=2� ! N�t1=2� ! HN�t3�

sin4�p1JN;HND�exp�22D=T2HN�exp�24t=T2N�
cos�VNt1�cos�VC0�i21�t2�exp�2�t2=T2C0 �*f �t; t2�;

where f(t ,t2) for cross peaks observed at different
chemical shifts is given by:

VC0�i21� :

sin2�2p1JC0�i21�;Nt�cos2�2p1JCa�i�;Nt�

cos2�2p2JCa�i21�;Nt� (18a)

VC0�i21� ^ �1=2�VCa�i� :

1cos�VCa�i�t2=2�exp�2t2=2T2Ca�

cos�p1JCa;Cb�t2=2��sin2�2p1JCa�i�;Nt�

sin2�2p1JC0�i21�;Nt�cos2�2p2JCa�i21�;Nt� (18b)

VC0�i21� ^ �1=2�VCa�i21� :

1cos�VCa�i21�t2=2�exp�2t2=2T2Ca�

cos�p1JCa;Cb�t2=2��

p sin2�2p2JCa�i21�;Nt�sin2�2p1JC0�i21�;Nt�

cos2�2p1JCa�i�;Nt� (18c)

VC0�i21� ^ �1=2�VCa�i1� ^VCa�i21� :

2cos�VCa�i�t2=2�cos�VCa�i21�t2=2�

exp�2t2=T2Ca�cos2�p1JCa;Cb�t2=2��

*sin2�2p1JCa�i�;Nt�sin2�2p1JC0�i21�;Nt�

sin2�2p2JCa�i21�;Nt� (18d)

This transfer amplitude encodes a number of doub-
let peaks in thet2 dimension centered at the chemical
shift of the C0 spin, because TPPI is applied to phase
f3. The terms Eq. (18b) and Eq. (18c) correspond to
v2 cross peaks at the sum and difference of the chemi-
cal shifts of C0(i21) and Ca(i), and C0(i21) and
Ca(i21), respectively (where the Ca chemical shifts
are scaled as mentioned before). Eq. (18a) is a cross
peak at the chemical shift of C0(i21), where no trans-
fer to Ca spins is accomplished. Term Eq. (18d) yields
a doublet of doublets, however with much less signal-
to-noise than in Eqs. (18a)–(18c). Owing to the split-
ting into four cross peaks the signal-to-noise for cross
peaks arising from Eq. (18d) is scaled by 0.25 and 0.5
compared to Eqs. (18a) and (b), (c), respectively.
(Peaks arising from this term are not desirable and
can be further reduced in intensity by choosing a
delay t shorter than 13.5 ms.) As the doublets are
symmetric with respect to the13C0(i21) chemical
shift a symmetrization routine can be applied to
improve the signal-to-noise of the spectrum and thus
facilitate the identification of the corresponding pairs
of cross peaks.

Theoretically, from this single experiment all the
backbone chemical shifts could be extracted.
However, in practice, this is unlikely because of the
low sensitivity of the experiment, especially for larger
proteins. The sensitivity has to be compared with a 3D
HNCA and a 3D HNCO experiment which still
convey more spectroscopic information since poten-
tial overlap is reduced in these experiments compared
to the reduced dimensionality HNCOCA experiment.
Comparing the signal-to-noise ratio in the HNCOCA
experiment to HNCA and HNCO experiments with
the same experimental time (using Eqs. (14) and
(16a) and assuming the same values forJ and T2)
the signal-to-noise is reduced to 34% and 40% for
the 13C0(i21) and the13Ca(i)/13Ca(i21) cross peaks,
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Fig. 23.



respectively. This demonstrates the poor sensitivity of
this class of pulse sequences compared to the conven-
tional triple resonance experiments.

3D Ha /bCa /b(CO)NH was also introduced as a
reduced dimensionality experiment, that has the
potential to yield1H and 13C chemical shifts for the
Ca and Cb carbons of the residues (i) and (i-1) in
combination with the amide HN(i) and N(i) chemical
shifts [80]. However, similar considerations regarding
the S/N compared to the SQ-versions apply.

5. Combined backbone and side-chain assignment

In principle, the experiments described in the
previous section can yield complete backbone assign-
ments and establish the sequential connectivities.
However, overlap even in 3D spectra results in ambi-
guities. Therefore, an additional assignment strategy
has been developed based on the use of the chemical
shifts of the Ca ,b and Ha ,b resonances for the sequen-
tial assignment. As the chemical shifts of the side-
chain carbons are characteristic for the amino acid
type, this information can also be utilized to position
sequentially connected fragments within the amino
acid sequence. A number of computer programs
have been developed for automated assignments that
make use of this strategy [178–182].

Experiments described in this chapter employ COS
transfers and a heteronuclear gradient echo for water
suppression in the final N,H back transfer. This is
especially important for experiments detecting alipha-
tic protons, as in the HCCH-TOCSY. Using the
heteronuclear gradient echo, this experiment can be
recorded on protein samples in H2O solution, render-
ing a second protein sample in D2O superfluous.

5.1. 3D CBCA(CO)NH

The 3D CBCA(CO)NH experiment [58] (Fig. 23a)
is a transfer experiment, which uses a relay-COSY
[106] step Cb /Ca ! Ca to correlate the chemical
shifts HN(i), N(i), Ca (i21) and Cb (i21). Thus,

magnetization is transferred from Ha ,b to the directly
bound Ca ,b followed by CT chemical shift evolution
of Ca ,b(t1). After the relay-COSY step, the Cb ,Ca

coupling is refocused and the magnetization is trans-
ferred from Cb /Ca to the amide nitrogen in two
INEPT steps, followed by CT chemical shift evolu-
tion of the amide nitrogens (t2). The magnetization is
detected (t3) after transfer to the amide protons using
a COS-INEPT sequence. To achieve an efficient
decoupling of the protons during the pulse sequence,
the DIPSI-2 decoupling sequence can be applied in
the center of the Ha , Hb region while carbon spins
are transverse and centered in the HN region when
amide nitrogen magnetization is transverse. The
proton carrier frequency could be switched before
the C0,N coherence transfer. However, this switching
of the 1H-carrier frequency might interfere with
water suppression and it is therefore not recom-
mended. Note, that in transfer experiments where
magnetization also can originate from protons with
chemical shifts close to the water frequency water-
flip-back (as described in Section 3.5) cannot be
employed.

In analogy to the H(N)COCA vs. HN(CO)CA
experiments, a 3D CBCACO(N)H sequence is prefer-
able for proteins that exhibit better resolution in the
HN(i),C0(i 2 1) correlation compared to the HN(i),N(i)
correlation. In any case, ‘‘mirror image’’ linear
prediction can be used during processing of botht1
andt2, because both are CT evolution times.

The transfer amplitudes for Cb and Ca cross peaks
in the CBCA(CO)NH experiment depend on the
carbon multiplicity of the carbon spins. For a general-
ized 13C spin system Ca-(Cb)m-(Cg )P, the transfer
amplitudes are given by Eq. (19a).m is 0 for glycine
and 1 for all other amino acids;n is the proton multi-
plicity of the starting 13C spin. The factorf(T,z ),
which is different for Ca and Cb spins, is given by
Eqs. (19b) and (19c).

3D CBCA�CO�NH Ha;b ! Ca;b�t1� ! Ca ! C0

! N�t2� ! HN�t3�
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Fig. 23. (a) Pulse sequence for the 3D CBCA(CO)NH experiment that yields chemical shifts of four nuclei per amide: HN(i), Ca(i21), Cb (i21)
and N(i). Note the application of additional selective carbonyl inversion pulses (marked ‘‘BSP’’) to eliminate Bloch–Siegert phase shifts. The
evolution of product operation during the course of the pulse sequence is indicated. (b) The related HBHA(CO)NH experiment yields the
corresponding Ha(i21) and Hb(i21) chemical shifts.



Transfer amplitudes:

f �T; z� � sin�p1JH;CD
0�sin�p1JH;CD

00�
cosn21�p1JH;CD

00�exp�2D 0=T2H�

sin�2p1JC0;Caz�sin�2p1JC0;Cah�exp�22T=T2C�
exp�22z=T2C�

sin2�2p1JC0;Nt�exp�22t=T2C0 �exp�22t=T2N�

sin2�p1JN;HND�exp�2D=T2HN� (19a)

For the cross peak originating from Ha !
Ca; f �T; z� is given by:

f �T; z� � cosm�2p1JCa;CbT�cosm�2p1JCa;Cbz� �19b�
and for the cross peak originating from the transfer
Hb ! Cb :

f �T; z� � sin�2p1JCa;CbT�cosp�2p1JCb;CgT�

sin�2p1JCa;Cbz� �19c�
Useful transfer efficiencies for both transfer path-

ways are obtained usingD 0 � 3.8 ms,D 00 � 2.0 ms,
2T < 1/(4JC,C) � 6.5 ms, 2z < 9 ms, 2h �
1/(21JC0 Ca) � 9 ms andt � 11 ms. The dependence
of the transfer amplitude on the duration of the CT

delays 2T and 2z is shown in Fig. 24 for Ca- and
Cb cross peaks in the spin system CaH-CbH2-Cg

(m� 1, p � 1 andn � 1, 2 for Ca ,b ) which reflects
the side chain spin topology of most amino acids.

The CBCA(CO)NH experiment is easily modified
to record the Ha ,b(i 21) chemical shifts instead of
the carbon chemical shifts in the HBHA(CO)NH [61]
experiment (Fig. 23b). In this experiment the carbon
evolution timet1 is replaced by chemical shift evolu-
tion of the aliphatic protons duringD 0 in a ‘‘semi-
constant-time’’ evolution time. For the implementation
of this evolution time, see the discussion of the
HCCH-TOCSY experiment (Fig. 33, Section 5.5).
Experiments with evolution of proton chemical shifts
are less sensitive than their equivalents that correlate
the carbon chemical shifts. This is mainly because of
the fast relaxation of the protons during the chemical
shift evolution duringt1. However, the chemical shifts
of side-chain protons are important in combination
with the carbon assignments (e.g. from CBCA
(CO)NH experiments) for identifying spin systems
in the HCCH-TOCSY experiment.

5.2. 3D CBCANH

The CBCANH experiment [59] (Fig. 25) correlates
the N and HN resonance of each amino acid with
aliphatic resonances of both the same amino acid
and the preceding amino acid. Thus, four cross peaks
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Fig. 24. Transfer amplitudes for Ca and the Cb cross peaks in the CBCA(CO)NH experiment as a function of the CT delays 2T (a) and 2z (b).
The graphs were obtained from Eq. (19) for for a typical spin system CaH-CbH2-Cg (n� 1 for Ca , n� 2 for Cb , m� 1 andp� 1) using the
parameters:1JH;N � 92 Hz; 1JH;C � 135 Hz; 1JC

0
N � 15 Hz; 1JCa;N � 11 Hz; 2JCa;N � 7 Hz; 1JC;C � 35 Hz; 1JC0 ;Ca � 55 Hz; T2HN � 50 ms;

T2N � 50 ms; T2Ca;b � 20 ms; T2Ha;b � 20 ms; T2C0 � 50 ms; D � 5:4 ms; D 0 � 3:8 ms; D 00 � 2 ms; t � 11 ms; 2T � 6:5 ms; z � 4:5 ms:
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Fig. 25. Pulse sequence for the sensitivity-enhanced (a) 3D CBCANH and (b) 3D HNCACB experiment. Note, that in contrast to the CBCANH
experiment water-flip-back can be employed in the out-and-back type HNCACB experiment by applying the water-selective pulse shown in the
pulse sequence (b).



are obtained for each amino acid, which connect the
chemical shifts of HN(i), N(i) with the chemical shifts
of Ca (i), Cb(i) and Ca(i21), Cb(i21). This cross-peak
information allows a complete sequential assignment
of the peptide chain, provided there is no overlap in the
HN(i), N(i) correlation. Otherwise, a combination of
CBCANH and CBCA(CO)NH or of CBCANH,
CBCACO(N)H and HNCO is used for the assignment.
The CBCANH experiment starts with an INEPT-type
transfer of magnetization from the aliphatic protons to
the Ca and Cb spins and chemical shift evolution of the
carbons, as in the CBCA(CO)NH experiment. In the
following relay step, the magnetization transfer Cb !
Ca and Ca ! Ca is selected. From the Ca , the magne-
tization is transferred in two INEPT steps to the amide
resonance of the same amino acid (via1JCa ,N) and of
the next amino acid (via2JCa ,N). Amide chemical shift
is recorded in a CT evolution timet2 of duration 2t <
22 ms, which is chosen to yield good transfer via both
couplings. After a COS-INEPT transfer from N to HN,
the amide protons are detected int3.

In a 13C spin system Ca -(Cb)m-(Cg)p (m andp are
the multiplicities of Cb and Cg carbons, respectively –
m equals 0 for glycine and 1 otherwise), the transfer
amplitudes for the pathways originating from Cb (i),
Cb (i21), Ca (i), and Ca(i21) are (n is the H-multi-
plicity of the carbons):

3D CBCANH Ha;b ! Ca;b�t1� ! Ca

! N�t2�HN�t3�

sin�p1JC;HD
0�sin�p1JC;HD

00�cosn21�p1JH;CD
00�

exp�2D 0=T2H�f �T; t1; t�
exp�22�T1t1�=T2C�exp�22t=T2N�
sin2�p1JN;HND�exp�2D=T2HN� (20a)

The termf(T,t1,t ) of the transfer function depends
on the type of cross peak:

Ca�i� : f �T; t1; t� � cosm�2p1JCa;CbT�
cosm�2p1JCa;Cbt1�
sin�2p1JCa;Nt1�cos�2p2JCa;Nt1�
sin�2p1JCa;Nt�cos�2p2JCa;Nt� (20b)

Ca�i 21� : f �T; t1; t� � cosm�2p1JCa;CbT�

cosm�2p1JCa;Cbt1�

sin�2p2JCa;Nt1�cos�2p1JCa;Nt1�

sin�2p2JCa;Nt�cos�2p1JCa;Nt� (20c)

Cb�i� :

f �T; t1; t� � sin�2p1JCa;CbT�cosp�2p1JCb;CgT�

sin�2p1JCa;Cbt1�

sin�2p1JCa;Nt1�cos�2p2JCa;Nt1�

sin�2p1JCa;Nt�cos�2p2JCa;Nt� (20d)

Cb�i 2 1� :

f �T; t1; t� � sin�2p1JCa;CbT�cosp�2p1JCa;CgT�

sin�2p1JCa;Cbt1�

sin�2p2JCa;Nt1�cos�2p1JCa;Nt1�

sin�2p2JCa;Nt�cos�2p1JCa;Nt� (20e)

To achieve good signal-to-noise for all types of
cross peaks, the delays in the CBCANH experiment
are chosen as follows:D 0 � 3.8 ms,D 00 � 2.0 ms,
2T < 1/(4JC,C) � 7 ms, 2t1 � 22 ms and 2t �
22 ms. Simulated transfer amplitudes for the four
transfer pathways are depicted in Fig. 26 as a function
of the delay 2t1. Note that the Ca -cross peaks of all
amino acids but glycine have opposite sign compared
to the Cb cross peaks, which is helpful for both
manual and automated assignment.

As an alternative to the CBCANH, the HNCACB
experiment [60] uses an ‘‘out-and-back’’ magnetiza-
tion transfer (Fig. 25b):

HN ! N! Ca ! Ca;b�t1� ! Ca ! N�t2� ! HN�t3�:
This experiment is more sensitive than CBCANH

mainly because13C magnetization is transverse
only during about half the time in the HNCACB
�4d 1 t1 < 15 ms� compared to the CBCANH
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(2TH 1 2t1 < 30 ms). However, a disadvantage
of this experiment is that the carbon chemical shifts
recorded duringt1 are modulated by C,C couplings.
This is especially critical for Cb cross peaks, which
can have up to three carbon coupling partners. In
the following we derive the relative signal-to-noise
ratios for the Cb (i), N(i), HN(i) cross peak in the
two experiments as a function of13C T2 times in
order to compare their relative sensitivity.

The transfer efficiency for the Cb (i) cross peak in
the HNCACB experiment is given by:

sin4�p1JHN;ND�exp�22D=T2HN�sin2�2p1JCa;Nt�

cos2�2p2JCa;Nt�exp�24t=T2N�;

sin2�p1JCa;Cb2d�exp�24d=T2Ca�

p
1

tmax
1

Ztmax
1

0
cos�p1JCa;Cbt1�

cosp�p1JCb;Cgt1�e2t1=T2Cb dt1 (21)

The parts of the transfer amplitudes for the carbon
magnetization that differ between the CBCANH (2T
and 2t1) and the HNCACB (4d and t1) pulse
sequences are given in Eq. (22a) for the Cb(i) cross

peak in a spin system Ca-(Cb)-(Cg)p assumingT2Ca �
T2Cb � T2C:

SCBCANH
CT � sin�2p1JCa;CbT�cosp�2p1JCb;CgT�

sin�2p1JCa;Cbt1�exp�22�T1t1�=T2C�exp�22t=T2N�

SHNCACB
RT � sin2�2p1JCa;Cbd�exp�24d=T2C�

p
1

tmax
1

Ztmax
1

0
cos�p1JCa;Cbt1�cosp�p1JCb;Cgt1�

� e2t1=T2Cb dt1 (22a)

Comparing the two implementations for different
T2C (20 ms and 10 ms) andT2N (80 and 50 ms) using
optimized delays (forT2C� 20/10 msT2N� 80/50 ms:
2d � 87 ms, 2T � 7 ms, 2t1 � 22/20 ms, 2t1 �
22 ms,tmax

1 � 1=�4JCC�) yields:

SHNCACB=SCBCANH

T2C;T2N p� 1 p� 2

20 ms; 80 ms 1:66 2:13

10 ms; 50 ms 1:70 2:26

�22b�
Because of the better resolution, the CBCANH is

recommended for proteins with13C T2 relaxation
times of around 20 ms, while for proteins with shorter
13C T2 times the HNCACB experiment will be advan-
tageous, although resolution has to be sacrificed. In
combination with 2H labelling, the HNCACB with
constant-time13C chemical shift evolution becomes
the experiment of choice (see Section 5.8).

In summary, without the use of deuteration the
CBCANH experiment yields acceptable signal-to-
noise for 13C T2 relaxation times . 20 ms and is
therefore the recommended implementation. For
shorter T2 relaxation times, both experiments will
not yield reasonable signal-to-noise ratios. However,
in combination with2H labelling HNCACB will be
the experiment of choice, and has been proven very
useful especially in combination with a constant-time
13C chemical shift evolution (see Section 5.8).

5.3. 3D (H)CC(CO)NH-TOCSY

The relay-COSY transfer Cb , Ca ! Ca , which is
used in the CBCA(CO)NH and CBCANH experi-
ments, is efficient for proteins up to 20 kD molecular
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Fig. 26. Transfer amplitudes as a function of the delay 2t1 for the
four magnetization transfer pathways correlating Cb(i), Ca (i),
Cb (i21) and Ca(i21) in the CBCANH experiment. Simulations
are according to Eq. (20) for a spin system CaH-CbH2-Cg (n � 1
for Ca , n� 2 for Cb , m� 1 andp� 1) using:1JH,N� 92 Hz,1JH,C�
135 Hz, 1JCa ,N � 11 Hz, 2JCa ,N � 7 Hz, 1JC,C � 35 Hz, T2HN �
50 ms, T2N � 50 ms, T2Ha ,b � 20 ms, T2Ca ,b � 20 ms, D �
5.4 ms,D 0 � 3.8 ms,D 00 � 2 ms,t1 � t � 11 ms,T � 4.5 ms.



weight. For smaller proteins with more favorable
relaxation properties, it is also possible to transfer
magnetization from all side-chain resonances to the
Ca nucleus by homonuclear C,C-TOCSY transfer and
via C0 and N to the amide protons. Such experiments
are less sensitive than the relay-COSY experiments,
because magnetization originating from all nuclei is
distributed into the whole spin system, with only a
small part being transferred to the Ca . Further, it is
hard to find a mixing timetm that yields good transfer
for all aliphatic side-chain carbons of all amino acids
to their Ca carbon [183].

Very similar (H)CC(CO)NH experiments have
been proposed by several groups [62–65] that all
transfer magnetization via a pathway H! C! C!
Ca , followed by INEPT steps to transfer the magne-
tization via C0 and N to the amide proton. For the
successful implementation of such sequences it is
essential to transfer the coherence from the Ca to
the C0 spin as fast as possible. The time necessary
for this transfer is 2f� 1/(2J(Ca ,C0)) if the homo-
nuclear C,C-TOCSY is followed by a Ca ,C0 selective
INEPT transfer step. The low transfer efficiency of
these experiments can be increased by the use of a
tailored TOCSY (TACSY) transfer for the Ca ! C0

transfer. To achieve tailored TOCSY transfer between
the two frequency bands of the Ca and the C- spins,
PLanar doUble bandSelectiveHomonuclear TACSY
(PLUSH TACSY) sequences have been developed
[184,185] (see the following and Section 5.4). Two
implementations of the (H)CC(CO)NH experiment
are compared in Fig. 27. Again, the chemical shift
evolution of 13C0 instead of 5N in an
(H)CCCO(N)H-TOCSY experiment could be imple-
mented alternatively.

The transfer amplitude of the (H)CC(CO)NH-
TOCSY experiment is very similar to the CBCA-
(CO)NH experiment, only the transfer efficiency of
the C,C transfer step differs. The transfer function
T(Ck,C1) describes the efficiency for the transfer of
in-phase coherence from the spinCk to spin C1.
For the pulse sequence Fig. 27a we obtain in a
spin system Ca -(Cb)-(Cg )p with proton multiplici-
ties n:

3D�H�CC�CO�NH Haliph: ! Caliph�t1� ! Ca ! C

! N�t2� ! HN�t3�

sin�p1JC;HD
0�sin�p1JC;HD

00�cosn21�p1JH;CD
00�

exp�2D 0=T2H�

X
k�a;b;g…

T�Ck;Ca�
24 35exp�2tm=T1rC�

sin�2p1JC0;Ca
z�cos�2p1JCa;Cbz�

exp�2�D 00 1 t1 1 2z�=T2C�

sin�2p1JC0;Ca
h�sin2�2p1JC0;Nt�

exp�22t=T2C0 �exp�22t=T2N�

sin2�p1JN;HND�exp�2D=T2HN� (23a)

Note that in the pulse sequences of Fig. 27a
anti-phase coherence of the type 2Cb zCa y at the end
of the C, C-TOCSY sequence can refocus during 2z
and can therefore add to the signal described by Eq.
(23a).

The transfer amplitude of the sequence in Fig. 27b
can be calculated assuming that Ca and C0 are both
transverse fort1/2 during the Ca ! C0 transfer:

sin�p1JC;HD
0�sin�p1JC;HD

00�cosn21�p1JC;HD
00�

exp�2D=T2H0 �

Sk�a;b;g…T�Ck;Ca�
h i
exp�2�D 00 1 t1�=T2C�exp�2tm=T1rC�
1
2

1 2 cos�p1JC0;Ca
t1�

h i
exp�2t1=�2T1rC��

exp�2t1=�2T1rC0 ��

sin2�2p1JC0;Nt�exp�22t=T2C0 �exp�22t=T2N�

sin2�p1JN;HND�exp�2D=T2HN� (23b)

In the pulse sequences depicted in Fig. 27, chemical
shift evolution of the fast-relaxing aliphatic carbons
occurs duringt1. By utilizing the delayD 00, t1 can be
implemented as a semi-constant-time evolution (see
Section 5.5.1) to minimize the duration during which
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Fig. 27. Implementations of the (H)CC(CO)NH-TOCSY experiment. (a) Conventional version using INEPT transfers for the steps Ca !C0 !
N and a COS-INEPT for the N! HN transfer; (b) The Ca ! C0 transfer in (a) is replaced by a tailored TOCSY sequence (PLUSH TACSY).



the carbon spins are transverse. From the term1
2 �1 2

cos�p1JC0Cat1�� in Eq. (23b), the optimal mixing time
for the heteronuclear Ca ! C0-TOCSY is calculated
ast1 � 1/1JC0,Ca < 18 ms. The Ca ! C0-TOCSY is
implemented using a PLUSH TACSY sequence
[185], because the chemical shift differenceDV
between the Ca and C’ spectral regions is too large
to be covered by a normal TOCSY sequence. The
doubly band selective PLUSH TACSY sequence
eliminates chemical shift within the Ca and C0

frequency bands. Therefore the Hartmann–Hahn
condition, which is required for TOCSY or TACSY
transfer, is fulfilled for these nuclei. The PLUSH
TACSY sequence consists of a frequency-selective
shaped inversion pulse G2, which is composed of
two Gaussian pulses. In order to achieve band-selec-
tive inversion at^ DV /2, this pulse shape is ampli-
tude-modulated by cos(2pDV /2t). DV is the
chemical shift difference between the Ca and C0 spec-
tral regions. To obtain a planar mixing Hamiltonian of
the form Heff � pJ�SkzSlz 1 SkySly� (Sk and Sl being
the spin operators for the Ca and C0 spins, respec-
tively) the G2 inversion pulse can be constructed by
combination of twon p 908 rotations. For example,
two self-refocusing 2708 Gaussian pulses can be used,
where G2� G270G270. The G2 pulse is then expanded
by an MLEV-16 supercycle. For a 600 MHz instru-

ment, the duration of G2�G270G270 – with G270being
a Gaussian shape at 5% truncation – istp� 559.91ms
applied at a field strengthgBmax

1 =�2p� � 9516 Hz with
phase- and amplitude-modulation frequencies ofDV /
2 � 8930 Hz. Using an MLEV-16 supercycle of this
G2 pulse, TACSY transfer between the Ca and C0

nuclei is achieved, while the Cb nuclei are effectively
decoupled from the Ca spins.

From the inversion profile of the G2 pulse, shown
in Fig. 28, it is obvious that the two side bands of the
amplitude modulation influence each other to some
degree, but the inversion of both spectral regions is
still acceptable. The quality of the inversion can be
optimized by variation of the truncation level of the
Gaussian pulse shape used for G2 [185]. A simulation
of the Ca , C0 coherence transfer (Fig. 29) shows good
transfer for the Ca , C0-TOCSY. This was also
found experimentally comparing the respective
H(CC)(CO)NH experiments. Accordingly, the
pulse sequence depicted in Fig. 27b can be
expected to be the most sensitive implementation
of the (H)CC(CO)NH-TOCSY experiment.

5.4. 3D H(CC)(CO)NH-TOCSY

The H(CC)(CO)NH-TOCSY experiment is closely
related to the (H)CC(CO)NH-experiment. The pulse
sequences depicted in Fig. 30 differ from published
pulse sequences [62] in the use of a combined
hetero- and homonuclear TOCSY for the transfer
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Fig. 28. Inversion profile of a G2 pulse:Mz magnetization as a
function of resonance offsetDV after application of a shaped G2
pulse (G2� G270G270). G2 is applied with the carrier frequency
placed in the middle of Ca resonance frequencies. Thus, in order
to fulfil the Hartmann–Hahn condition between the Ca and C0 spins
on a 600 MHz spectrometer, the G2 pulse must then be both phase-
and amplitude-modulated withDV /2 � 8930 Hz. The pulse dura-
tion is tp � 559.91ms and the pulse is applied at a field strength
gBmax

1 =�2p� � 9516 Hz

Fig. 29. Simulated transfer efficiencyT(Ca ,C0)(DV ) for the coher-
ence transfer Ca ← !C0 as a function of the offsetDV between Ca
and C0 spins. A simulation of the PLUSH-TACSY mixing scheme
consisting of an MLEV-16 expansion of the G2 pulse of Fig. 28
applied at the center of the Ca spectral width is shown.



H ! C ! Ca . This combined TOCSY transfer has
also been proposed by Zuiderweg et al. for the HCCH-
TOCSY [186]. The advantage of the combined trans-
fer stems from the minimization of times during
which the fast-relaxing proton and carbon nuclei are
transverse.

The proton chemical shift evolution occurs during
the RT evolution timet1, because the heteronuclear
TOCSY transfers in-phase magnetizationIx! Sx. For
the same reason, the15N evolution occurs during the
RT evolution timet2 in the pulse sequence Fig. 30b, in
contrast to the CT evolution in Fig. 30a. The transfer
amplitudes of the pulse sequences in Fig. 30 for a
(HnC)k–Ca –C0–N–H spin system are:

3D H�CC��CO�NH �Fig:30a�
Haliph:�t1� ! Caliph: ! Ca ! C! N�t2� ! HN�t3�
�T�Hn;C��exp�2t1=T2H�exp�2t1=�2T1rH��X

k�a;b;g;…
T�Ck;Ca�

24 35exp�2�t2�=�2T1r;C��

sin�2p1JC0;Caz�cos�2p1JCa;Cbz�exp�22z=T2Ca�
sin�2p1JC0;Cah�sin2�2pJC;Nt�exp�22t=T2C0 �
exp�22t=T2N�
sin2�p1JN;HND�exp�2D=T2HN� (24a)

3D H�CC��CO�NH �Fig:30b� Haliph:�t1� ! Caliph:

! Ca ! C! N�t2� ! HN�t3�
�T�Hn;C��exp�2t1=T2H�exp�2t1=�2T1rH��X

k�a;b;g;…
T�Ck;Ca�

24 35exp�2�t2�=�2T1rC��

1
2
�1 2 cos�p1JC1;Cat3�exp�2t3=�2T1rC��

exp�2t3=�2T1rC��
1=2�1 2 cos�p1JC1;Nt4�exp�2t4=�2T1rN��
exp�2t4=�2T1rC��
sin�p1JN;HND�exp�2�D 1 t2�=T2N�
sin�p1JN;HNt5�exp�2t5=�2T1rN��exp�2t5=�2T1rHN��

�24b�

The transfer amplitudeT(Hn,C) is a function of
the proton multiplicity of the carbons. As a compro-
mise for all multiplicities, the mixing timet1 is
chosen to bet1 < 0.77/1JC,H < 5.8 ms. The mixing
time of all other TOCSY transfers should be chosen
slightly shorter than 1/J (cf. Eq. (24b)) to minimize
relaxation losses:t3 � 18 ms, t4 � 48 ms, t5 �
10 ms. With optimal mixing times of 1/J in a two-
spin system, the heteronuclear TOCSY transfers
take twice as long an INEPT transfer. For this
reason, the pulse sequence of Fig. 30b is longer
than that of Fig. 30a by 12 ms. The pulse sequences
were compared using a sample of a Calmodulin/
C20W complex (< 19 kD). In spite of the longer
duration, the sensitivity of the pulse sequence Fig.
30b is found to be< 1.2 times higher compared to
that in Fig. 30a. Representative traces from the
respective experiments are shown in Fig. 31. Factors
contributing to this sensitivity improvement are (i)
the decoupling of theJCa ,Cb coupling during the
PLUSH TACSY transfer and (ii) better performance
of TOCSY sequences in the presence ofB1 field
inhomogeneity.

An H(CC)(CO)NH-TOCSY experiment optimized
for application to fractionally deuterated proteins has
recently been proposed by Gschwind et al.[165].
The pulse scheme also utilizes multiple-quantum
line-narrowing because the carbon spins bound to
the protons that are detected in this experiment are
still effected by the dipolar coupling to the directly
bound proton.

5.5. 3D H(C)CH-TOCSY

The HCCH-TOCSY experiment [70–73] is used to
assign aliphatic1H,13C spin systems and to link them
to the sequentially assigned backbone resonances. In
an HnC�i�2 …2 HmC�j�-spin system a 3D H(C)CH-
TOCSY experiment connects chemical shifts H(i),
H(j) and C(j). This connectivity information yields
the complete assignment of the1H and 13C reso-
nances, because the aliphatic proton chemical shifts
of a given spin systems are found at the13C chemical
shift of all the carbon frequencies involved in that spin
system. However, the proton spin systems must then
be traced in the 3D to find the13C frequencies that
belong to the individual protons. In a 4D HCCH-
TOCSY, all four involved chemical shifts can be
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Fig. 30. Implementations of 3D H(CC)(CO)NH-TOCSY experiments. (a) Pulse sequence derived from the pulse sequence shown in Fig. 27b.
The H!C-TOCSY transfer can be combined with the C!C-TOCSY transfer, because there is no13C chemical shift evolution. (b) All INEPT
transfers have been replaced by homo- and heteronuclear TOCSY transfers, including the N! H transfer, which is replaced by a planar
heteronuclear TOCSY functioning as a COS-INEPT sequence.



extracted from each cross peak simultaneously.
Fig. 32a shows the pulse sequence of the original
H(C)CH-TOCSY [70], compared to a sensitivity-
enhanced 3D H(C)CH-TOCSY experiment using a
heteronuclear gradient echo for water suppression
(Fig. 32b). The incrementation of the delays for
‘‘semi-constant-time evolution’’ [61,65] duringt1 is
shown in the figure.

5.5.1. Semi-constant-time (‘‘shared-time’’) Evolution
In a semi-constant time evolution of chemical

shifts, a constant delayD , that is necessary e.g. for
the evolution of a coupling, is used for chemical shift
evolution in addition to an incremented delay. In
contrast to CT evolution, the total evolution segment
does grow, however at a reduced rate with increasing
t1 (Fig. 33). The evolution is distributed such that for
t1� 0 the duration of the evolution segment equals the
delay D whereas fort1 � tmax

1 the duration of the
evolution segment equalstmax

1 . As relaxation of the

coherences involved takes place duringD for t1 � 0
and duringtmax

1 for t1 � tmax
1 , the signal decay caused by

relaxation effects is scaled by a factor�tmax
1 2 D�=tmax

1

compared to a real-time implementation. In Fig. 33,
the semi-constant time version for the initial H! C
transfer of the pulse sequence of Fig. 32a is displayed
(with D 0 being replaced byD ).

The delayst1a, t1b and t1c have to be incremented
such that the evolution of chemical shiftd and of
heteronuclear coupling is described by:

d : t1a 1 t1b 2 t1c � t1

J : t1a 2 t1b 1 t1c � D
�25a�

With the requirement thatt1(0) � 0, Eq. (25a)
yields:

t1a�0� � t1c�0� � D=2 and t1b�0� � 0: �25b�
For a FID alongt1 that is to be digitized by TD data

points, two relations can be written for the increments
D t1a, D t1b, D t1c, (D t1 � 1/SWH, where SWH is the
spectral width in Hz):

d : Dt1a 1 Dt1b 2 Dt1c � Dt1 �25c�

J : Dt1a 2 Dt1b 1 Dt1c � 0

If the FID is digitized by TD complex points, it is
required that t1c (TD) $ 0;. this then yields (for
t1c (TD) � 0):

Dt1a � Dt1=2;

Dt1b � Dt1=2 1 Dt1c and Dt1c � 2t1c�0�=TD �25d�

Fulfilling Eqs. (25b) and (25d) assures chemical
shift evolution witht1(0) � 0 , t1 , t1

max and evolu-
tion of the coupling duringD for all increments. Note,
that D t1c is negative, reflecting the factt1c is decre-
mented.

Comparing these results with thet1 increments and
delays of Fig. 32a, we obtaint1a � t1=2 1 D 0=2; t1b �
t1=2�1 2 D 0=tmax

1 � andt1c � D 0=2�1 2 t1=t
max
1 �.

The transfer amplitude of the pulse sequence of Fig.
32a in anHnC�i�2 …2 HmC�j� spin system is (n is
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Fig. 31. Representative 1D traces of 2D H(CC)(CO)(N)H-TOCSY
experiments acquired with the pulse sequence of Fig. 30a (INEPT)
and Fig. 30b (PLUSH-TACSY) using a< 1.5 mM sample of13C-,
15N-labelled Calmodulin complexed with the unlabelled peptide
C20W. The signal-to-noise of the ‘‘all-TOCSY’’ pulse sequence
is < 1.2 better compared to the conventional implementation
using INEPT transfers.
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Fig. 32. Pulse sequences for 3D HC(C)H-TOCSY experiments: (a) Conventional implementation:1H magnetization is transferred in a
refocused INEPT to13C in-phase magnetization. After C,C-TOCSY mixing, the back-transfer is achieved in an analogous manner. The
incrementation of delays required for shared-time evolution int1 is also indicated. Note that the C0 1808 pulse during thet1 evolution period
is not absolutely required, because2JH,C0 couplings are small. (b) Doubly sensitivity-enhanced 3D H(C)CH-TOCSY experiment with hetero-
nuclear gradient echo for solvent suppression. The heteronuclear in-phase transfer is implemented with ayxz-ICOS-CT sequence [151]. Four
different combination of gradientsk and l and of phase settingsj and c (corresponding to echo/antiecho pathways for both indirect
dimensions) have to be recorded and stored in different memory locations. Modifications required for a semi-constant-time evolution during
t1 are indicated. The operatorF is the sum ofI operators denoting the proton spins.



the proton multiplicity of a carbon):

3D H�C�CH-TOCSY H�t1� ! C! C�t2� ! H�t3�
sin�p1JC;HD

0�sin�p1JC;HD
00�cosn21�p1JC;HD

00�
exp�2�D 0 1 t1�=T2H�

X
i#j

T�Ci ;Cj�
24 35exp�22D 00 1 t2�=T2C�exp�2tm=T1rC�

sin�p1JC;HD
0�sin�p1JC;HD

00�cosm21�p1JC;HD
00�

exp�2 D 0=T2H� �26a�

The transfer amplitude of the phase-modulating
pulse sequence of Fig. 32b, which uses exclusively
coherence order selective coherence transfers,
is [151]:

f�H$C�
X
i#j

T�Ci ;Cj�
24 35

exp�2�21 1 2D 01t2�=T2C�exp�2tm=T1rC�f�H$C�

with

f�H$C� �

n=2cosn21�p1JC;HD
0
2�sin�p1JC;HD

0�exp�2�D 0 1 D 02

1 t1�=T2H�* �sin�p1JC;HD
0
1�cosn21�p1JC;HD

0
1�

1 sin�p1JC;HD
0
2��

�26b�

f �H$C� gives the transfer amplitude for the COS
sequence.n is the multiplicity of the carbon spins.
Note, that with the doubly sensitivity enhanced
pulse sequence of Fig. 32b four combinations of
echo/antiecho pathways have to be recorded in order
to obtain sign discrimination for chemical shifts in
both indirect dimensions.

To maximize magnetization transfer for all carbon
multiplicities simultaneously, the delays are chosen
as:D 0 � 3.8 ms,D 00 � 2.4 ms,D 02 � 1.7 ms,D 01 �
2.3 ms. Sequence Fig. 32a is< 1.6 ms shorter than
sequence Fig. 32b and uses a smaller number of
pulses. In contrast, Fig. 32b gains sensitivity in two
enhancement steps and achieves optimal water
suppression through the use of a heteronuclear gradi-
ent echo. The spectra for side-chain assignments can
therefore be recorded on the sample that is also used
for the backbone assignment (dissolved in H2O). This
will improve the comparability of chemical shift
values extracted from both sets of spectra. The
comparison of HCCH-TOCSY experiments on the
protein rhodniin (11 kD) gave an average increase in
signal-to-noise of 1.34 for the doubly sensitivity
enhanced pulse sequence [153]. For larger proteins
(.30 kD) the linewidths of side-chain carbon and
proton resonances become close to the1J-coupling
used for coherence transfer in the HCCH-TOCSY
experiment. Therefore, an analogous HCCH-
NOESY experiment has been suggested recently for
very large proteins which employs13C,13C-NOESY
transfer to correlate side-chain resonances [187].

5.6. Experiments for the assignment of aromatic
resonances

Aromatic spin systems are very important for struc-
ture determination by NMR since these residues are
usually located in the hydrophobic core of a protein.
Therefore, they show many long range NOEs that
provide important distance restraints to define the
tertiary fold. The large number of long-range NOEs
for aromatic protons makes assignment strategies
based onJ couplings preferable to NOE-based assign-
ment strategies. The assignment of aromatic reso-
nances is usually complicated because of strong
coupling between1H and the 13C spins within the
aromatic ring system and short relaxation times. It is
also not straightforward to connect the chemical shifts
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Fig. 33. Initial part of a pulse sequence with evolution of hetero-
nuclear couplingJIS during D and simultaneous chemical shift
evolution of theI spins duringt1. (a) Conventional implementation
(if D 0 is replaced byD and the scaling factors�1 2 D 0=tmax

1 � and
�1 2 t1=t

max
1 � are omitted, this corresponds to the initial HSQC step

in the pulse sequence of Fig. 32a). (b) Semi-constant-time imple-
mentation; delays and increments are defined in the text.



of the aromatic spin system with those of the corre-
sponding backbone resonances. Therefore, a variety
of experimental schemes have been introduced that
use an assignment strategy based on scalar couplings
rather than on utilizing NOEs between the Hb -protons
and the aromatic ortho-protons (Hd ).

Pulse sequences have been introduced that combine
a heteronuclear correlation experiment with homo-
nuclear H,H-TOCSY [188,189]. Also, HCCH-
TOCSY type experiments optimized for aromatic
spin systems have been proposed [190,191]. Hetero-
nuclear dipolar relaxation between the directly
coupled aromatic1H and 13C spins is a main relaxa-
tion pathway, which decreases the sensitivity of
aromatic 13C, 1H correlation experiments. Therefore
a uniformly 13C-, and 12C-Phe-labelled sample was
shown to be useful for the assignment of aromatic
1H resonances and NOEs between Phe residues and
the other residues of a protein [192].

In INEPT transfer based experiments [193,194]
introduced by Kay’s group, magnetization is trans-
ferred from Hb to Cb spins to the quaternary13Cg

nuclei using selective pulses for the aromatic Cg

spins, and adjusting the power level of the Cb pulses
such that Cg spins are not affected. In order to refocus
the Ca ,Cb couplings a 1,1 pulse [195,196] is
employed with j � 1=�2DV�2 4=p*tp=2�13C� (Fig.
34), wheretp /2 (13C) is the pulse width of the 908
(13C) pulse andDV is the resonance offset between
the centers of the Ca and Cb resonance frequencies of
aromatic amino acids. After carbon relay transfers to
the protonated aromatic carbons, the magnetization is
finally detected on the Hd or H1 protons (when the
pulses shown in brackets in Fig. 34a are applied). The
pulse sequence for this experiment is shown in Fig.
34a, the corresponding transfer amplitude is given in
Eq. (27a).

Grzesiek and Bax have designed an experiment
specifically for aromatic side-chains [197] that has
as central step a Hartmann–Hahn type magnetization
transfer between the aliphatic Cb - and the aromatic Cg
spins. In this experiment, ‘‘AMNESIA‘‘ (‘‘Audio
Modulation Nutation for Enhanced Spin Inter-
Action’’), the Hartmann–Hahn condition between
Cb and the aromatic Cg is achieved by an audio-
modulated spin lock field.

A related type of experiment uses tailored TOCSY
(PLUSH TACSY) transfer (see Section 5.4) between

the aliphatic Cb- and the aromatic Cg -spins followed
by homonuclear13C-TOCSY to correlate the reso-
nances in the aromatic ring to backbone resonances
[184,185]. The pulse sequence is shown in Fig. 34b,
the transfer amplitude is given in Eq. (27b) T(Cg ,Ck)
is the transfer efficiency for homonuclear sTOCSY
transfer between the aromatic13C spins.

�HB�CB�CG;CD;CE�HE �Fig:34a�
Hb ! Cb�t1� ! Car

g ! Car:
d ! Car:

1 ! Har
1 �t2�

sin�p1JC;HD
0�exp�2D 0=T2H�sin�p1JC;HD

0
=2�

cos�p1JC;HD
0
=2�

sin�2p1JCb;Cg2T�exp�22T=T2Cb�

sin�p1JCb;Cgt1�sin�2p1JCg;Cdt1�exp�22t1=T2Cg�

sin�2p1JCg;Cdt2�sin�2p1JCd;C1t2�exp�22t2=T2Cd�

sin�2p1JCd;C1t3�sin�p1JC1;H1D
0
1�exp�22t3=T2C1�

sin�p1JC1;H1D
0
2�exp�2D 02=T2H1� �27a�

�HB�CB�C;Caro�H �Fig:34b�
Hb ! Cb�t1� ! Car

g ! Car: ! Har�t2�

sin�p1JC;HD
0�exp�2D 0=T2H�

sin�p1JC;HD
0
=2�cos�p1JC;HD

0
=2�exp�2�D 0=2 1 t1�=T2Cb�

1
2 �1 2 cos�p1JCb;Cgt1��exp�2t1=�2T1rCb��
exp�2t1=�2T1rCg��

X
k�d;1;…

T�Cg;Ck�
24 35exp�2�t2�=T1rCaro�

sin�p1JCaro;HaroD
0
1�exp�2D 01=T2Caro�

sin�p1JCaro;HaroD
0
2�exp�2D 02=T2Haro� �27b�

With respect to signal-to-noise the PLUSH-
TACSY experiment seems to be the optimum
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implementation for these aromatic experiments.
However, if the aromatic proton resonances for a
given residue overlap, it might be desirable to use
the INEPT based experiments where the magnetiza-
tion transfer can be directed specifically for observa-
tion of Hd or H1 , respectively.

5.7. Experiments for the assignment of specific side
chain resonances

A number of experiments have been derived from
the basic triple resonance experiments described so
far in order to allow the identification of specific
amino acid types. For example, the lack of an amide
proton in prolines [83] or the unique occurrence of
two Ha protons and the lack of a Cb carbon in glycines
[84,85] have been utilized to design specific experi-
ments for these residues. A modification of the
HCA(CO)N experiment allows editing for residues
following a proline and measuring the proline nitro-
gen chemical shifts. This information is not available
from standard experiments and can therefore be help-
ful for establishing the sequential assignments to
prolines. Further, pulse sequences have been intro-
duced to assign specific polar and charged side
chain spin systems, e.g. of Asp, Glu, Asn and Gln
[88–92]. The pulse sequences are derived from back-
bone experiments like HNCO and are optimized for
side chain spin systems. Two pulse sequences
measuring the3J-coupling of side chain amides to
aliphatic 13C spins in the side chains of asparagine
or glutamine residues (based on E.COSY [198] and
quantitative J-correlation [92] type experiments,
respectively) have been designed for the stereo-
specific assignments of side chain amide protons in
order to better define the side chain conformation of
these groups. A set of CBCA(CO)NH-based experi-
ments exploit the different chemical shifts of alipha-
tic, aromatic or carbonyl Cg-spins to identify side
chain spin systems [91].

Arginine side-chains located on the surface of a
protein are very important for the interaction with
charged ligands, e.g. phosphotyrosine groups.
However, the guanidinium HN resonances are often
broadened by conformational and chemical exchange
and thus difficult to detect [199]. Usually, the H1

amide protons are readily observed and under appro-
priate experimental conditions the other side chain

resonances can also be observed. The assignment of
the1H, 13C and15N chemical shifts of the guanidinium
group can be achieved by correlation to the corre-
sponding aliphatic arginine side chain resonances. A
number of experiments for15N-,13C/15N-, or 13C/15N
2H-labelled samples have been proposed for this
purpose [93–96].

5.8. Modified pulse sequences for2H- and 13C,
15N-labelled proteins

Recently, the use of fractional or complete deuter-
ated protein samples has dramatically improved the
performance of previously described triple resonance
experiments on higher molecular weight proteins
[200] (see also [201,202]). There are two advantages
associated with deuterium labelling. First, because the
main source of relaxation for13C spins in13C-labelled
proteins is the directly bound proton, substituting the
1H spin by 1H (gD/gD < 1/6.5) greatly reduces the
heteronuclear dipolar relaxation of the carbon spin.
The 13C T2 is therefore increased by a factor of up
to IH�IH 1 1�g2

H=ID�ID 1 1�g2
D � 15:8 (IH and ID are

the spin quantum numbers for1H and 2H, respec-
tively). This is important for most of the triple reso-
nance experiments especially for the13Ca , because
these experiments rely on magnetization transfer via
the 13Ca spin, which is the fastest relaxing13C spin in
the peptide fragment. Second, by use of deuteration,
the density of1H spins is diluted, thus reducing the
distribution of magnetization through homonuclear
proton/proton relaxation pathways (spin diffusion)
which is more efficient with increasing molecular
weight. Therefore, by suppression of spin diffusion,
the linewidths of the observed protons are narrower
compared to a fully protonated spin system. For
backbone [26,27] and HN-detected side chain13C
assignment experiments [76,77], a perdeuterated
(100%2H-labelling for the side-chain protons) protein
sample yields the best improvement of the relaxation
rates. In this case, out-and-back type experiments
have to be used or coherence transfer has to originate
from 13C with HN being detected. Triple resonance
experiments applied to deuterated proteins yield
dramatic sensitivity improvements compared to fully
protonated samples. Owing to the longerT2, constant-
time evolution periods can be employed for the evolu-
tion of the Ca chemical shifts.
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Fig. 34. Pulse sequences for (Hb )Cb(CgCdCe)He experiments (a) INEPT based transfer (b) PLUSH-TACSY transfer (for details see text).



Although assignment experiments based on this
approach yield excellent signal-to-noise, the extrac-
tion of structural restraints is limited because of the
small number of observable NOEs. Two approaches
have been proposed to cope with this problem: (a)
selective reintroduction of1H in positions that yield
a considerable number of structural restraints, e.g.
selective protonation of hydrophobic amino acids
[203–206], or selective protonation of methyl groups
[205,207]; (b) the use of random fractional deutera-
tion. A number of triple resonance experiments have
been developed using random 75% fractionally deut-
erated proteins. Clearly, with increasing molecular
weight, the deuteration level should be increased to
enjoy the best possible gain in signal-to-noise in these
assignment experiments [77,88]. In contrast, by using
a 50% deuterated protein, all assignment-directed
experiments and some of the NOE experiments
could be recorded on a single sample, rather than on
a set of different samples, which will show different

chemical shifts caused by irreproducible sample
conditions. The largest2H isotope shifts are observed
for the chemical shifts of the directly bound13C spins.
However, they are usually homogenous and depend
mainly on the relevant carbon spin and its2H
multiplicity.

Upon substitution of1H by 2H, it becomes neces-
sary to decouple the scalar coupling between the
heteronucleus and the directly bound2H (Fig. 35).
This is also necessary in order to reduce scalar relaxa-
tion of the second kind, because the2H T1 relaxation
times are rather short for macromolecules. Line
broadening through this relaxation mechanism might
otherwise compromise the benefits of the reduced
dipolar interaction [26]. Experimentally, this decou-
pling is applied through the2H lock coil of the probe,
by mixing the 2H lock signal and the2H decoupling
channel in an RF mixer, that can be switched via a
pulse program command. It is therefore necessary to
blank the lock receiver, and it is also recommended to
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Fig. 35. Sensitivity-enhanced HNCA experiment with constant-time evolution of the13Ca chemical shifts. During the constant-time evolution
period, the2H,13C scalar interaction is decoupled by high power2H decoupling. If applied to a fractionally deuterated protein sample,
magnetization of1H bound13Ca-spins is purged by the 1808 (1H)-pulse applied during the constant-time period.



blank the lock transmitter signal in order to avoid
crosstalk of the strong2H decoupling field (2 kHz)
into the lock transmitter. These hardware require-
ments for 2H decoupling are now commercially
available.

Because relaxation times for13Ca spins are drama-
tically increased as a result of deuteration (e.g. from
16.5 to 130 ms for a 37 kD complex [27]) constant
time evolution can be used in many of the previously
applied triple resonance experiments. This leads to
much improved resolution, which is also desirable
for larger proteins, where the increased number of
cross peaks give rise to increased signal overlap in
the spectra. As an example, the pulse sequence of a
sensitivity-enhanced,2H decoupled, constant-time
HNCA experiment [27] is shown in Fig. 35.

6. 3D and 4D NOESY/ROESY experiments

After the assignment of all or nearly all resonances
of a protein, experiments for the extraction of struc-
tural parameters are analyzed. The most important
parameter for NMR-based structure determination
are 1H,1H distances which are derived from NOE
intensities, and dihedral angles which are obtained
from 3J coupling constants. In this section, we will
describe 13C- and 15N-edited NOESY experiments
that are used for the measurement of NOE intensities,
and experiments for the extraction of intra- and
intermolecular NOEs for complexes of labelled and
unlabelled molecules. Full coverage of the large
number of sequences for measuring coupling
constants would require another review. We therefore
refer the reader to excellent reviews in the literature
[208–211].

6.1. 13C- and 15N-edited NOESY/ROESY experiments

With increasing size of the molecules, overlap of
cross peaks becomes a problem for the extraction of
NOE intensities and internuclear distances from 2D
NOESY spectra. This overlap can be removed by the
introduction of additional frequency dimensions [23].
Resolving the NOESY spectrum along a hetero-
nuclear dimension yields a large gain in resolution,
while the number of peaks remains constant. The
pulse sequence for the15N edited NOESY experi-
ment (Fig. 36a) is composed of a 2D NOESY and a

sensitivity-enhanced HSQC experiment using a
heteronuclear gradient echo combined with water-
flip-back. The sequence for the 3D13C edited
NOESY experiment (Fig. 36b) is composed of a 2D
NOESY and a13C, 1H-HMQC pulse sequence. If
NOEs between aliphatic and aromatic resonances
are to be observed in the13C-edited experiment it is
not recommended to use HSQC-type or COS-HSQC
transfers. As only two carbon pulses are employed in
HMQC based experiments, signal losses as a result of
off-resonance effects are minimized in the HMQC
implementation. If NOEs to amide protons are to be
observed in the13C-edited NOESY, a sample in H2O
has to be used. For this application a pulse sequence
optimized for sensitivity and solvent suppression has
been proposed [212].

Cross peak intensities in these experiments do not
only depend on the cross-relaxation rate, but also on
the transfer amplitude of the heteronuclear correlation
step. For accurate quantitation of the NOESY experi-
ment, a HSQC or HMQC spectrum acquired under the
same conditions as the NOESY has to be used in order
to correct for the individual transfer efficiencies in the
heteronuclear correlation step. However, this is not
needed if NOE-derived distance restraints are only
classified according to weak, medium, strong intensi-
ties in the NOESY experiment.

For proteins with more than 100 amino acids,
NOESY overlap of cross peaks becomes a problem
even in 3D heteronuclear edited NOESY experiments.
A first approach to achieve better dispersion of the
signals is to record the chemical shift of a second
heteronucleus instead of that of the corresponding
directly bound proton. This is done in 3D HMQC-
NOESY-HMQC experiments and has been proposed
for doubly15N-edited NOESY experiments [213,214].
However, compared to the 3D1H-edited NOESY
experiment, an additional HMQC-step is necessary,
which reduces the signal-to-noise ratio.

Much better resolution can be obtained by introdu-
cing the second heteronuclear chemical shift axis in
addition to the proton chemical shift axis in doubly
edited 4D NOESY experiments [215–219]. The most
useful experiments are 4D13C, 13C- and 13C, 15N-
edited NOESY experiments. However, as a result of
the additional frequency dimension and the longer
pulse sequence, these experiments are less sensitive
than their three-dimensional analogues. Nevertheless,
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Fig. 36. Pulse sequences for13C- and 15N-edited NOESY experiments a) 3D NOESY-15N,1H-HSQC with sensitivity enhancement. This
experiment is preferably recorded on a15N labelled sample, in which case the13C pulses can be omitted. The proton pulse phasef1� 458 is part
of the water-flip-back scheme. (This achieves similar efficiency for the radiation damping during the NOESY mixing time in the two FIDs
recorded with and without 908 shifted TPPI phase. (b) The 3D NOESY-13C,1H-HMQC is preferably applied to a D2O solution of the protein.



they are useful in combination with the 3D NOESY
experiments to unambiguously identify NOE cross
peaks. This is especially important during the initial
phase of the NOE analysis. In order to achieve suffi-
cient resolution, extensive folding and a limited
number of scans are used for each increment of the
evolution periods. The length of the phase cycle in
these experiments can be kept at a minimum and arti-

facts suppressed efficiently by the use of pulsed field
gradients. The 4D13C- and 15N-edited NOESY
experiment shown in Fig. 37a corresponds to the 3D
pulse sequence of Fig. 36a preceded by a13C, 1H
HMQC [219]. As a result of pulse imperfection and
the rather short13C T2 relaxation times the use of
sensitivity enhancement is not recommended for the
doubly 13C-edited NOESY experiment. Therefore,
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Fig. 37. (a) Sensitivity-enhanced 4D13C, 1H-HMQC-NOESY-15N, 1H-HSQC experiment and b) 4D13C, 1H-HMQC-NOESY-13C, 1H-HMQC
experiment for the measurement of NOE cross peaks between side-chain protons in uniformly13C-labelled proteins.



two HMQC experiments are used to evolve13C
chemical shifts (Fig. 37b). A reduced dimensionality
3D 13C/15N edited NOESY experiment, that contains a
linear combination of the chemical shifts observed in
the corresponding 4D experiment, but at much higher
digital resolution has also been proposed [220].

Other types of experiments, that yield symmetric
cross peak information in heteronuclear edited
NOESY experiments are simultaneous [152,221–
223] 3D [224] or 4D [225] 13C/15N edited experi-
ments. These experiments provide the information
from two separate heteronuclear edited experiments
in one spectrum. This has a potential sensitivity gain
of

��
2
p

. However, simultaneous heteronuclear coher-
ence transfer (1H $ 15N and 1H $ 13C) leads to less
than optimal transfer efficiencies:13C is the faster
relaxing spin but has the larger1J coupling, while
15N spins relax more slowly and have the smaller
1J-coupling. Thus, if the INEPT delay is optimized
for 13C, the heteronuclear polarization transfer is not
optimum for 15N and vice versa. In addition, the
protein has to be dissolved in 90% H2O, which
makes water suppression a more demanding task
and the observation of1H resonances under the
water resonance is not easily possible. Therefore, for
larger proteins, the use of simultaneous13C/15N edited
NOESY experiments cannot be recommended [152].

For 100% 2H,15N-labelled proteins dissolved in
H2O 4D 15N,15N-edited experiments have been
proposed to obtain HN,HN-NOEs, that allow the deter-
mination of secondary structure and potentially the
global fold of the protein [226–228]. As the overall
relaxation times are significantly longer in perdeuter-
ated proteins and spin diffusion pathways into the
side-chains are eliminated, the cut-off distance for
the observation of NOEs between amide protons is
increased. Therefore, potentially many more HN, HN

distance restraints with increased upper bounds can be
derived, which might allow one to obtain the overall
fold of the protein. Another approach has recently
been proposed where the structurally important
NOEs of hydrophobic residues (which are usually
located in the core of a protein) can be obtained in
combination with deuteration. By incorporation of1H,
13C, 15N-{Ile, Leu, Val} into a perdeuterated15N-
labelled protein [203,204], or selective1H-enrichment
of methyl groups in an otherwise fully deuterated and
uniformly 13C, 15N-labelled protein [205], NOEs for

hydrophobic residues are observed in a perdeuterated
protein background with much higher sensitivity
compared to a fully protonated sample. In combina-
tion with the HN, HN-NOEs obtained from the experi-
ments described before, an even better definition of
the initial fold of a protein can be expected. However,
the practical use of these approaches for the structure
determination of larger proteins has still to be demon-
strated.

A 13C-edited ROESY-HMQC experiment has been
proposed to obtain stereospecific assignments for Cb

methylene protons in larger proteins [229]. As the
ROE is positive for all molecular tumbling correlation
times tC [230], indirect ROE contributions (‘‘spin
diffusion’’ peaks), with one intermediate spin have
opposite sign relative to direct ROE effects. Also,
for even numbers of intermediate spins, positive and
negative spin diffusion contributions almost cancel, so
that the ROEs observed with relatively long mixing
times closely represent the internuclear distances,
even for larger proteins. For optimum sensitivity,
the mixing time should be in the range of the spin-
locked relaxation timeT1r. As ROE cross peaks have
opposite signs compared to exchange peaks and NOE
cross peaks in slow tumbling molecules, a15N-edited
ROESY experiment can be used to identify ROE
peaks between amide protons and H2O molecules
that are bound to a protein [231].

However, for larger proteins, spin-locked
experiments, especially when combined with a
heteronuclear correlation experiment, usually
have poor signal-to-noise, as a result of the fast
T2 and T1r relaxation rates. As the relaxation rate
of 13C, 1H two-spin-coherence is much slower for
IS spin systems, than the corresponding relaxation
rate of the individual13C or 1H single quantum
coherences [162], HMQC-type experiments are
advantageous compared to HSQC-type heteronuc-
lear correlation experiments (see Section 3.6). In
order to avoid dephasing of the two-spin coher-
ence caused by additional1H, 1H J-couplings the
multiple quantum coherence is spin-locked [232].
Using this technique, considerable sensitivity
improvements have been observed in1H spin-
locked ROESY-CT-HMQC experiments compared
to ROESY-CT-HSQC experiments. A pulse sequence
for the spin-locked 3D ROESY-CT-HMQC experi-
ment is shown in Fig. 38.
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6.2. Filtered experiments for complexes of labelled
and unlabelled molecules

To understand the function of biological macro-
molecules, it is important to elucidate the molecular
interactions between these molecules. For studying
the structures of molecular complexes or oligomeric
proteins, it is therefore necessary to be able to
distinguish between intra- and intermolecular NOEs.
This can be accomplished by heteronuclear filtered
NOE experiments performed on a sample of the
complex consisting of differentially labelled mole-
cules. In the example of a binary complex consist-
ing of a 13C-,15N-labelled molecule (e.g. protein
A) and an unlabelled molecule (peptide B), four
kinds of NOE cross peaks can be observed [20,21,
233,234]:

intramolecular

A$ A 1H-�13C; 15N� $ 1H-�13C; 15N�

B$ B 1H-�12C; 14N� $ 1H-�12C; 14N�

intermolecular:

A$ B 1H-�13C; 15N� $ 1H-�12C; 14N�

B$ A 1H-�12C; 14N� $ 1H-�13C; 15N�
The connectivity of protons to the heteronuclei13C

and 15N can therefore be used to separate intra- and
intermolecular NOEs and the intramolecular NOEs of
A and B. While suppression of12C-,14N-bound
protons is easily achieved by selecting for13C-,15N-
bound protons, complete suppression of13C-,15N-
bound protons is more challenging, because of the
variable size of the1J couplings. Two implementa-
tions of filter building blocks to achieve the latter
task have been described [162,235–242], that are
designed to either select or suppress magnetization
of heteronucleus-bound protons. In both pulse
sequences of Fig. 39, the degree of suppression of
the undesired terms is a product of two cosine
terms, and the building blocks are therefore called
‘‘ J filters of second order’’. Whereas the sequence
in Fig. 39a achieves the suppression by scaling the
transfer amplitude by a factor cos�pJD 0�cos�pJD 00�;
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Fig. 38. Pulse sequence for a 3D spin-locked ROESY-CT-13C,1H-HMQC experiment.



the sequence in Fig. 39b yields in two scans the sum
of the transfer efficiencies: cos�pJ�D 0 1 D 00��1
cos�pJ�D 0 2 D 00�� which is equivalent to the initial
transfer because of the equality:

cos�pJD 0�cos�pJD 00� � 1
2 {cos�pJ�D 0 1 D 00��
1 cos�pJ�D 0 2 D 00��} �28�

The advantage of these filters, compared to ‘‘first
order J filters’’ is that the suppression ofS-bound I
magnetization is efficient for a larger range ofJ
values.

The sequence depicted in Fig. 39a achieves

suppression ofS-bound I magnetization in each
scan, because the antiphase operator 2IySz present
after D 0 or D 0 is turned into heteronuclear zero- and
double quanta by 908(S) pulses, which are not trans-
formed into observable magnetization if the pulse
sequence is designed accordingly. Otherwise, a
phase cycle on phasesf and c is needed. The
sequence shown in Fig. 39b [243] also constitutes a
second orderJ filter after addition of two scans, if the
1808(S) pulse is applied at time (D 0 1 D 00)/2 in the first
and at time (D 0 2 D 00)/2 in the second scan (cf. Eq.
(28)).

Alternatively, the 1808(S) pulse can be applied at
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Fig. 39. Implementations of a ‘‘second orderJ filter’’ for the suppression of heteronucleus-bound protons. In both cases, the degree of
suppression is given by: cos(pJD 0)cos(pJD 00). (a) Two 908(S) pulses applied after evolution of the IS-coupling achieve suppression of the
undesired signals in each scan, provided the heteronuclear antiphase coherence generated cannot be converted into observable coherence by the
rest of the pulse sequence. (b) Addition of two scans with 1808(S) pulses at times (D 0 1 D 00)/2 and (D 0 2 D 00)/2 results in suppression of the S-
bound protons. The filter function is identical to (a), but suppression is only achieved within two scans. ForD 0 � D 00, the sequence corresponds
to a first orderJ-filter.



the beginning and in the middle of a delay 1/J in every
other transient (jumping 1808(S) pulse), so that
evolution of heteronuclear coupling inverts the signal
of S-boundI spins in every other transient. This corre-
sponds to a 1st orderJfilter only, but has the advantage
that separate spectra forI nuclei bound and not bound
to Sspins can be generated, if the two FIDs with differ-
ent timing of the 1808(S) pulse are stored separately.
This is illustrated with a 3Dv1-filtered NOESY-15N,
1H-HSQC experiment in Fig. 40. The jumping 1808(S)
pulses refocusJIS during t1. S is 13Caliph, 13Carom, and
15N. The heteronuclear first order filters are implemen-
ted according to Fig. 39b, with the delays chosen to
suppress aliphatic and aromatic protons and HN

protons. Transients are stored separately for the two
positions of the jumping 1808(S) pulses of the filters, in
order to separate the inter- and intramolecular NOEs.
This can in principle be done independently for the
aromatic13C, aliphatic13C and15N nuclei and would
allow the correspondingly edited subspectra to be
obtained. A semi-constant-time evolution is imple-
mented fort1 in order to utilize the filter delay 2D for
chemical shift evolution.

If one is only interested in suppressing the13C and
15N bound protons the pulse sequence in Fig. 41a can

be used. Here first order filters are implemented for
amide and aromatic protons, while a second order filter
is used to suppress13C-bound aliphatic protons. The
suppression is achieved in a single scan corresponding
to Fig. 39a. The filter element is combined with effi-
cient water suppression using a WATERGATE
sequence with a 3-9-19 proton 1808 pulse. Therefore,
on a sample dissolved in water, the pulse sequence Fig.
41a will allow NOEs to be observed between a doubly
labelled protein and an unlabelled peptide simulta-
neously with all the intra-peptide NOEs, since no
filtering is applied in thev1 dimension. In order to
observe NOEs only between the labelled protein and
an unlabelled ligand heteronuclear editing has to be
applied in thev1 dimension. For that purpose, the
3Dv1-

13C-edited,v2-
13C,15N-filtered NOESY experi-

ment shown in Fig. 41b is recommended.
Recent improvements of heteronuclear filter

experiments consist of the use of frequency-swept
adiabatic pulses to optimize13C-filtering. Owing to
the wide range of1JC,H-couplings and the large spec-
tral width of 13C chemical shifts it is very difficult to
suppress all13C-bound protons simultaneously in13C-
filtered experiments. As an alternative to treating the
different 13C-chemical shift ranges (i.e. aliphatic,
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Fig. 40. Pulse sequence for a 3Dv1-filtered NOESY-15N,1H-HSQC using first orderJ filters according to Fig. 39b.
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Fig. 41. (a) 2Dv2-
13C,15N-filtered WATERGATE NOESY. First and second order filters are combined with WATERGATE for solvent

suppression. (b) 3Dv2-
13C-edited,v3-

13C,15N-filtered NOESY experiment to exclusively observe NOE cross peaks between e.g. a labelled
protein and an unlabelled ligand.



aromatic) as separate frequency bands by application
of band-selective pulses, the full13C chemical shift
range can be covered by the use of adiabatic pulses.
The frequency sweep in these adiabatic pulses can
then be adjusted according to the approximate linear-
ity of 13C chemical shifts and the corresponding1JC,H-
couplings to achieve greatly improved heteronuclear
filters [113,114].

7. Conclusions

The intention of this review was to summarize
and evaluate the numerous triple resonance pulse
sequences that have been introduced since 1989
for the assignment of doubly (13C, 15N) or triply
(13C, 15N, 2H)-labelled proteins and the extraction
of intra- and intermolecular distance restraints
from NOESY experiments. Special attention has
been given to the detailed discussion of optimized
pulse sequences rather than to list all possible
implementations without comment. A typical set of
NMR experiments which are required for the struc-
ture determination of a protein or protein complex is
given in Table 1 (Section 2). To facilitate the use of
these NMR experiments pulse programs (in Bruker
DRX format) are available via internet from http://
www.NMR.EMBL-Heidelberg.de. Section 2 is dedi-
cated to the comparison of different homo- and
heteronuclear assignment strategies and explaining
which experiments to use for a certain step during
the assignment process. Section 3 is focused on the
discussion of basic building blocks of triple reso-
nance experiments and on the use of special techni-
ques for optimization of solvent and artifact
suppression, especially the combination of pulsed
field gradients with water-flip-back. In Sections 4
and 5 experiments for assigning backbone and
side-chain resonances are reviewed and the modifi-
cations of the pulse sequences that are required for
application to2H-labelled samples in order to study
proteins with molecular weights above 25 kD are
discussed. Section 6 is concerned with three- and
four-dimensional heteronuclear NOESY experiments
which are critical for the extraction of NOE-based
proton/proton distance restraints.

For the discussion of NMR experiments for the
determination ofJ-couplings which are important
for defining local conformations from backbone and

side-chain dihedral angles, we refer to comprehensive
reviews that have been published on these topics
recently [208–211].

Although the experiments and strategies for the
structure determination of larger proteins by hetero-
nuclear multidimensional NMR spectroscopy are now
fairly optimized, it is still necessary to further develop
tools to automate the tedious assignment process. A
number of programs have been introduced for the
semi- or fully-automated assignment of protein back-
bone resonances [178–182]. More importantly,
computational strategies have been designed to
allow for automated assignments of NOESY cross
peaks based on existing chemical shift assignments
[244–246]. Although these protocols work well for
smaller proteins (,100 residues) there is still need
for improvements in their application to larger and
more complex systems.

Finally, we could only briefly mention the new
methodological developments based on residual dipo-
lar couplings and cross-correlated relaxation effects
that hold promise to provide additional, and truly
long range restraints for the structure determination
of biomolecules in solution. These exciting new
developments indicate that biomolecular NMR spec-
troscopy is still at a stage where significant methodo-
logical improvements can be expected and promise to
push the limits of biological systems capable of being
studied by NMR even further.
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