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Abstract: Current biological research increasingly focusses on
large human proteins and their complexes. Such proteins are
difficult to study by NMR spectroscopy because they often can
only be produced in higher eukaryotic expression systems,
where deuteration is hardly feasible. Here, we present the
XL-ALSOFAST-[13C,1H]-HMQC experiment with much im-
proved sensitivity for fully protonated high molecular weight
proteins. For the tested systems ranging from 100 to 240 kDa in
size, 3-fold higher sensitivity was obtained on average for fast
relaxing signals compared to current state-of-the-art experi-
ments. In the XL-ALSOFAST approach, non-observed mag-
netisation is optimally exploited and transverse relaxation is
minimized by the newly introduced concept of delayed
decoupling. The combination of high sensitivity and superior
artefact suppression makes it ideal for studying inherently
unstable membrane proteins or for analysing therapeutic
antibodies at natural 13C abundance. The XL-ALSOFAST
and delayed decoupling will therefore expand the range of
biomolecular systems accessible to NMR spectroscopy.

Introduction

In the past decade structural biology has provided a wealth
of insights into human health and disease at the molecular
level. The relevant proteins under investigation are often
membrane proteins and protein complexes which previously
were very difficult to produce in bacterial cells. Such proteins
can nowadays be studied directly, because methods have been
developed to produce them in large amounts in eukaryotic
expression hosts where the required folding machinery is

present and protein complexes are correctly assembled.[1–3]

However, these newly established biomolecular systems are
not readily accessible to nuclear magnetic resonance (NMR)
studies. NMR spectroscopy is a powerful tool for the
characterisation of biomolecules and biomolecular complexes
at atomic resolution in solution and could provide valuable
complementary information to electron microscopy data or
crystal structures. However, being a highly diverse technique
for small proteins up to 25 kDa, NMR spectroscopy drasti-
cally suffers from size limitations: when working with larger
proteins measurement times become very long and the
information content of the NMR method is highly reduced.[4,5]

This especially applies to proteins which are difficult to
produce in deuterated form, like proteins expressed in
eukaryotic expression systems.

In order to illustrate the problems imposed by large
protonated samples and to later demonstrate the broad
applicability and the advantages of the presented approach,
we use two representative examples of challenging applica-
tions: membrane proteins and therapeutic antibodies. These
cover the diverse realms of fundamental biological and
applied pharmaceutical research.

For transmembrane receptors, which comprise the largest
class of drug targets[6–14] NMR has provided most important
insights into their function and dynamics. For NMR studies in
solution these membrane proteins must be solubilized in
membrane mimics like detergent micelles or nanodiscs,[15–17]

which increase the molecular weight of the particles under
study by 80–150 kDa. The sensitivity of NMR is very low with
particles of this size and therefore measurement times even
for simple spectra typically are in the range of a day, and
therefore often only stabilized surrogates of human proteins
are amenable to NMR studies.[10, 11]

In the case of therapeutic antibodies (150 kDa) NMR
provides important analytical data on formulated drug
preparations, where the integrity of the antibody in terms of
proper fold, degradation, oxidative changes etc. can be
characterized in a single spectrum.[18–21] Also here, measure-
ments of a single sample can take a full day on a high field
instrument.

There has been great progress in the past in extending the
size range of NMR, and particles up to sizes of a Mega-Dalton
have been studied.[22, 23] These successes rely on a combination
of isotope labelling techniques, namely deuteration,[24] and
TROSY-type NMR experiments on amide or methyl
groups.[25, 26] Unfortunately, many higher eukaryotic expres-
sion systems do currently not allow the production of
deuterated samples or are not able to achieve the necessary
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high levels of deuterium incorporation.[27] In a few cases
deuteration has been successfully performed in insect cells
with incorporation levels of up to 60–75 %[7, 27–30] but no
successful production of deuterated protein from mammalian
cell lines has been reported yet. This also applies to the two
examples discussed here, integral membrane proteins and
therapeutic antibodies, which are produced in human embry-
onic kidney cell lines (HEK293) and Chinese hamster ovary
cell lines (CHO) in non-deuterated form. In a non-deuterated
background TROSY techniques are much less effective,
because the NMR signals are already strongly broadened by
dipolar relaxation.[31] The inability to produce deuterated
proteins in these higher expression systems therefore limits
NMR applications to a subset of small proteins.

Currently, the best-performing NMR experiments on
large protonated particles are based on SOFAST-[13C,1H]-
HMQC pulse sequences.[6–8, 11] The success of this approach is
based on (i) recording signals of methyl groups, (ii) using
HMQC-type pulse sequences and (iii) the SOFAST scheme.
(i) Methyl groups have intrinsically high sensitivity due to the
multiplicity of three, the high rotation rate about the methyl
group and the typically high flexibility of the long side chains.
(ii) Using an HMQC experiment the methyl-TROSY effect is
exploited,[26, 32] such that fast and slowly relaxing components
are not mixed during the pulse sequence and therefore
preserving sharp signals. (iii) The SOFAST (band-Selective
Optimized-Flip-Angle Short-Transient) technique was origi-
nally developed for speedy recording of NMR experiments,
by shortening the recovery delay.[33] For large proteins, the
SOFAST approach improves sensitivity by only exciting part
of the spectrum, such that the non-observed spins remain at
equilibrium magnetisation and help the observed spins to
quickly regain equilibrium by cross relaxation, which is
extremely efficient in large protonated proteins. If the protein
was fully saturated after the pulse sequence, much slower
spin-lattice relaxation processes would apply. Although the
SOFASTapproach should not saturate the solvent, samples of
large proteins are typically buffer-exchanged into D2O-based
buffers in order not to transfer potential saturation of water
magnetisation into the protein, and to increase the overall
deuteration level. However, even with all these optimizations,
it takes several hours to obtain high-quality spectra of for
example, a 50 mm sample of a G protein-coupled receptor
(GPCR), and it is thus not possible to work with unstable
samples.

The second requirement besides high sensitivity, often
encountered for such samples is efficient suppression of
artefactual signals: for membrane proteins these are deter-
gents at typically 100-fold concentration of the protein, for
antibodies these are excipients and the 100-fold stronger
signals of the unlabelled moieties, as antibodies are measured
with natural isotope abundance. In practice high-quality
spectra can only be obtained with a gradient selection (gs)
procedure.[34] This, however, also leads to important losses of
signal, because the pulse sequence needs to be lengthened by
an additional INEPT step to record the orthogonal signal
component and a spin echo for gradient decoding.[35, 36] For
large protonated particles the losses due to relaxation during
this additional element are often more important than the

gain. Therefore, it is common practice to just record a regular
HMQC and sacrificing the losses due to gradient selection.
However, even with gradient selection, the signal of some
contaminants is so intense that additional dedicated suppres-
sion schemes are needed[37] which lead to additional losses of
the protein signal due to relaxation.

With this background we sought to develop an experiment
for large protonated biomolecules, which is more sensitive
than current approaches, and still takes into account the
requirements for artefact suppression and ideally does not
require deuterated buffers. This would potentially enable
studies on unstable proteins or proteins that are only available
at low concentrations.

Our approach leading to the new XL-ALSOFAST experi-
ment is tripartite: First, we replace the SOFAST approach
with the less known ALSOFAST scheme.[38, 39] Second, we
introduce the concept of “delayed decoupling” in order to
optimize the ALSOFAST pulse sequence for minimal relax-
ation losses. And third, we improve artefact suppression by
combining gradient selection with alignment of all unwanted
magnetisation along the + z-axis, where it does not contribute
to the NMR signal.

The ALSOFASTexperiment is derived from the SOFAST
experiment, where selective pulses are used for excitation of
the spins of interest. With large proteins one typically focuses
on a subset of signals (e.g. one amino acid type is labelled or
only well-dispersed methyl groups are recorded), since
recording all signals inevitably would lead to complete
overcrowding of spectra. Therefore, one might only want to
observe a dozen of methyl groups. In a methyl SOFAST-
[13C,1H]-HMQC, the upfield region of the spectrum is excited
and all other spins, including the solvent, stay at equilibrium
along the static B0 field. While this is achieved in the SOFAST

Figure 1. Highly selective excitation with the ALSOFAST experiment.
The magnetisation of nuclei in a protein sample are shown after
completion of different pulse sequences, identified below each
scheme. The aim is to record the signal of the central methyl group,
which is 13C labelled (black). Depending on the pulse sequence, non-
observed magnetisation of nuclei in the vicinity ends up in the
transverse plane (red arrows) or aligned along the + z axis (blue
arrows). The latter will contribute to fast relaxation of the observed
nuclei towards equilibrium and thus to higher sensitivity. The standard
HSQC experiments result in the excitation of the full sample. Excitation
becomes more selective with the SOFAST scheme where only the
upfield region is excited. However, while the magnetisation of the
solvent stays in equilibrium, large portions of the protein and for
example, buffer or detergent signals will be excited. The most selective
excitation is achieved using the ALSOFAST scheme, which is based on
isotope editing.
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scheme by selective pulses, ALSOFAST makes use of only
hard pulses in an isotope editing element[38] and ultimately
yields a more selective excitation (Figure 1).

Using the ALSOFAST experiment as a basis we devel-
oped the XL-ALSOFAST experiment which results in
2–3-fold higher sensitivity for large protonated biomolecules
and allows studying challenging and unstable samples. In
addition, it can cope much better with strong background
signals than the original experiment.

Results and Discussion

In this study, we developed the XL-ALSOFAST-HMQC
(XL: eXtra Large) for studying fully protonated high
molecular weight systems that are strongly suffering from
relaxation (Figure 2A). Our first goal was to minimize
relaxation losses during the pulse sequence by shortening it.
However, the duration of the pulse sequence is dictated by

INEPT (insensitive nuclei enhanced by polarization transfer)
delays, and shortening them will always lead to reduced
magnetisation transfer. We therefore developed novel ap-
proaches to minimize these losses. Two different strategies

were developed for the forward (H!C) and the reverse
(C!H) INEPT, respectively.

Shortening of the forward INEPT delay while preserving non-
transferred magnetisation for the next scan

Generally, magnetisation is transferred during an INEPT
transfer between one nucleus (H) to another coupled nucleus
(C). Transfer efficiency follows the form of a sine curve
attenuated by an exponential function describing transverse
relaxation [Eq. (1)].

MCðtÞ ¼ sinðpJCHtÞ ? expð@R2tÞ, ð1Þ

where JCH is the scalar coupling between C and H nuclei, t the
INEPT delay and R2 is the transverse relaxation rate of the H
nucleus. Equation (1) is plotted in Figure 2B for different
values of the transverse relaxation rate. The maxima of the
transfer efficiency curves for high R2 relaxation rates precede
the length of the full INEPT delay (= 1/2J, calculated from
Equation (1) by neglecting R2). Therefore, it is straightfor-
ward to reduce the INEPT delay for large proteins to the
optimal value depending on R2.

[40] By doing so, part of the H
magnetisation is not transferred (cos(pJCHt)·exp(@R2t)) and
is typically lost. However, using the ALSOFAST scheme, the
non-transferred magnetisation is flipped along the z-axis by
the 9088x pulse at the end of the forward INEPT element and
can thus be used in the subsequent scan. The amount of
magnetisation carried over into the next scan depends on the
length of the recovery delay d1, in an analogous manner as
Ernst angle excitation.[41] Therefore, d1 must be optimised
together with the length of the forward INEPT delay to
achieve the best possible improvement of the experiment.

Note that this type of “lossless” shortening of the forward
INEPT is not possible with the standard SOFAST approach:
First, the shaped pulse for excitation has a typical duration of
2.4 ms and together with the following gradient doesnQt leave
much room for shortening of the INEPT delay and second,
the excited spins are fully saturated without the possibility of
recovering non-transferred magnetisation in the next scan.

The 9088x pulse at point a in Figure 2A in the XL-
ALSOFAST sequence therefore is central to its performance
and, as will be discussed later, also for artefact suppression.
However, this 9088 pulse leads to mixing of spin states of the
methyl group and therefore, the methyl TROSY effect is only
fully exploited from this point onwards in the NMR experi-
ment. For fully protonated proteins, however, the TROSY
effect is not highly relevant. Overall therefore the advantages
of using this selective excitation scheme prevail, as it allows to
flip all non-observed magnetisation along the z-axis.

The water signal represents a special case of non-observed
magnetisation. In theory it follows the magnetisation path of
other non-observed magnetisation and ends up fully aligned
along the + z-axis at the end of the experiment (point b in
Figure 2A), such that it can contribute to fast longitudinal
relaxation of the biomolecule towards an equilibrium state.
However, for water there are losses due to radiation damping,
which we try to mitigate by the use of gradients. In this way we

Figure 2. (A) Pulse sequence of the XL-ALSOFAST-[13C,1H]-HMQC with
gradient selection (gs). 9088 and 18088 pulses are shown as filled and
empty rectangles, respectively, with phases indicated on top. The
forward and backward INEPT delays are t1 and t2, respectively and the
delay before decoupling (tddc) is calculated from tddc = 1/2JCH@t2.
Gradients were of 500 ms length and fulfil the relation 2G2/3.97 =G3.
Phase sensitive spectra are obtained using the echo-antiecho method
with y : x,x, @x,@x and simultaneous inversion of gradients G2 and G3.
Phase cycling is used as F1: x,@x ; F2 : x,x,x,x, @x,@x,@x,@x, y,y,y,y,
@y,@y,@y,@y ; Frec : x,@x,@x,x, x,@x,@x,x, @x,x,x,@x, @x,x,x,@x. See
supplementary material for the full pulse program. (B) Calculated
magnetisation transfer during an INEPT delay. The transfer is following
a sine curve (see equation 1) with maximal transfer after 3.4 ms for
CH moieties (1JCH = 147 Hz). The optimal transfer time given by the
maximum of the transfer curve (marked by circles) is decreasing with
increasing relaxation rates.
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measured that 80 % of the original water magnetisation is
conserved along the + z-axis at steady state (Figure S1).
Therefore, there is no need for transferring the protein under
study into perdeuterated buffer, which saves work time and
avoids the losses concomitant with dialysis or repeated
concentration steps.

In summary, the first INEPT element in the XL-ALSO-
FAST has two functions. First, it allows surgically precise
excitation and transfer of magnetisation that shall be ob-
served, while keeping all non-observed magnetisation along
the z-axis. Therefore, all non-observed magnetisation in the
vicinity—be it detergents, water, or other methyl groups with
similar chemical shift—will contribute to more efficient
longitudinal relaxation of the spins of interest and ultimately
to higher signal. Second, this special INEPT element allows
shortening of the INEPT delay for reducing relaxation losses,
while preserving non-transferred magnetisation for the next
scan.

Delayed decoupling (ddc) allows shortening of the reverse INEPT
delay without losses

The reverse INEPT must be optimized in a different way.
Reducing the length of the INEPT delay is again of great
benefit for fast relaxing signals (Figure 3, blue schemes).
However, here non-transferred magnetisation is lost as soon

as heteronuclear decoupling is started. For this reason, we
introduce the concept of “delayed decoupling” (ddc; Figure 3,
red schemes). In delayed decoupling, the reverse INEPT
delay is shortened and acquisition is started at t2< 1/2JCH (e.g.
t2 = 1.4 ms, Figure 2A at point b), but decoupling is only
initiated after 1/2JCH (e.g. 3.4 ms) when the theoretical
maximum of magnetisation transfer is reached. Hence,
decoupling is delayed with respect to the start of signal
acquisition, specifically by tddc = 1/2J@t2. The resulting free
induction decay (FID) has a characteristic shape: there is an
initial increase while magnetisation is still transferred and
once decoupling is started the monotonous decay of the signal
according to R2 is visible. With delayed decoupling, the signal
intensity in the time domain is higher and it persists for
a longer time. Note that the noise level for all three signals in
Figure 3 is identical. After Fourier transform this results in
a sharper signal with higher intensity (Figure 3C).

The shape of the FID and the Fourier transformed signal
are reminiscent of sharpening window functions.[34, 42] How-
ever, the important difference is that with such processing
window functions the noise is increased, leading to lower
sensitivity. In contrast, with delayed decoupling, the noise
stays constant and only the signal is increased.

The unusual shape of the FID can potentially lead to
artefacts in the Fourier-transformed signal. In the direct
dimension, negative shoulders can arise for sharp signals of
buffer substances or flexible moieties of biomolecules. These
artefacts can be eliminated by applying a window function
with the form 1/sin(pJCHt) to the first few points of the FID,
compensating for the magnetisation transfer during tddc

(Figure S2). The window function slightly decreases the
signal-to-noise ratio for slowly relaxing signals (& 5%), as it
increases the noise of the first few points in the FID. This
compensating window function has been implemented in
a python processing script for the software TopSpin (included
in the supplementary material). The parameters for the
window function are automatically determined from the
NMR experiment and the function is generated on-the-fly
and applied to the FID before the main apodization as
defined in the processing parameters is carried out. However,
for most experiments this correction did not have to be
applied because the signals of interest were broad and did not
display visible artefacts.

Delayed decoupling therefore represents a simple means
to improve sensitivity for fast relaxing signals, which can
readily be implemented in a multitude of NMR experiments.

Optimisation of INEPT and recovery delays by empirical search

The lengths of forward INEPT, reverse INEPT and the
recovery delay were optimised by an empirical search using
a test protein, the fully protonated Mete-[13CH3] labelled
homoheptameric 11S proteasome activator from Trypanoso-
ma brucei[43] (11S7). The 11S7 complex has a molecular weight
of 175 kDa and is in the size range of an antibody (150 kDa)
or a membrane protein within a micelle (100–150 kDa).
Therefore, the 11S7 complex is a reasonable surrogate protein
for the optimisation of the XL-ALSOFAST-HMQC.

Figure 3. Effect of delayed decoupling on the NMR signal. (A) Pulse
schemes of the reverse INEPT are shown, with a full INEPT delay
without any modifications (t2 = 1/2J, black), a shortened INEPT delay
(t2<1/2J, blue) and an INEPT delay shortened by delayed decoupling
(t2<1/2J, tddc = 1/2J@t2, red). (B) FIDs resulting from the pulse
sequences with the corresponding colour using R2 =200 s@1 and
1JCH = 147 Hz. For the latter two cases (blue and red), t2 was shortened
to 1.4 ms and tddc was consequently 2 ms (red). The small arrow
indicates the point of the FID when the signal-to-noise value reaches
1 in this simulation. The nontypical shape of the FID in experiments
with delayed decoupling results from the continued transfer of magnet-
isation after the start of the acquisition. (C) Overlay of the Fourier
transforms of the corresponding FIDs from (B), highlighting the
sensitivity increase achieved by delayed decoupling (freq. = frequency).
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Optimisation was performed by testing an array of
different combinations of forward INEPT, reverse INEPT
and recovery delay lengths (6·6·3 = 108 points). The signal-to-
noise values for the methionine methyl signals were deter-
mined for every experiment and analysed (for details see
supplementary material). Results for a structured (S) and
a flexible (F) methyl group can be seen in Figure 4. For
methyl groups in the structured regions of the protein, the
optimal length of the INEPT delays strongly deviates from
the 3.4 ms that are theoretically expected for a full magnet-
isation transfer. The fit indicates best signal-to-noise ratios for
a recovery delay of 500 ms with a forward INEPT delay of

2.2 ms and a reverse INEPT delay of 1.3 ms with delayed
decoupling. This optimization of the delays increased the
signal-to-noise ratio by a factor of 2.4 for a structured
methionine methyl group compared to an experiment with
non-shortened INEPT delays (3.4 ms) and a d1 of 1000 ms.

The maximum of the fitted function for a structured
methionine residue appears to be rather flat, indicating that
this optimisation does not need to be performed for every
single protein of interest and that the obtained values in this
study are robust and transferable to a large set of high
molecular weight systems. Most XL-ALSOFASTexperiments
in this study have been performed with d1 = 500 ms using
forward and reverse INEPT delays of 2.6 ms and 1.4 ms,
respectively.

The gain in sensitivity for the XL-ALSOFAST-HMQC is
not the same for every signal as can be seen for a flexible and
a structured methyl group in the example of the 11S7 complex
(Figure 4B), and also in the overview given in Figure 5. It is
strongly depending on the relaxation experienced by the
individual groups and fast relaxing signals benefit most from
the modifications introduced in the XL-ALSOFAST-HMQC.
Interestingly, also for rather flexible moieties, the XL-
ALSOFAST-HMQC seems to increase sensitivity, as opposed
to for example, [15N,1H]-TROSY, where signals of flexible
groups have reduced intensity.

Data obtained at two B0-fields (700 and 900 MHz) showed
no significant field dependence of the sensitivity enhance-
ment of the XL-ALSOFAST experiment (< 5% difference).
This is in line with theory, as the exploited effects, that is,
methyl-TROSY, cross-relaxation and J-coupling, are field
independent or approximately so.

The analysis of this extensive dataset allowed us to
determine the relative contributions of the modifications
applied to the forward and reverse INEPT to the overall
sensitivity improvement of 2.4. For the structured signal S in
the 11S7 complex, delayed decoupling leads to an increase in
sensitivity of a factor 2.1, which translates into a more than
4-fold reduction in measurement time. Note however, that
due to the symmetry of the gs-XL-ALSOFAST experiment,
shortening of t2 leads to an overall reduction of the length of
the pulse sequence by 2t2. Regarding the forward INEPT, the

Figure 4. Results of the empirical search for the optimal lengths of
recovery delay (d1), as well as the forward (t1) and reverse (t2) INEPT
delays. (A) A matrix of different durations of the delays d1, t1 and t2

was recorded on the fully protonated Mete-[13CH3] labelled 175 kDa
11S7 complex and signal-to-noise ratios (I/sI) were determined for
each signal. The data of each series with constant d1 were fitted
separately (coloured planes, see supplementary material) and are
shown for two selected residues with different flexibility. The signal
from a structured methionine residue (S) has maximal sensitivity with
d1 =500 ms for t1 and t2 of 2.2 ms and 1.3 ms, respectively. B)
Comparison between a non-optimised (d1 = 1000 ms, t1 = t2 = 3.4 ms)
and the optimised gs-XL-ALSOFAST-HMQC (d1 = 500 ms, t1 =2.6 ms,
t2 =1.4 ms). Signals of structured methionine residues benefit largely
from the modifications. The presented 1D slices were extracted for the
methionine S. Numbers over the 1D slice indicate signal-to-noise
ratios. The spectra were obtained at 298 K on a Bruker 700 MHz
AVNEO instrument equipped with a TCI cryoprobe using a 75 mm 11S7

sample in a 3 mm tube.
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Figure 5. A) to C) Comparison between the gs-SOFAST-HMQC and the gs-XL-ALSOFAST-HMQC. The panel on the right shows 1D slices of
selected signals indicated by dotted lines of corresponding colour in the HMQC. Grey numbers indicate signal-to-noise ratios for adjacent peaks.
The gs-XL-ALSOFAST usually increases the sensitivity of the experiment by a factor between 2 and 3. All spectra were recorded on 5 mm TCI
cryoprobes using 3 mm NMR sample tubes. (A) Spectra of a 75 mm 11S7 sample (500 mm monomer concentration), recorded in 1 h at 298 K on
a 900 MHz spectrometer. Forward and reverse INEPT delay lengths were 2.6 ms and 1.4 ms, respectively. (B) 33 mm Bpa sample (400 mm
monomer concentration), recorded in 22 h in the same way as in (A) but with forward and reverse INEPT delays of 1.5 ms and 1.4 ms,
respectively. (C) 50 mm tb1AR sample recorded in 3.5 h as in (A) but on a 700 MHz spectrometer. Note that the performance of the XL-ALSOFAST
experiment is essentially independent of the B0-field strength. (D) Fingerprint spectra of the methyl region of a monoclonal antibody (40 mgmL@1)
at natural isotope abundance. Same parameters as in (A) were used for the measurement, except that the temperature was 323 K and the spectra
were recorded in 10 h. Slices of selected signals are shown and correspond to the equally coloured line in the 2D spectrum.
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parameters d1 and t1 are interdependent and lead to
a combined gain in sensitivity of 1.2. However, when the
XL-ALSOFAST is compared to other experiments, the factor
contributed by d1 and t1 can exceed a value of 1.7, due to the
more selective excitation and better preservation of non-
observed magnetisation, as discussed later.

Superior artefact suppression by aligning unwanted
magnetization along the + z-axis

The ALSOFAST approach has an intrinsic advantage
when it comes to suppression of unwanted (not 13C bound)
signals: non-observed magnetisation is aligned along the
+ z-axis at the start of acquisition. Therefore, only the fraction
of signals ending up off the z-axis due to pulse imperfections
contributes to artefactual NMR signals. If additional gradient
selection (gs) is implemented as in the gs-XL-ALSOFAST
used throughout this work, artefacts from non-labelled
moieties are essentially eliminated.

We submitted artefact suppression to stringent tests with
the following demanding samples: a membrane protein
sample, where detergent molecules are in 100-fold excess
over the protein signals; a formulated therapeutic antibody at
natural 13C-abundance, where non-labelled groups of the
antibody are in 100-fold excess and excipients are present in
even higher excess; and a sample of the small protein PCuC[44]

containing non-deuterated buffer substances (i.e. MOPS) at
50 mm concentration. In all these samples, spurious signals are
very nicely suppressed and no noise bands are visible. Such
t1-noise is particularly harmful for non-uniform sampling
(NUS) approaches,[45, 46] where noise bands are typically
exaggerated by non-continuous sampling. With the gs-XL-
ALSOFAST experiment at 25% NUS, no noise bands
appeared even in presence of 50 mm MOPS buffer (Fig-
ure S3). Such potential artefacts could further be reduced by
selective excitation of only the region of interest in the 13C
dimension, thus avoiding folding of buffer signals into the
spectral window.[38,47]

In summary, artefact suppression in the XL-ALSOFAST
approach is superior to most other experiments, since only
a small fraction of non-wanted magnetisation remains off the
+ z-axis, and these small residual coherences are effectively
suppressed by pulsed field gradients. Clean spectra, as
produced from this experiment allow detailed analysis of
signals close to buffer signals and are ideally suited for
automated statistical analysis as used for example, for quality
assessment of clinical antibodies.

Expanding the range of biological systems accessible to NMR
spectroscopy

The high sensitivity of the XL-ALSOFAST approach
combined with excellent artefact suppression allows now to
expand the range of biological systems that can be studied by
NMR. Since deuteration is not required, high molecular
weight proteins and complexes can be studied that originate
from mammalian expression hosts which do not yet allow the

production of highly deuterated samples. Since numerous
proteins can only be produced by such hosts, these systems
will greatly benefit from this improved experiment. Spectra of
the fully protonated and detergent solubilised thermostabi-
lised b1 adrenergic receptor from turkey (tb1AR) highlight
this application for a protein produced in HEK293 cells.[48] On
this sample, the gs-XL-ALSOFAST-HMQC has up to three-
fold higher sensitivity than the gs-SOFAST-HMQC, which is
considered the state-of-the-art for such samples. We thus were
able to record a spectrum of this membrane protein in
45 minutes (Figure S5), which opens the way for studying
more native-like constructs of inherently unstable GPCRs.

In general, the XL-ALSOFAST approach allows the
measurement of high molecular weight systems without the
need for expensive deuteration. The possibilities for studies of
fully protonated high molecular weight complexes can be
seen in methyl spectra of the 11S7 complex (175 kDa,
Figure 5A) and the homododecameric bacterial proteasome
activator from Mycobacterium tuberculosis[49] (Bpa, 240 kDa,
Figure 5B).

Additionally, the high sensitivity of the gs-XL-ALSO-
FAST allows to record spectra of unstable proteins at low
concentrations. The increased sensitivity of the experiment
enables the reduction of measurement time by a factor of up
to 9 compared to currently used experiments under the same
conditions, thus being useful for the acquisition of NMR data
on unstable complexes.

Higher order structure analysis on therapeutic antibodies

An important emerging application of NMR in the
pharmaceutical industry is the quality control of biological
therapeutics, like monoclonal antibodies (150 kDa), by mea-
surement of methyl spectra at natural isotope abun-
dance.[18–20, 37] The ability to cope with fully protonated high
molecular weight systems and at the same time allowing
excellent suppression of artefacts makes the gs-XL-ALSO-
FAST-HMQC the ideal experiment for this application. We
compared the performance of several experiments on a mono-
clonal antibody solution (40 mgmL@1) at 323 K (Figure 5D)
and evaluated signal-to-noise ratios for selected peaks in the
obtained fingerprint spectra. The XL-ALSOFAST-HMQC
has a higher sensitivity than the currently proposed HSQC
experiments by a factor of 2–3. In comparison to the
SOFAST-HMQC, the ALSOFAST approach allows for the
observation of resonances in a larger spectral window, as it is
not limited by the bandwidth of the selective pulses needed in
the SOFAST scheme. Therefore, overall, the XL-ALSO-
FAST-HMQC is the best-suited experiment for recording
spectra of biological therapeutics as it combines best artefact
suppression with highest sensitivity.

Conclusion

In this work, we presented the XL-ALSOFAST-[13C,1H]-
HMQC, which is optimized for non-deuterated high molec-
ular weight systems and can yield sensitivity improvements up
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to a factor of five. Improved sensitivity is achieved by
shortening the pulse sequence, while avoiding otherwise
inevitable losses due to incomplete magnetisation transfer. To
this end, we introduce the concept of delayed decoupling,
which increases sensitivity for fast relaxing signals by a simple
modification of the pulse sequence: during acquisition, J-
coupling evolution is allowed to proceed until maximal
magnetisation transfer is achieved before decoupling is
started. This leads to more intense and longer-lasting NMR
signals.

We show representative examples of biomolecular com-
plexes ranging from 100 to 240 kDa in molecular mass, where
sensitivity enhancements of typically factor three were
observed for strongly relaxing signals, translating into nine-
fold reduction in measurement time compared to standard
approaches. Such short measurement times might enable
NMR studies of inherently unstable proteins like many
GPCRs. Among the studied samples the integral membrane
protein tb1AR and a therapeutic antibody are noteworthy, as
they were produced in human and hamster cell lines, where
deuteration is presently not feasible. However, there is an
increasing number of protocols to label methyl groups with
13C in protonated background. In combination with the XL-
ALSOFAST, therefore, large proteins and protein complexes,
which were formerly inaccessible to NMR, can now be
studied at the atomic level.

Furthermore, with samples, where unlabeled substances
are present in high excess (detergents, buffer, unlabeled
protein signals) superior artefact suppression could be shown.
This highlights the potential of the XL-ALSOFAST approach
with gradient selection for studying higher order structure of
therapeutic antibodies, and also for future in-cell studies.

We therefore trust that the XL-ALSOFAST approach
together with the concept of delayed decoupling—for which
applications are not limited to this experiment—will expand
the range of biomolecular systems accessible to NMR
spectroscopy.
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