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The concepts of pure-shift NMR and time-shared NMR are merged in a single experiment. A 13C/15N time-
shared version of the real-time BIRD-based broadband homodecoupled HSQC experiment is described.
This time-efficient approach affords simultaneously 1H-13C and 1H-15N pure-shift HSQC spectra in a sin-
gle acquisition, while achieving substantial gains in both sensitivity and spectral resolution. We also pre-
sent a related 13C/15N-F2-coupled homodecoupled version of the CLIP-HSQC experiment for the
simultaneous measurement of 1JCH and 1JNH from the simplified doublets observed along the direct
dimension. Finally, a novel J-resolved HSQC experiment has been designed for the simple and automated
determination of both 1JCH/1JNH from a 2D J-resolved spectrum.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

In the last years, the development of powerful broadband
homodecoupling techniques and their implementation in a broad
range of existing and novel experiments has emerged as a useful
tool in modern small-molecule NMR spectroscopy [1]. This concept
of pure-shift (ps) NMR affords a spectacular increase in spectral
resolution because the typical wide J multiplet structures are sim-
plified to singlets, minimizing signal overlap and making data anal-
ysis and interpretation much easier. Many different ps techniques
are currently available, but we want to highlight two relevant con-
tributions. The PSYCHE element [2] improves the sensitivity and
performance of the original Zangger-Sterk experiment [3], allow-
ing its successfully implementation in many interferogram-based
1D and 2D NMR experiments [4]. A second relevant contribution
was the real-time broadband homodecoupling scheme based on
BIRD (Bilinear Rotation Decoupling) elements [5,6] applied during
1H acquisition in heteronuclear HSQC-type experiments [7,8]. The
HSQC pulse train acts as a 1H-13C selection filter, and it is specifi-
cally designed to suppress the large 1H-12C contribution. In con-
trast to PSYCHE that is related to important sensitivity losses and
longer acquisitions, the sensitivity and duration of the real-time
pure-shift HSQC (psHSQC) is not affected when compared to the
parent HSQC experiment. Recently, an excellent description on
the practical aspects involved in real-time homodecoupled HSQC
experiments has been reported. [9] For instance, the generation
of artefacts or sidebands, the line broadening caused by transverse
relaxation between data chunks and/or by the mismatch between
BIRD timing and 1JCH values, or the effects of imperfect pulses are
some of the issues to consider when implementing this technique.

Time-Shared (TS) NMR experiments allows the simultaneous
acquisition of 1H-13C and 1H-15N spectra in spectrometers having
a triple-channel hardware configuration [10,11]. These methods
are particularly useful for molecules containing both carbon and
nitrogen because two experiments that use the same pulse train
can be concentrated in a single sequence. The performance of TS
experiments relies in the fact that the evolution of 1Hs attached
to 13C and 1Hs attached to 15N do not interference between them.
These contributions can be successfully manipulated by designing
pulse sequences that involve integrated 13C/15N pulses and shared
delays to achieve similar effects in both nuclei at the same time.
Several TS applications have been provided for the most common
2D heteronuclear experiments, such as CN-HSQC, CN-HSQC-
TOCSY and CN-HMBC for small molecules [12–15], and also for
multi-dimensional protein NMR [16–25]. The main advantage of
the simultaneous TS acquisition compared to the conventional
sequential acquisition of the two separate experiments is a consid-
erable sensitivity-gain per time unit.
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In this article we show how the features offered by pure-shift
NMR and time-shared NMR can be merged in a single NMR exper-
iment. Thus, a 13C/15N time-shared version of the real-time BIRD-
based broadband homodecoupled HSQC experiment is presented.
This novel CN-psHSQC experiment affords simultaneously both
pure-shift 1H-13C and 1H-15N HSQC spectra in a unique measure-
ment, affording a substantial sensitivity gain per time unit when
compared to the separate recording of each experiment. We also
provide the 13C/15N-F2-coupled homodecoupled version of the
CLIP-HSQC experiment (CN-psCLIPHSQC) for the simultaneous
measurement of 1JCH and 1JNH from the simplified doublets
obtained along the direct dimension. We also show how other
resolution-enhanced techniques, such as non-uniform sampling
(NUS) or J-spectroscopy, can be incorporated into these experi-
ments. Thus, a novel J-resolved HSQC experiment (referred to as
CN-J-psHSQC) has been created for the easy and automated deter-
mination of both 1JCH/1JNH coupling values from the indirect
dimension of a 2D J-resolved spectrum.

2. Results and discussion

The TS experiments proposed in this article use several criss-
crossed NMR building blocks, such as mixed INEPT (CN-INEPT),
BIRDd,X (CN-BIRDd,X), BIRDd (CN-BIRDd) and perfectBIRD (CN-
perfectBIRD) elements (Fig. 1). Note that the number of carbon
(nitrogen) pulses in these CN-based elements are the same found
in the original single-nucleus 13C (15N) analogues. In terms of
delays, the N-INEPT transfer (D2 = 1/(4 ⁄ 1JNH) = 2.78 ms for
90 Hz) is longer than C-INEPT (D1 = 1/(4⁄1JCH) = 1.85 ms for
135 Hz) due to the lower magnitude of 1JNH vs 1JCH. Thus, the CN-
INEPT block which has the same duration than N-INEPT can gener-
ate some 13C sensitivity loss by additional T2 relaxation. This loss is
bigger for the rest of CN-BIRD elements because delays are twice as
long. However, 15N is the limiting experiment in terms of sensitiv-
ity and therefore this expected 13C signal loss becomes not critical.
A detailed description of the main features of the basic BIRDd,X and
BIRDd elements can be found in Refs. [5,6] and those of perfectBIRD
Fig. 1. Schematic representation of several NMR building blocks used in time-shared pu
perfectBIRD. Narrow and wide rectangular pulses refer to 90� and 180� pulses, respectiv
(4*1JCH) and 1/(4*1JNH), respectively. 2s is the echo period in the CN-perfectBIRD elemen
in Refs. [30,34], and their effects on coupling constants and chem-
ical shifts are summarized in Table S1.

The CN-psHSQC scheme depicted in Fig. 2 is derived from the
original CN-HSQC experiment which already included CN-INEPT
transfer elements and sensitive-enhancement PEP [26] to maxi-
mize signal intensities for both CH and NH spin systems. Basically,
it is the pulse sequence shown in Fig. 1d of the reference [10] up to
the detection period. Real-time BIRD-based homodecoupling is
inserted during 1H acquisition using the data chunk strategy
described in the psHSQC experiment based on the G7-180�(1H)-
G7-G8-CN-BIRD-G8 cluster, where G7 and G8 stands for gradients
plus their recovery delays. As a major novelty, we use the adapted
CN-BIRDd element introduced in Fig. 1C for the simultaneous
homodecoupling of all detected 1H-13C and 1H-15N signals with
respect to the passive 1H-12C and 1H-14N proton [8,9] instead of
the BIRDd,X element [7].

The resulting 2D CN-psHSQC spectrum shows all 1H signals as
singlets, except those from prochiral CH2 and NH2 groups that will
show an additional splitting due to 2JHH. The performance of this
scheme has been tested on a standard sample of cyclosporine, a
typical peptide containing all NH and CHn (n = 1–3) multiplicities
(Fig. 3). The relative positive/negative intensity of CH and NH
cross-peaks in CN-psHSQC spectra results of the relative phase
between the 90�(13C) and 90�(15N) pulses applied prior to the t1
and t10 periods, respectively. By default, we apply /1 = x and
/2 = �x to differentiate them as positive (CH) and negative (NH)
cross-peaks. We have recorded a complete set of HSQC experi-
ments under identical experimental and time conditions to analyze
the experimental sensitivity ratios achieved per time unit: C-HSQC
(4 scans per t1 increment), N-HSQC (4 scans per t1 increment), C-
psHSQC (4 scans per t1 increment), N-psHSQC (4 scans per t1 incre-
ment), CN-HSQC (8 scans per t1 increment) and CN-psHSQC (8
scans per t1 increment). As already reported for the original CN-
HSQC experiment, the simultaneous acquisition of 13C and 15N data
by CN-psHSQC affords an averaged signal-to-noise (SNR) per time
unit enhancement about 15–20% and 40% when compared to the
individual C-psHSQC and N-psHSQC, respectively (Fig. 3B). This
re-shift NMR experiments: (A) CN-INEPT; (B) CN-BIRDd,X; (C) CN-BIRDd and (D) CN-
ely, along the x-axis unless indicated otherwise. The delays D1 and D2 are set to 1/
t.



Fig. 2. Two-dimensional CN-psHSQC pulse sequence employing a pure-shift acquisition module using CN-BIRDd. Narrow and wide rectangular pulses refer to 90� and 180�
pulses, respectively, along the x-axis unless indicated otherwise. The inter-pulse delays are optimized according to D1 = 1/(4*1JCH) and D2 = 1/(4*1JNH), for maximizing CH and
NH signals, respectively. The periods e and D compensate evolution during the variable t1 and t10 periods and the time increments are set to Dt1 = 1/SW(13C) and Dt10 = 1/SW
(15N)-1/SW(13C). Phase cycle: /1 = (�x, x), /2 = (x, �x), /3 = (x, x, �x, �x), /r = (x, �x, �x, x). More information about gradients and other details can be found in the
experimental section.

P. Nolis et al. / Journal of Magnetic Resonance 298 (2019) 23–30 25
sensitivity gain can be reinforced by the signal collapsing achieved
by homodecoupling which depends on the J coupling multiplet
structure of each 1H signal. Thus, whereas the intensities of singlets
belonging to N-Me groups are obviously not enhanced by homod-
ecoupling, substantial sensitivity enhancements up to 50–100%
can be observed additionally for the more complex CHa multiplets.
On the other hand, the duration of the homodecoupling block
(overall duration of the G7-180�(1H)-G7-G8-BIRD-G8 cluster) is
around 10.5 ms in C-psHSQC and 14.2 ms in N-psHSQC and CN-
psHSQC experiments. This longer duration could introduce an
additional line broadening factor caused by transverse relaxation
between data chunks but, in practice, this effect is negligible for
cyclosporine. In addition to all the advantages described above,
CN-psHSQC dramatically improves the levels of spectral resolution,
greatly avoiding signal overlap and expediting spectral analysis.
Regarding spectrometer economy, all TS method also can take
profit of the advantages of other resolution-enhanced methods,
such as NUS, to increase the levels of F1 digital resolution per time
unit or to speed up even more data acquisition. [27] Fig. S3 shows
the practical implementation of 25% of NUS to improve the perfor-
mance of CN-psHSQC, similarly as done in regular HSQC data, [28]
obtaining both 13C and 15N data in shorter experimental times and/
or improved digital resolution.

The measurement of 1JCH values from interferogram-based [29–
31] and real-time [32] BIRD-based homodecoupled HSQC spectra
has also received great interest for several research groups. As an
extension of its applicability, the same pulse scheme of Fig. 2 can
be slightly modified to obtain the F2-coupled CN-psHSQC spec-
trum, by omitting the broadband heteronuclear decoupling in both
13C and 15N channels during the FID acquisition and adding 90�
(13C/15N) CLIP pulses prior to acquisition (Fig. S2). All 1H signals
in CN-psCLIPHSQC spectra appear as reduced doublet patterns
from which the magnitude of both 1JCH and 1JNH can be easily
determined along the F2 dimension (Fig. 4A). As discussed above,
the major gains in resolution and sensitivity by signal multiplet
collapsing are observed for CH cross-peaks. Besides, simplified
peaks can expedite the measurement when accidental overlap
occurs, as shown from Ha-4 and Ha-6 signals (Fig. 4B). As recently
reported in Ref. [32], more accurate measurements could be per-
formed cycling the radiofrequency pulses involved in the homode-
coupling block both from chunk to chunk acquisition and from
scan to scan during time averaging. These supercycle requirements
lengthen the minimum phase cycle to be applied and therefore
requires accumulating more scans per increment, increasing the
acquisition time. It is also important to note that the real-time
broadband homodecoupling technique fails to measure accurately
1JCH when strong coupling effects are present. One example is the
strong coupling effects shown by the olefinic H1e and H1f protons
resonating at 5.63 and 5.52 ppm, respectively (3JHH = 15.5 Hz and
separated by only 65 Hz). The two satellite components show a
characteristic non-symmetrical pattern in all CLIPHSQC spectra
that makes difficult a precise measurement of 1JCH in both conven-
tional and homodecoupled signals (Fig. S4) [32].

The measurement of 1JCH from the indirect dimension of HSQC
and J-resolved HSQC experiments has shown its utility for measur-
ing scalar and residual dipolar couplings (RDCs) in small- and bio-
molecules. [33–38] Here we propose a novel time-shared J-
resolved pure-shift HSQC (CN-J-psHSQC) experiment to perform
the simultaneousmeasurement of 1JCH and 1JNH along the F1 dimen-
sion of a J-resolved spectrum (Fig. 5A). Data 1H acquisition is per-
formed using the mentioned real-time homodecoupling scheme
based on the CN-BIRDd cluster [8,9]. The major modifications are
the replacement of the variable 13C/15N chemical shift t1 and t10 evo-
lution periods in the CN-psHSQC scheme by a fixed minimum per-
iod to allocate only the defocusing gradients, whereas the indirect
dimension is generated by a J-coupling t1 evolution period that sub-
stitutes the initial CN-INEPT transfer. As a basic implementation, a
CN-BIRDd,X element flanked by two purging gradients can be used
as a central refocusing element in this t1 period to avoid unwanted
JHH and long-range nJCH and nJNH contributions (Fig. S6A). However,
2JHH is modulated by both CN-BIRDd and CN-BIRDd,X clusters and
therefore prochiral CH2/NH2 protons display doublets in both
dimensions (Fig. S6B). We propose to use a CN-perfectBIRD as a
refocusing element (Fig. 1D) to remove the 2JHH splitting in the F1
dimension. The CN-perfectBIRD consists of a longer t1/2-CN-
BIRDd-t1/2-90y(1H)-t1/2-CN-BIRDd,X-t1/2 cluster [30,34] which can
introduce some sensitivity penalty when short T2 relaxation times
are present but it works for all multiplicities (Fig. 5B). Because of
the small SW(F1) used in the CN-J-psHSQC experiment (about
400–500 Hz), the incremented Dt1 period becomes relatively long
and therefore it is advisable to shorten the overall duration of the
sequence tominimize deleterious T2 effects. This is themain reason
because the refocusing PEP scheme has been reduced to a shorter
single echo CN-INEPT. It’s worth mentioning that the homodecou-
pling properties of the perfectBIRD can be exploited only in the
indirect dimension of a multidimensional experiment, as shown
in Fig. 5A, [34] or in interferogram-based acquisition techniques,
as reported in Ref. [30].



Fig. 3. (A) 2D CN-psHSQC spectrum of cyclosporine in benzene d6. The expanded areas compare the relative sensitivity, multiplet simplification and linewidths obtained for
some CH and NH cross-peaks using conventional and broadband homodecoupled 1H acquisition. (B) Comparison of some CH and NH signal intensities and multiplet patterns
obtained in C-HSQC (4 scans per t1); N-HSQC(4 scans per t1), C-psHSQC (4 scans per t1); N-psHSQC(4 scans per t1), CN-HSQC (8 scans per t1) and CN-psHSQC (8 scans per t1)
experiments acquired in equivalent experimental times.
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The benefits of the CN-J-psHSQC spectrum relay on its user-
friendly J-resolved representation, yielding simplified singlets for
both CH and NH signals along the detected dimension and clean
symmetrical doublets due to 1JCH and 1JNH along the indirect
dimension for all multiplicities (Fig. 4B). Signals in CN-J-psHSQC
spectra show an antiphase coupling pattern along F1 which does
not affect the easy 1JCH/1JNH measurement. The phases /1 and /2

determine the relative up-down (CH) or down-up (NH) phase of
cross-peaks. Fig. 6 illustrates the advantages in terms of
sensitivity-enhancement and spectral resolution achieved by
broadband homodecoupling over the conventional acquisition
mode in CN-J-psHSQC. The high resolution available in F1
(0.4 Hz/pt using 128 t1 increments before data processing) allows
the accurate extraction of 1JCH/1JNH for each cross-peak by only
determining their y-axis coordinate. The excellent spectral
sharpness affords valuable user-friendly 1JCH and 1JNH NMR profiles
(Fig. 7), that identify each individual cross-peak and allows a rapid
visualization of their coupling values for CHs (magnitudes around
135–142 Hz) and NHs (values around 92–94 Hz).

3. Conclusions

In summary, a set of time-shared pure-shift NMR experiments
has been presented for the acquisition of homodecoupled 13C and
15N 2D HSQC spectra. Several CN-BIRD elements have been
described for simultaneous 1H-13C and 1H-15N homodecoupling.
It has been shown that the proposed experiments retain the known
‘‘sensitivity per time unit” benefits of the parallel TS acquisition of
two different nuclei. Moreover, the full compatibility between
sensitivity-enhanced PEP strategy and BIRD-based broadband



Fig. 4. Expansions corresponding to the (left) NH and (right) CHa regions of the (A) CN-psCLIPHSQC and (B) CN-CLIPHSQC spectra of cyclosporine. 1D slices show specific
rows in conventional and homodecoupled spectra.

Fig. 5. (A) Pulse scheme of the CN-J-psHSQC experiment employing a CN-perfectBIRD element as a refocusing in t1 and a pure-shift acquisition module using CN-BIRDd. (B)
2D CN-J-psHSQC spectrum of cyclosporine, showing all NH (down-up multiplets) and CH (up-down multiplets) signals as clean doublet splittings along F1, irrespective of
their multiplicities.
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Fig. 6. Expansion of the NH and CHa region of the (A) CN-J-psHSQC and (B) CN-J-HSQC spectra. Both spectra have been acquired under identical parameters and overall
experimental times. 1D internal projections are displayed for a real comparison about relative sensitivities and spectral resolution achieved in both experiments.

Fig. 7. Representative 1JNH and 1JCH NMR profiles of cyclosporine, displaying d (1H) in F2 and 1JNH/2 and 1JCH/2 in F1. The magnitude of the coupling constants can be extracted
from the y coordinate of each cross-peak or using a simple phyton applet after conventional peak picking.
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homodecoupling affords maximum levels of attainable sensitivity
while spectral resolution is increased by J multiplet simplification.
In practice, the longer evolution delays involved in the described
concatenated NMR elements affects minimally to the 13C signal
intensities and linewidths. Two different methods to measure
1JCH and 1JNH simultaneously along the F1 or F2 dimension have
been described. Of interest is the CN-J-psHSQC experiment that
allows an accurate and automated determination of both 1JCH and
1JNH coupling values in a user-friendly J-resolved spectrum. This
is an example showing how two resolution-enhanced techniques,
such as pure-shift and J-resolved spectroscopy, can be efficiently
combined with time-optimized time-sharing evolution in a single
NMR experiment.
4. Experimental part

NMR experiments were recorded on a 600 MHz spectrometer
equipped with a triple-resonance 1H/13C/15N inverse probe. The
sample used was 25 mM of cyclosporine dissolved in benzene d6
and the temperature for all measurements was set to 300 K.

All spectra were recorded with proton 90� pulses of 8.3 ls and
carbon 90� pulses of 21.5 ls. For broadband carbon inversion,
0.5 ms smoothed Chirp pulses sweeping over a frequency band of
60 kHz was used. 15N heteronuclear decoupling was performed
using GARP and 13C heteronuclear decoupling using the adiabatic
decoupling p5m4sp180.2 scheme. The 1H, 13C, 15N carriers were
centred at 5 ppm, 55 ppm and 120 ppm, respectively. For all exper-
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iments, the duration of the pre-scan delay was 1s, the inter-pulse
delays were optimized according to D1 = 1/(4⁄1JCH) = 1.85 ms
(1JCH = 140 Hz) and D2 = 1/(4⁄1JNH) = 2.78 ms (1JNH = 90 Hz). Gradi-
ent ratios were set-up as percentage of the absolute gradient
strength of 53.5 G/cm. All gradients had a rectangular shape with
smoothed edges (SMSQ10.100 in Bruker nomenclature) and their
durations (d in ms) and strengths (%) were: G1 = (800 ls, 80),
G2 = (1 ms, �47.63), G3 = (1 ms, 32.37), G4 = (1 ms, 8.14),
G5 = (800 ls, 11.0), G6 = (800 ls, �5.0), G7 = (800 ls, 13.0), G8 =
(800 ls, 17.0). Basic phase cycle: /1 = �x, x; /2 = x, �x; /3 = x, x,
�x, �x; W1 = y, y, �y, �y; W2 = �y, �y, y, y; /r = x, �x, �x, x. All
experiments were acquired and processed using the echo/anti-
echo protocol where the echo and anti-echo signals were collected
separately by inverting the sign of gradients G2 and G3 together
with the inversion of W1 and W2. Real-time BIRD-based homode-
coupling was performed using 14.97 ms chunk length (s) and 6
loops, giving an acquisition time of 179 ms (2048 complex points
in F2).

Experimental conditions of the CN-psHSQC experiments: 8
scans were accumulated for each one of the 128t1 increments
and the number of complex data points in t2 was set to 2048. Prior
to Fourier-transformation of each data, zero filling to 1024 in x1

and a p/2-shifted squared sine bell window function (QSINE, SSB:
2) in both dimensions were applied. The Dt1 and D(t1 + t10) times
were 23.7 ls and 189.3 ls, respectively, that correspond to spec-
tral widths of 21128 Hz and 5283 Hz for 13C and 15N, respectively.
The experimental conditions of the CN-psCLIPHSQC experiments
were the same as described for the analog CN-psHSQC. We have
not used the time-consuming chunk-to-chunk phase supercycle
described in Ref. [32] because it lengthens the acquisition time
very much. For accurate measurements, we strongly recommend
the CN-J-psHSQC experiment.

Experimental conditions of the CN-J-psHSQC: 8 scans were
accumulated for each one of the 128 t1 increments and the number
of complex data points in t2 was set to 2048. Spectra were acquired
with spectral widths of 5699 Hz (in F2) and 500 Hz (in F1), respec-
tively. Prior to Fourier-transformation of each data, zero filling to
1024 in F1 and a p/2-shifted squared sine bell window function
(QSINE, SSB: 2) in both dimensions were applied. After applying
zero filling, the digital resolution was of 0.48 Hz in F1. An error
of ± 0.5 Hz in the determination of 1JCH and1JNH is assumed as a
conservative estimate.

The java applet jmeasurement.jar described in the SI for extract-
ing 1JCH automatically is available on request. Pulse programs are
available in the supporting information.
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