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Abstract The LowCOST-HSQC is a sensitivity-enhanced
HSQC version that retains unused proton polarization for
subsequent scans in correlations to low natural abundance
nuclei like 13C or 15N. Together with fast polarization distri-
bution via isotropic mixing, it allows the acquisition of fast
pulsing 2D-experiments. We give a detailed introduction and
comparison of three possible INEPT-type transfer elements
for the LowCOST approach – the original LowCOST, the
ZIP, and a specific TIG-BIRD element – and evaluate vari-
ous variants of the LowCOST-HSQC.
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1 Introduction

Fast pulsing 2D experiments have demonstrated their in-
credible performance. Starting from the revolution in protein-
NMR, where the FAST and SO-FAST experiments [1–3] as
well as the many different BEST experiments [4–6] lead to
a vast reduction in measurement times, Ernst-angle excita-
tion [7–9] and fast TOCSY-type equilibration [10, 11] in 2D
heteronuclear correlation experiments have dramatically in-
creased the possibilities also in small molecule NMR. The
best one-bond correlation experiment with acquisition times
down to a couple of seconds is the ASAP-HSQC [12, 13]
and its variants [13–16]. The approach also allows the acqui-
sition of HSQCs with a ω1-resolution down to 0.5 Hz in less
than ten minutes [13]. However, sensitivity-enhancement as
a well-known strategy to combine echo/antiecho detection
schemes with utmost sensitivity is not compatible with the
approach. Furthermore, a detailed analysis revealed that un-
used polarization is in the transverse plane during t1 incre-
ments and evolves homonuclear couplings, thereby reduc-
ing the accessible reservoir polarization significantly. The
search for a fast pulsing HSQC variant tolerating sensitivity
enhancement, the LowCOST-HSQC [17] as well as the ZIP-
HSQC [18, 19] have been developed independently, leading
to sequences following the same underlying principle that
differ only in the specific extension of the INEPT-type for-
ward transfer element.

In the following, we will first compare the two trans-
fer elements and a third one resembling a TIG-BIRD imple-
mentation [20, 21], before we introduce several extensions
to the sequence. We then provide a constant time version, a
BIRDr variant with multiplicity editing and decoupling of
long-range heteronuclear couplings in the indirect dimen-
sion, and an HSQC-TOCSY type experiment. All sequences
are enhanced by broadband shaped pulses and demonstrated
on small molecule examples.
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2 Results and Discussion

Conventional HMQC- and HSQC-type experiments detect
13C-bound proton magnetization, but effectively dephase all
unused 1H magnetization not directly bound to 13C nuclei.
As a consequence, only T1-relaxation can build up polar-
ization for the next scan, leading inevitably to long recov-
ery delays dr between scans. The ALSOFAST and ASAP
approaches [9, 10, 12, 13] for HMQC/HSQC experiments
retain the unused magnetization and allow a much faster
recovery via Ernst-angle-type excitation and isotropic mix-
ing based redistribution of polarization. In this way, exper-
iment times are reduced dramatically, allowing acquisitions
of 2D experiments in less than three seconds or the record-
ing of highly ω1-resolved 2D-HSQC spectra on the order
of minutes. Particularly, the ASAP-HSQC provides short,
high-quality spectra with enhanced sensitivity compared to
conventional HSQC spectra for a given measurement time.
However, for experiments with many increments the sen-
sitivity of spectra not always reaches the desired improve-
ment.

The known downside of the ASAP-HSQC approach and
the cause of signal reduction at long acquisition times in the
indirect dimension is the orientation of unused magnetiza-
tion in the transverse plane during the t1-evolution period.
If the acquisition time in the indirect dimension is chosen
to be long, 1H-1H couplings may evolve, converting spin
polarization into coherence unaccessible in following scans.
This problem also persists in protein-NMR, where the water
needs to be controlled to maximize sensitivity in subsequent
scans of exchanging amide protons.

One way to solve this issue in protein-NMR was devel-
oped in the COST-HSQC (Cooling Overall Spin Temperature-
HSQC) [22]: Using selective pulses, magnetization is pre-
pared in such a way, that 15N-coupled protons polarization is
transferred to heteronuclear antiphase magnetization (Iz →
2IzSx), while at the same time heteronuclear uncoupled po-
larization is reoriented along z (Iz → Iz). With this trick, not
only unused spin polarization is safely stored during t1, but
also sensitivity enhancement can be applied, which will re-
sult in uncoupled magnetization being repositioned along
z during acquisition, as the homonuclear part of the sensi-
tivity enhancement sequence represents a perfect echo [23]
with inherent planar mixing Hamiltonian. While the origi-
nal idea is to enhance sensitivity via chemical exchange of
amide protons with alread polarized water, it may also serve
in other ways as a polarization reservoir for the next scan.

It would be good to have a COST-like approach avail-
able for small molecule NMR. But in most applications with
natural abundance samples, band-selective treatment using
shaped pulses is not possible. The obvious choice, instead,
would be the application of bilinear rotations like the BIRD-
element [? ], which treats 13C-bound spins different from

other protons. In the LowCOST-HSQC [17] as well as in
the ZIP-HSQC [18], two different elements have been pro-
posed that lead to the desired transfer. While Ernst-angle-
type excitation is not compatible with the approach, ASAP-
type isotropic mixing for fast polarization redistribution is
possible and can be combined with sensitivity enhancement.
Next to the two sequences, a third transfer element exists
(mentioned already in [19]), as the transfer problem resem-
bles that of the TIG-BIRD approach [21] or a BIG-BIRD
element [20] with a subsequent INEPT-step.

2.1 Comparison of forward-transfer elements

The three different forward-transfer pulse sequence elements
are shown together with a conventional INEPT in Fig. 1 in
hard pulse (A-D) and shaped pulse variants (A’-D’). While
the conventional INEPT has a single refocused delay of du-
ration 2∆ = 1/(2J), where the nominal coupling constant
is typically set to an intermediate value of J=145 Hz. All
three bilinear rotation type transfer elements require cou-
pling evolution periods with an overall duration of 6∆ . How-
ever, the sequences apply four (LowCOST), three (ZIP), and
two (TIG-BIRD) 180◦ hard pulses on the heteronucleus, which
are known to have a severe offset dependence. It is there-
fore hardly surprising that the evaluation of corresponding
hard pulse sequences shows dramatic losses at larger off-
sets for all three implementations with particular losses for
the LowCOST variant. It is therefore an obvious choice to
replace hard pulses by offset compensated broadband pulse
shapes. Using optimal control theory, a large multitude of
such shaped pulses has been developed over the last two
decades [24–35], with the BUBI pulse sandwich sticking
out, as it is compensated for J-coupling evolution during
simultaneously applied shapes [36, 37]. The shaped pulse
sequences with pictograms are given in Fig. 1 together with
specific pulse shapes stated in the figure caption. With the
application of broadband pulses with compensated 13C and
1H frequency ranges of 37.5 kHz and 10 kHz, respectively,
the transfer efficiency of all three elements changes signifi-
cantly, leading to essentially identical and highly improved
performance. Consequently, any of the shaped pulse ele-
ments may be used in the experiment variants that will be
introduced in the following paragraphs and a placeholder is
put for any of the forward-transfer element.

2.2 Comparison of LowCOST- and ASAP-HSQC

The ASAP-HSQC experiment has been studied extensively
in both theory and experiment during the last decade [12–
16]. It uses Ernst-angle-type excitation and isotropic mix-
ing based fast polarization redistribution to significantly en-
hance sensitivity, but also comes with the caveat that it is
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generally not compatible with sensitivity enhanced back-
transfer. The LowCOST-HSQC and the ZIP-HSQC, instead,
provide fast polarization redistribution and sensitivity en-
hanced back-transfer, but are incompatible with Ernst-angle-
type excitation. In addition, the already mentioned storage
of reservoir magnetization during t1 is profoundly different:
while ALSOFAST- and ASAP-HSQCs store the reservoir as
transverse coherence, LowCOST- and ZIP-HSQCs store the
reservoir as polarization along z, effectively avoiding cou-
pling evolution for 1H,1H-couplings in the weak coupling
limit. Different spin systems and experimental settings will
therefore react differently to the fast pulsing approaches.

In Fig. 3 the resulting effects on sensitivity are mea-
sured on the test molecule menthol, which provides a num-
ber of different spin system properties. Basic ASAP-HSQC
and LowCOST-HSQC experiments using broadband shaped
pulses have been recorded with 15% NUS (non uniform
sampling) and different numbers of t1-increments and there-
fore different acquisition times in the indirect dimension.

We can distinguish two extremes of spin systems for
menthol: The methyl groups, for which the signal itself comes
from three spins, while only one nearest neighbor atom serves
as the main spin reservoir, and all other CH or CH2 groups,
where one or two recorded protons have a minimum of four
directly coupled neighboring spins. All spins have relax-
ation times in the range of 1-2 seconds, providing very little
recovery between scans within the very short interscan de-
lays dr of ≈100 ms. As expected from theory (see [16] for
a thorough theoretical treatment), the three methyl groups
(uppermost intensive signals in the spectra of Fig. 3) show
relatively low intensities in the LowCOST-HSQC spectra
compared to the ASAP-HSQC. The effect is stronger for
short acquisition times and less pronounced for the longest
acquisition time applied. Apparently, isotropic mixing spin
redistribution has little effect for methyl groups with their
small spin reservoir and the dominating effect of polariza-
tion recovery is provided by the Ernst-angle-type excitation
in the ASAP-HSQC. Even sensitivity enhancement in the
LowCOST-HSQC cannot counteract this advantage for the
ASAP-HSQC. For long acquisition times, however, the im-
provement is to some extent outweighed by the reservoir
storage along z during t1 in the LowCOST-HSQC, as cou-
pling evolution in the ASAP-HSQC reduces the reservoir
polarization for long t1 increments even for the case of a
single directly coupled proton.

The situation is very different for all other protons in
the other spin systems: the large coupling networks lead to
effective redistribution of spin polarization and sensitivity
enhancement is sufficient to provide better signal-to-noise
for the LowCOST-HSQC as compared to the ASAP-HSQC.
The advantage for the LowCOST-HSQC significantly in-
creases even for long acquisition time due to the favorable

storage of reservoir polarization along z, which has a partic-
ularly dramatic effect for the heavily coupled spins.

2.3 Constant Time LowCOST-HSQC

In Fig. 2 C a constant time version of the LowCOST-HSQC
is given. The constant time ensures equal relaxation behav-
ior during t1 incrementation and, depending on the over-
all constant time period 2τ , it is able to refocus potential
13C,13C-couplings in fully or partially isotope-labeled sam-
ples. For fully isotope-labeled small molecules the LowCOST-
approach does not make sense, as it relies on detected het-
eronuclei to be at low abundance. In fluxomics-type studies,
where only local isotope-labeling is expected for a small per-
centage of molecules, the constant time LowCOST-HSQC
can be of interest for boosting sensitivity. However, as we
do not have access to this type of sample in our laboratory,
we can only mention this potential type of application. In-
stead, we focus on the enhancement in natural abundance
samples compared to a conventional constant time HSQC
with sensitivity enhancement when fast pulsing, i.e. short
overall experimental times, is required. Example spectra are
shown in Fig. 4 for menthol. For the applied recovery delay
dr=100 ms, a clear improvement in intensity for all signals
but the isolated methyl groups is found. This improvement
can almost exclusively be attributed to the isotropic mix-
ing based redistribution of spin polarization, which also ex-
plains why the methyl groups with their small effective spin
systems do not benefit from the LowCOST approach.

2.4 LowCOST-BIRDr-HSQC

It has been clearly demonstrated in a number of publica-
tions [38–41], that the application of a BIRDr filter element
[42, 43] in the center of t1 provides a reduced multiplet struc-
ture in the indirect dimension that can be highly useful for
the measurement of heteronuclear one-bond couplings. A
corresponding LowCOST-BIRDr-HSQC sequence is given
in Fig. 2 D.

A comparison of an ω1-coupled LowCOST-HSQC and
the LowCOST-BIRDr-HSQC is shown in Fig. 5. Clearly the
BIRDr-enhanced spectrum provides significantly reduced mul-
tiplet widths with increased sensitivity and therefore sim-
plifies the determination of one-bond couplings. However,
as coupling measurements have to be performed in the in-
direct dimension, overall measurement times may become
very long due to the large number of necessary t1 incre-
ments. As a consequence, the LowCOST approach and the
application of NUS seems to be particularly favorable. Cor-
responding example spectra for norcamphor are shown in
Fig. 6 for conventional acquisition with 8192 increments and
for the same resolution acquired with 15% NUS. Previous
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studies mention that the influence of NUS on the accuracy
of coupling measurement is negligible and although we did
not attempt a detailed evaluation of data, a qualitative visual
inspection did not show any differences for the two acquisi-
tion schemes. The only effect we could observe was a slight
expected decrease in sensitivity due to the reduced number
of actually recorded increments.

2.5 LowCOST-HSQC-TOCSY

As has been pointed out for the ASAP-HSQC-TOCSY [15],
the isotropic mixing sequence does not need to be applied
additionally at the beginning of an experiment for efficient
and fast redistribution of spin polarization, but if the right
type of isotropic mixing multiple pulse sequence is used, it
can be combined with a conventional TOCSY period at the
end of a 2D acquisition scheme right before the acquisition
of individual FIDs. The corresponding pulse sequence for a
LowCOST-HSQC-TOCSY is provided in Fig. 2 E. The pre-
ferred isotropic mixing case in our laboratory is the classi-
cal DIPSI-2 multiple pulse sequence [44], which guarantees
isotropic mixing conditions along all three axes with a band-
width that roughly corresponds to the applied rf-amplitude.
The latter is a prerequisite for the LowCOST-HSQC-TOCSY,
as TOCSY-transfer with the detected magnetization occurs
in the transverse plane, while redistribution of reservoir mag-
netization happens along z.

Example spectra for a comparison with fast pulsing con-
ventional experiments are given in Fig. 7. The upper two
experiments were acquired with exactly identical overall ex-
periment times of 19 s and are trimmed for minimum mea-
surement time for the experiment. Please be aware that no
NUS was applied and 128 increments together with 4 dummy
scans were acquired in 19 s. The recovery delay has been
minimized and is determined by technical boundaries like
the time needed for disc I/O. Overall acquisition time plus
minimum delays add up to an effective recovery time on
the order of 100 ms. Under these conditions the conven-
tional HSQC-TOCSY provides spectra of remarkable per-
formance, but the LowCOST-HSQC-TOCSY shows signifi-
cantly enhanced sensitivity exceeding a factor of 3 for some
resonance. Also spectral artefacts are reduced. Bottom two
spectra have been acquired with longer acquisition times in
the direct dimension and an overall effective recovery time
on the order of 250 ms. Clearly, the enhanced resolution
benefits the spectral quality with a still fast experiment time
of 43 s. The improvement in sensitivity of the LowCOST-
TOCSY is comparable.

3 Conclusion

Following the original COST-HSQC designed for 15N-labeled
proteins [22], a transfer element that specifically produces
2IzSy for heteronuclear coupled IS spins, while maintain-
ing Iz polarization for uncoupled I spins, has been devel-
oped that allows the storage of unused polarization along
z during t1 periods and together with sensitivity enhanced
back-transfer its conservation for the following scan. Partic-
ularly in fast pulsing experiments this approach guarantees
fast repetition rates with isotropic mixing polarization dis-
tribution as introduced with the ASAP-HMQC [10]. Equiv-
alent approaches have been developed independently in the
LowCOST-HSQC [17] and the ZIP-HSQC [18, 19]. As the
LowCOST-HSQC was reported earlier, we use the term LowCOST-
HSQC throughout this article, while it could also be termed
ZIP-HSQC.

The core of the experiment is the forward transfer ele-
ment, for which three different versions do exist. The orig-
inal LowCOST version is not really optimized and requires
four carbon inversion pulses, while the ZIP-element requires
only three carbon inversions and the TIG-BIRD transfer el-
ement only two. But in the original LowCOST implementa-
tion already the use of compensated optimal control derived
pulse shapes has been suggested. The three elements are
thoroughly studied here with respect to their transfer proper-
ties as hard pulse as well as broadband compensated shaped
pulse versions. Clearly, ZIP and TIG-BIRD hard pulse ver-
sions provide better results than the LowCOST transfer ele-
ment. Their overall performance, however, is generally bad
and the application of hard pulses should only be consid-
ered up to 400 MHz spectrometers. For higher spectrome-
ter fields, the use of shaped pulses is highly recommended.
The compensated pulse versions of the three transfer ele-
ments essentially provide equivalent results and can be ex-
change at will in all experiments shown. However, the TIG-
BIRD sequence uses the least amount of pulses and there-
fore the least amount of rf-energy, which is beneficial espe-
cially in fast pulsing experiments. We therefore recommend
the offset-compensated TIG-BIRD sequence. It should be
noted, that the supporting information of [19] contains a
study that clearly favors the ZIP-element over a TIG-BIRD
element. The TIG-BIRD sequence used (45◦315−∆ −180◦x −
∆ − 45◦135 instead of 45◦315 −∆ − 180◦315 −∆ − 90◦225 used
here), however, is wrongly derived and must lead to reduced
transfer, which also explains the contradicting result.

When comparing ALSOFAST, ASAP and LowCOST as
the most preferential versions of reservoir-retaining HSQCs
for small molecules, four aspects can be identified for the
three classes of experiments that influence the resulting sen-
sitivity improvement: i) Ernst-angle-type excitation, which
is applied in ALSOFAST/ASAP experiments, but is not com-
patible with the LowCOST approach; ii) the classical sensi-
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Table 1: Fast pulsing HSQC approaches and their enhancement factors.

ALSOFAST ASAP LowCOST/ZIP benefitting spins

Ernst-angle-type
excitation

✓ ✓ — all slow relaxing spins

sensitivity-enhanced
back-transfer

— — ✓
all multiplicities

CH2 > CH3 > CH
fast isotropic mixing
redistribution

— ✓ ✓
large effective

spin systems
magn. reservoir
along z during t1

— — ✓
spins with large

multiplets

best overall
performance

isolated
spins only

short overall
experiment times

long ω1

acquisition times

tivity enhanced back-transfer, on the other hand, is used in
LowCOST experiments, but is not compatible with ALSO-
FAST/ASAP sequences; iii) the fast isotropic mixing redis-
tribution of spin polarization is provided in ASAP and Low-
COST experiments, but not in ALSOFAST-type approaches;
and iv) the suppression of 1H,1H-coupling evolution during
t1 is beneficial in LowCOST experiments, but not campati-
ble with either ALSOFAST and ASAP approaches. The ap-
proaches are also summarized in Table 1.

This leads to classification regarding the expected ben-
efits for the different approaches: The ALSOFAST approach
is only favorable for isolated spins for which the Ernst-angle-
type excitation is the only way to improve sensitivity. The
ASAP-HSQC combines the Ernst-angle-type excitation with
fast isotropic mixing polarization redistribution, leading to
best results for small spin systems with relatively little reser-
voir and short acquisition times in the indirect dimension.
The LowCOST approach increases its performance with the
number of directly coupled and even more with the applied
acquisition time in the indirect dimension. As such, LowCOST-
type experiments are clear favorites for experiments that tar-
get utmost resolution in the indirect dimension, while very
short experiments with very few t1 increments are preferrably
run as ASAP-type experiments.

The constant time LowCOST-HSQC, LowCOST-BIRDr-
HSQC, and LowCOST-HSQC-TOCSY experiments provided
here are the logic extensions for fast pulsing heteronuclear
correlation experiments provided in their ALSOFAST/ASAP
version in [13–15].
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Fig. 1: INEPT (A,A’) and three versions of forward transfer into 2IzSy antiphase for heteronuclear coupled spins that at the
same time align uncoupled spins for storage as Iz polarization during t1 delays: the original LowCOST transfer element
(B,B’), the ZIP-element (C,C’), and the corresponding TIG-BIRD sequence (D,D’). Sequences indicated with simple letters
are hard pulse versions, while letters with a prime mark the corresponding versions with broadband shaped pulses. The
delay is set to ∆ = 1/(4J) with a nominal one-bond coupling J. 90◦ hard pulses are indicated by solid bars, open bars
refer to 180◦ hard pulses. Phases are along x unless indexed otherwise. The pictograms for shaped pulses are explained
below the sequences, where PP corresponds to point-to-point pulses with start and final orientations of spin components as
mentioned in parentheses and UR represents universal rotation pulses with the corresponding rotation angle in degrees. All
pulses are applied along x unless indicated otherwise. Pulses indicated in degrees with subscript phases in degrees are used if
phases differing from Cartesian axes are required. Actual pulse shapes used for experiments have been derived from optimal
control theory based optimizations. For PP(z → −y) and PP(y → z) pulses as well as UR180(1H) and PP(z → -z)(13C),
the individual pulse shapes of J-compensated BEBEtr and BUBI pulse sandwiches [36] are applied. The 13C UR 180◦

pulse shape is constructed from two corresponding PP(z →−y) shapes following the construction principle [45]. The pulse
with an effective flip angle of 45◦ has been developed for INADEQUATE applications and will be published elsewhere [46].
Resulting intensities in LowCOST-HSQC experiments with corresponding forward transfer elements are shown for a number
of cross peaks with 13C chemical shifts as indicated. An approximately 100 mM sample of hydroquinidine and acetaldehyde
dissolved in DMSO-d6 was used on a 600 MHz spectrometer.
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Fig. 2: Pulse sequences compilation: Hard pulse LowCOST-HSQC (A), broadband shaped pulse LowCOST-HSQC (B),
constant-time LowCOST-HSQC (C), LowCOST-BIRDr-HSQC (D), and LowCOST-HSQC-TOCSY (E). 90◦ hard pulses are
indicated by thin filled bars, while hard 180◦ pulses are represented by open bars. All point-to-point and universal rotation
shaped pulses are used as defined in the caption of Fig. 1. As J-compensated pulse sandwiches with a universal rotation
90◦ pulses are not yet available, corresponding 1H pulses are applied as hard pulses. For rf-energy reasons hard 180◦ pulses
are also applied in cases where two simultaneous universal rotation pulses are required, although also J-compensated BUBU
pulse sandwiches [37] may be applied. Big gray boxes indicate the forward transfer placeholder, for which one of the transfer
elements of Fig. 1 has to be filled in. Pulse phases are along x unless indicated otherwise. φ1 = x,−x, φ2 = x,x,−x,−x,
φ3 = −y,−y,y,y, φ4 = −y,−y,−y,−y,y,y,y,y, φrec = x,−x,−x,x. Gradients are G1 = 31%, G2 = 17%, G3 = 80%, and
G4 = 20.1%, where the sign of G3 is changed with echo/antiecho selection together with phase φ5. Delays δ1 and δ2 need to
be adjusted so that initial t1 increments are effectively set to zero and the magnetization is fully refocused before acquisition.
DIPSI-2 is used whenever a Mixing period is indicated in the sequences and standard adiabatic ca-WURST decoupling is
applied during acquisition. Recovery delays dr are varied as described with actual acquired spectra.
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Fig. 3: Comparison of ASAP-HSQC (A-C) and LowCOST-HSQC (A’-C’) spectra for three different 13C resolutions acquired
on 500 mM borneol. All spectra were acquired with 512 points in the directly detected dimension, resulting in a 1H acquisi-
tion time of 112.4 ms. Recovery delays on the order of 100 ms were applied with a fine adjustment of the ASAP-HSQC delay
for the same overall duration. In all cases 15% NUS was applied, leading to 20(256), 144(1024), and 614(4096) acquired
(and NUS-processed) data points, and to acquisition times of 5 ms (A,A’), 39.9 ms (B,B’) and 159.8 ms (C,C’), respec-
tively. After processing with linear prediction and zero filling, 13C digital resolutions of 50.1 Hz (A,A’), 6.26 Hz (B,B’), and
1.57 Hz (C,C’) were obtained in overall experiment times of 9 s, 51 s, and 3 min 46 s, respectively. Spectra are displayed
with identical settings. The projections along the 13C dimensions are given as inserts in red for each spectrum.

Fig. 4: Comparison of two constant time LowCOST-HSQC spectra for demonstrating the effect of isotropic mixing based
redistribution of polarization. Spectra are recorded with a relaxation delay dr=34.54 ms (A) and no specified relaxation delay
but a DIPSI-2 isotropic mixing period of equal length and otherwise identical settings (B). The constant time delay was set to
2τ = 12 ms. Spectra were acquired with 256 (1H) × 128 (13C) points and resulting acquisition times of 63.7 ms and 6.06 ms,
respectively. After processing with linear prediction and zero filling digital resolution of 3.92 Hz and 41.21 Hz, respectively,
were achieved. The overall duration with one scan per increment and four dummy scans was 18 s. Clearly, the improved
sensitivity for non-methyl groups is visible.
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Fig. 5: A ω1-coupled LowCOST-BIRDr-HSQC spectrum acquired using sequence Fig. 2 D (bottom) and the comparison
of example cross peaks with a ω1-coupled LowCOST-HSQC without BIRDr element (top) measured on norcamphor. The
BIRDr filter element effectively decouples 1H,1H-couplings in the indirect dimension and also acts as a multiplicity editing
element in which CH and CH3 groups appear with positive cross peaks (black), while CH2 groups are inverted (red). In th
top part the reference cross peaks of the ω1-coupled LowCOST-HSQC without BIRDr element are shown in green. Clearly,
the decoupling effect is visible. Spectra were acquired with 512 (1H) × 4096 (13C) points and resulting acquisition times
of 266.9 ms and 339.5 ms, respectively. In addition, linear prediction and zero filling were applied, which results in a final
digital resolution of 0.94 Hz (1H) and 0.74 Hz (13C), respectively. With a recovery delay dr=100 ms, 16 dummy scans, and
1 scan per t1 increment the overall measurement time resulted in 42 minutes per spectrum.

Fig. 6: Comparison of ω1-coupled LowCOST-BIRDr-HSQC spectra acquired conventionally (A) and using 15% NUS re-
duction for the indirect dimension (B). The sequence from Fig. 2 D has been used in both cases using norcamphor as a
test compound. Spectra were acquired with 256 (1H) × 8192 (13C) points and resulting acquisition times of 133.5 ms and
679 ms, respectively. Linear prediction and zero filling were applied in both dimensions and in addition to NUS sampling
for spectrum B, which results in a final digital resolution of 1.87 Hz (1H) and 0.37 Hz (13C), respectively. With a recovery
delay dr=50 ms, 16 dummy scans, and 1 scan per t1 increment the overall measurement time resulted in 1 h 21 min (A) and
11 min 49 s (B). Spectra are virtually identical.
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Fig. 7: Comparison of conventional and LowCOST HSQC-TOCSY spectra under fast pulsing conditions. A conventional
TOCSY with sensitivity enhanced back-transfer [47–52] (A,A’), as well as the LowCOST-HSQC-TOCSY provided in
Fig. reffig2 E (B,B’). The top two spectra (A,B) were acquired with 256 (1H) × 128 (13C) points with acquisition times
of 63.7 ms and 6.06 ms, respectively. the recovery delay was set to the shortest possible writing delay on our Bruker spec-
trometer (30 ms) plus a small correction for the conventional HSQC-TOCSY to provide exactly identical overall experiment
times of 19 s for the two compared spectra. Bottom spectra (A’,B’) were acquired with higher resolution in the directly de-
tected dimension with 512 (1H) × 128 (13C) points and acquisition times of 127.5 ms and 6.06 ms, respectively. In addition,
the recovery delay was increased by 100 ms compared to the upper spectra. The settings result in exactly identical overall
experiment times of 43 s. For isotropic mixing the DIPSI-2 sequence with a mixing time of 34.54 ms was applied. Data
were processed using linear prediction and zero filling in the direct dimension, leading to 1H digital resolutions of 3.92 Hz
(A,B) and 1.96 Hz (A’,B’), respectively. Positive projections are provided at the top of 2D spectra to indicate relative signal
intensities.
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B. Luy, J Biomol NMR 76(5-6), 185 (2022). DOI
10.1007/s10858-022-00404-1

34. D. Joseph, C. Griesinger, Science Advances 9(45),
eadj1133 (2023). DOI 10.1126/sciadv.adj1133

35. C. Buchanan, G. Bhole, G. Karunanithy,
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