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a b s t r a c t

The sensitivity-enhanced HSQC, as well as HSQC-TOCSY, experiments have been modified for incorpora-
tion into NOAH (NMR by Ordered Acquisition using 1H detection) supersequences, adding diversity for
13C and 15N modules. Importantly, these heteronuclear modules have been specifically tailored to pre-
serve the magnetisation required for subsequent acquisition of other heteronuclear or homonuclear mod-
ules in a supersequence. In addition, we present protocols for optimally combining HSQC and HSQC-
TOCSY elements within the same supersequences, yielding high-quality 2D spectra suitable for structure
characterisation but with greatly reduced experiment durations. We further demonstrate that these time
savings can translate to increased detection sensitivity per unit time.
� 2021 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, there has been significant interest in the accel-
eration of multidimensional NMR data acquisition [1–43]. In par-
ticular, some of the more readily implemented methods involve
multiple-FID experiments which use either single or multiple
receivers. Of these, one of the most versatile approaches is to uti-
lise different ‘‘pools” of magnetisation available within a sample
for the sequential collection of different spectra without an inter-
vening recovery delay, as exemplified by the NOAH (NMR by
Ordered Acquisition using 1H detection) technique [43–48]. Virtu-
ally all of the most common 2D experiments used in small mole-
cule characterisation, such as HSQC, HMBC, COSY, TOCSY, NOESY,
and ROESY, can be combined in a modular fashion to form superse-
quences which collectively use only one recovery delay (d1)
(Fig. 1a). As the recovery delay accounts for the large majority of
experiment time in 2D NMR, the NOAH approach can provide time
savings of up to � 4� compared to the conventional individual
acquisition of each spectrum, where each constituent experiment
would require its own recovery delay.

One-bond heteronuclear correlation experiments, namely HSQC
and HMQC, play a central role in the structural elucidation of small
organic molecules and biomolecules [49,50]. These experiments
are also a core component of many NOAH experiments, since the
magnetisation they use (protons directly coupled to isotopically
dilute X nuclei, i.e. 13C or 15N) can be efficiently differentiated from
the ‘‘bulk” magnetisation of protons that are not directly attached
to these NMR-active nuclei [51–56]. Following the notation of Orts
[57], we refer to these two magnetisation components (proton
coupled to X and proton not coupled to X) as 1HX and 1H!X respec-
tively. At the same time, due to the low natural abundance of these
heteronuclei, these spectra are typically less sensitive than the
homonuclear spectra that are placed towards the end of the super-
sequence. Consequently, for dilute samples, the minimum experi-
mental time is generally dictated by these heteronuclear
experiments, meaning any improvements in experiment sensitiv-
ity can be directly translated into greater time savings.

In the 1990s, Cavanagh, Rance, and Kay introduced the
sensitivity-enhanced HSQC (seHSQC) experiment [58,59], which
improves on the sensitivity of an ordinary echo–antiecho HSQC
by up to a factor of 2 in the most ideal case. This is accomplished
through the so-called preservation of equivalent pathways (PEP)
scheme, which converts two magnetisation components that are
cosine- and sine-modulated in t1 into observable magnetisation
prior to detection [60,61]. Here, we show how the original seHSQC
sequence can be modified such that it can be used as a NOAHmod-
ule, thus bringing about even further gains in sensitivity per unit
time. We add further diversification by incorporating a HSQC-
TOCSY module, derived from the ASAP-HSQC-TOCSY [10], that is
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Fig. 1. (a) Overview of a typical NOAH supersequence (MSCN, using the single-letter abbreviations previously defined [44]). The 1H–15N HMQC and 1H–13C HSQCmodules are
coloured; these may be replaced with the new seHSQC module proposed in this work. (b) Cavanagh–Rance–Kay (CRK) seHSQC [58,59]. (c) Version 1 of the NOAH seHSQC
module, abbreviated as ‘‘Sþ1 ”. (d) Version 2 of the NOAH seHSQC module (‘‘ZIP-seHSQC”), abbreviated as ‘‘Sþ2 ”. Filled and unfilled bars represent 90� and 180� pulses
respectively; all 180� pulses on 13C are adiabatic (frequency-swept) pulses. All pulses are applied along þx unless otherwise noted. Phase cycling is performed with
/1 ¼ ðx;�xÞ;/2 ¼ ðx; x;�x;�xÞ, and /rec ¼ ðx;�x;�x; xÞ. The delays are chosen as follows: D ¼ 1=ð4 � 1JXHÞ;D0 ¼ 1=ð8 � 1JCHÞ or 1=ð4 � 1JNHÞ, and e is the minimum time needed
for a gradient pulse and subsequent recovery. All gradient pulses are 1 ms long, except for g1 and g2 in 15N experiments which are 2.5 ms long. Gradient amplitudes, as
percentages of maximum gradient strength (53 G/cm), are as follows: g1 ¼ 80%; g2 ¼ �40:2% (13C) or �16:2% (15N); g0

2 ¼ g2=2; g3 ¼ 11%; g4 ¼ �5%. The signs of g2 and g0
2,

as well as the phase of the 90� X pulse marked�y, are alternated within each t1 increment to provide echo–antiecho selection. Refer to Figure S1 for product operator analysis.
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also compatible with the NOAH strategy. Both of these modules
can be inserted either independently or together into NOAH super-
sequences, allowing large amounts of chemical information to be
acquired in short times.
2. Results and discussion

2.1. 1H–13C sensitivity-enhanced HSQC

A typical example of a NOAH supersequence is the NOAH-4
MSCN experiment (Fig. 1a), which yields 15N HMQC, 13C HSQC,
COSY, and NOESY spectra in one single experiment [44]. The imple-
mentation of this supersequence relies on the fact that the output
of any one module contains all the necessary magnetisation com-
ponents required for downstream modules. For example, both
the standard NOAH HMQC (Figure S1a) [3,44] and HSQC (Fig-
ure S1b) [8,44] modules return the bulk 1H!X magnetisation back
to its equilibrium position (þz). In the MSCN sequence, this bulk
magnetisation can therefore be used as the input to the COSY
and NOESY homonuclear modules which follow. However, the
original Cavanagh–Rance–Kay (CRK) seHSQC (Fig. 1b) does not
obey this principle: it causes bulk magnetisation to be dephased
by coherence transfer pathway (CTP) gradients. Consequently,
downstream modules can only utilise any bulk 1H!X magnetisation
that has relaxed during the HSQC FID acquisition, leading to drastic
losses in signal intensity. This is illustrated using a NOAH-2 SþCc

(seHSQC + CLIP-COSY [62]) supersequence (Fig. 2a): the CLIP-
COSY is used in this work as a convenient module for which peak
2

intensities can be easily quantified, but the conclusions drawn here
are fully applicable to any other homonuclear module that is used
in its place. While the CRK seHSQC implementation (Fig. 2b)
affords significant sensitivity gains (primarily for CH peaks, as pre-
dicted by theory [63,64]), the COSY module which follows suffers
from an almost complete (� 90%) loss of intensity. While one
could argue that this is still tolerable for the COSY module, which
is the most sensitive of all NOAHmodules, these losses are not per-
missible for inherently less sensitive homonuclear modules such as
NOESY and ROESY.

In this work, we compare two possible solutions to this, which
form the basis of the NOAH seHSQC modules. In both cases, we
require a pulse sequence element which performs a selective 90�
rotation on 1HX magnetisation and leaves 1H!X magnetisation
untouched. The first version of the NOAH seHSQC (Fig. 1c, ‘‘Sþ1 ”)
uses a composite 1H pulse immediately following t1 to accomplish
this aim, as both magnetisation components have already diverged
by this point. On the other hand, the second (Fig. 1d, ‘‘Sþ2 ” or ‘‘ZIP-
seHSQC”) actively differentiates the two components at the start of
the sequence by prepending a double heteronuclear spin echo, a
strategy recently reported by Hansen et al. [66] This zz isotope-
selective (ZIP) pulse element is based on the observation that the
bulk 1H!X magnetisation in the seHSQC will be returned to þz if
the phase of the initial 1H 90�

x pulse in the CRK seHSQC is changed
by 90� to þy. To generate the required HSQC signal, however, a 1H
90�

x pulse must still be applied to 1HX magnetisation. Overall, what
is required is therefore a pulse sequence element which simultane-
ously acts as a 90�

x (or 90�
�xÞ pulse on protons coupled to spin-X,



Fig. 2. Sensitivity comparisons for NOAH-2 SþCc (seHSQC + CLIP-COSY) supersequences, using the CRK and NOAH seHSQC implementations. The delay D0 was set to
1=ð8 � 1JCHÞ. All intensities are normalised against the NOAH-2 SCc (HSQC + CLIP-COSY) supersequence, without HSQC sensitivity enhancement. HSQC intensities are further
grouped by multiplicity. Circles represent the relative intensities of individual peaks; solid bars, as well as the numbers in parentheses, indicate averages over all peaks of a
given type. (a) Pulse sequence of the NOAH-2 SþCc (seHSQC + CLIP-COSY) experiment: any of the variants shown in Fig. 1 (CRK, version 1, or version 2/‘‘ZIP”) can be used as
the seHSQC module. The CLIP-COSY [62] is performed with /1 ¼ /rec ¼ ðx;�xÞ and States quadrature detection in the indirect dimension; the perfect echo mixing delay s is
set to 8.33 ms. The unfilled rectangles with diagonal lines, applied simultaneously with z-gradients, represent frequency-swept pulses used for suppression of zero-quantum
coherence [65]. (b) Using the original CRK seHSQC (Fig. 1b), which leads to severely reduced COSY intensities. (c) Using the Sþ1 module (Fig. 1c). (d) Using the Sþ2 module
(Fig. 1d). (e)–(f) Slices of the NOAH HSQC (dashed line) and NOAH ZIP-seHSQC (Sþ2 ) spectra (solid line) through f 1 ¼ 78:9 ppm (a CH peak, (e)) and f 1 ¼ 28:5 ppm (a CH2 peak,
(f)). (g) Slices of the CLIP-COSY module from the NOAH-2 SCc (dashed line) and Sþ2 C

c (solid line) supersequences, through f 1 ¼ 1:36 ppm. Spectra were obtained on a 700 MHz
Bruker AV III equipped with a TCI H/C/N cryoprobe; the sample used was 40 mM andrographolide in DMSO-d6.
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and as a 90�
y pulse on uncoupled protons. The resulting ZIP element

is similar to the zz-filter, which has previously been used in the
NOAH zz-HMBC module to retain the magnetisation of directly
coupled protons for a subsequent HSQC module [45,47]. However,
the ZIP element has different pulse phases to this and consequently
leads to a different overall outcome, i.e. 90�

�x on 1HX and 90�
y on

1H!X.
In addition to the aforementioned modifications, both NOAH

seHSQC modules also contain a CTP gradient prior to the t1 period
(highlighted in Figs. 1c and d). In the Sþ1 module, the 1H!X magneti-
sation is in the xy-plane during t1 (see Figure S1 for product oper-
ator analysis), and would simply be dephased if this gradient were
not present, making its presence mandatory. Alternatively, the Sþ2
module places the 1H!X magnetisation on �z in t1. This gradient
is therefore not used for rephasing, but instead serves to suppress
artefacts in downstream modules, which would otherwise arise
from bulk magnetisation that (due to pulse imperfections) is not
longitudinal and can therefore evolve during either half of the
HSQC t1 period (Figures S2 to S4). This magnetisation then evolves
again in the t1 period of a later homonuclear module (e.g. COSY),
resulting in each COSY peak with indirect-dimension frequency
f 1 ¼ XH being accompanied by a pair of ‘‘wing” artefacts at
f 1 ¼ XH � ðXH � SWCOSYÞ=ð2 � SWHSQCÞ, where XH and SW refer to
the proton offset and indirect-dimension spectral width respec-
3

tively (both in Hz). Importantly, the artefacts arising from diagonal
peaks can have intensities that are comparable to genuine cross-
peaks (Figure S2), which highlights the importance of suppressing
these artefacts. Apart from the ‘‘wing” artefacts in downstream
modules, we also briefly note here that the presence of two CTP
gradients inside the seHSQC t1 period allows the final CTP gradient
(g2) to have twice its usual amplitude, thereby providing additional
artefact suppression in the seHSQC itself. This is particularly
important in the 15N seHSQC, as will be explained below.

These pulse sequence modifications result in an unavoidable
decrease in efficiency, as compared to the original CRK seHSQC
implementation (Figs. 2b to d). For example, with the present sam-
ple, when the delay D0 is set to 1=ð8 � 1JCHÞ as was done here [63],
the Sþ1 and Sþ2 modules yield on average a 1:29� and 1:54� boost
for CH peaks, which are smaller than the 1:80� increase seen with
the CRK seHSQC (the case where D0 ¼ 1=ð4 � 1JCHÞ is explored in Fig-
ures S5 and S6). Turning to CH2 and CH3 peaks, the use of the Sþ1
module does not provide any enhancement for either of these,
whilst the Sþ2 module yields on average a more modest 1:19�
and 1:09� sensitivity increase respectively. Nevertheless, it should
be emphasised that the Sþ2 module in particular still provides clear
sensitivity gains over the reference ‘‘gold-standard” NOAH HSQC
module, especially for CH and CH2 peaks (Figs. 2e and f) which
are typically less intense.
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The major advantage that the NOAH seHSQC modules enjoy
over the CRK seHSQC is readily appreciated when considering the
homonuclear module which follows. In contrast to the CRK
seHSQC, which destroys the requisite bulk 1H!X magnetisation
and is thus unsuitable for use in NOAH supersequences, both of
the new seHSQC modules preserve the majority of it, performing
>90% as well as the original HSQC module (Fig. 2g). Altogether, this
means that the HSQC intensities in a NOAH supersequence can be
substantially boosted using the new seHSQC modules, without
compromising the sensitivity of, or introducing extra artefacts in,
any homonuclear modules which succeed it. We note that the
BIG-BIRD element reported by Briand and Sørensen [55], which
independently excites 1HX and 1H!X magnetisation with arbitrary
flip angles and phases, is also capable of performing the same role
as the ZIP element in the Sþ2 module. However, we find that the ZIP
provides greater signal-to-noise in both the seHSQC itself as well as
downstream modules (Figure S7).

Multiplicity editing [67] can be easily incorporated into both
NOAH seHSQC modules (Figure S8) by introducing a J-evolution
period in the spin echo immediately following t1. As described pre-
viously, the Sþ1 module places the bulk magnetisation in the xy-
plane during the editing period; the same is true of the unen-
hanced NOAH HSQC. In these modules, the bulk 1H!X magnetisation
is therefore subject to homonuclear coupling (JHH) evolution, lead-
ing to a small decrease in the sensitivity of later homonuclear mod-
ules when multiplicity editing is introduced. Since homonuclear
experiments typically have a greater inherent sensitivity than the
(se)HSQC, this minor loss is rarely a problem, and is far outweighed
by the benefits of incorporating multiplicity editing in the HSQC.
Nevertheless, the fact that the Sþ2 module does not suffer from such
a penalty is a welcome benefit. As a result, when editing is
included, the Sþ2 module slightly outperforms both the S and Sþ1
modules by around 10% in terms of preserving bulk magnetisation
(Figure S9).

2.2. 1H–15N sensitivity-enhanced HSQC

The proposed seHSQC modules can be similarly implemented as
1H–15N experiments. Currently, in NOAH supersequences, 1H–15N
correlations are primarily obtained using the HMQC module
(‘‘M”) [3,44]; compared to this, the new Sþ2 module can provide
greater than 4� enhanced sensitivity (Fig. 3). This arises partly
because the PEP sensitivity enhancement scheme can be optimised
for NH peaks by setting the reverse INEPT transfer delay D0 to be
equal to 1=ð4 � 1JNHÞ. However, there is also a significant improve-
ment due to the fact that peaks in the 15N seHSQC are not split
in the indirect dimension by JHH, unlike in the HMQC. Although
the Sþ2 module retains a slightly smaller amount of 1H!N magnetisa-
tion (� 70%, versus � 80% for the HMQC (Figure S10)), this is a
worthwhile trade-off, since it is the 15N module which typically
has the lowest intrinsic sensitivity in a supersequence.

Although the S and Sþ1 modules also provide sensitivity gains
versus the HMQC, they both come with other drawbacks. As previ-
ously discussed, these two modules place bulk 1H!N magnetisation
in the xy-plane during the t1 period. Consequently, the amount of
bulk magnetisation that is retained decreases as t1 is lengthened,
leading to line broadening in the indirect dimensions of all down-
stream modules (Figure S11). Whilst this is not a problem with the
13C HSQC where typical 13C indirect dimension acquisition times
are relatively short, the smaller spectral widths in 15N experiments
can mean downstream modules suffer moderate losses in both
sensitivity and resolution. The Sþ2 module avoids this issue entirely,
making it especially well-suited to obtaining 15N correlations; we
henceforth refer to it as the SþN module.
4

One remaining potential issue in the SþN module arises from the
cumulative effects of pulse imperfections, which cause a portion of
bulk 1H!N magnetisation to be transverse just prior to detection of
the seHSQC signal. Although this only represents a small fraction of
the bulk magnetisation, if left uncontrolled, the resulting artefacts
typically have intensities that are comparable to the seHSQC cross-
peaks (Figure S12). The key to suppressing these artefacts effi-
ciently lies in the final CTP gradient g2 (Fig. 1d), which dephases
any transverse bulk magnetisation. The SþN module therefore
greatly benefits from having two CTP gradients g1 within the t1
period, as this means that g2 will have twice its usual amplitude.
For optimal performance, however, one further modification
proves beneficial: the CTP gradients g1 and g2 should all be length-
ened from their typical duration of 1 ms, in order to provide more
effective dephasing. In practice, we find that gradient durations of
2 to 2.5 ms provide excellent artefact suppression whilst not caus-
ing any appreciable difference in the intensity of the desired cross-
peaks (Figure S12). These extended gradients are not required in
the 13C seHSQC for two reasons: firstly, the amplitude of g2 in
the 13C seHSQC is larger by a factor of cC=cN � 2:5; and secondly,
the greater natural abundance of 13C (1.1% versus 0.36% of 15N)
leads to an intrinsically larger signal intensity, which makes any
residual artefacts less apparent.

In scenarios where high resolution in the 15N dimension is not
required, it is possible to reduce the indirect-dimension (F1) reso-
lution in order to obtain sensitivity gains. This can be done either
by increasing the F1 spectral width by a factor of k (‘‘SW-
scaling”), or by reducing the number of t1 increments by a factor
of k and in its place increasing the number of transients (‘‘k-
scaling”) [25,26]: both of these cause equivalent reductions of
the F1 acquisition time and thus resolution (Figure S13). When
implemented within a supersequence, this scaling is applied exclu-
sively to the 15N module: all other modules are left untouched. In
our hands, significant sensitivity gains of up to � 2� can be
observed in SW- and k-scaled 15N HMQC spectra, since JHH splitting
in the indirect dimension tends not to be resolved (Figure S14).
This point is not relevant to the seHSQC, and here, any scaling
employed in isolation has only a small effect on peak height, since
any peak volume gained from the extra transients is typically offset
by the broadening (Figure S15). It is possible to use linear predic-
tion [68–70] to counteract this broadening, thereby improving
the signal-to-noise ratio (SNR) of the resulting spectra (Figures
S16 and S17). We note, however, that SNR improvements obtained
purely via processing methods such as linear prediction should not
be conflated with an increase in the true detection sensitivity of
the spectrum [71–73].
2.3. HSQC-TOCSY

Thus far, we have described seHSQCmodules which utilise all of
the 1HX magnetisation. However, it is often desirable to draw on
1HC magnetisation for multiple different purposes: for example,
one can simultaneously collect 13C-decoupled and coupled HSQC
spectra [38], HSQC spectra with different spectral widths [39], or
a combination of HSQC and HSQC-TOCSY spectra [38]. This has
previously been accomplished in a multi-FID acquisition (MFA)
scheme by keeping the two CTPs in the CRK seHSQC separate, with
the cosine- and sine-modulated CTPs each contributing to one
spectrum [38,39]. We chose to adopt a different approach for
NOAH supersequences, which exploits the fact that the HSQC mod-
ule (though not the new seHSQC modules) allows an arbitrary
amount of 1HC magnetisation to be excited, with the remainder
returned to þz [3,7–9]. In order to excite a proportion f of 1HC mag-
netisation (0 < f 6 1), the initial INEPT delay must be shortened by



Fig. 3. Comparison of the 1H–15N seHSQC module (Sþ2 ) with the standard NOAH HMQCmodule (M), taken from NOAH-3 XSþCc supersequences (15N experiment + 13C seHSQC
+ CLIP-COSY). The Sþ1 module is not shown here as it causes line broadening in downstream modules (see text). (a) X = M, i.e. 15N HMQC module. (b) X = SþN, i.e.

15N seHSQC
module. (c) Projection of HMQC onto the f 1 axis. Splitting due to JHH is clearly visible for three of the four peaks. (d) Projection of seHSQC onto the f 1 axis. Sensitivity
improvements relative to the HMQC spectrum (as measured by peak heights) are indicated above each peak. The largest gains are observed for peaks where the multiplet
structure is collapsed; however, even in the absence of that, a � 2� gain is still obtained. Spectra were obtained on a 700 MHz Bruker AV III equipped with a TCI H/C/N
cryoprobe; the sample used was 40 mM gramicidin (a cyclic decapeptide; (Val-Orn-Leu-ᴅ-Phe-Pro)2) in DMSO-d6.
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a factor of arcsin f (Fig. 4a). The remaining ð1� f Þ of the magneti-
sation, plus any that relaxes during the HSQC FID, can then be used
for a second HSQC-based module in the same supersequence. With
the present NOAH strategy, for values of f close to 1, the amount of
1HC magnetisation regained through relaxation can reach almost
50%. Consequently, by setting f � 0:8, we can obtain two HSQC
spectra with sensitivities that are comparable to the existing
MFA approach. Furthermore, the sensitivity of the second HSQC
can be boosted by using the new seHSQC modules in its place, in
particular the Sþ2 module (Figure S18).

By adding a period of isotropic mixing prior to detection, the
NOAH HSQC module may be converted to a HSQC-TOCSY module
Fig. 4. (a) NOAH HSQC module with modified INEPT delay DE ¼ ðarcsin f Þ=ð4 � 1JCHÞ, wh
(‘‘ST”), modified from the ASAP-HSQC-TOCSY [10]. The gradients g3 are 1 ms long a
supersequence. The 1HC magnetisation is partly used by the initial HSQC-TOCSY module, w
1H!C magnetisation is retained for one or more homonuclear modules at the end. All oth

5

(denoted by ‘‘ST”, Fig. 4b). This is similar to the previously reported
ASAP-HSQC-TOCSY [10], the key difference being that in the pre-
sent NOAH context, unused 1HC as well as bulk 1H!C magnetisation
is preserved for use in other modules, instead of later t1 increments
as in the ASAP experiment. Compared to the existing MFA HSQC-
TOCSY/HSQC experiment [38], our approach has several character-
istics which make it particularly amenable to use in NOAH super-
sequences. Firstly, the vast majority of 1H!C magnetisation is
preserved, as required for homonuclear module(s) to be appended
in a NOAH supersequence (Fig. 4c); in practice, we observe small
1H!C losses of ca. 10% due to pulse imperfections. In contrast, the
MFA sequence, much like the original CRK seHSQC on which it is
ere f is the fraction of 1HC magnetisation excited. (b) NOAH HSQC-TOCSY module
nd have an amplitude of 10.1 G/cm. (c) Overview of a NOAH-3 STSX or STSþX
ith a subsequent HSQC or seHSQC using the remaining 1HC magnetisation. The bulk
er symbols have the same meanings as in Fig. 1.
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based, dephases 1H!C magnetisation and causes a 80–90% sensitiv-
ity loss in downstream spectra. Secondly, since each NOAH module
is independently executed, the NOAH approach allows multiplicity
editing to be selectively enabled for only the HSQC and not the
HSQC-TOCSY: in an edited HSQC-TOCSY, sensitivity will be reduced
and any accidental overlap may further lead to crosspeaks being
lost unexpectedly. Lastly, the sensitivity of both spectra in a NOAH
experiment can be optimised through the value of f; this allows a
larger amount of 1HC magnetisation to be used for the inherently
less sensitive HSQC-TOCSY. In our experience, setting f ¼ 0:9 pro-
vides a good balance for STS combinations: the sensitivity in the
HSQC is boosted not only by relaxation during the HSQC-TOCSY
FID, but also by the isotropic mixing in the HSQC-TOCSY module,
which effects a degree of 1H!C!1HC polarisation transfer (Fig-
ure S19). Alternatively, the signal intensity of the HSQC-TOCSY
can be maximised by replacing it with the seHSQC-TOCSY module,
derived from the Sþ2 module [66]. The seHSQC-TOCSY does still

retain 1H!C magnetisation needed for the terminal homonuclear
module(s), but has a minor drawback in that it does not allow
for variable 1HC excitation and therefore cannot preserve a portion
of 1HC magnetisation for HSQC modules that follow it (Figure S20).

2.4. Examples of new NOAH supersequences

There exist many ways in which the new modules discussed
above can be included in practical experiments for structure char-
acterisation. Here, we illustrate this with the NOAH-4 SþNS

TSþ2 C
c

(15N seHSQC, 13C HSQC-TOCSY, 13C seHSQC, and CLIP-COSY) super-
sequence (Fig. 5). While individual collection of the four spectra
above required 57 min and 8 s, the NOAH-4 supersequence took
only 17 min and 35 s; this is 31% of the original duration, or equiv-
alently a 3:3� speedup. For typical organic molecules, new super-
sequences such as the NOAH-4 STSþ2 CT allow the rapid and
complete collection of C–H and H–H correlations (Figure S21).
Experiment times can be further reduced through the use of non-
Fig. 5. Spectra obtained from the NOAH-4 SþNS
TSþ2 C

c supersequence. 256 t1 increments we
(a) 15N seHSQC. (b) 13C HSQC-TOCSY (30 ms mixing, f ¼ 0:9). (c) Multiplicity-edited 13C
desirable HSQC-TOCSY editing. (d) CLIP-COSY. Spectra were obtained on a 700 MHz B
gramicidin in DMSO-d6.
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uniform sampling [74–77] (Figure S22), which is compatible with
nearly all of the supersequences shown here (the exceptions being
when k-scaling is employed in 15N modules, or when COSY mod-
ules are recorded without phase-sensitive detection). One can also
prepend the NOAH zz-HMBC module (‘‘B”) [45,47]; this uses the
semi-adiabatic zz-filter to preserve both 1HC and 1HN magnetisa-
tion, which can then be sampled in the HSQC-based modules pre-
sented here (Figure S23).
2.5. Sensitivity per unit time analysis

The benefits of the time savings afforded by NOAH superse-
quences are manifold. On top of the greatly increased sample
throughput that results from faster acquisition, the combination
of multiple modules in a single experiment also ensures that all
constituent spectra are recorded under the same experimental
conditions, such as temperature. This avoids the need for separate
chemical shift referencing in each spectrum, and also makes the
real-time monitoring and characterisation of reactive intermedi-
ates possible, especially when combined with non-uniform sam-
pling. It is also of note that time savings may be directly
translated into increases in sensitivity per unit time. The relative
sensitivity per unit time, et , of a given module is the product of an
amplitude factor RS indicating the intrinsic sensitivity of a module
with respect to a reference experiment, and the square root of a
time-saving factor qt , which reflects the decrease in time needed
for collection of all spectra [47,48].

We demonstrate this with the NOAH-4 SþNS
þ
2 CT supersequence

(experimental time of 17 min and 28 s), choosing individually
acquired versions of the four constituent modules as the reference
spectra (total experimental time of 58 min and 42 s), which gives
qt ¼ 3:36. The amplitude factor RS starts off at 1 for the first mod-
ule, with a slight decrease as the supersequence progresses due to
imperfections in magnetisation preservation. Nevertheless, et
remains well above 1 for all four modules (Fig. 6), which clearly
illustrates the attainable gains in sensitivity per unit time in NOAH
re used, with 2 scans per increment. The total experiment time was 17 min and 35 s.
ZIP-seHSQC. Notice that having the edited seHSQC removes the need for the less
ruker AV III equipped with a TCI H/C/N cryoprobe; the sample used was 40 mM



Fig. 6. Relative sensitivities per unit time (et) for the four modules in the SþNS
þ
2 CT supersequence (using a TOCSY mixing time of 35 ms). Error bars indicate 95% confidence

intervals. The four NOAH modules, individually acquired, were used as the reference spectra (qt ¼ 3:36). Spectra were obtained on a 700 MHz Bruker AV III equipped with a
TCI H/C/N cryoprobe; the sample used was 50 mM zolmitriptan in DMSO-d6.
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sequences where RS is not significantly compromised: this is espe-
cially important for the heteronuclear modules which are naturally
less sensitive. Comparisons against ‘‘standard” experiments (such
as the CRK seHSQC) lead to similar conclusions (Figure S24).
3. Conclusion

The new seHSQC and HSQC-TOCSY implementations add to the
preexisting variety of NOAH modules, expanding the number of
plausible NOAH supersequences tailored for small molecule char-
acterisation. The controlled manipulation of all proton magnetisa-
tion reservoirs present within a sample is required for the success
of these modules within nested experiments. We have demon-
strated the optimisation of the individual HSQC-based modules
and their combinations to further enhance the sensitivity and ver-
satility of NOAH supersequences for efficient data collection.
4. Experimental

All spectra were recorded on a Bruker AV III NMR spectrometer
operating at 700 MHz 1H frequency equipped with a TCI H/C/N cry-
oprobe. Unless otherwise specified, spectra were recorded with 16
dummy scans, 2 scans per t1 increment, 256 t1 increments per
module, and a 1.5 s recovery delay. 1024 points were recorded in
each FID, leading to an acquisition time of 60.8–73.1 ms depending
on the 1H spectral width (10–12 ppm). Unless otherwise stated,
indirect-dimension spectral widths were 180 ppm for 13C modules,
and 30 or 80 ppm for 15N modules acquired on gramicidin and
zolmitriptan respectively. The delays in the HSQC sequences were
optimised for 1JCH ¼ 145 Hz and 1JNH ¼ 90 Hz respectively, and the
CLIP-COSY mixing delay (denoted by s in Fig. 2a) was set to
8.33 ms, corresponding to a nominal JHH value of 30 Hz. DIPSI-2
mixing in the HSQC-TOCSY and TOCSY modules was applied with
a B1 amplitude of 10 kHz.

All NOAH data were processed using the splitx_au AU pro-
gramme, available in the standard Bruker TopSpin software, which
separates the individual modules into different datasets; these
were then individually processed with noah_EXPT AU pro-
grammes, which define other processing parameters such as win-
dow functions for each module. All datasets were linear
predicted up to 512 complex points in f 1, then zero-filled to
1024 and 2048 complex points in f 1 and f 2 respectively. NUS
experiments, such as that in Figure S22, can be set up using a
Python script. The pulse sequences used here, all AU processing
scripts, as well as the NUS Python script have been made available
via the online Bruker User Library (https://www.bruker.com/en/
7

services/bruker-user-library.html), and can also be obtained from
Zenodo (https://doi.org/10.5281/zenodo.4937946). Additionally,
the Zenodo deposit also contains all raw NMR data used in this
paper.
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[31] Ē. Kupče, R. Freeman, High-resolution NMR correlation experiments in a single
measurement (HR-PANACEA), Magn. Reson. Chem. 48 (2010) 333–336,
https://doi.org/10.1002/mrc.2595.

[32] S.M. Pudakalakatti, A. Dubey, G. Jaipuria, U. Shubhashree, S.K. Adiga, D.
Moskau, H.S. Atreya, A fast NMR method for resonance assignments:
application to metabolomics, J. Biomol. NMR 58 (2014) 165–173, https://doi.
org/10.1007/s10858-014-9814-6.

[33] S.M. Pudakalakatti, A. Dubey, H.S. Atreya, Simultaneous acquisition of three
NMR spectra in a single experiment for rapid resonance assignments in
metabolomics, J. Chem. Sci. 127 (2015) 1091–1097, https://doi.org/10.1007/
s12039-015-0868-0.
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