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Evaluation of the rotating-frame relaxation (7;,) filter and its
application in metabolomics as an alternative to the transverse

relaxation (7>) filter

Elena Piersanti’”’, Lamya Rezig, Fabrice Tranchida, Wael El-Houri, Seidou M. Abagana, Myléne

Campredon, Laetitia Shintu®® and Mehdi Yemloul

Aix Marseille Univ, CNRS, Centrale Marseille, iSm2,

ABSTRACT: NMR-based metabolomic studies commonly involve
the use of T:-filter pulse sequences to eliminate or attenuate the
broad signals from large molecules and improve spectral resolution.
In this paper, we demonstrate that T, filter-based pulse sequence
represents an interesting alternative since it allows the stability and
the reproducibility needed for statistical analysis. The integrity of
the samples and the stability of the instruments were assessed for
different filter durations and amplitudes. We showed that the 7,
filter pulse sequence did not induce sample overheating for a filter
duration up to 500 ms. The reproducibility was evaluated and
compared with T7>-filter in serum and liver samples. The
implementation is relatively simple and provides the same statistical
and analytical results as those obtained with the standard filters.

Marseille, France.
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Regarding tissues analysis, since the duration of the filter is that of the spin-lock, the synchronization of the echo delays with the
Magic Angle Spinning (MAS) rate is no longer necessary as for 7 based filter sequences. The results presented in this article aim at
establishing a new protocol to improve metabolomic studies and pave the way for future developments on 7, alternative filters, on

liquid and HR-MAS NMR experiments.

Introduction

Serum and plasma are among the most common samples
analysed by NMR-based metabolomics.!* To limit metabolite
intensity variations, sample collection and preparation have to
be tightly monitored, reducing the number of needed pre-
treatment steps. Therefore, purification steps such as protein
removal from plasma or tissue samples, are usually not
performed before NMR analysis. This leads to the acquisition
of complex NMR spectra, containing signals from
macromolecules (proteins, lipoproteins) overlapping the signals
of metabolites of interest. Several spectral editing NMR
sequences have been proposed to suppress or reduce the signal
of these macromolecules in order to get a better visualization of
the metabolite signals. In general, the complete elimination or
the attenuation of macromolecule signals exploits the variation
of the spin relaxation parameters using relaxation-weighted
experiments, in which macromolecule signals, with short
relaxation times, vanish. In the established metabolomic
protocols, the only filter used is the 7, based one with the
CPMG pulse sequence.’ One drawback of this relaxation filter
is the echo modulation arising from the homonuclear scalar
coupling, that typically leads to negative signals with loss of
intensity on CPMG filtered spectra,* and which is not
completely refocused by the multiple CPMG block even when
the inter-pulse frequency (1/t, where 7 is the inter-pulse delay)

is much larger than J coupling values (1/1 >>> J).3*® Moreover,
the use of short inter-pulse delays requires several cycle
repetitions to reach the suited filter length, causing the heating
of the samples. Several strategies have been proposed to
overcome these issues.”!! For example, S. Viel and co-workers
proposed a strategy based on multiple quantum-filtered pulse
sequence, in which, the complete cancelation of the
modulations due to the scalar coupling is obtained by summing
the zero-quantum filtered and double-quantum filtered
amplitudes.'? However, the proposed approaches so far are
limited to scalar coupled two-spin systems and do not allow a
broad-scale application. More recently, Aguilar and co-
workers'® formally demonstrated that the effect of the so-called
"Perfect Echo” sequence, proposed by Takegoshi et al.'*, is not
limited to AX spin systems, but could be extended to multiple
coupled spins. Hence, CPMG with a 90°, refocusing pulse at
the midpoint of a double spin-echo was introduced as
PROJECT (Periodic Refocusing of J Evolution by Coherence
Transfer) and was successfully used in metabolomics,
particularly for HR-MAS NMR-based studies of tissue samples
where long inter-pulse delays must be used for rotor
synchronization.* '516 Despite all these improvements, spin
coherence transfer, that occurs for any CPMG schemes, means
that 7, cannot be considered as accurate for individual spins and
may introduced problems for absolute quantification.!” When
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dealing with a proton spectrum involving many multiplets, a
simple alternative can be used, the so-called relaxation time in
the rotating frame, I';,, which is known to carry similar
information as 7. It is often measured from the decay of the
nuclear magnetization locked in the transverse plan by a radio
frequency field using the spin-lock technique described by
Redfield.!® In solution, the relaxation time 7', has a very close
value (if not identical) to the transverse relaxation time 7 for
small metabolites. An immediate advantage of this relaxation
time is that there is no precession during the evolution period of
the magnetization. This results in the absence of modulations
related to possible scalar J couplings. Although similar results
are obtained using 7> or T, filters, and, despite the advantages
of Ty,, there is no application on mixture analysis or in
metabolomics.!” Conversely, it is widely used in solid-state
NMR?® and MRI*'® to improve the contrasts of the images, and
several developments have been undertaken to mitigate the
adverse effect of spin-locking? such as adiabatic rf pulses,”’
or phase cycling methods?® for simultaneous B; rf'and B field
inhomogeneity compensation.?*° In liquid-state, T, filtering
is usually used in NOE (Nuclear Overhauser Effect) and STD
(Saturation Transfer Difference) experiments in protein-ligand
interaction studies for the elimination of protein signals.?! There
are many potential fields of application reported in the
literature, particularly in the study of complex and
heterogeneous biological systems in solution and HR-MAS
NMR such as lipid bilayers,?? nanodiscs,** membrane proteins®*
and bicelles.* ¥ 37 3% For example, the use of lab and rotating
frame experiments such as INEPT and CP is well described for
HR-MAS and solid-state NMR for the characterization of the
membrane topology and dynamic properties of full-length
rabbit cyt-b5 in a membrane environment,* and more recently,
the in situ determination of molecular structure of cartilage.*’ In
HR-MAS spectroscopy, it has been used in several systems*!
but has never been performed and assessed in the context of
metabolomics. Hence, the developments, as is the case of solid-
state NMR and MR, are very limited. Recently, H. Tang et al.*?
discussed T';-, T;p-, and T»-filtered 1D and 2D experiments by
comparing spectra and relaxation times for different
metabolites on blood plasma, but the relevance of the T, filter
as a metabolomic tool (from spectral acquisition to statistical
analysis) was not discussed. In this paper, we evaluated the
implementation of the T, filter for the metabolomic analysis of
liquid and semi-solid samples (rat sera and livers), we showed
that it led to statistical results identical to those obtained with
the 7 filter (CPMG and PROJECT pulse sequences). We also
showed that T';, filter is suitable for metabolomic studies with
a simple implementation and minimal parameter optimization,
and that it does not affect the sample integrity since it does not
induce overheating under the experimental conditions of
metabolomics.

Materials & Methods

Samples

The collection of the samples used for this study is detailed in
our previous publications.*** Serum and liver samples were
collected from rats that have received two different diets: (i) a
standard diet (control group — C) (ii) High Fructose and
Saturated fatty acids diet (HFS group). The distribution of the
groups is given in SI.1. Animal protocols were approved by the
Animal Ethics Committee of the Faculty of Pharmacy of Aix-

Marseille University (Marseille, France) and in agreement with
the guidelines of the French Ministry of Food and Agriculture.
The samples were stored at —80°C until analysis.

Serum samples were prepared using 200 pl of serum mixed with
400 pl of 0.9 gL' saline solution (in D,0). Regarding tissue
samples, about 15 mg of liver tissue was placed into a 30 ul
cylindrical disposable insert and 10 pl of D,O were added. The
insert was then placed into an 80 pl 4 mm ZrO, HR-MAS rotor.

NMR recording conditions

Three pulse sequences were implemented: (i) a standard
Carr—Purcell-Meiboom—Gill (CPMG) NMR spin echo
sequence from the Bruker pulse program library, preceded by a
water presaturation pulse during a relaxation delay ([presat-
90°-(t-180°-t)n]); (ii) a standard 7, sequence, also preceded
by a water presaturation pulse during the relaxation delay
(Presat - 90°y-(SL)¢:00°]), (the pulse sequence and
implementation details are given in SI.1); (iii) the presaturated
PROJECT sequence ([presat- 90°-(t-180°-t-90- t-180- t-)n])
from Aguilar et al.'?, used for HR-MAS experiments. The filter
duration was adjusted manually to remove the macromolecules
signals. The spinlock duration was set as equal to the overall
echo time duration of the CPMG sequence (i.e. 480 ms and 100
ms for liquid and HR-MAS, respectively). The modification
and the adjustment of the filter duration are very simplified for
T1,-weighted sequence and do not require any calculation as is
the case for T>-based sequences for which the inter-pulse delays
and the number of loops must be taken into account to obtain
the desired duration. All the NMR datasets were processed with
the in-built software TOPSPIN 3.6 version (Bruker BioSpin,
Germany).

For liquid-state NMR, the experiments were performed at 293
K on a Bruker AVANCE III spectrometer operating at 600 MHz
for 'H frequency equipped with a triple resonance high-
resolution probe producing pulse field gradients with a
maximum strength of 60 G.cm™. The CPMG and T, weighted
spectra of serum were acquired using 64 scans with 16 dummy
scans, the 90° hard pulse length was 9.5 us at 18 Watts and a
relaxation delay of 5 sec during which a continuous wave for
water suppression was applied with a power level of 3.2 107

Watts (% =32 Hz). For the CPMG, the inter-pulse delay was

set to 200 us with n=1200 loops leading to a total filter length
of 480ms. The same filter length was used for the T, spectra
by adjusting the spin-lock pulse labelled “p3” in the pulse
sequence (see SL2.). For both experiment, the spectral width
was set to 6000 Hz and sampled with 32768 data points leading
to the acquisition time of 2.27 sec and a total experiment time
of 10 minutes.

For HR-MAS NMR spectroscopy, the experiments were
carried out on a Bruker AVANCE III spectrometer operating at
400 MHz for 'H frequency equipped with a 'H/"*C/'P HR-
MAS probe. All spectra were acquired at 277 K.

The CPMG, PROJECT and T, weighted spectra of liver were
acquired using 128 scans with 16 dummy scans, the 90° hard
pulse length was 10 ps at 10 Watts power level and a relaxation
delay of 2 sec during which water suppression with a power

level of 3.2 10° Watts (VZ—Bl=64 Hz). For CPMG and

T

PROJECT, the inter-pulse delay had to be synchronized with
the two MAS spinning periods used in this study, 7= 1 ms and




250us for Vrotaion = 1000 Hz and 4000 Hz, respectively.* *° The
filter length was 100ms. To reach this length, it is necessary to
take into account the number of inter-pulse delays inside the
loops of the two sequences, two for CPMG and four for
PROJECT. The distribution of these parameters is summarized
in Table 1. Again, the same filter length was used for the
T, spectra without any calculation by adjusting the spin-lock
pulse “p3”. For each experiment, the spectral width was set to
4500 Hz and sampled with 32768 data points leading to the
acquisition time of 2.26 sec and a total experiment time of 10
minutes.

Table 1. The parameters 7 (inter-pulse delays) and n (number
of'loops) used for CPMG and PROJECT to obtain a filter length
of 100ms for two MAS rates (1000Hz and 4000HZ)

CPMG PROJECT
VRotation (t-180°-1)n (1-180°-1-90- 1-180- 1-)n
1000 Hz 7=1m/n=50 7=1m/n=25

4000 Hz | r=250us/n=200 | =250 us/n= 100

For_the relaxation times measurement, the standard pulse
sequences and Bruker Dynamic Center procedure were used to
record and fit the evolution of the signals as a function of the
filters durations. For each sequence, the same parameters,
described above, were used and the filter duration were
incremented from 10 ms to 1 sec, using 12 points. For the 7,
measurement, a sequence using two channels with two carrier
frequencies, the first for water presaturation and the second
placed at 2,2 ppm centred on the peaks of interest to avoid the
offset effects. Above 2000 Hz, we observed that the measured
T1, were insensitive to the position of the carrier frequency
when it was on the peak of water (no offset effect).

Statistical analysis

The 'H NMR spectra were directly exported to AMIX software
(Bruker BioSpin GmbH, Karlsruhe, Germany) and divided into
0.001 ppm-width buckets. In order to remove effects of possible
variations in the water suppression efficiency, the region of the
water signal between 4.7 and 5.2 ppm was discarded. The
obtained dataset (X-matrix) was then normalized to the total
spectrum intensity and scaled to Unit-Variance (UV) or using
Pareto scaling and imported to SIMCA P-14 software
(Umetrics, Umed, Sweden).

Orthogonal Partial Least Square - Discriminant Analyses
(OPLS-DA) were then applied to the X-matrix, in order to
discriminate between C and HFS groups.*®*” The robustness of
each discriminant model was then validated using a permutation
method, for which 1000 OPLS-DA random models were built
with an increase percentage of permutated values in the Y-
matrix. For each random model, the goodness-of-fit, Ry, and
the predictive parameter, Q*y, were calculated. The highest the
Q?, the more the model can be considered as predictive. In
model systems, Q? are high typically > 0.7 or 0.8 for predictive
models. For biological samples, as in this case, it is different.
The inter-individual variability among biological samples is
quite regular and therefore the overall changes are weak
between different groups, therefore we considered that a
predictive model is statistically robust for Q% value > 0.4.4%%
The one-way ANOVA (ANalysis Of VAriance) of the Cross-
Validated (CV) predictive residuals was also calculated for each
model.

Results and Discussion

Impact of T, filter on sample heating

Some studies involving the T, filter evoke a problem of sample
heating during the application of an excessive and long spin-
lock.3*! This effect is inherent to the nature of 7fpulse and due
to its electric component. We first evaluated this aspect using a
methanol sample, which served as a molecular thermometer, to
measure the actual temperature before and after the application
of a 480 ms spin-lock of different amplitudes, i. e. 2000 Hz,
4000 Hz and 5000 Hz. For each amplitude, three methanol
spectra were recorded using a one pulse sequence, after 1, 8, 64
and 128 dummy scans. The results are reported in SI.3. The
recorded temperatures show the same small increase as for the
CPMG pulse sequence, less than 0.2°C, regardless of the
number of used dummy scans. The use of 7', for this kind of
systems still safe but obviously, for solid state NMR studies, the
amplitudes are relatively high and may disturb the samples, for
example the micelle organization, protein folding and other
systems including magnetically-aligned samples.’? 33 3

Spin-lock amplitude

Conventionally the spin-lock pulse is performed by a
continuous 7f wave with an appropriate amplitude that avoids
the shift between the carrier frequency and the resonance
frequencies (“offset effect”) and unsuitable power deposition
due to excessive amplitude. Five spectra of serum were
recorded with CPMG filter using two inter-pulse delays (200 ps
and 600 ps) and T, filter with different spin-lock intensities

expressed as % (2 kHz, 4 kHz and 5 kHz). Figure 1 represents

the 480 ms 7>- and T'j,-edited proton spectra with the carrier
frequency at 4.7 ppm (water frequency, also used for
presaturation). The first finding was that the same filtration
effect was retrieved whatever the sequence used (Figure 1a).
However, the three 7', spectra obtained with different B,
showed expected differences due to the offset effect.>* Indeed,
around the carrier frequency, the integrals of the signals
remained unchanged when B amplitude increased (Figure 1b),
while the integrals of the peaks at the edges of the spectra
increased (Figure 1¢). Moreover, we observed a decrease of the
resolution when increasing B (therefore of the nutation

frequency, v; = %) leading to a broadening of the width at

half-height of the creatine peak (singlet at 3.03 ppm) (Figure
1a). This trend was identical for the CPMG sequence, the
resolution obtained with an inter-pulse delay of 600 ps, i.e. a
CPMG pulse frequency (Vepyg = i, with 7 the inter-pulse

delay of the CPMG block) of 416.66 Hz, was higher than for
the one obtained with an inter-pulse delay of 200 ps, i.e. a
CPMG pulse frequency of 1250 Hz. This effect is summarized
in Table SI. 4. The best resolution is obtained with TZ** but it
is obvious that with this power the spectral coverage is not
optimal to avoid offset effects. With the ng‘”z, two
disadvantages add up: i) the power that could be excessive, and
ii) the decrease of resolution. The T{%‘”Z seems to be, for our
study, the better amplitude that allows equalling the resolution
of the CPMGZg5,57 sequence (see SI. 4.). However, the latter
cannot be used since the inter-pulse delay do not allow the
refocusing of the modulations due to scalar couplings as shown
in Figure 1 with the negative doublet at 4.65 ppm. In liquid-
state metabolomic studies, with the commonly used CPMG

filter (CPMG,y1c"®) this effect is limited and invisible.



a) WHH
T1p 5 kHz 1.44 Hz
T1p 4 kHz 1.09 Hz
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Figure 1. (a) T, and T filtered spectra of serum recorded at
different spinlock amplitudes, from top to bottom: 5 kHz, 4 kHz
and 2 kHz, and CPMG with inter-pulse delays of 200 and 600
ps. Quartet (b) and doublet (¢) of lactate acquired at 5 kHz
(green), 4 kHz (red) and 2 kHz (blue). The relative integrals are
reported for each peak with the same colour. The widths at half
height (WHH) of the peak at 3.03 ppm (creatine singlet) are
reported on the right of each spectrum.

Relaxation time measurement

The measurements of the relaxation times 7, and 7> for some
chosen metabolites in serum confirm that these two relaxation
rates are substantially similar. Figure 2 depicts the evolution of
the relaxation rates (inverse of the relaxation times) R, as a
function of the nutation frequency (v;) and R; as a function of
Vepmg- The evolution of the R, and R;, are different. The
stability of the R, measurements (Figure 2a and 2c¢) depends
on: i) signal modulation due to the imperfect refocusing of the
J-couplings, ii) the imperfections of m pulses, iii) the various
slow molecular dynamics as well as iv) the influence of the 'H
carrier during the CPMG block (offset effect). Recently, Heiner
N. Raum et al.’® demonstrated that it is possible to obtain an
artefact-free relaxation dispersion profile if CPMG pulses are
applied on resonant (below 300 Hz). However, R; is stable and
independent of the vcpys, except for creatine. The
measurements were limited to CPM Gﬁ,-é@” Z to prevent sample
overheating and possible harmful effect due to too short pulse
switching times. We are not able to thoroughly explain the

unusual evolution of creatine R, associated with a high
relaxation rate. This can be due, for example, to possible
intermolecular interactions with exchange effects observed
even in liquid state NMR. 378,

The stability of the R;, measurements (Figure 2b and 2d)
depends on the slow molecular dynamics and especially on the
offset effect. This effects are visible at low spin-lock
amplitudes, below v, = 2.5 kHz. More interestingly for the
practical aspect, the dispersion curves show that above 3 kHz,
the R, stabilizes for most peaks. This results confirm that the
previously designated spin-lock amplitude (4 kHz, red circle) is
an adequate value for serum samples.

a) Serum: C1 sample, R2 b) Serum: C1 sample, R1p
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Figure 2. R, and R, relaxation rates as a function of v;pyq
and v, respectively for C and HFS serum samples relative to
peaks of four metabolites. (a) R, and (b) R,, for the Cl
sample, (¢) R, and (d) R;, for the HFS15 sample. Dotted lines
are used to help visually track the progress of R, .

To assess these differences, the spectra of all the groups (control
and HFS groups), labelled as a function of the used sequence,
were submitted to statistical analysis. OPLS-DA was performed
for the four sequences: CPM GzlbztiﬁHZ (commonly used in

metabolomics), TZH2, THz TpXHZ The score plot (Figure
3a) shows a significant difference between the T, and T»
weighted spectra. The Figure 3b presents the analysis of the
T filtered spectra obtained with different spin-lock

amplitudes and shows a clear difference between the leg‘HZ and
T, p4kHZ‘ SkHZ - As mentioned above, this expected difference is

the consequence of the offset effect resulting from a non-
sufficient spin-lock amplitude to cover the entire spectrum.

When comparing Ti%%# and T{;"* spectra, the score plot

(Figure 3c¢) indicates that no statistically significant difference
was observed since % of 4 kHz is sufficient to cover the overall

region containing the signals of interest. A global analysis
performed on the spectra shows that it is the intensities of the
global spectrum which discriminates the CPMG from the T,
whereas it is actually the areas at the ends of the spectra which
differentiates the T2X"* from T;5"# and T3,
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Figure 3. The OPLS-DA score plots of rat serum samples of
HFS and C groups with duplicates, a) 7;, vs. CPMG (N=117,
R2y=0,965, Q*v=0,903, p-value=1,652x10), b) data from T,
sequences at different spin lock amplitudes: 2kHz (green),
4kHz (blue) and 5kHz (red) (N=88, R?y=0,472, Q*yv=0,425, p-
value=7,0746x10"7), ¢) T,, at 4kHz (blue) vs. SkHz (red)
(N=58, R?y=0,268, Q*y=-0,175, p-value=1).

Effect of B1 amplitudes on statistical analysis

To compare the separation capability of 7, and T filtered
spectra, OPLS-DA was performed to discriminate the C and
HFS groups. The score plots are presented in Figure 4, where,
the two OPLS component models (1 predictive + 1 orthogonal
component) display a clear discrimination between HFS and
control samples with comparable statistical results obtained for
all sequences (Table in SI.5.). These results show that the
properties of each of the experiments used are reproducible and
allow discrimination between groups by multivariate analysis.
In addition, the loading plots exhibit the same profile for all the
sequences with identical correlation coefficients.

The choice of the appropriate experiment may be guided by
reviewing the pros and cons of each sequence. The T{’;‘HZ seems
to be the best compromise between optimal spectral coverage
and the use of moderated spin-lock amplitude. Even if we
consider that the amplitude of Tfp"H Z {s not excessive, especially
with the filter lengths commonly used in metabolomics
(between 60ms and 100ms), knowing that in our study, the filter
duration of 480 ms was applied and chosen by eye to eliminate
all the broad signals, including those of lipids, to process only
the signals of the metabolites, we must point out the only
drawback concerning the lower resolution obtained with this
amplitude, which remains however safe to use. T "%, as seen
above, is characterized by a significant offset effect and should
be ruled out.
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Figure 4. OPLS-DA score plots for N=18 rat serum samples
comparing the distribution of the HFS group with the C group
using different sequences: (a) CPMG 200 ps, (b) 7;,: at 2000
Hz, (¢) T;,: at 4000 Hz, (d): 7, at 5000 Hz.

Assessment of 71, filter on HR-MAS metabolomic studies
The relevance of the use of the T, filter for HR-MAS
metabolomic studies has never been discussed or considered in
the literature. Conventionally, HR-MAS metabolomic studies
are carried out by using CPMG filtered spectra at a relatively
fast spinning rate (4 kHz). In this case, rotor synchronization
does not seem to be a drawback and leads to relatively short
inter-pulse delays (250 ps) that can be considered as sufficient
to refocus the J-modulation, even if this refocusing is imperfect.
For HR-MAS experiments at low spinning rates (1 kHz, for
example), rotor synchronization leads to a long inter-pulse
delay (1 ms) and the PROJECT sequence is therefore preferred
to successfully generate spectra without “J-modulation
artifacts”. 7', filtered experiment can be a simple and efficient
alternative since there is no precession during the evolution
period of the magnetization and therefore no J-modulation
artifacts. However, some properties related to the dependence
of T, to the nutation (v;) and the rotation (v,) frequencies, in
addition to the obvious contribution of slow dynamic processes
have to be taken into account. To our knowledge, no data report
the behaviour of the 7', of metabolites measured in tissues by
HR-MAS. On the other hand, several applications are using 7';»
for the determination of the local dynamics of proteins by
MAS 5! In this field, a comprehensive article that addresses
these aspects on slow motions in microcrystalline proteins by
MAS was recently published by Krushelnitsky et al.®?. The
authors presented the MAS dependence of the relaxation rate
R;p, which was modulated by correlation times of slow
motions (from 10 ps to 1 ms). In semi-solid samples, one can
expect a contribution of both isotropic and anisotropic
interaction to the relaxation mechanisms.® In order to know the
behaviour of T, experiments, we measured the R;, at the two
spinning rates, 1000 Hz and 4000 Hz, commonly used in HR-
MAS metabolomics, and for selected B, amplitude values.

In HR-MAS studies of tissues, the possible degradation of the
samples is an important issue. Indeed, at a relatively high
spinning rate (4 kHz, for example), tissue degradation can lead
to the release of metabolites into the extracellular medium,
resulting in narrowing peaks over the experiments and therefore
bias the comparison. Recently, the impact of freezing and
prolonged HR-MAS Analysis on the metabolic profile shows



that after 1.5h with a spinning rate of 5000Hz, the levels of
certain metabolites change.® In this study, the total experiment
time, for the 6 experiments (two MAS rates), was about 1 hour
(10 min per experiment, CPMG / PROJECT/ T';,), starting with
the slow spinning rate (1000 Hz). The relaxation measurement
depicted in Figure 5 was done on freshly prepared samples from
pieces of liver stored at -80°C, with a total experiment time of
about 2 hours, during which we did not observe significant
changes in the spectra even after two hours. Moreover, tissue
degradation during the NMR experiments was avoided by
maintaining the sample at 4°C.

1

We report in Figure 5 the relaxation rates R ;» (= 7 p) of some
1

selected metabolites for one randomly chosen sample (Control-
3) to assess its evolution as a function of B expressed by the

nutation frequency (u1 = 1/2_175;1) for the two MAS spinning rates,
1000Hz (Figure 5a) and 4000Hz (Figure 5b).
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Figure 5. R, as a function of v, for liver control sample (C3)
relative to six different peaks of six metabolites (a) at v, = 1000
Hz and (b) at v, = 4000 Hz. Dotted lines are used to help
visually track the progress of R, .

The general observation concerns the MAS dependence of the
relaxation rates, which confirms the behaviour reported in the
literature in the solid state.®? If we focus on v, = 4000Hz, which
was defined as optimal in the liquid study (as a better
compromise for a moderated amplitude, sufficient spectral
coverage, and better resolution), one can analyse quantitatively
these evolutions (Table SI.6.). For certain metabolites,
probably depending on the slow dynamic contribution,
Ry increases with the MAS spinning rate (lactate doublet and
glycerophosphocholine singlet, for example), for others, its
remains substantially the same (creatine singlet and B-D-
glucose doublet), and for some others, it decreases (i.e., choline
singlet). These expected results, due to the heterogeneity of the
tissues analyzed in HR-MAS, do not constitute a drawback for
metabolomic applications since the behaviour of each
metabolite is reproducible through different samples. However,
the stability of the relaxation values around the chosen v; (4000
Hz) is critical. For both MAS spinning rates, we found that
around this value the relaxation rates would not be drastically
affected by the expected slight variation of B, due to eventual
different probe tuning from sample to sample.

To assess qualitatively the reproducibility, we recorded the 7>-
and T,-edited spectra for three samples taken from the same
control liver (SI.7.). The T, and PROJECT filtered spectra are
identical whatever the MAS spinning rate (v, = 1000Hz and
4000Hz), while the CPMG filtered spectra present at v, =

1000Hz J-artefacts which result in negative signals and an
intensity loss, especially between 1.5 - 3 ppm.

Statistical analysis

The spectra obtained with each pulse sequence (CPMG,
PROJECT and T,y) have the same filtration effect but the
profiles show predictable intensity differences due to the
different mechanisms involved in each relaxation filter.%> The
impact of these differences on the statistical processing
obviously depends on the reproducibility of the artefacts of each
sequence and on the modulations (due to exchange phenomena,
for example) resulting from the adaptation of the inter-pulse
delays to the rotation frequency v.. Another important
experimental consideration is to avoid the synchronization of
the spinning frequency v, with the spin-lock frequency v;.
Indeed, this leads to a recoupling of the CSA, dipolar
interactions, and magnetic susceptibility effects, which results
in a loss of resolution.®®%” To avoid these contributions, we used
a spin-lock amplitude of 4.3 kHz for both used spinning rates (4
kHz and 1 kHz). Figure SI.8.a presents an OPLS-DA of all
spectra obtained with a rotation rate of 4 kHz. It shows that
CPMG and PROJECT spectra are relatively similar and
significantly different from the T, filtered one. Interestingly, at
low spinning rate (1 kHz), Figure SI.8.b, the synchronization
of the inter-pulse delays (1 ms) leads to a significant
discrimination between CPMG and PROJECT filtered spectra
due to the J modulation effect, which is not compensated with
the CPMG sequence. These differences can be assessed in a
relevant way, directly on the spectra, however, statistical tools
allow to evaluate the overall “inter-sequence” differences and
the “intra-sequence” reproducibility.

The OPLS-DA multivariate analysis on the two groups (Control
vs. HES) that enables to evaluate the separation capability and
the steadiness of T, and T filtered spectra obtained at the two
spinning rates, 1 kHz and 4 kHz are depicted in Figure 7 and
Figure 8, respectively. Whatever the spinning rate, the main
observation is that the discrimination between the two groups is
clear and the score plots obtained with the T, filter (Figure 7
and 8) provide similar statistical parameters to those obtained
with PROJECT and CPMG (Table SL.9.).

The intragroup variation for the HFS group observed whatever
the experiment, can be explained by taking into account the
inhomogeneity of response of complex organisms to an external
imbalance®®® (here a food imbalance). This effect is observed
on several parameters (overall weight of animals, gain weight,
normalized liver weights, HOMA-IR levels, serum glucose,
triglycerides, cholesterol and insulin levels). In the previous
article which dealt with these samples,** we clearly noted an
increase of the standard deviation for all these parameters when
we pass from controls to an increasing introduction of the
number of external stimuli or imbalance (standard diet, HFS
diet, HFS diet plus medication), see SI.10. Conversely, this
dispersion is usually lower or even absent for the control
groups.* However, whatever the sequence used, this intra-
group reproducibility is not found at v, =1 kHz (Figure SI.11.)
because of the non-reproducible sidebands present in the
spectra, depending on sample preparation. At v; = 4 kHz, the
absence of the sidebands allows to retrieve the intra-group
reproducibility for the control group (Figure 6).
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Figure 6. Multivariate analysis using OPLS-DA performed on
liver samples for the two groups: C and HFS obtained for each
sequence: CPMG (a), T';p (b) and PROJECT (c), at v, =4 kHz.

These results show that the artefacts inherent in each sequence
are reproducibly replicated over the samples and multivariate
analysis allows discrimination between the groups, including
the CPMG sequence at v, = 1000Hz which present J-artefacts
(negative signals and an intensity loss especially between 1.5-3
ppm) due to the long inter-pulse delay (1ms) used for rotor
synchronization (SI.7.). However, this sequence must
obviously be excluded since the quality of the spectra does not
allow an accurate determination of the discriminant spectral
regions. The T';, and PROJECT filtered spectra are identical for
the two MAS spinning rates (v, = 1000Hz and 4000Hz) and the
loading plots provide the same profiles with comparable
correlation coefficients (SI.13. and SI.14.).

Conclusions

In this article, we have shown the application of the T, filter in
metabolomics on liquid samples and on tissues by HR-MAS. It
is characterized by the absence of modulations due to scalar
couplings, its simple implementation that needs no calculation
for adjusting the duration of the filters, and no synchronization
is required whatever the HR-MAS spinning rate. Despite these
proven advantages, its generalization does not yet seem obvious
and remains “rejected”, probably by the fear of overheating that
would be caused by the spin-locking. For the filter duration
(hundreds of milliseconds) and also the powers used in
metabolomics (up to 5 kHz), the heating is not a drawback. It is
important to note that the work presented in this article relates
to spectrometers operating at 400 MHz and 600 MHz. If
metabolomic experiments with a 7, filter were to be carried
out with higher magnetic field, 800 MHz for example, the
power of the spin-lock may not be sufficient to cover the entire
spectrum. To avoid the offset effects, it will be necessary to use
higher powers (6 KHz or 7 kHz), that, taking into account the
metabolomic duration of the filters, will have no deleterious
effect. Moreover, we showed that if moderated offset effect is
present, the analysis of the results leads to the same
observations: the inter-group discrimination, and the extraction
of the discriminant spectral regions from the loading plots.
However, the developments and the implementation of the
offset methods used in solid state NMR to enhance the total
effective field of the spin-lock represent an interesting prospect

for wider spectral covers in metabolomics. Further
developments and adaptations to the metabolomics with an
evaluation of the impacts on statistical analyses will be expected
in the future. As it was presented in the introduction, it is
important to reduce the amount of pre-treatment steps to handle
the samples as little as possible to avoid introducing errors. We
can transpose this reflection to the relaxation filters, the CPMG
consists in manipulating the magnetization by = pulse train,
allowing the precession and introducing “artificially”
modulations because of the scalar couplings that do not seem to
be completely refocused. With the T, filter, magnetization is
“less handled”, it is locked on a transverse axis (hence no
precession) during a time during which the signals of the
macromolecules disappear. Thus, the sequence that introduces
the least artefact would be most suitable for fields where the
quantitative aspect is very important as in metabolomics.
Consideration of the 7, filter in metabolomics would
undoubtedly lead to developments for the implementation of
different spin-lock schemes, and the reduction of the powers
used while eliminating/minimizing the offset effects.
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Table SI.1. Number of independent samples in each analyzed group.

Figure SI.2. Pulse program and implementation

plo ply

presat.

Control HFS group
group

Serum 6 12

Liver 6 12

T

2¢

plis

SL ¢+90°

d

P3

T e

1

Parameter P3, that concerns the spin-lock length, must be generally set at 100ms and it can
be adjusted for more filtration depending on the type of sample.

BRUKER pulse program for 1H pre-saturated 7';, filtered experiment

; avance-version
; 1D sequence

#include <Avance.incl>
#include <Delay.incl>

vvp2:p1 ®ON
"d12=20u"

1 ze
2 30m
d12 pl9:f1
d1 cw:fl ph29
4u do:fl
d12 pll:f1
pl phl
(p3 pl14 ph10):f1
go=2 ph31
30m mc #0 to 2 FO(zd)
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exit

ph1=00221133
ph10=13130202
ph29=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl14 : f1 channel - power level for spin-lock
;pl : f1 channel - 90 degree excitation pulse
;p3 : f1 channel — spin-lock duration
;d1 : relaxation delay; 1-5 * T1
;ns: multiples of 4
VB

1 — Calculation of power level for the desired v; = Py

a. Calibrate the hard pulse pl1.
b. Use the command “pulse” in the line command.
c. Enter the desired v; (4000Hz or 5000 Hz, for example)
=>» Topspin will return the power level to be used as Plw (watts) and pl (dB).
d. Enter this value in the power level pl14

2 — Filter duration:

Enter the filter duration directly on p3 pulse (i.e., use p3 on the line command and enter the
suitable duration).!!! Pay attention to the default unit (us) !!!
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Table SI.3. Temperatures measured from 'H spectra of methanol-d4 using one
pulse (zg), CPMG and T;, sequences with the same filter duration (480 ms),
different number of dummy scans (DS) were used, with number of scans NS=1.
Target sample temperature was set to 277 K. The actual T was calculated by
TopSpin “calctemp” command. The difference between the target and actual
temperature is reported.

Sequence used Number of dummy Spin-lock amplitude (Hz) A Temperature (K)
scans

28 =0
CPMG +0.10
1 2000 +0.16
Tip 4000 +0.12
5000 +0.15

28 =0
CPMG +0.10
7 2000 +0.07
Tip 4000 +0.14
5000 +0.15
zg +0.02
CPMG 63 +0.13
2000 +0.12
Tip 4000 +0.10
5000 +0.17
zg +0.02
CPMG +0.07
128 2000 +0.08
Tip 4000 +0.15
5000 +0.19

Table SI.4. Width at half height of the creatine singlet (3.03 ppm) [Average
over five randomly selected samples]

CPMGGIEE™ | CPMG Ji | o5 | g™ | i
WHH 1.06 Hz 1.24 Hz 0.95 Hz 1.09 Hz 1.44 Hz
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Table SI.5. The OPLS-DA R?y, Q?y and p-values for HFS vs. C serum samples.

A N=18 |RYy |Q?y |p-value
1+1+0 | CPMG | 0,887 | 0,678 |0,0034
1+1+0 leé‘HZ 0,898 | 0787 |0,00027
1+1+0 Tf%"'HZ 0,854 |0,645 |0,0062
1+1+0 Tlsl;CHZ 0,886 | 0,737 |0,00098

Table SI.6. R, , (s’!) evolution of some chosen metabolites, from liver sample C3,
randomly chosen, as a function of spinning (vgr) and nutation (v;) frequency.

vr = 1000 Hz vr = 4000 Hz
vi (Hz)
Metabolites 6000 Hz | 5000 Hz | 4000 Hz | 3000 Hz | 2000 Hz | 6000 Hz | 5000 Hz | 4000 Hz | 3000 Hz | 2000 Hz
B-D-Glucose Doublet 4,92 4,95 4,88 4,89 4,83 11,84 7,07 5,03 6,49 9,05
Creatine Singlet 538 5,54 5,81 5,89 6,22 5,66 5,95 6,19 6,85 6,45
Glycerophosphocholine Singlet 2,64 2,29 2,64 2,33 2,56 5,06 5,19 5,47 5,85 31,32
Choline Singlet 6,63 6,99 7,302 7,72 8,28 4,70 4,63 4,59 5,12 35,39
Alanine Doublet 6,11 6,07 6,15 6,28 6,98 7,35 7,66 8,56 9,32 27,91
Lactate Doublet 8,27 8,97 9,42 10,07 11,95 16,35 16,92 19,31 18,83 17,09

R, evolution of some chosen metabolites, from liver sample C3, as a
function of spinning rate (vr) for (vi =4 kHz)

vr = 1000 Hz | vk = 4000 Hz | R1p evolution
B-D-Glucose Doublet 4,88 5,03 T
Creatine Singlet 5,81 6,19 T
Glycerophosphocholine Singlet 2,64 5,47 T
Choline Singlet 7,302 4,59 l
Alanine Doublet 6,15 8,56 T
Lactate Doublet 9,42 19,31 T

S-6




Figure SI.7. T,- and T),-edited spectra for three samples taken from the same
control liver, sample C2. (A) CPMG, (B) T, (C) PROJECT. In red the spectra
acquired at vg = 4000 Hz, in blue at vg = 1000 Hz.
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Figure SI.8. OPLS-DA score plots performed on all liver samples including the
two groups C and HFS obtained for each sequence (CPMG vs. PROJECT vs. T',)
at v;=4 kHz (a) and v;=1 kHz (b).
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Table SI.9. The OPLS-DA R?y, Q*y and p-values for HFS vs. C samples of livers
without one outlier (with N = number of the samples and A = number of
components to fit the model) using UV scaling.

IN |A R’y | Q% |p-value
v =1000 Hz
CPMG 17| 1+1+0{ 0,966 | 0,770 | 0,00083
Tip 17| 1+1+0 | 0,869 | 0,673 | 0,0062
PROJECT | 17 | 1+1+0 | 0,857 | 0,650 | 0,0090
v: =4000 Hz
CPMG 17| 1+1+0 {0,947 | 0,798 | 0,00039
Tip 17| 1+1+0 {0,923 | 0,793 | 0,00045
PROJECT | 17 | 1+14+0 | 0,943 | 0,797 | 0,00041

Table SI.10. Results of serum biochemical analysis and body weight after 10

weeks of diet. Table duplicate from [*}]. Data of an additional group (HFS + C) are added to
illustrate the increase in standard deviation by the introduction of an external factors: HFS
dietary imbalance, then HFS + C supplementation (or medication). The heterogeneity of the
response to each stimuli results in an increase in the standard deviation.

HFS high fructose and saturated fatty acids, C curcuma (administration of hydroalcoholic
extract of tumeric 100 mg/kg/day). Relative liver weight is defined as liver weight divided by
body weight. Values are mean + S.E.M (n = 6-12 rats/group).

Group Controls HFS HFS+C

Body Weight (g) 435.17 £ 20.74 438.42 £ 31.85 44475 £ 50.78
Gain Weight (g) 245.16 £ 8.47 248.42 £9.19 254.75 £ 14.66
Relative liver weight 0.0262 £ 0.00078 0.0310 £ 0.0010 = | 0.0334 +0.0016 **
HOMA-IR 1+0.33 10.79 £ 1.89 * 6.97+£2.05*
Insulin (pg/l) 0.48 £0.13 3.34+0.50+ 2.22+0.69*
Glucose serum (g/1) 1.07 £0.185 1.82+£0.41+ 1.80 £ 0.44
Total cholesterol serum (g/I) | 0.60 £ 0.02 0.68 +0.04 0.66 £0.06
Triglycerides serum (g/1) 0.435+0.15 0.878 £0.22~ 1.114+£0.36*

*P < 0.05 vs. the control
**P < 0.01 vs. the control.

HOMA-IR: Homeostasic Model Assessment of insulin resistance.
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Figure SI.11. Multivariate analysis using OPLS-DA performed on liver samples
for the two groups: C and HFS obtained for each sequence: CPMG (a), T;, (b)
and PROJECT (c¢), at v+ =1 kHz.
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Figure SI.12. S-line plots of the OPLS-DA models of Figure SI.10. for CPMG,
Ti,, PROJECT at vg = 1000 Hz for liver samples.
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Figure SI.13. S-line plots of the OPLS-DA models of Figure SI.11. for CPMG,
T1p, PROJECT at vg = 4000 Hz for liver samples.
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