Journal of Magnetic Resonance 302 (2019) 64-71

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier.com/locate/jmr ==

Real-time pure shift measurements for uniformly isotope-labeled
molecules using X-selective BIRD homonuclear decoupling

Jens D. Haller?, Andrea Bodor ®, Burkhard Luy **

Check for
updates

A Institut fiir Organische Chemie and Institut fiir Biologische Grenzfldchen 4 — Magnetische Resonanz, Karlsruher Institut fiir Technologie (KIT), Fritz-Haber-Weg 6, 76133

Karlsruhe, Germany

bEGtvos Lordnd University, Institute of Chemistry, Laboratory of Structural Chemistry and Biology, Pdzmdny Péter sétdny 1/a, Budapest 1117, Hungary

ARTICLE INFO ABSTRACT

Article history:

Received 27 February 2019
Revised 28 March 2019
Accepted 29 March 2019
Available online 30 March 2019

Keywords:

Inversion element

Band selective
Homonuclear decoupling
BIRD

Real-time

Pure shift
[sotope-labeling
BASEREX

We introduce a novel selective inversion element for chunked homonuclear decoupling that combines
isotope selection via BIRD-filtering with band-selective inversion on the X-heteronucleus and allows effi-
cient real-time decoupling of homonuclear and heteronuclear couplings. It is especially suitable for uni-
formly isotope-labeled compounds. We discuss in detail the inversion element based on band-selective
refocusing on the X-nuclei (BASEREX), highlighting in particular the role of appropriate band-selective
shaped refocusing pulses and the application of broadband X-pulses for an effective BIRDY element dur-
ing homodecoupling. The approach is experimentally verified and studied in detail using uniformly 3C-
labeled glucose and a uniformly '°N,'*C-labeled amino acid mixture.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The simplification of spectra is a long-standing goal in NMR
spectroscopy. In particular, the removal of splittings due to scalar
couplings has found widespread applications and the development
of corresponding decoupling methods is still in full swing. While
heteronuclear decoupling can be accomplished in real-time by
the irradiation of composite pulse decoupling sequences during
acquisition [1-5], homonuclear decoupling requires more elabo-
rate approaches. Reconstruction of decoupled spectra from an
additional pseudo-dimension has been initially introduced in
J-spectroscopy [6,7] and later combined with more elaborate
techniques [8-14], while first real-time approaches involved
stroboscopic irradiation of a band-selective decoupling sequence
during acquisition [1,15-21]. Following the seminal paper of
Zangger and Sterk [22], however, a multitude of chunking-based
interferogram [13,23-32] and real-time approaches [33-37] have
been developed during the last decade that have revolutionized
the field.
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As has been nicely summarized in Refs. [35,38,39], the different
homodecoupling methods based on appropriate chunking can be
classified according to their elements used for selective inversion,
which can either result in broadband or band-selective decoupling.
While broadband decoupling schemes like the original Zangger-
Sterk [22] or the PSYCHE-based approaches [40,41], will result in
significantly reduced sensitivity, corresponding band-selective
approaches like the HOBS [42] or BASHD [43] experiments do
not come with this inherent penalty and might even increase the
overall signal-to-noise-ratio. Homonuclear decoupling based on
isotope-selective, broadband BIRD [8,24,26-28,44,45] inversion,
as a third kind of selective inversion element, depends on the pres-
ence of a low-abundance isotope and leads to a reduction of sensi-
tivity according to the concentration of the filtered X-nucleus. The
technique will fail, however, in the case of uniformly isotope-
labeled compounds, if coupled spins are inverted simultaneously.

Here, we present a different approach that is based on the com-
bination of isotope- and band-selective inversion that allows real-
time homonuclear decoupling also in the case of uniformly
isotope-labeled molecules. The BIRD-homodecoupling based on
band-selective refocusing on the X-nuclei, termed BASEREX, is
introduced and compared to other BIRD-homodecoupling meth-
ods. In addition, the effect of heteronuclear coupling evolution on
the right choice of band-selective pulses is studied using average
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Hamiltonian theory. Example spectra are presented and advan-
tages and limitations of the approach are discussed in detail.

2. Theory
2.1. X-selective homonuclear decoupling

The BIRD filter was originally designed for homonuclear decou-
pling of 3C-bound protons that are selectively inverted by the
bilinear rotation filter [8,46]. It is especially useful for heteronu-
clear correlations as implemented in HMQC or HSQC type experi-
ments at natural isotope abundance level, where isotope-filtering
is inherent and no additional loss in sensitivity is experienced in
BIRD-decoupled acquisition [24,26,27,33,44]. The selective inver-
sion in this case is based on isotope statistics, as each proton bound
to a natural abundance '3C nucleus will be surrounded by almost
exclusively non-'3>C-bound protons. If the statistics are changed,
e.g. by the application to a uniformly '3C-isotope-labeled molecule,
the BIRD-based inversion of protons is not sufficiently selective for
neighboring carbons and corresponding homonuclear decoupling
is not effective.

For neighboring >C-nuclei with separated chemical shifts, the
application of an X-band-selective BIRD-filter is a potential escape
for selective inversion. The corresponding homodecoupling acqui-
sition scheme with an X-band-selective BIRD! filter [46] is shown
in Fig. 1: as previously published for natural abundance BIRD-
based real-time homonuclear decoupled HSQC sequences [33,36],
the conventional heteronuclear decoupling during acquisition is
interrupted by BIRD? elements and compensated gradients for
the removal of artefacts. As a result, the acquired FID is split into
so-called chunks during which homonuclear coupling evolution
can be neglected for sufficiently narrow multiplets. Compared to
the interferogram type recording of one chunk per scan, which
leads to significantly prolonged measurement times, the real-
time acquisition of all chunks of an FID per scan [33] is more
advantageous for sensitivity (in some cases at the cost of slightly
reduced resolution). Almost no additional measurement time is
needed, as shown in Fig. 1. The X-selective BIRD decoupling is sim-
ilar to previously reported BIRD-based pure shift methods
[26,33,36,44], with the exception of the X-band-selectivity of the
BIRD element that will be discussed below. The chunking time ¢,
is optimized to a typical value of approximately 12 ms, which is
a good compromise for 'H,'H-multiplet widths up to 30 Hz regard-
ing linebroadening due to residual coupling evolution and a mini-
mum amount of selective inversion elements per FID. Please note
the definition of t. in Fig. 1 follows reference [36] as half the total
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chunk size in the central part of the FID. The real-time acquisition
scheme is best used within heteronuclear correlation experiments
or in combination with another X-filter-type element. Conse-
quently, the 1D sequence shown in Fig. 1 has been used for the
proof of principle data in this article. It consists of an initial
X-selective BIRDY element for X-band-selective excitation of
selected protons before chunked real-time acquisition with the
same X-selective BIRD filter as the refocusing inversion element.
As discussed in the following sections, a REBURP [47] selective
refocusing pulse and a BIP [48] or BIBOP [49,50] broadband inver-
sion pulse on the heteronucleus are essential for the best possible
performance. The heteronuclear decoupling sequence only needs
to cover the selected frequency band, usually significantly reducing
the overall rf-energy irradiated, so that acquisition times exceeding
200 ms are easily possible.

2.2. The X-selective BIRD element

In the following, we have a closer look at the effects of the selec-
tive pulses considering the example of neighboring carbons in a
uniformly '3C-labeled sample as illustrated in Fig. 2: The effective
pulse sequence during acquisition can be divided into four differ-
ent groups of spins. The X-nuclei ('*C-nuclei) are separated into
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Fig. 2. Schematic illustration of the effective pulse sequence on the different classes
of nuclei involved in X-selective BIRDY-based homonuclear decoupling (Fig. 1). H¢
represents protons that are directly bound to the selected heteronucleus X*!
(marked with a dashed, red box), while H" and X°*" represent all other protons and
heteronuclei, respectively. The blue-boxed pulses represent the idealized effective
pulse sequence of the X-selective BIRD! element. While 'Jx; couplings are
suppressed by heteronuclear decoupling, "Jxy and "Jyy couplings (with n > 1) may
evolve during acquisition chunks, but will be refocussed in between chunks, and
hence, these couplings are suppressed as long as the sum over all long-range
couplings is significantly smaller than 1/t.. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. Pulse sequence used for demonstrating X-(*3C)-selective homonuclear decoupling. The initial selection element is followed by chunked real-time acquisition. X-
selectivity is achieved by BIRDYfilters using band-selective refocusing on the X-nuclei (BASEREX) (highlighted by blue boxes). All pulses have phase x unless annotated
otherwise. A selective REBURP [47] refocusing pulse (r) and a broadband BIP [48] or BIBOP [49,50] inversion pulse (I) with pulse length T are used for the X-selective BIRDY
filter elements as indicated by their rf-amplitude shape. Before acquisition all unwanted signals are destroyed by two spoil-gradients G1 = 60% around the initial BIRD
element. Gradients G2 and G3 were set to 7% and 5%, and delays & and § were set to 1.2 ms and 0.5 ms, respectively. Note, that the X-band-selectivity is transferred by the
BIRD-filter to the selected X-bound proton and hence, homonuclear proton couplings are suppressed. In order to increase acquisition time, the rf-amplitude for the
heteronuclear decoupling sequence (WALTZ16 [51]) was reduced by a factor of 4 compared to the maximum rf-amplitude for broadband heteronuclear decoupling. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the ones within the X-selected bandwidth, X*¢!, and all other X
nuclei, X°™; equally, for the effect of the BIRD filter elements, pro-
tons are divided into directly X**-bound protons, H%, and remote
protons, H', following the established nomenclature introduced
in reference [46]. As a result, the X-selected BIRDY element acts
as a 180° pulse on HY and X°™, while they do nothing on H' and X*¢'
nuclei. Assuming that the applied rf-amplitude is adapted to only
cover the selected X-bandwidth for composite pulse heteronuclear
decoupling, X°™ also do not experience direct decoupling during
chunk acquisition times.

As a result, H experiences two 180° pulses per selective inver-
sion element, leading to the desired chemical shift refocusing
between chunks. H' protons instead experience a single 180° pulse
between chunks and are consequently decoupled from HY as long
as coupling evolution during chunks can be neglected. In addition,
the applied gradients effectively dephase H' signals. On the
heteronuclei, X**' nuclei experience composite pulse decoupling
during chunks and effective decoupling in between, as the two
pulses of the BIRDY element cancel each other and the proton
180° pulses provide the requisites for broadband decoupling. X°t"
nuclei, on the other hand, only experience a single 180° pulse
between chunks and therefore are decoupled from HY protons in
an equivalent way to H" protons under the assumption that cou-
pling constants between HY and X°™" are small and do not show sig-
nificant evolution during chunk periods.

In the case of using a BIRD?* element, as has been proposed
originally for BIRD-based homodecoupling [26,44], the effective
180° pulse of the BIRD element does not act on X°", but instead
on X*¢'. Therefore the large 'Jcyy coupling evolves during 28, eventu-
ally leading to artefacts for the detected HY protons. Simultane-
ously, no pulse is effectively applied on X°", and since H¢
protons experience two 180° pulses in between chunks, there is
full coupling evolution during the entire acquisition, if X°™ is not
within the bandwidth of the applied composite pulse heteronu-
clear decoupling sequence.

To further evaluate different versions of the BIRD-filter based
homonuclear decoupling, we performed simulations using a
home-made program based on spin density operator formalism.
The acquisition schemes with ideal pulses and gradients for a num-
ber of spin system consisting of 4-6 NMR-active spins that repre-
sent the most important cases of expected signal forms were
simulated. We assumed weakly coupled spins with typical cou-
pling constants of %Juy =—11Hz, 3Juny=5Hz and 8 Hz, Jcy = 145,
and ?Jcy = —3 Hz for the different cases. Delays of the BIRD-filter
were set to 1/'Jcy = 6.9 ms for ideal results. We then optimized cor-
responding chunk times to t. = 18.1 ms and used this timing for all
simulations. As we used ideal pulses of zero duration, pulse imper-
fections were not taken into account. In practice, the application of
real pulses with limited rf-amplitudes and the replacement of the
central hard 180° pulse in the BIRD element by a selective refocus-
ing pulse [52] has several implications. In particular, the choice of
the selective shaped pulse turns out to be crucial, as will be shown
in the following section.

The most important results of the simulations are summarized
in Fig. 3. Two variants of the broadband BIRD filter: the BIRDX and
the BIRD® filter were applied to spin systems representing natural
abundance '>CH and '3*CH, groups, and to a uniformly '3C-isotope-
labeled '*CH-'3CH, group (Fig. 3a). Indeed, homonuclear decou-
pling is nicely achieved for the natural abundance cases; only the
2Jun-coupling within the CH, group remains - as both protons are
bound to the same carbon. For the uniformly >C-labeled spin sys-
tem a fully coupled 'H-spectrum is obtained, as expected. In addi-
tion, a significant difference between the two BIRD-filter types can
be seen: while the BIRD®X filter leads to strong undesired side-
bands, the BIRD! filter shows spectra with strongly reduced arte-
facts and increased signal intensities.

Further, equivalent simulations using the corresponding X-
selective BIRD filters were applied for the uniformly '3C-isotope-
labeled *CH-'3CH, spin system (Fig. 3b). The resulting spectra
are very similar to those obtained from the hard pulse BIRD filtered
natural abundance simulations. Again, the X-selective BIRDY filter
results in significantly improved spectral quality as compared to
the X-selective BIRDY* filter. For the BIRD* case proton signals
are further split by ?Jcy couplings, as it was assumed that the
heteronuclear decoupling multiple pulse sequence did not cover
the frequency of the second (neighboring) carbon. In the case of
two strongly coupled protons in a selected '>CH, spin system
(low right-hand side of Fig. 3b) the typical multiplet with roof-
effect is obtained, but still with enhanced signal intensities.

2.3. Selective pulses and J-coupling evolution

A real implementation of the X-selective BIRD homonuclear
decoupling scheme involves the application of lengthy band-
selective refocusing pulses. As these pulses are usually computer-
optimized using a single, uncoupled spin 1/2, coupling evolution
in homo- und heteronuclear spin systems are not well-defined a
priori. In an outstanding examination of selected selective pulses,
Lescop, Kern, and Brutscher showed that in INEPT-type transfer
elements Q3 and REBURP pulses behave very differently with
respect to coupling evolution [52]: while Q3 effectively does not
show any evolution of heteronuclear couplings, for REBURP pulses
the duration of the pulse shape can be considered being part of the
transfer delay. As we were interested in quantifying the coupling
evolution contribution during corresponding pulse shapes, we per-
formed calculations of the average Hamiltonian for the selective
13C pulse shapes with and without application of a central hard
180° pulse on protons. The results are shown in Fig. 4: without
application of the proton 180° pulse, both pulse shapes provide full
refocusing of both chemical shifts and heteronuclear J-coupling
evolution (only the case of the REBURP pulse is shown). As can
be seen in the top row of Fig. 4, coupling evolution with positive
and negative sign comprise the first and the second half of the
pulse shape, respectively, and the overall coupling evolution is can-

celed. This is represented by the vanishing scaling factor k(t) of the
coupling Hamiltonian within the band-selective region, which is
calculated for each offset as the time-average over the entire dura-
tion of the pulse shape. If the 180° proton pulse is applied, effective
coupling evolution differs significantly. Especially for the REBURP
pulse, the sign of the bilinear Hamiltonian in the toggling frame
during the second half of the pulse shape is inverted and the over-
all J-evolution is effectively active for 95% of the duration of the
REBURP pulse. The Q3 pulse, instead, shows much lower effective
J-evolution, which on-resonance corresponds only to 11% of the
pulse duration. By introducing the offset effect as an effective z-
rotation into the toggling frame, we also calculated the offset
dependence of the effective J-evolution percentage for the two
pulse shapes. As can be seen in the rightmost graphs of Fig. 4,
the REBURP pulse shape results in a relatively uniform effective
J-evolution of 95% over the effective bandwidth of the selective
pulse, while we find an effective J-evolution of 11-37% for different
offsets for the Q3 pulse.

As different selective bandwidths require selective pulse shapes
of different pulse lengths ¢, the following recommendations can be
derived for the X-selective BIRD element: for pulses that are
shorter than 1/(0.95 'Jcy) we recommend the usage of REBURP
pulses for the element, where the actual delays before and after
the application of the selective pulse on carbon are reduced by
the effective coupling evolution to 1/(2 'Jcu) - 0.95 t,. For more
selective pulses with longer pulse shapes, in principle the Q3 pulse
shape or another pulse shape with very low effective coupling
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Fig. 3. The acquisition scheme for real-time homonuclear decoupling (Fig. 1) was simulated using broadband and X-selective BIRDY- and BIRD%*-filters as selective inversion
elements. The corresponding selected '>C-nuclei are indicated by red dashed boxes. (a) Only hard pulses are used and natural abundance homonuclear decoupling is best
achieved with a BIRDY-filter, while decoupling fails for uniformly '>C-labeled samples. Note the artefacts of BIRD%X based homodecoupling caused by 'J; coupling evolution
during 2-5. (b) Only uniformly '3C-labeled samples are simulated using a band-selective refocusing pulse (represented by a REBURP shape in red dashed boxes) and a
broadband inversion pulse (represented by a constant shape amplitude characteristic for BIBOP/BIP pulses). Only the BIRD!-filter achieves full suppression of all undesired
couplings, while the BIRD* filter does not suppress "Jcy; couplings. In the right-hand picture of (b) a spin system with a strongly coupled CH,-group and corresponding
second order artefacts is simulated. In all cases, the delays for the gradients (5) were assumed twice the experimental value (0.5 ms) to further emphasize the effect of the BIP
pulse. The chunk length (t.) was set to 18.1 ms and couplings were set to the following values: "Jcy = 145 Hz; 'Jcc = 40 Hz; 2y = -11 Hz; ?Jey = -3 Hz; 3Jyy = 5 and 8 Hz. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

evolution should be used with the corresponding smaller reduction
of the delay. For pulse shape durations significantly exceeding
5 ms, however, the approximation of the average Hamiltonian
might be very rough and a more accurate simulation of the specific
case is suggested. For all experiments shown in the experimental
section, refocusing bandwidths were sufficiently wide to use the
REBURP pulses.

3. Experiment

For the experimental verification of X-band-selective BIRD-
based homonuclear decoupling, the pulse sequence shown in
Fig. 1 has been applied to two uniformly '*C-isotope labeled sam-
ples readily available in our laboratory, U-'3C-glucose (Cambridge
Isotope Laboratories) and a U-'°N,'>C amino acid mixture (Sigma
Aldrich) for in vitro biochemical synthesis of proteins. Both sam-
ples were prepared in D,0 and have been used for demonstrating
the properties of the proposed homonuclear decoupling method.

Spectra of the glucose sample were recorded on a 400 MHz Bru-
ker Avance Il HD spectrometer equipped with a dual channel

broadband, inverse-detected (BBI) probehead. 2048 complex data
points with a spectral width of 6 kHz (resulting FID resolution of
2.93 Hz) were acquired. For the homodecoupled spectra the chunk
number was set to n=14 (see Fig. 1 for pulse sequence details).
Spectra recorded on the amino acid mixture were recorded on a
600 MHz Bruker Avance IIl spectrometer equipped with a cryo-
genically cooled 'H,'3C,'>N triple resonance (TCI) probehead. For
all 1Ds a spectral width of 7.2 kHz was chosen and the carrier fre-
quency set to 4.7 ppm. While the regular 1D was recorded with
8192 complex points (FID resolution of 0.88 Hz), the homodecou-
pled 1Ds involved 2048 complex points (FID resolution of
3.51 Hz) with a chunk number of n = 12.

3.1. Proof of principle

For the uniformly '*C-labeled glucose initial optimization of the
BIRD elements and other settings regarding the homonuclear
decoupling scheme have been performed. The anomeric centers
of a- and B-glucose are particularly separated from other parts of
the molecule regarding both 'H and '3C chemical shifts, which
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Fig. 4. REBURP (a,b) and Q3 (c) shaped pulses (pulse shape amplitudes and effective simulated sequence, left column) for selective refocussing were simulated on-resonance
in the toggling frame (middle column) and the respective time-averaged Hamiltonian for the heteronuclear coupling is plotted against the offset (right column). First, REBURP
was simulated (a) without and (b) with an ideal m-pulse on 'H. In (c) the Q3 is simulated with an ideal n-pulse applied on 'H; in comparison to (b) one can see that the

effective coupling evolution is not only smaller in size but also less uniform.

guaranteed a straightforward experimental setup. The selection of
other C-H moieties would be possible, but second order artefacts
due to insufficient chemical shift separation would lead to non-
ideal evolution during the BIRD-elements and inevitably result in
distorted signals. A selective REBURP pulse of 5 ms duration has
been used for a carbon selected region of 800 Hz centered at
94 ppm. To monitor the sensitivity of homodecoupling to the
transfer delay within the BIRD elements, ideal delays for one-
bond couplings of 125 Hz, 145 Hz, 160 Hz, 170 Hz, 180 Hz, and
200 Hz were implemented, taking into account the considerations
on the REBURP selective refocusing pulse of the previous section.
The J-misset behaviour of a BIRD-element in real-time homonu-
clear decoupling has previously been reported in [53]. The results
in Fig. 5 represent the expected curve, which is a clear demonstra-
tion for the importance to include the coherence transfer during
the shaped REBURP pulse into the overall BIRD-delay calculation.
Compared to the conventional 1D spectrum (Fig. 5a), homodecou-
pled spectra for the various delays using a BIRD? element are
shown in Fig. 5b. Clearly the 'H,'H-multiplets collapse in all
homodecoupled spectra, but the linewidths and signal intensities
vary significantly between spectra recorded with different delays.
Best results are obtained for delays that match the optimal condi-
tions for the actual one-bond coupling constants of 'Jey(al)
=170Hz and Jcu(B)=161Hz, applying the correction for the
5 ms selective REBURP pulse as derived in the previous section.
However, decoupling performance is still well tolerable for devia-
tions of couplings in the range of +20% of the nominal coupling
used for calculating the delay.

3.2. X-band selectivity

Another important aspect are the X-band selectivity properties
of the proposed approach. For this purpose we examined a more
complex sample existing in our laboratory, a uniformly '°N,'3C-
labeled amino acid mixture. The 1D spectrum of the Ha region
clearly shows its crowdedness with extensive overlap (Fig. 6a).

| AM‘
5.0 4.8 4.6 4.4

8(*H) 5.2
b)

8(*H) 5.2 5.0 4.8 4.6 4.4
Fig. 5. The effect of X-selective homonuclear and heteronuclear decoupled 1D
spectra of the anomeric centers of uniformly >C-labelled a- and p-Glucose. (a)
Standard acquisition with heteronuclear decoupling. (b) Real-time homonuclear
decoupling using a BIRD!filter as the selective inversion element with a chunk
length of t.=12.2 ms. BIRD delays were calculated from A =1/(2:]) where ] was
varied (from left to right: 125 Hz, 145 Hz, 160 Hz, 170 Hz, 180 Hz, 200 Hz) and the
duration of the selective pulse was considered according to text. While the
spectrum for J = 160 Hz, the optimum value for the anomeric center of B-glucose, is
shown in bold blue with correct chemical shifts, all other homodecoupled spectra
have been shifted for better visibility. All spectra have been recorded and processed
under identical conditions using a 5 ms selective REBURP pulse for bandselective
inversion of the carbon spins with compensated delays, so that resulting signal
intensities can be directly compared. Measured 'Jci; couplings were determined
experimentally to be 161 Hz for B-glucose (4.58 ppm) and 170 Hz for a-glucose
(5.17 ppm).

Band-selectivity on the proton channel would most likely allow
homonuclear decoupling of most of the signals, but carbon selec-
tivity can be achieved more easily. In addition, as mentioned
before, heteronuclear long-range coupling evolution is easily sup-
pressed with the X-selective BIRDY element using broadband
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Fig. 6. The 'H-1D spectrum (a) and the constant time HSQC (c) of the Ho,Co-region
of a uniformly '3C,'>N-labeled amino acid mixture is shown together with multiple
X-band-selective 'H-1Ds (b,d), where different acquisition schemes are tested.
Selected amino acid types are highlighted. While in (a) a 'H-1D with standard
acquisition (no homonuclear decoupling, 8192 complex points per FID resulting in
0.88 Hz resolution) is shown, in (b) and (d) the red and the green area, respectively,
is selected by corresponding selective refocusing pulses of the BIRD elements.
Spectra without homonuclear decoupling (no HD) as well as spectra with
homonuclear decoupling using X-selective BIRD®* or BIRDY elements (see Fig. 3
for a theoretical comparison) are shown. The 1Ds were recorded with 2048 complex
points, resulting in a digital resolution of 3.51 Hz. The chunk length (t.) was set to
11.8 ms and the length of the selective REBURP pulse to 6 ms. Line broadening of
0.9 Hz and linear prediction as mentioned in [54] was applied to all 1Ds in Topspin
before the spectra were plotted using nmrglue [55].

inversion pulses, while HOBS or BASHD sequences allow this sup-
pression only if high power broadband heteronuclear decoupling
sequences are applied that cover the entire range of X-nuclear
chemical shifts. We chose two arbitrary, relatively separated car-
bon chemical shift regions, which we excited selectively followed
by acquisition with no homodecoupling, X-selective homodecou-
pling using BIRD%*X elements, and X-selective homodecoupling
using BIRDY elements (Fig. 6b,d). The X-selective excitation as well
as the decoupling scheme selects spins within the bandwidth of
the selective REBURP pulses. Artefacts and reduced signal intensi-
ties occur only for few signals in the transition region of the selec-
tive pulses applied (indicated by ruled areas in Fig. 6¢). Clearly, the

X-selective excitation simplifies spectra considerably, but multi-
plets are very broad with low overall sensitivity. X-selective
BIRD“* homodecoupling leads to simplified multiplets and a small
enhancement in sensitivity, but non-refocused heteronuclear long-
range couplings still lead to severely broadened lines. X-band-
selective BIRDY homodecoupling finally leads to narrow lines with
strongly enhanced signal intensities. The worst situation for X-
band-selective BIRD decoupling can be seen with the CH, group
of serine in Fig. 6d, where the geminal 'H,'H-coupling is not decou-
pled by the BIRD element and the spin system in addition is influ-
enced by second order artefacts of the effective ABX spin system
(For a qualitative simulation of the spin system see Fig. 3b). The
most convincing example in Fig. 6d, on the other hand, is maybe
the separation of the Ho protons of valine and threonine: while
the signals show severe overlap even in the two-dimensional spec-
trum, X-selective BIRDY homodecoupling allows a clear distinction
of the two signals.

4. Discussion

Selective inversion elements are at the heart of modern
homonuclear decoupling approaches based on chunked FIDs. For
broadband decoupling the original Zangger-Sterk element [22] as
well as the PSYCHE element [41] and the BIRD filter [8,26,46] are
being used, while 'H-selective pulses have been used in band-
selective BASHD [43] and HOBS [42] approaches. The novel selec-
tive inversion element for homonuclear decoupling introduced in
this article combines a BIRDY element with the application of
band-selective refocusing on the X-nucleus. As such, the X-
selective BIRD decoupling scheme allows the selection of decou-
pled spins via a selected bandwidth of the heteronucleus X. Espe-
cially in cases of coupled protons bound to the same type of
heteronucleus, as is, for example, typically the case in uniformly
13C-isotope labeled compounds, the introduced homonuclear
decoupling scheme is applicable where conventional BIRD decou-
pling does not apply. As such, the tool box of homodecoupling
techniques is generally extended and applications in areas with
routine isotope labeling of samples can be foreseen.

Compared to other band-selective methods like HOBS and
BASHD, the X-selective BIRD homodecoupling has the disadvan-
tage that only spins bound to the selected X-nuclei can be
recorded. On the other hand, it allows the usage of heteronuclear
dispersion for enhanced selectivity, opening new possibilities for
tailoring desired decoupling properties. As X-selective BIRD
homodecoupling can be applied in real-time acquisition, no loss
of signal intensity is experienced in isotope-labeled samples and
even slight gains might be expected when losses during the
BIRD-elements can be minimized.

Looking at details of the BIRD-based homodecoupling, both
BIRD®* and BIRDY elements can be used. Initially, the BIRD®* filter
has been introduced to obtain pure shift spectra [26,44], before the
Frydman group introduced a BIRD! filter with two adiabatic inver-
sion pulses [33], and we had a detailed look into the properties of
the two approaches. As has been shown previously in [53] and also
here in the theory section, the BIRDY element has significant
advantages over the BIRD®X element, as it allows full decoupling
of the large one-bond couplings between chunks. In isotope
labeled samples, the BIRDY element also effectively decouples the
many heteronuclear long-range couplings between chunks, while
the effective 180° pulse on the X pulse in the BIRD®* case leads
to coupling evolution during gradient periods around the BIRD
and at offsets where the heteronuclear composite pulse decoupling
during chunks is not sufficiently active. Especially in real-time
experiments this difference is strongly noticeable and a clear pref-
erence for the BIRDY-based approach is given.
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Concerning the applicability of the X-selective BIRDY homode-
coupling, it should be noted, that composite pulse heteronuclear
decoupling only has to cover the X-selected bandwidth, while all
other homodecoupling approaches require broadband heteronu-
clear decoupling over the whole spectral width of the X-nucleus.
This well-received property originates from the simultaneous
effective chunked decoupling of 'H,'H- as well as long-range
H,'3C-couplings inherent to the X-selective BIRDY element.

Regarding the actual setup of X-selective BIRD homonuclear
decoupling, several details regarding pulses and timing have to
be considered. While most pulses only need to cover the selected
bandwidth, the second 180° X-pulse in the BIRD® element needs
to cover the bandwidth of the entire X-nucleus, i.e. the entire ca.
200 ppm spectral width in the case of '3C. For this purpose we
had to introduce an essential BIP [48] or BIBOP [49,50] broadband
inversion pulse at the corresponding position to avoid similar arte-
facts as with the application of a BIRD®X element.

Also the exact timing of the delays within the X-selective BIRD
elements is crucial and depends heavily on the selective refocusing
pulse shape used. As has been pointed out previously [52,56], the
simultaneous application of pulses on two channels may have pro-
found effects on coupled spins, as it alters coupling evolution prop-
erties. As such, it turned out that REBURP selective refocusing
pulses have ideal properties for most cases with coupling evolution
taking place during 95% of the actual length of the pulse shape.
Accordingly, the delays in the experiment have to be adjusted
(shortened) to minimize signal loss during the many BIRD ele-
ments applied during acquisition.

5. Conclusion

An X-band-selective BIRD! filter has been introduced as a selec-
tive inversion element for homonuclear decoupling. The effect of
the BIRD element has been studied in detail and all aspects regard-
ing required bandwidths and timings with respect to selective
shape pulse length have been discussed. Finally, initial examples
for the potential usefulness of the approach regarding '3C isotope
labeled samples have been demonstrated experimentally. Applica-
tions to small proteins, for example, theoretically may lead to sig-
nificantly enhanced signal widths in Ha protons, as these protons
for most amino acid types are split by three 3Jyouy, two 3Jyoc and
several more two-bond couplings, resulting generally in unre-
solved multiplet contributions larger 20 Hz. The situation is similar
for H1’ and aromatic protons in nucleid acids, for which the pro-
posed BASEREX decoupling scheme will allow increased signal
intensities and resolution. Further studies on proteins and small
RNA are currently under investigation.
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