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Careful pulse sequence design and optimization is critical to the success of a given NMR experiment. Over
the past several decades the level of sophistication of NMR pulse sequences has increased tremendously,
leading to large spectral sensitivity and resolution improvements, to data sets with far fewer artifacts,
and to much more rapid acquisition times, opening up a wide range of applications. Here I briefly high-
light how pulse sequence ‘engineering’ has evolved, focusing on liquid state NMR, and, in particular, on
the HNCA-class of triple-resonance experiment. In many respects, the evolution of triple-resonance NMR
mirrors the evolution of solution state NMR experiments in general, with ‘tricks’ that first appeared in
triple-resonance pulse sequences or that were motivated by them now incorporated into a broad range
of experiments.

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

When asked to write a perspective on solution NMR spec-
troscopy to help celebrate the 50th anniversary of the Journal of
Magnetic Resonance I was overwhelmed by the task. How can
one possibly bridge all of the different areas of this ever-evolving
field – from biomolecules to non-biological compounds, from pro-
teins and nucleic acids to small molecules and metabolites, includ-
ing all of the multitude of different experimental strategies and the
plethora of processing approaches which, of course, are evolving
constantly? The wide expanse of solution NMR that we its practi-
tioners have nurtured over the years, and, in turn, has equally well
met our scientific needs makes it truly challenging to do justice to
this field in a few journal pages. I searched, therefore, for a com-
mon thread that might connect some of the different areas. Not
surprisingly there are many, but perhaps the most obvious is the
fact that each unique solution NMR application is driven by a pulse
sequence [1–3] (often many) and that there is a direct correlation
between the success of an experiment and the care invested in the
design and optimization of the underlying pulse scheme. In this
short monograph I want, therefore, to focus on pulse sequences
and in particular on their design and optimization, highlighting
an area of solution NMR that has been of longstanding interest to
many in the community whose research involves the study of bio-
molecules. I will discuss only a small number of experiments, how-
ever, emphasizing how they have evolved over the years,
highlighting new concepts that were introduced along the way
and old ideas and myths that were gradually replaced over time.
Often the insights obtained through the years in one area of NMR
have implications in other branches of the technology and this is
especially the case for solution triple-resonance, multi-
dimensional NMR [4] that I will highlight here where develop-
ments in heteronuclear 1H-X NMR [5–7] proved critical for the suc-
cess of the solution NMR triple-resonance approach, that in turn
influenced subsequent applications both in the solution and the
solid state arenas.
2. Pulse sequence design: the importance of constantly getting
better

Pulse sequence optimization has been critical to the success of
the NMR field in general, and although this is perhaps most appar-
ent in applications that would absolutely fail without careful
experiment design it is also the case that even simple NMR pulse
schemes can be improved. This point was made early on in the
development of solution NMR spectroscopy in the context of a
‘simple’ pulse-acquire experiment where there is seemingly little
to optimize. However, in a classic paper Ernst and Anderson
showed over a half century ago that it is important to consider
the longitudinal relaxation times (T1) of the spins of interest rela-
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tive to the time between pulses (T) to achieve optimal signal-to-
noise [8]. The solution was to use an excitation pulse that flips
the spins by an angle hE, termed the Ernst angle, which satisfies
the relation coshE ¼ e�T=T1 . This idea has been revisited in the
design of certain classes of bio-based multi-dimensional experi-
ments [9].

The evolution of triple-resonance NMR pulse schemes for stud-
ies of proteins has also followed a trajectory of improvements over
the years that has significantly impacted on the utility of this class
of experiment in studies of biomolecules of ever-increasing com-
plexity. Perhaps this is best illustrated by considering a single pulse
scheme and following it as it evolved over a period of more than a
decade. In what follows I will consider, primarily, the HNCA
sequence [10,11] although additional examples will be included
to make important points. In the HNCA 1HN and 15N nuclei are cor-
related with 13Ca spins belonging to the same residue and from the
proceeding residue via magnetization transfer elements that
exploit the heteronuclear scalar couplings [12] illustrated in
Fig. 1. Thus, spectra are generated containing peaks at frequencies
of (13Ca(j,j-1), 15Nj, 1HNj), providing both intra- and inter-residue
connectivities.

Fig. 1 illustrates one of the earliestHNCAexperiments, developed
by Bax and coworkers, for studies of proteins that are uniformly 15N,
13C labeled [10,11]. Similar triple-resonance pulse schemes were
proposed at about the same time by Montelione and Wagner who
were pioneers in this area [13], but because their initial applications
were illustrated on peptides optimization to the more challenging
case of proteins was not required and experiments were recorded
in 2D mode. Detailed explanations of all of the schemes presented
here can be found in the original literature and in reviews [14] and
textbooks [3,15]. A cogent discussion of the initial HNCA pulse
sequence is given here, however, to emphasize the flow of magneti-
zation transfer to those less familiarwith triple-resonance NMR and
to provide the necessary reference by which to understand subse-
quent improvements in experiments over time. My goal, in general,
is to highlight only interestingnuancesof eachexperiment, illustrat-
ing what the motivations were, how some of the important ideas
introduced close to 30 years ago are still pervasive today and how,
in some cases, pulse sequence elements have changed considerably,
reflecting an increased understanding of how the spin physics must
be optimized in applications to complex biomolecules. The pulse
scheme of Fig. 1 can be understood in terms of the followingmagne-
tization transfers,

1HN ���!
1JHN 15Nðt1Þ�������!

1 JNCa ;
2 JNCa 13Caðj;j�1Þðt2Þ�������!

1JNCa ;
2 JNCa 15N ���!

1JHN 1HNðt3Þ
ð1Þ
Fig. 1. Original 3D-HNCA pulse scheme, designed to minimize the number of pulses in
schematic to the left of the sequence, along with the magnetization transfer pathway and
are recorded are highlighted by black circles. Details can be found in the original Ref. [1
where the operative scalar couplings are indicated above the arrows
denoting the transfers and the delays ti are acquisition periods. It is
noteworthy that immediately after the t1 period 15N transverse
magnetization, anti-phase with respect to the attached amide pro-
ton, evolves with respect to its one- and two-bond scalar coupled
13Ca spins during the subsequent d delay, which is chosen to opti-
mize the transfer from 15N to 13Ca. The delay dmust also be selected
to ensure that 15N magnetization remains anti-phase with respect
to the one-bond coupled amide proton spin, constraining it to a
multiple of 1/JHN. Immediately prior to the first pair of simultaneous
1H and 13Ca pulses that precede recording of 13Ca chemical shift
(point A) the magnetization of interest can be written as

4IZNX;YC
a jð Þ
Z =4IZNX;YC

a j�1ð Þ
Z where I have used the product operator

notation [16,17] where Lj refers to the j 2 X;Y; Zf g component of L
magnetization. The stage is now set to create triple spin terms

4IYNX;YC
a jð Þ
Y =4IYNX;YC

a j�1ð Þ
Y that then evolve during the subsequent

13Ca chemical shift evolution period. The corresponding shift evolu-
tion of amide 1H and 15N magnetization is refocused during this
interval by application of a simultaneous 1H/15N 180� pulse pair
without concern for JHN scalar coupled evolution as there is none
for the double/zero quantum, 2IYNX,Y, elements [15]. Subsequently,
magnetization is transferred back to 1H for detection, reversing
the transfer steps of the initial part of the sequence. The triple-
spin construct (4IYNX;YC

a
Y ) is an interesting one and was designed

to minimize the number of pulses in the experiment as it was felt
that fewer pulses would require fewer phase cycling steps and
hence generate less artifacts. Since time-consuming 3D data sets
were recorded, minimization of phase cycling was an important
consideration and often still is today, although the popularization
of pulsed field gradient approaches (see below), originating with
the work of Hurd and colleagues [18], has significantly reduced
phase cycling requirements. It is of interest to note that relaxation
and how it might influence the sensitivity of the experiment was
not considered in this early design, although as I document below
this subsequently become a focus.

Minimization of the number of pulses in the design of complex
experiments continues to be important and I next consider an
example that illustrates this point. Fig. 2 compares a pair of HA
(CA)NNH pulse schemes [19], the first where the number of pulses
is not minimized and the second where, using the principle of con-
catenation [19], the number of pulses is reduced considerably. The
magnetization transfer pathway in the HA(CA)NNH can be
described succinctly as

1Haðj;j�1Þðt1Þ ���!
1JHC 13Caðj;j�1Þ �������!

1JNCa ;
2 JNCa 15Njðt2Þ ���!

1JHN 1HNjðt3Þ ð2Þ
the experiment. The nuclei that are correlated in the 3D data set are shown in the
the magnitude of the scalar couplings that are involved. Spins whose chemical shifts
1].



Fig. 2. Optimization of complex triple-resonance pulse sequences using the principle of concatenation. A triple-resonance experiment correlating 1Ha, 15N and 1HN chemical
shifts is illustrated, focusing on non-concatenated (A) and concatenated (B) versions [19].
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with the resulting 3D data set comprised of pairs of linked correla-
tions at frequencies of xHaðj;j�1Þ ;xNj ;xHNj

� �
. The sequences of Fig. 2

are conveniently split into three regions that benefit from concate-
nation and in what follows we briefly illustrate the concept by con-
sidering regions II and III. Consider first region II (points A to B)
where 13Ca magnetization evolves so as to effect the subsequent

transfer to 15N, 2Ca j;j�1ð Þ
Y IZ ! 2Ca j;j�1ð Þ

Y NZ . Two critical steps occur
during this interval: (i) refocusing of 13Ca magnetization, anti-
phase with respect to the one-bond coupled 1Ha spin and (ii) defo-
cusing of 13Ca magnetization from one- (intra-residue) and two-
(inter-residue) bond 15N-13Ca scalar couplings. This occurs sequen-
tially in the scheme of Fig. 2A (region II), but simultaneously in
Fig. 2B (region II0), where the net evolution from JHC is given by
the relation

�f�sII þ ðdII � sIIÞg þ dII ¼ 2sII ¼ 1
2JHC

: ð3Þ

Eq. (3) was derived by recognizing that, in general, the phase
accrued by magnetization resulting from chemical shift or scalar
coupled evolution during an interval of duration f is proportional
to f. When a 180� pulse is applied to a spin that evolves due to
chemical shift the resulting phase accrued is inverted, as it is when
a single 180� pulse is applied to one or the other (not both) of the
scalar coupled evolving spins [15]. Thus, focusing on region II0 of
Fig. 2B and starting from point A, evolution of 13Ca magnetization
from JHC leads to a phase proportional to sII and the subsequent
application of a 1H 180� pulse inverts the phase, which then evolves
for an additional period of dII � sII before the phase is further
inverted by the 13Ca pulse in the center of the region II0. Finally,
the phase evolves for a further delay of dII , with a net effective dura-
tion of scalar coupled evolution given by Eq. (3). The value of 2sII is
thus set to 1/(2JHC) for maximum sensitivity. Evolution of 13Ca mag-
netization due to JNCa proceeds for the complete duration 2dII as
13Ca and 15N pulses are applied simultaneously at the midpoint of
this interval. An optimal value for dII must be calculated, taking into
account 13Ca transverse relaxation, as well as the fact that both one-
(10–11 Hz [20]) and two- (6–8 Hz [20]) bond 15N-13Ca couplings are
operative. Finally, 13Ca chemical shift evolution during region II0 is
refocused by application of a 13Ca 180� pulse in the center of the
evolution period.

Relations similar to Eq. (3) also exist for the evolution of 15N
magnetization during region III0. Following the logic described
above it can be shown that the expressions

�ft2=2þ dIII þ t2=2Þ þ dIII ¼ �t2
�f�ðt2=2þ sIIIÞ þ ðdIII � sIIIÞ þ t2=2g þ dIII ¼ 2sIII ¼ 1

2JHN

�f�ðt2=2þ dIIIÞ þ t2=2g þ dIII ¼ 2dIII

ð4Þ

are appropriate for evolution due to chemical shift, 1H-15N scalar
couplings and 15N-13Ca scalar couplings, respectively. As for dII
above, the value of dIII must be optimized for maximum sensitivity
by taking into account transverse relaxation of the 15N spin and
one- and two-bond 15N-13Ca scalar-coupled evolution.

The examples of concatenation described above exploit the evo-
lution of several processes simultaneously, such as those arising
from JHC and JNCa in region II0 of the HA(CA)NNH experiment. In
many cases simultaneous evolution leads to significant sensitivity
increases as well, as shown in the constant-time HNCA (CT-HNCA)
pulse scheme of Fig. 3A [21]. The magnetization transfer pathway
is similar to that in the version illustrated in Fig. 1. However, unlike
the sequence of Fig. 1 where evolution of 15N chemical shift occurs
during a separate step that precedes the generation of anti-phase
15N magnetization (with respect to Ca), 4IYNX;YC

a jð Þ
Y =4IYNX;YC

a j�1ð Þ
Y ,

in the scheme of Fig. 3A both chemical shift and 15N-13Ca scalar-
coupled evolution occur simultaneously for a fixed, constant-
time duration of 2T during which anti-phase 15N magnetization
with respect to spin I is not refocused (i.e., 2T is a multiple of 1/
JHN). Relative to the original experiment the signal intensity does
not decrease as a function of t1, leading to an increase in sensitivity
that can be significant for applications to medium-large proteins. A
second improvement in sensitivity is also possible through a sim-



Fig. 3. Constant-time HNCA pulse schemes with simultaneous recording of 15N
chemical shift during evolution from 1,2JNCa [21]. In (B) sensitivity is improved by
refocusing anti-phase 15N magnetization and maintaining it in-phase throughout
the majority of the sequence using 1H decoupling.
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ple modification to the sequence. During both 2T (=22 ms) periods
15N magnetization interconverts between anti-phase (2NYIZ) and
in-phase (NX) elements. For applications to protonated proteins,
in particular, there is a significant imbalance in relaxation rates
between 2NYIZ and NX from cross-relaxation between amide proton
I and neighboring proton spins that can significantly increase the
effective relaxation rate of the anti-phase element, and hence
decrease the sensitivity of the experiment [21,22]. In the scheme
of Fig. 3B the delay c is set to 1/(2JHN), allowing anti-phase 15N
magnetization to completely refocus immediately prior to the
application of 1H decoupling, thereby decreasing the effective
transverse relaxation rates of the 15N spins.

In many triple-resonance experiments pulses must be selective
for specific regions of the 13C spectrum, exciting either 13CO or 13Ca

spins that resonate at �175 and 55 ppm, respectively (see Fig. 3,
for example). Initial applications made use of DANTE-type pulses
involving a small number of elements with appropriate phases to
achieve selective excitation [11] that were later improved upon
by increasing the number of steps or by using shaped pulses that
were designed to achieve selectivity. Many of the standard shaped
pulses, such as those of the BURP variety [23], were rapidly incor-
porated into existing triple-resonance sequences, while other
pulses such as SEDUCE-1 [24] were specifically developed with
triple-resonance applications in mind. In other triple resonance
applications pulses covering large bandwidths are required, such
as when magnetization derived from the complete aliphatic 13C
spectral region must be inverted or refocused. It is often advanta-
geous to use adiabatic pulses [25–28] in these cases that provide
excellent inversion or refocusing, so long as pairs of pulses are
employed in the case of refocusing, with essentially no dependence
on rf power past a certain threshold. Considerable sensitivity gains
can be realized in spectra that take advantage of such pulses, as
demonstrated by Zweckstetter and Holak [29]. Adiabatic pulses
have also assumed an increasingly important role in the context
of broadband decoupling schemes [26], especially for studies at
higher magnetic field strengths.

The triple-resonance pulse schemes illustrated in Figs. 1–3 rely
on phase cycling to suppress artifacts due to pulse imperfections
and off resonance effects and to ensure that the proper coherence
transfer pathways are selected throughout the course of an exper-
iment. The development of pulse field gradients proved very useful
in this regard. Examples of the utility of pulsed field gradients for
artifact suppression were provided by Bax and Pochapsky [30] in
the context of a 3D CT-HN(CO)CA experiment in which correlations
at frequencies of (15Nj,13Ca(j-1),1HNj) are obtained [21], Fig. 4. This
experiment is similar to HNCA described above except that only
inter-residue connectivities are provided, as the magnetization
pathway involves transfer through the intervening 13CO spin
between 13Ca(j-1) and the amide 15N,1H pair of residue j,

1HNj ���!
1 JHN 15Njðt1Þ ���!

1JNCO 13COðj�1Þ ���!
1 JCaCO Caðj�1Þðt2Þ

� ���!
1 JCaCO 13COðj�1Þ ���!

1 JNCO 15Nj ���!
1 JHN 1HNjðt3Þ: ð5Þ

Thus, the combined analysis of HN(CO)CA and HNCA data sets
allows the unequivocal identification of intra- and inter-residue
crosspeaks in the HNCA that simplifies the assignment process.
Focusing on the new line in the timing diagram of Fig. 4 termed
‘Gz’ it can be seen that gradient g1 defocusses transverse magnetiza-
tion, retaining the desired two spin order element 2IZNZ, gradients
g2, g3 and g5 are applied when the magnetization of interest is
transverse and serve to eliminate artifacts from imperfections in
the refocusing pulses that they surround, and the gradient g4 pair
suppresses artifacts caused by imperfections in a 1H 180� pulse that
is applied to restrict JHN scalar coupled evolution of 15N magnetiza-
tion to a total duration of 1/(2JHN) without effecting the chemical
shift evolution of 15N transverse magnetization.

The use of pulsed field gradients described above leads to arti-
fact suppression and selection against certain unwanted coherence
transfer pathways. It is also possible, however, to use gradients to
actively select for coherence transfer pathways of interest. A num-
ber of experiments were initially proposed that achieved this goal
and generated pure absorptive spectra but at the expense of a fac-
tor of

p
2 less sensitivity relative to ‘standard’ pulse schemes where

gradients are not used for coherence selection [31–33]. However,
by exploiting the elegant PEP (Preservation of Equivalent Path-
ways) approach of Rance and coworkers [34] it became possible
to achieve sensitivity increases of factors of

p
2 and 2 relative to

non-gradient schemes and ‘first generation’ gradient selection
experiments, respectively [35,36]. Fig. 5 illustrates a gradient sen-
sitivity enhanced HNCACB pulse scheme [37] that is similar to
HNCA, described above, but includes an additional transfer step
that enables recording both 13Ca and 13Cb chemical shifts, so that
cross peaks of the form (13Ca(j,j-1)+13Cb(j,j-1), 15Nj, 1HNj) are obtained
[38]. The version of HNCACB illustrated in Fig. 5 increases sensitiv-
ity by (i) minimization of effective 15N transverse relaxation rates
through 1H decoupling and by (ii) recording the data set in the sen-
sitivity enhanced mode. Together these improvements help offset
the approximate factor of 2 sensitivity decrease that is associated
with recording both 13Ca and 13Cb chemical shifts, relative to the
standard HNCA pulse scheme.

Many of the triple-resonance experiments that are in standard
use, and all of those that are based on sequences where the mag-
netization of interest originates on or is detected via amide pro-
tons, are recorded in 1H2O solvent. Because water proton T1s are
typically on the order of several seconds, significantly longer than
the recovery delays that are used in standard multi-dimensional
NMR experiments, the water resonance invariably becomes par-
tially (or fully) saturated unless care is taken to prevent this. Fur-
ther, because water proton T1s are longer than amide proton T1s
in typical protein preparations, the saturation of water is readily
transferred to amides via exchange and subsequently to other sites
in the protein due to spin diffusion. The net result is signal atten-
uation. It is important to realize that there is a decrease in sensitiv-



Fig. 4. An HN(CO)CA triple-resonance experiment, illustrating the use of pulsed field gradients to suppresses artifacts [30]. The magnetization transfer pathway is indicated
to the left of the timing diagram.

Fig. 5. An enhanced-sensitivity HNCACB pulse scheme using pulsed field gradients for coherence transfer selection [37]. The transfer of magnetization involved in the
experiment is indicated in the schematic to the left of the timing diagram. Gradients are numbered sequentially from 1 to 17, as in the original reference, although many are
applied as pairs (such as g2 and g3, for example) and have identical strengths and durations. Decoupling is interrupted during the application of gradients g5-g11.
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ity even in experiments that do not involve the amide protons
directly, mediated through exchange/NOE effects involving pro-
tons that exchange with water. Grzesiek and Bax showed that sim-
ple modifications to the pulse sequences of the day could be made
involving the use of water selective pulses that restore magnetiza-
tion to the +Z-axis at the completion of each scan, prior to the
recovery period [39]. In this manner water magnetization can be
largely preserved and thus used as a reservoir to replenish protein
amide magnetization through solvent exchange during the recov-
ery delay.

With the development of more robust experiments came the
desire for applications to larger sized proteins. Fundamentally,
triple-resonance experiments are limited by transverse spin relax-
ation during the (often) lengthy transfer steps, especially those
involving transverse aliphatic 13C magnetization where large dipo-
lar interactions with attached protons lead to rapid signal decay
[40]. A solution to the problem was found by replacing 13C-
bound protons with deuterons [41]. Although deuterons are spin
1, as opposed to spin ½ for protons, the gyromagnetic ratio of 2H
is approximately 6.5-fold smaller than that of 1H, reducing the
one-bond hydrogen-13C dipolar relaxation interaction by close to
20-fold for 2H. This advantage does come with the requirement
of slightly more complex pulse schemes, however. Recall that in
the absence of 2H relaxation the 13C spectrum of a 13C–2H spin-
pair is a 1:1:1 triplet. 2H spin relaxation interchanges the three
13C multiplet components in a manner analogous to chemical
exchange. However, the interchange is not sufficiently fast to
self-decouple the triplet [42] so that to achieve narrowing of the
13C line 2H decoupling must be used [41]. With the development
of higher field magnets and the concomitant increase in 2H T1 val-
ues this can be achieved easily and the sensitivity gains afforded by
deuteration can be substantial, as first demonstrated by Bax and
coworkers in an experiment that relays magnetization between
sequential amides [41], and subsequently by the Kay laboratory
who developed a family of 3D and 4D 2H-based triple-resonance
pulse schemes for studies of moderately high molecular weight
proteins [43–45]. Other notable initial contributions in this area
include the work of Venters, Farmer and colleagues [46,47]. Fig. 6
provides an example of an HNCA pulse scheme for studies involv-
ing deuterated proteins [48] that includes many of the features
described such as water preservation (water selective pulses are
indicated by the semi-oval shapes), as well as 13Cb and 2H decou-
pling during the period where 13Ca magnetization is transverse.
It is straightforward to modify the experiment to get additional
signal-to-noise through the enhanced sensitivity approach detailed
above [14]. Note that 1H 90Y/90-Y pulses flank the 1H WALTZ16X
decoupling elements so that complete decoupling cycles do not
have to be used in order to ensure that the water magnetization
remains minimally perturbed [49], a requirement that might be
difficult to fulfill in a routine manner for many experiments. In
our laboratory we prefer to include 90� 2H flanking pulses sur-
rounding the 2H decoupling trains as well so as to place 2H magne-
tization along the +Z-axis after decoupling that minimizes
perturbation of the lock signal [47].

Minimization of relaxation losses during multi-step transfer
experiments is critical, especially in applications involving high
molecular weight proteins. Examples of how this can be accom-
plished have already been given, yet further improvements can



Fig. 6. HNCA pulse scheme for application to deuterated proteins with 13Cb decoupling to improve spectral sensitivity and increase resolution in the 13Ca dimension [48].
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be made. In this regard a major advance in NMR experiments for
the study of biomolecules occurred with the development of
TROSY-based pulse schemes [50], with particular benefits to
triple-resonance applications [51,52]. Building on the fact that
individual lines in an AX spin-system can relax very differently
due to interference effects between two or more relaxation inter-
actions [53,54], Pervushin, Wüthrich and coworkers illustrated
the benefits of selecting for the slowly relaxing magnetization
components in the case of backbone amide 1H-15N spin-pairs
[50] (as well as in the aromatic 1H–13C spin system [55]). Thus
even though only 50% of the net magnetization is preserved in
the 1H-15N TROSY-scheme, in the absence of relaxation, the gains
can be significant over non-TROSY experiments where fast and
slowly relaxing amide components are mixed [51]. Desired multi-
plet components can be chosen with spin-state selective schemes
that transfer magnetization from the slowly relaxing amide 15N
multiplet component to the narrow amide 1H line using phase
cycling, gradients or a combination of the two [56]. Careful exper-
imental design is required to ensure that fast and slowly relaxing
components are not mixed during the course of a pulse sequence.
For example, 1H 180� pulses interconvert TROSY and anti-TROSY
Fig. 7. A TROSY-based HNCAB pulse scheme that affords significantly improved
15N lines, so that these should only be applied, where necessary,
in pairs. A similar situation occurs for the 1H lines, where a single
15N 180� pulse converts the components as well. Interchange
between 15N TROSY and anti-TROSY lines can also result from cross
relaxation between the amide proton of the 1H-15N spin-pair and
neighboring proton spins. This can be minimized through the use
of high levels of protein deuteration that is also important for
attenuating 13C relaxation, as discussed above. Fig. 7 illustrates a
TROSY-HNCACB pulse scheme developed by Wüthrich and
coworkers [57]. In comparison to the non-TROSY HNCACB of
Fig. 5 the most striking difference is the absence of 1H decoupling
which efficiently mixes fast and slowly relaxing 15N magnetization
components, a situation that is not desired in studies of large pro-
teins. As 15N magnetization is transverse for approximately 50 ms
in this experiment, retaining the 15N TROSY component can lead to
substantial gains in signal-to-noise. Additional, small gains in sen-
sitivity can be obtained by optimization of the magnetization
transfer pathway from 15N to 1H prior to detection, as described
previously [58].

Sensitivity in triple-resonance applications is of great impor-
tance and, as described above, many different approaches ranging
sensitivity in applications involving high molecular weight proteins [57].
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from pulse sequence design to isotope labeling schemes have been
developed to address this issue. In this regard the minimization of
water saturation during the course of an experiment, already men-
tioned in this article, is critical as this allows water to be used as a
bath to rapidly restore longitudinal amide 1Hmagnetization during
the recovery delay between scans [39,49,59]. Water selective
pulses can be used in a straightforward manner to ensure that
water magnetization is ‘controlled’ throughout the pulse sequence
and, in particular, placed along the +Z-axis at the end of each scan
(Fig. 6, shaped 1H pulses). Similarly, it is possible to execute amide-
based triple-resonance experiments in a manner such that alipha-
tic proton magnetization remains largely unperturbed by the
application of amide selective 1H pulses, and, when necessary, by
broad-banded pulses applied in pairs. Pervushin and coworkers
have shown significant sensitivity gains with this elegant approach
[60].

The significant reduction in effective amide 1H T1s from these
so-called longitudinal relaxation optimized experiments [60] has
important practical applications as well. In a series of impressive
papers Brutscher’s group has shown that it is possible to exploit
the rapid recovery of proton polarization in order to expedite
recording of potentially time-consuming 3D triple resonance data
sets [61,62]. These so-called BEST pulse schemes have significant
implications in studies of unstable proteins or in cases where
kinetic data must be recorded in real time because high quality
data sets can be obtained even when very short longitudinal recov-
ery delays (100–200 ms) are used. When sensitivity permits, fur-
ther decreases in recording times are possible, by the addition of
non-uniform sampling, projection reconstruction, spatially
encoded frequency labeling or GFT-spectroscopy methods [63].

3. Concluding remarks

In this brief monograph, highlighting the evolution of particular
aspects of liquid-state pulse sequence design, I have chosen to
focus on the HNCA-class of triple-resonance experiment to illus-
trate how, over a period of close to two decades, new ideas and
insights have led to pulse schemes of ever-increasing sophistica-
tion. Although the focus has been on the HNCA here it is clear that
the improvements extend beyond this class of experiment and,
indeed, beyond the domain of triple-resonance NMR, impacting
on virtually all solution state NMR experiments in some way. In
part, the advances have been stimulated by instrumentation
including shielded pulsed field gradient coils and higher magnetic
fields. But equally important has been an increased understanding
of spin physics and how to optimize experiments by taking into
account simple rules that govern how magnetization evolves and
relaxes during complex pulse sequences. This attention to detail
and to basic NMR science has significantly increased both the types
of questions that can now be addressed and the nature of the appli-
cations that are now possible.
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