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16 SUMMARY
17  This paper presents the use of PSYCHE and SAPPHIRE-PSYCHE in the metabolic profiling of plants
18 and includes detailed procedures for sample preparation and optimal Pure Shift NMR spectra
19 recording. Examples through which the gain in resolution achieved by homonuclear decoupling
20 allows a more comprehensive understanding of the system are discussed.
21
22 ABSTRACT
23 Nuclear Magnetic Resonance (NMR) is one of the most powerful tools used in metabolomics. It
24 stands as a highly accurate and reproducible method that not only provides quantitative data but
25  also permits structural identification of the metabolites present in complex mixtures.
26
27  Metabolic profiling by *H NMR has proven useful in the study of various types of plant scenarios,
28  which include the evaluation of crops conditions, harvest and post- harvest treatments,
29 metabolic phenotyping, metabolic pathways, gene regulation, identification of biomarkers,
30 chemotaxonomy, quality control, denomination of origin, among others. However, signal
31 overlapping of the large number of resonances with expanded J-coupling multiplicities
32  complicates the spectra analysis and its interpretation, and represents a limitation for classical
33  H NMR profiling.
34
35 In the last decade, novel NMR broadband homonuclear decoupling techniques through which
36  multiplet signals collapse into single resonance lines - commonly called Pure Shift methods - have
37 been developed to overcome the spectra resolution problem inherent to 'H NMR classical
38 spectra.
39
40 Here a step-by-step protocol of the plant extract preparation and the procedure to record
41  optimal Pure Shift PSYCHE and SAPPHIRE-PSYCHE spectra in three different plant matrices -
42  Vanilla plant leaves, potato tubers (S. tuberosum), and Cape gooseberries (P. peruviana) - is
43  presented. The effect of the gain in resolution in metabolic identification, correlation analysis
44  and multivariate analyses, as compared against classical spectra, is discussed.
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INTRODUCTION

The complete set of metabolites that comprise an organism - substrates, intermediates, and end
products of biological processes - was coined in 1998 with the term, metabolome. It is well known
that the metabolome is closely related to the phenotype, and it is of particular interest in plants
as it reflects the direct interaction between the genotype and the environment! 2, Hence, the
characterization of the metabolomic profile has become of paramount importance in plants.
Through the identification and quantification of biomarkers (key metabolites) and metabolic
patterns, the discrimination between species, cultivars, development stages, pathogenic
diseases, or environmental conditions (daily and seasonal changes, soils, water stress,
mechanical stress, harvest and post- harvest treatments), among others, has been possible3=.

Mass spectrometry (MS) and Nuclear Magnetic Resonance (NMR) spectroscopy are the most
widely used analytical platforms for this purpose. Contrary to MS methodologies, NMR stands as
a highly reproducible, non-biased, quantitative, accurate, and non-destructive technique that
requires minimal sample preparation, making it suitable for metabolomics studies. However,
when compared to MS methods, the inherent low sensitivity is a limitation. In recent years and
through the use of high-field magnets, cryogenic probes, micro-coil devices, and Dynamic Nuclear
Polarization (DNP) methods, the sensitivity of NMR has been greatly improved. In the case of the
latter approach, for instance, the sensitivity gain was in the level of two to three orders of
magnitude® 7. To date, almost 20% of the published metabolomics studies are NMR-based and
the number is rising’.

Even though Proton NMR is the most popular and sensitive experiment for NMR metabolomics
fingerprinting, it has some drawbacks. First, all the *H NMR signals detected in the sample are
distributed in a small window corresponding to the proton chemical shift window, which results
in crowded spectra. Second, the homonuclear scalar coupling splits the signals into multiple
components (signal multiplicity), spreading the proton signal over a wider frequency range,
complicating furthermore the spectra reading by increasing crowding and signal overlapping. In
addition, NMR metabolomics is employed in the analysis of mixtures usually containing 50 to 300
molecules at an NMR observable concentration, generating complex spectra comprised of 200
to 2000 peaks.

Homonuclear decoupling proton NMR, also known as Pure Shift, is a method that induces the
collapse of a multiplet signal into a single peak. It stands as an excellent tool for increasing signal
resolution in crowded spectra®'° and therefore represents a convenient tool for plants
metabolomics!?.

In the last decade, new Pure Shift pulse sequences, increasing both sensitivity and decoupling
performance, have emerged. Their range of applications have also expanded, from molecular
structure elucidation'> 13, to fluxomics!*, mixture assignment®~1’, translational diffusion
measurements!®, enantiomeric discrimination?®, unit distribution in co-polymers?, among
others.
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Historically, Broadband Pure Shift experiments suffer from low sensitivity and complicated
processing methods, limiting their scope in the assessment of biological extracts®. In 2014,
Foroozandeh et al. published a new Pure Shift experiment, PSYCHE (Pure Shift Yielded by Chirp
Excitation), based on anti-z-COSY pulse sequence which vyielded excellent homonuclear
decoupling and improved sensitivity values?l. However, as PSYCHE is a 2D interferogram
experiment where chunks of time domain data are acquired, it suffers from periodic sideband
artifacts that result from J-coupling modulation distortions at the edges of the chunk. In complex
mixtures, these artifacts yield signals larger than those associated with metabolites present at
very low concentrations, hindering the analysis!. There are two methods to remove these
artifacts - TSE-PHYCHE??> and a more recent modification of the PSYCHE experiment called
SAPPHIRE-PSYCHE (Sideband Averaging by Periodic PHase Incrementation of Residual J
Evolution) 23,

In 2019, we demonstrated for the first time!! that the SAPPHIRE-PSYCHE Pure Shift method,
which removes artifacts with almost no sensitivity penalty?3, could be employed for the analysis
of complex biological mixtures, such as extracts of the fruits of Physalis peruviana, commonly
known as Cape gooseberries!!. We showed that these methods increase the performance of
metabolomics data analyses such as metabolic assignment, correlation analysis and multivariate
coefficients analysis!!. Since then, several Pure Shift metabolomics studies on different biological
matrices, such as soft corals?*, hypericum plants?®, honey?® 27, tea?’, peppermint 0il?®, and
walnuts?® have been addressed, demonstrating its importance as a new tool for metabolomics
analysis. Paradoxically, the vast majority of these studies employed the standard and easy to
implement PSYCHE pulse sequence, available from any spectrometer library, instead of the
SAPPHIRE-PSYCHE pulse sequence, which has been shown to perform better. However, it
requires better understanding of the pulse sequence for proper setup.

This paper is intended to help new users to apply Pure Shift methods in the study of plants, in
particular, leaves of Vanilla sp (V. planifolia and V. pompona) %, potato tubers (S. tuberosum) 3,
and Cape gooseberries (P. peruviana) 3'. Sample preparation, NMR experimental set up, data
acquisition, and data analysis are described in detail. Moreover, the protocol includes key notes
to help researchers, new to the field, to properly set up PSYCHE and SAPPHIRE-PSYCHE
experiments in the metabolomic profiling of plants.

PROTOCOLS
1. Sample preparation
1.1.  Cape gooseberries

1.1.1. Place 100-200 g of freshly peeled fruits in a blender vase. Keep at 4 °C for 30 min, and
then homogenize in a cold laboratory blender.

1.1.2. Immediately, transfer the juice to 50 mL plastic tubes, freeze them in liquid nitrogen and
lyophilize to dryness for 4 to 5 days.
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1.1.3. Grind the lyophilized material to a fine powder using an electric grinder.

NOTE: Handling of the dry material needs to be done quickly because the powder is highly
hygroscopic.

1.1.4. Weigh 1 g of the ground material and add 10 mL of ultrapure water. Vortex for 1 min.
1.1.5. Sonicate for 20 min at 10 °C, and then centrifuge at 23,000 x g for 20 min at 10 °C.

1.1.6. Recover the supernatant and filter it through a 13 mm polytetrafluoroethylene (PTFE)
0.45 um syringe filter.

1.1.7. Lyophilize 1 mL of the filtrated extract to dryness and then re-suspend the obtained
solid in 0.9 mL of 200 mM sodium oxalate buffer pH 4. Vortex.

1.1.8. Lyophilize the resulting sample to dryness and dissolve it in 0.9 mL of deuterium oxide
containing 5 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP-da).

1.1.9. Fill the NMR tube with 0.6 mL of the sample using a micropipette.
1.2.  Vanilla leaves

1.2.1. Collect the leaves, clean them with damp tissue paper and freeze them whole in liquid
nitrogen.

1.2.2. Break the leaves into small pieces and lyophilize for 4 days until dryness.
1.2.3. Grind the dry matter to a fine powder using an electric grinder.

1.2.4. Weigh 50 mg of ground material and add 0.75 mL phosphate buffer pH 6.0 in deuterium
oxide containing 0.1% of TMSP (w/w) and 0.75 mL methanol-d4. Vortex for 1 min.

1.2.5. Sonicate for 20 min at 25 °C.
1.2.6. Centrifuge at 13,000 x g for 10 min at 25 °C.

1.2.7. Recover the supernatant (~1.3-1.4 mL) and filter it through a 13 mm PTFE 0.45 um
syringe filter.

1.2.8. Fill the NMR tube with 0.6 mL of the filtered sample using a micropipette.

1.3. Potato tubers



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

1.3.1. Peel and slice 4 to 8 tubers. Immediately, place approximately 125 g of material in
stand-up bags and freeze them in liquid nitrogen.

NOTE: To avoid oxidation during handling keep the potato damp.

1.3.2. Lyophilize for 4 to 6 days until complete dryness.

1.3.3. Grind the dry matter to a fine powder using an electric grinder.

1.3.4. Weigh 160 mg of ground tuber and add 1.6 mL of deionized water. Vortex for 1 min.
1.3.5. Sonicate for 45 min at 10 °C.

1.3.6. Centrifuge at 23,000 x g for 20 min at 10 °C.

1.3.7. Recover the supernatant (~1.5 -1.6 mL) and evaporate it to dryness in a refrigerated
centrifugal vacuum concentrator for 16 h, at 10 °C.

1.3.8. Add to the solid obtained (20-25 mg) 0.9 mL of 100 mM sodium oxalate buffer pH 4,
vortex, and evaporate for 16 hours at 10 °C.

1.3.9. Dissolve the solid obtained in 0.9 mL of deuterium oxide containing 3 mM of TMSP.

1.3.10. Centrifuge at 23,000 x g for 5 min at 10 °C and filter the supernatant directly into the
NMR tube through a 13 mm PTFE 0.45 um syringe filter.

NOTE: In this case, direct filtration into the NMR tube was performed to diminish steps in the
preparation of more than 1000 samples.

2. NMR Data Acquisition and Processing

2.1. NMRinitial setup

2.1.1. Transfer the samples to the NMR spectrometer.
2.1.2. Tune and match the probehead.

2.1.3. Lock and shim the sample.

2.1.4. Calibrate the 90° hard pulse. Calibrate the 90° pulse using any of the standard
procedures.

2.1.5. Run a standard 1D proton NMR spectrum.
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2.2.  PSYCHE experiment

2.2.1. Select the reset_psyche_1d pulse sequence from the Bruker Topspin library (Figure S1).
Use the following standard parameters: 5 kHz spectral width (SW2), at least 1 or 2 seconds of
relaxation recovery delay (D1), 16 dummy scans (DS), 64 or 128 complex data points per block
(L31), and 64 or 128 scans (NS) (Figure S1).

NOTE: L31 is the number of complex digital points acquired in each Pure Shift block, best to be
set to a power of 2.2}

2.2.2. Set the desired CHIRP pulse flip angle excitation (CNST61) and 10 kHz for the CHIRP
pulse bandwidth (CNST60) (Figure S2).

NOTE: The PSYCHE experiment is based on an anti-z-COSY scheme; consequently the CHIRP
pulse flip angle needs to be small to avoid recoupling artifacts (Figure 1). The absolute intensity
increases with the excitation flip angle. The periodic artifacts are also enhanced, spreading into
the spectrum and increasing the “noise” (Figure 1). The “noise” becomes a combination of
standard noise and chuncking artifacts. A good compromise between sensitivity and low
recoupling artifacts is to set CNST61 = 20°.1% 22

2.2.3. Set the hard pulse length (P1) to the previously calibrated value and the PSYCHE shape
pulse length to 30 ms (P49) (Figure S2).

NOTE: It is very important to calibrate the hard pulse value as the shape pulse powers will be
automatically calculated from this value.

2.2.4. Choose the Crp_psyche.20 (SPNAM 37) shape pulse for the PSYCHE element (Figure S2).

2.2.5. Set the strength of the pulse field gradient applied during the PSYCHE element (GPZ0).
Choose RECT.1 for the gradient shape pulse (GPNAM 0) (Figure S2).

NOTE: A weak magnetic field gradient is applied during the PSYCHE element, normally, between
1% to 4% of the maximum strength of the gradient, depending on the probe.

2.2.6. Set the number of blocks to acquire in order to reconstruct the Pure Shift FID (TD1)
(Figure S3).

NOTE: PSYCHE is acquired as a pseudo-2D experiment where TD1 is the number of Pure Shift
interferogram blocks. The spectrum resolution depends on the size of the spectral window
(SW1) and the total number of acquired points, which is TD1*2*L31. Typically, 16 or 32 blocks
with 64 or 128 complex points per block will provide enough digital resolution. As PSYCHE is
recorded in an interferogram manner, a higher number of blocks increase the digital resolution,
but, also the total acquisition time®. Homonuclear J-couplings evolve during each block
resulting in an oscillating J modulation pattern?® 23, After Fourier transform, this generates
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periodic sideband artifacts that depend on the length of the block (Figure 2). To reduce
artifacts, the duration of the block must be short, typically less than 16 ms (block duration =
2*in0: Figure S1). If the block duration is high, reduce L31.

2.2.7. Process the data with Bruker's Proc_reset AU program and Fourier transform.

NOTE: We recommend to transform the spectrum using zero filling and a sine bell apodization
(Figure S4).

2.3.  SAPPHIRE-PSYCHE experiment

2.3.1. Select the SAPPHIRE-PSYCHE pulse sequence and set the pulse sequence parameters.
Standard parameters would be the following: 5 kHz spectral width (SW3), at least 1 or 2
seconds of relaxation delay (D1), 16 dummy scans (DS), 8 or 16 scans per increment (NS) and D2
to 14 ms (Figure S5).

NOTE: This sequence is not in Bruker's repertoire, however, the sequence and the processing
programs may be obtained from the Manchester NMR Methodology Group website,
(https://www.nmr.chemistry.manchester.ac.uk/?q=node/426) 2. The D2 delay ensures that T2
relaxation remains constant with each J modulation increment. D2 needs to be greater than
1/4*SW1+p16+2*d16.23

2.3.2. Set the desired CHIRP pulse flip angle excitation (CNST20) and 10 kHz for the CHIRP
pulse bandwidth (CNST21) (Figure S6).

NOTE: As in the regular PSYCHE experiment, the CHIRP pulse flip angle needs to be short to
avoid recoupling artifacts. CNST20 = 20° is a good compromise between sensitivity and low
recoupling artifacts?t 23 2,

2.3.3. Set the hard pulse length (P1) to the previously calibrated value and the PSYCHE shape
pulse length to 30 ms (P40) (Figure S6).

NOTE: It is important to calibrate the hard pulse value as the shape pulse powers will be
automatically calculated from it.

2.3.4. Choose the PSYCHE_Saltire_10kHz_30m shape pulse for the PSYCHE element (Figure
S6).

2.3.5. Set the strength of the pulse field gradient applied during the PSYCHE element (GPZ10).
Choose RECT.1 for the gradient shape pulse (GPNAM 10) (Figure S7).

NOTE: A weak magnetic field gradient is applied during the PSYCHE element, normally, between
1% and 4% of the maximum strength of the gradient, value that depends on the probe.
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2.3.6. Set the number of SAPPHIRE J modulation increments in F2 (TD2) (Figure S7).

NOTE: normally 8 increments ensure an excellent suppression of sideband artifacts (Figure 2 and
3). The total number of scans of the final Pure Shift FID is NS*TD2.%3

2.3.7. Setthe F1 and F2 spectral windows (SW1 and SW2) (Figure S5).

NOTE: SW2=SW3/(2*TD2) and SW3/SW1 = TD2*N, were TD2 and N are even integers.?>The
SAPPHIRE-PSYCHE experiment is acquired as a pseudo 3D where F2 encodes the J-coupling
artifact phase modulation and F1 the Pure Shift interferogram acquisition?°. Since SAPPHIRE-
PSYCHE removes J modulation sidebands, the interferogram Pure Shift block duration could be
longer than regular PSYCHE (Pure Shift block duration = 1/SW1), typically between 20 to 40 ms
(Figure 2). However, longer chunk data acquisition leads to higher J-coupling evolutions, which
would require more J-coupling phase modulation increments to remove the stronger sidebands
attained.”

2.3.8. Set the number of Pure Shift blocks (TD1) (Figure S7).

NOTE: Since SAPPHIRE-PSYCHE needs to compensate the J-coupling phase modulation of the
first block, an extra block needs to be acquired. Typically, 17 (16+1) or 33 (32+1) blocks give
enough digital resolution.?3

2.3.9. Process the data executing the pm_pshift and the pm_fidadd AU programs followed by
Fourier transform?3.

NOTE: We recommend to transform the spectrum using zero filling and a sine bell apodization
(Figure S4).

REPRESENTATIVE RESULTS

NMR spectrum analysis

PSYCHE experiments increase spectra resolution by collapsing coupled resonances into singlets??,
which in turn reduces overlap and facilitates assignment and data analysis. Pure Shift NMR can
be applied to plant extracts. Here we demonstrate its use in three different matrices: vanilla
leaves, potato tubers, and Physalis peruviana fruits. The resolution enhancement achieved in the
spectra of these plant extracts is clear from Figures S8-S11.

In order to assess the effect of these pulse sequences in the resolution of the NMR signal, the
width of the line in frequency units at 10% of the maximum height, W1, were calculated for
several types of resonances, all exemplified in spectra obtained with Vanilla sp extracts - Pure
Shift against classical 'H NMR - Figure 4. Overall, the expansion of coupled resonances reached
Wip values from 1 to 60 Hz, whereas singlet peaks varied between 1 to 10 Hz: the methyl group
of acetic acid (1.97 ppm in Figure 4) attained a W1o value of 2.0 Hz in classical *H-NMR and 2.1 Hz
in the SAPPHIRE-PSYCHE (S) spectrum. The anomeric resonance of sucrose (at 5.40 ppm), a
doublet with a J-coupling of 3.9 Hz, extends over a region equivalent to a Wip of 6.5 Hz, with each



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

individual peak accounting for 2.6 Hz of W1p (Figure 4). This value was higher than that of the
collapsed peak obtained in the SAPPHIRE-PSYCHE spectrum, W10 = 1.9 Hz (Figure 4). In the case
of the malic acid HB" (at 2.55 ppm), a doublet of doublets with J =7.8 Hz, 15.6 Hz, extends over
29.4 Hz (Figure 4), with calculated W1o values for each individual peak between 4.7 and 4.9 Hz.
This multiplet signal collapsed by Pure Shift into a single line (at 2.55 ppm), expanding over a W1o
value of 4.7 Hz (Figure 4).

Signal multiplicity becomes more complex in highly coupled hydrogens where the constitutive
peaks of the multiplet are no longer easily distinguishable, forming an almost continuous signal.
This is the case for the homocitric acid hydrogens, Hy (at 2.24 ppm), H6 (at 2.02 ppm), and H&’
(at 1.91 ppm), Figure 4. The Hy, HS, and H&6 multiplets with W10=38.3 Hz, W10=41.5 Hz, and
W10=34.8 Hz, respectively, collapsed to singlets of W10o=7.8 Hz (Hy, 2.24 ppm), W10=8.0 Hz (H$§,
2.02 ppm) and W10=6.2 Hz (H6’, 1.91 ppm), Figure 4. This enhanced resolution allowed better
discrimination of other overlapped signals corresponding to malic Acid (HB, 2.77 ppm HB’, 2.55
ppm), homocitric acid (Ha 2.80 ppm and Ha’, 2.63 ppm), and homocitric acid lactone (Ha', 2.84
ppm and Hb 2.65 ppm) (Figure 4).

The improvement in resolution in the SAPPHIRE-PSYCHE homonuclear decoupled spectra that
permits better discrimination among signals is further demonstrated in two highly compromised
regions, 4.85 — 5.08 ppm and 7.05 — 7.31 ppm, where important metabolites involved in vanilla
fragrance metabolic pathway could be identified: glucoside A (see structure in Figure 5), CH-2",6
(at 7.28 ppm), CH-2",6" (at 7.18 ppm), CH-3",5" (at 7.09 ppm), CH-3",5" (at 7.07 ppm), CH»>-7" (at
4.97 ppm and 5.05 ppm), CH>-7" (at 4.89 ppm), CH-Glc (at 4.96 ppm) and CH’-Glc (at 4.93 ppm),
glucoside B (see structure in Figure 4), CH-2",6" (at 7.29 ppm), CH-2",6” (at 7.23 ppm), CH-3",5’
(at 7.09 ppm), CH-3",5" (at 7.07 ppm), CH2-7" (at 4.99 ppm), CH»-7" (at 4.91 ppm), hydroxybenzyl
alcohol (7.23 ppm) and hydroxybenzyl alcohol glucoside (7.10 and 4.51 ppm), Figure 4.

The same results were observed with Cape gooseberry extracts and in the potato tuber analysis.
In these two cases, several crowded regions on regular *H-NMR, PSYCHE, and SAPPHIRE-PSYCHE
have been expanded for comparisons (Figures 6 and 7).

It is clear that PSYCHE and SAPPHIRE-PSYCHE experiments clearly improved signal resolution of
Cape gooseberry extracts for sucrose (4.04 ppm), B-fructose (4.02 ppm and 3.99 ppm), B-glucose
(3.24 ppm), proline (2.34 ppm, 2.07 ppm, and 2.00 ppm), glutamic acid (2.16 ppm), and glutamine
(2.13 ppm) (Figure 6), as we showed in previous work,'* as well as it did in the case of the S.
tuberosum extracts: GABA (1.91 ppm, 2.33 ppm, and 3.02 ppm), pyroglutamic acid (2.04 ppm,
2.41 ppm, and 2.51 ppm), proline (2.00 ppm, 2.07 ppm, 3.33 ppm, and 3.42 ppm), glutamine
(2.14 ppm and 2.46 ppm), valine (2.27 ppm), citric acid (2.64 ppm and 2.76 ppm), and B-glucose
(3.25 ppm and 3.47 ppm), Figure 7.

The PSYCHE sequence is relatively easy to use and it has been successfully implemented in a wide
range of applications®. To attain the decoupled spectrum, the pulse sequence acquires small
chunks of FID refocussing the J-coupling at the middle of each block. However, a small J-coupling
evolution occurs during each block and generates the periodic sidebands artifacts which normally
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represent less than 5 % of their parent peak?!. The presence of these J modulation artifacts,
inherent to PSYCHE experiments,?! are evident in Figure 6 expanded zones. In the analysis of pure
compounds these artifacts can be neglected. In biological samples, this may not be the case,
because, as shown in Figure 6 for proline (4.13 ppm, 3.41 ppm, and 3.33 ppm), asparagine (3.97
ppm), myo-inositol (3.27 ppm), GABA (3.03 ppm), and malic acid (2.67 ppm), and in Figure 6 for
pyroglutamic acid (2.04 ppm, 2.41 ppm, and 2.51 ppm) and valine (2.27 ppm), metabolites at
higher concentrations generate artifacts as large as some of the signals belonging to compounds
present at low concentrations compromising in this way the accuracy of the metabolic profiling.

The SAPPHIRE-PSYCHE experiment is a modification of the regular PSYCHE sequence in which
these periodic artifacts are removed by systematic phase modulation, achieved by shifting the J
refocusing point.2> Consequently, the SAPPHIRE-PSYCHE experiment allows to ensure a much
cleaner Pure Shift spectrum, as shown in Figure 6 for proline (4.13 ppm, 3.41 ppm, and 3.33 ppm),
asparagine (3.97 ppm), myo-inositol (3.27 ppm), GABA (3.03 ppm), and malic acid (2.67 ppm), in
the case of cape gooseberries,'* and in Figure 7 for pyroglutamic acid (2.04 ppm, 2.41 ppm, and
2.51 ppm) and valine (2.27 ppm), in the case of potatoes.

Another artifact from which all Pure Shift experiments suffer are those generated by the strong
coupling effect. Some important primary metabolites such as citric acid (2.64 ppm and 2.76 ppm)
and glutamine (2.14 ppm and 2.46 ppm), exhibit strong coupling artifacts, as shown in potato
tuber extract (Figure 7). To date, there is no pulse sequence that can conveniently eliminate this
problem; however, SAPPHIRE-PSYCHE performs better than regular PSYCHE®?:23,

Correlation matrix analysis

One of the main advantages of NMR spectroscopy is that the relative concentrations of
metabolites in a mixture are directly proportional to the intensities of their signals. Then, a
metabolite pairwise correlation matrix may be obtained directly from the spectra correlation
matrix32.

The 'H-NMR correlation matrix, commonly known as STOCSY3? (Statistical Total Correlation
Spectroscopy), is usually represented as a pseudo-2D spectrum, where each cross peak is a
correlation coefficient between two signals (Figure 8) 1. STOCSY displays high correlation
between signals that belong to the same molecule, but also with signals from molecules that
pertain to the same metabolic pathway'' 32, Hence, correlations patterns provide information
about the physiological state of the system, and can therefore be employed as a physiological
stage fingerprint.33

The main limitation of STOCSY is signal overlapping, which decreases the pairwise correlation"
32 Moreover, J-coupling multiplicity correlations, lead to highly complex patterns, complicating
further the analysis'™ 32. The use of SAPPHIRE-PSYCHE STOCSY, shown in Figure 8, enhances
correlation values because it reduces J-coupling multiplicity correlations into a single peak,
thereby reducing the overlapping?!?.

Several regions have been expanded in Figure 8. Malic acid shows complex J multiplet patterns
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associated with Ha (4.41 ppm), HB (2.82 ppm), and HB' (2.67 ppm); in Pure Shift STOCSY those
signals collapse into single correlation peaks (Figure 9A).'! Same results are observed for B-
glucose were intermolecular and intramolecular (a-glucose, a-fructose, and B-fructose)
correlations are better depicted by SAPPHIRE-PSYCHE (Figure 9B).'! Some amino acids also
display strong intramolecular correlations in Cape gooseberry extracts. However, their
identification in regular *H-NMR STOCSY is compromised by the overlap in crowded regions. With
Pure Shift STOCSY, proline, alanine, glutamine, and glutamic acid intermolecular and
intramolecular correlations are better depicted (Figures 9C and 9D) 1.

Multivariate analysis

Multivariate analysis is one of the main tools employed in addressing metabolomics data3* 3.
While sample discrimination by PCA (Principal component analysis) or PLS-DA (Partial least
squares-discriminant analysis) could easily be achieved through regular *H-NMR spectra, the
interpretation of the loading is better addressed through pure-shift data'® 24 2> 27,28,

In Figure 10, we show the PLS-DA score plot obtained using SAPPHIRE-PSYCHE (Figure 10A) and
regular proton spectra (Figure 10B) in the discrimination of six ecotypes of P. peruviana
extracts'l. Even though there are some studies which claim better discrimination performance
when using Pure Shift data?* 2°, our results show that the performance was barely affected by
the homonuclear decoupling!’. In the case of the analysis of the loadings data, as shown in
Figures 10C and 10D, the increased resolution attained with the SAPPHIRE-PSYCHE data
simplified the analysis and allowed a better identification of the specific metabolites responsible
of P. peruviana discrimination, namely, a-glucose, B-glucose, a-fructose, B-fructose, sucrose,
citric acid, and alanine!. This resolution gain was also critical when combining PLS coefficients
analysis with STOCSY correlation, Figures 10C and 10D'!. The strong correlation between a-
glucose (STOCSY vector at 5.23 ppm is color-coded on the first PLS component) and B- glucose,
a-fructose and B- fructose — all metabolites which evolve from the same metabolic pathway —
and its anti-correlation with respect to sucrose, are evident!!. With normal STOCSY analysis, the
extensive overlap did not allow clear depiction among correlation coefficients and produce the
loss of this particular metabolic pathway information (Figure 10) **.

FIGURES:

Figure 1. (A) PSYCHE spectra of Vanilla planifolia extracts using different CHIRP pulse flip angles
for the PSYCHE element: left, flip angle values; right, intensity multiplication factor. (B) and (C)
Graphs show the intensities and signal-to-noise of five decoupled peaks (black - 4.31 ppm, orange
-4.16 ppm, red - 2.65 ppm, yellow - 2.63 ppm, and blue 2.56 ppm) as a function of the flip angle
of the PSYCHE CHIRP pulse, respectively. The signal-to-noise ratio (S/N) (more precisely, signal to
noise + artifact ratio) was calculated using the signal of maximum intensity against that of the
noise, value calculated over a 2ppm range: from 7.75 ppm to 9.75 ppm (Figure S12).

Figure 2. PSYCHE (A) and SAPPHIRE-PSYCHE (B) spectra of Vanilla planifolia extracts with
different interferogram Pure Shift block duration. The experiments were acquired in order to
maintain the same digital resolution and sensitivity. PSYCHE (A) parameter from bottom to top:
128 scans, 64 interferogram blocks, 6.4 ms block length, total acquisition time 6h07min; 128
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scans, 32 interferogram blocks, 12.8 ms block length, total acquisition time 3h04min; 128 scans,
16 interferogram blocks, 25.6 ms block length, total acquisition time 1h32min; 128 scans, 8
interferogram blocks, 51.2 ms block length, total acquisition time 46min; 128 scans, 4
interferogram blocks, 102.4 ms block length, total acquisition time 24min. SAPPHIRE-PSYCHE (B)
parameter from bottom to top: 16 scans, 8 J modulation increments, 65 interferogram blocks,
6.4 ms block length, total acquisition time 6h19min; 16 scans, 8 J modulation increments, 33
interferogram blocks, 12.8 ms block length, total acquisition time 3h13min; 16 scans, 8 J
modulation increments, 17 interferogram blocks, 25.6 ms block length, total acquisition time
1h40min; 16 scans, 8/ modulation increments, 9 interferogram blocks, 51.2 ms block length, total
acquisition time 53min; 16 scans, 8 J modulation increments, 5 interferogram blocks, 102.4 ms
block length, total acquisition time 30min.

Figure 3. (A) spectra of Vanilla planifolia extracts with 102.4 ms chunk length: top, PSYCHE 128
scans, 4 Pure Shift increments; middle top, 4 scans, 4 Pure Shift increments, 32 SAPPHIRE
increments; middle bottom, 8 scans, 4 Pure Shift increments, 16 SAPPHIRE increments; bottom,
16 scans, 4 Pure Shift increments, 16 SAPPHIRE increments. (B) spectra of Vanilla planifolia
extracts with 51.2 ms chunk length: top, PSYCHE 128 scans, 8 Pure Shift increments; middle top,
4 scans, 9 Pure Shift increments, 32 SAPPHIRE increments; middle bottom, 8 scans, 9 Pure Shift
increments, 16 SAPPHIRE increments; bottom, 16 scans, 9 Pure Shift increments, 16 SAPPHIRE
increments.

Figure 4. Selected expansion regions of 'H NMR (1H) and SAPPHIRE-PSYCHE (S) spectra V.
planifolia (1.85 — 2.9 ppm) and V. pompona (4.85 — 7.31 ppm), showing signal assignments.

Figure 5. Structures of vanilla fragrance precursors: 4-hydroxybenzyl alcohol (4-HBA), 4-HBA
glucoside, glucoside A, and glucoside B.

Figure 6. Selected expansion regions of *H NMR (1H), PSYCHE (P), and SAPPHIRE (S) spectra of an
aqueous extract of Cape gooseberry (Bambamarca | Peruvian Andean region?®) showing signal
assignments (Reprinted with permission from Lopez et al.*!).

Figure 7. Selected expansion regions of *H NMR (1H), PSYCHE (P), and SAPPHIRE (S) spectra of an
aqueous extract of potato showing signal assignment.

Figure 8. Selected expanded regions (3.20 ppm—4.30 ppm) of two-dimensional STOCSY NMR
spectra obtained with data from six Cape gooseberry extracts showing correlation values (r?)
above 0.85: (A) regular 'H NMR STOCSY and (B) SAPPHIRE-PSYCHE STOCSY. Reprinted with
permission from Lopez et al.!!

Figure 9. STOCSY representations of NMR spectra of six different Cape gooseberry extracts
showing correlations (r?), in the left without homodecoupling and in the right with
homodecoupling for regions: (A) 4.38-4.42 ppm and 2.40—-4.42 ppm with r? above 0.80 for malic
acid (MA) signal (Ha-MA); (B) 3.21-3.27 ppm and 3.21-4.67 ppm with r? above 0.85 for B-glucose
signal (H2-B-Gluc); (C) 2.30-2.38 ppm and 1.25-4.36 with r? above 0.93 for proline (Pro) signal
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(HB'-Pro); (D) 2.15-2.17 ppm and 1.25-4.5 ppm with r? above 0.90 for glutamic acid (Glu) signal
(HB-Glu); a-glucose, a-fructose, B-fructose are symbolized as a-Gluc, a-Fruc, and B-Fruc,
respectively. Reprinted with permission from Lopez et al.!

Figure 10. PLS scores plot of Cape gooseberries extracts grown in six different Andean regions*®
28 (San Marcos: red circles, Celendin Ill: brown triangles, Bambamarca I: blue stars, Celendin I:
yellow triangles, Bambamarca Il: green squares, Celendin |l: magenta diamonds) based on (A)
classical *H NMR and (B) SAPPHIRE-PSYCHE experiments. Hotelling’s T? ellipses were set to 95%
confidence level. Combination of PLS1 loadings and 1D STOCSY for a-glucose correlation using
the STOCSY signal at 5.23 ppm as driver peak. The coefficient of determinations (r?) have been
color coded and projected on the coefficients of the first PLS component: (A) 1D STOCSY obtained
with SAPPHIRE-PSYCHE data (top) and its expansion 3.15-4.17 ppm (bottom); (B) 1D STOCSY
obtained with 'H NMR data (top) and its expansion 3.15-4.17 ppm (bottom); a-glucose, B-
glucose, a-fructose, B-fructose, and sucrose are symbolized as a-G, B-G, a-F, B-F, and S,
respectively. PLS-DA and STOCSY analysis was perform using MATLAB Version R2018a. (Reprinted
with permission from Lopez et al.?)

DISCUSSION

Metabolite structural identification and quantitation are key issues in the characterization of the
metabolome, data that when subjected to multivariable analyses permits to better understand
the biological system under study. Sample preparation and data acquisition are critical aspects
that need optimization in order to provide reliable results.

In this article, we describe and illustrate the sample preparation for NMR analysis of three
different plant matrices. As with any extraction procedure, the amount of solvent per gram of
material and the physical properties of the selected solvent will determine the chemical
composition of the final extract and the concentration of the extracted metabolites. In the case
of NMR metabolomic profiling, pH, reproducibility between independent sample extractions, and
final amount of extract in the NMR tube are also aspects that need optimization. The importance
of reproducibility in metabolomics is to avoid the introduction of uncorrelated variance, which
could lead to unreliable results. In our experience, optimal extraction conditions were attained
with the dry and grinded plant material. In the case of Cape gooseberries, the dry product was
very difficult to handle (highly hygroscopic) so the fresh berries were homogenized first, prior to
lyophillization.

In the case of spectra acquisition, Pure Shift experimental setup is of particular importance, as
wrong parameters can lead to chunking and recoupling artifacts. The theory behind the principles
of Pure Shift experiments, extensively reviewed elsewhere®10, is important to understand how
to correctly configure the pulse sequence and implement it as a routine experiment.

In brief, most Pure Shift experiments are based on refocusing the J-coupling evolution during
chemical shift recording. This is typically accomplished by a J-coupling refocusing element that
selectively inverts "passive" spins, while the "active" spins remain unaffected. PSYCHE and
SAPPHIRE-PSYCHE are based on an anti-z-COSY experiment where “passive” spins are statistically
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inversed.

The PSYCHE element, which consists of two swept-frequency low flip angle pulses in the presence
of a weak pulsed field gradient, induces frequency spatiotemporal averaging, selecting the anti-
diagonal COSY terms while suppressing zero quantum and cross correlation terms. Accordingly,
to avoid the inherent recoupling artifacts, the CHIRP pulse flip angle needs to be short (Figure 1).
Typically, a 20° flip angle is a good compromise between sensitivity and decoupling performance
(Figure 1). Therefore, pulse calibration is critical for the quality and sensitivity of the spectrum.

Metabolomic studies are usually associated with spectra recording on a large number of samples,
which implies that pulse calibration must be fast or automatic. In our experience, if the samples
are prepared in exactly the same way, the hard pulse length variability among samples is less
than + 0.2 pus. We normally calibrate between 6 and 12 samples and then use the average value
attained to set-up the whole group of samples. In the case that the pulse length variability from
sample to sample were higher, automatic calibration of each sample should be performed using
Topspin pulsecal automation program on Bruker spectrometer.

The second important parameter to consider is the length of the recorded blocks during the
stepwise interferogram acquisition?? 23, Interferogram acquisition consists in recording the FID
by small chunks, with the refocusing point of the J-coupling evolution always coinciding with the
center of the acquired chunk. The decoupled FID is constructed by concatenating each successive
chunk®1°, To ensure that the block acquisition does not truncate chemical shift evolution, the
start of each data recording must exactly match the end of the previous chunk.

Although this procedure allows us to obtain a homodecoupled spectrum, the small J-coupling
evolution during each block generates periodic sidebands artifacts directly dependent on the
chunk length. On the other hand, the spectral digital resolution depends on the spectral window
and on the total duration of the decoupled FID, which, in turn, depends on the block length and
number of recorded blocks. Therefore, to reduce periodic artifacts without sacrificing resolution,
the block duration should be short, and the total number of recorded blocks should be high.
These conditions, however, will highly increase the total experimental acquisition time without
increasing sensitivity (Figure 2). Typically, a PSYCHE experiment acquired with 16 to 32 blocks of
10 to 16 ms duration gives enough digital resolution in a reasonable experimental time (30 min
to 5 h) (Figure 2).

In the case of SAPPHIRE-PSYCHE, an experiment that is acquired as a pseudo 3D, one of the
indirect dimensions encodes for the Pure Shift interferogram acquisition and the other for the
phase modulation of the periodic artifacts through the systematic shift of the J refocusing point
in each chunk.

As periodic artifacts are strongly suppressed by SAPPHIRE, the block lengths could be longer;
however, very long chunks strongly affect the intensity of the signals (Figures 2 and 3). In
SAPPHIRE, J modulation increments contribute to spectrum sensitivity, therefore, the resulting
decoupled FID total number of scans is equal to TD2 * NS (Figures 2 and 3) 2. Generally speaking,
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eight J modulation increments ensure an excellent periodic artifact suppression and more than
eight increments have very little effect on the quality of the spectrum, even if long chunk lengths
are used (Figure 3) 23. Pure Shift increments of 33 or 17 with durations between 20 to 40 ms
ensure a good spectral digital resolution.

One limitation of both of these Pure Shift pulse sequences, PSYCHE and SAPPHIRE-PSYCHE, is
quantification by absolute metabolite-internal standard integration. In regular 'H-NMR, the
integrated intensity is directly proportional to the concentration of each metabolite. In PSYCHE,
this is no longer the case, because a number of phenomena distort the signals and affect
integration. For instance, the total integral value diminishes due to T2 relaxation during the pulse
sequence spin selection. Also, the truncated J coupling evolution during the chunk acquisition
which generates sidebands artifacts, disrupts the Lorentzian shape of the signal. Hence, the
integral is now comprised by areas under the main peak and under all the sidebands,
complicating signal integration® ® 2% 23, The frequency and magnitude of the sidebands are
directly related to the chunk length but also to intrinsically molecular properties such as
relaxation and the J coupling magnitude and multiplicity: higher J coupling magnitudes and higher
multiplicities, lead to more distorted signals. In the case of SAPPHIRE, even though this NMR
experiment efficiently removes the sideband artifacts, the signal intensities are compromised by
the truncated J coupling evolution. The sum of each J modulated increment, generates an
averaged decoupled FID where signal diminishment is directly related to the chunk length and
the J coupling magnitude and multiplicity?>. Moreover, CHIRP pulse flip angles generate
recoupling artifact which also affects each signal differently, further complicating the
quantification?!. The magnitude of the effect of these pulse sequences in quantitative analysis
was assessed in our earlier Cape gooseberry study yielding errors of around 10% to 30%*".

Finally, we can conclude that Pure Shift is an excellent new tool for plant metabolomics, it
drastically increases the spectrum resolution, allowing a finer correlation matrix analysis and a
better interpretation of multivariate analyzes!t. 24 25 27,28,
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June the 14th, 2021

No JoVE62719
Pure Shift Nuclear Magnetic Resonance: a new tool for plant metabolomics.,

Dear Editor:

We would like to thank you and the reviewers for their time in revising our manuscript.
In the new version here attached all the questions raised by the reviewers have been
addressed.

The resubmission includes the following files as requested:

(1) a cover letter indicating ITEMIZED NUMBERED RESPONSE to each of the
reviewer's comments. Comments by the reviewers are provided in black normal font,
our responses are highlighted in blue font, and the in-text citations of the updated
version of the manuscript are shown in red. Black bold font is used to highlight original
text in submitted manuscript.

(2) a clean unmarked copy of the revised manuscript.

(3) All figures and tables are included separately.

(4) The Supplementary Information has been updated.

We appreciate the support received to improve the quality of this document.

On behalf of the authors,

Dr. Juan Manuel Lopez


https://www.editorialmanager.com/jove/download.aspx?id=1340131&guid=b479481b-3cea-43de-b49e-44062e32ea3a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1340131&guid=b479481b-3cea-43de-b49e-44062e32ea3a&scheme=1

RESPONSE TO REVIEWER COMMENTS:
Reviewer: 1

Manuscript Summary:

This manuscript aims to provide a practical guide how to set up PSYCHE and SAPPHIRE-
PSYCHE for metabolomics studies. It provides some examples to illusrate the advantages of
the increased resolution of and of the chunking artefact suppression for the analysis. It also
refers to previous papers published by the authors. | believe this paper can indeed be useful for
analytical chemists who are not necessarily NMR experts, but who wish to apply pure shift
methods for their metabolomics studies.

I believe the paper can be published without major revisisions. | have a number of minor
remarks that the authors should consider, mostly comments on the way things are phrased that
may create confusion.

Copy-editing: The writing is mostly fine, but I did encounter a few typographical errors here
and there.

We thank the reviewer for taking the time of detecting several typo errors. We really appreciate
it.

Major Concerns:
None.

Minor Concerns:
1- line 75 : authors mean a "crowded spectrum"
Correction made.

Line 73-75: First, all the 1H NMR signals detected in the sample are distributed in a small
window corresponding to the proton chemical shift window, which results in crowded
spectra.

2- lines 98-99 : Authors mean "sideband artifacts" and not "size band artifacts". Also, | propose
to rephrase this sentence, as it subtly confuses two concepts: it is not the interferogram
acquisition that leads to J-modulation artefacts, but the fact that data is acquired as chunks. If
the interferogram would be performed with the acquisition of single data points per increment,
there would be no such sidebands (but of course that results in an unacceptably long
experiment). My suggestion: "However, as PSYCHE is a 2D interferogram experiment where
chunks of time domain data are acquired, it suffers from periodic sideband artifacts that result
from J-coupling modulation distortions at the edges of these chunks."

We agree with the reviewer and the suggested corrections were made.

Line 94-99: In 2014, Foroozandeh et al. published a new Pure Shift experiment, PSYCHE
(Pure Shift Yielded by Chirp Excitation), based on anti-z-COSY pulse sequence which
yielded excellent homonuclear decoupling and improved sensitivity values.?! However, as
PSYCHE is a 2D interferogram experiment where chunks of time domain data are
acquired, it suffers from periodic sideband artifacts that result from J-coupling
modulation distortions at the edges of the chunk.



3-line 101: "without sensitivity penalty”. Strictly speaking, there is a sensitivity penalty, since
(1) the additional delays in the pulse sequence causes some additional T2 relaxation and (2) the
averaging of the differently J-modulated time domain data. However, these losses are not so
high and the gain in spectral purity by far outweighs this disadvantage. It would be worthwhile
to modify this statement accordingly.

The same remark for the sentence at

We agree with the reviewer and we have made the change in the manuscript
Line 106-109: In 2019, we demonstrated for the first timell that the SAPPHIRE-
PSYCHE Pure Shift method, which removes artifacts with almost no sensitivity penalty?-

could be employed for the analysis of complex biological mixtures, such as extracts of the
fruits of Physalis peruviana, commonly known as Cape gooseberries.

4- line 203: the chirp pulse flip angle needs to be "small”, not "short" (using the word "short"
would suggest changing the PSYCHE pulse length, which is not done here).

We agree with the reviewer and we have made the change in the manuscript

Line 205-207: Note: The PSYCHE experiment is based on an anti-z-COSY scheme,
consequently the CHIRP pulse flip angle needs to be small to avoid recoupling artifacts
(Figure 3).

5-lines 206 and 246 : the authors talk about "sensibility", but they mean "“sensitivity".

We agree with the reviewer and we apologize. The corrections have been made.

Line 210-211: A good compromise between sensitivity and low recoupling artifacts is to
set CNST61 = 20°.19 22

Line 249-251: Note: As in the regular PSYCHE experiment, the CHIRP pulse flip angle
needs to be short to avoid recoupling artifacts. CNST20 = 20° is a good compromise
between sensitivity and low recoupling artifacts.?t 225

6- line 211: "SPNAN" should be "SPNAM"

We agree with the reviewer and we have made the change in the manuscript

Line 215: Choose the Crp_psyche.20 (SPNAM 37) shape pulse for the PSYCHE element
(Figure 2).

7- lines 213 and 252 : "small gradient" : the correct way to refer to this is a "weak magnetic
field gradient".

We agree with the reviewer and we have made the change in the manuscript

Line 218-220: Note: A weak magnetic field gradient is applied during the PSYCHE

element, normally, between 1% to 4% of the maximum strength of the gradient,
depending on the probe.



Line 258-261: Note: A weak magnetic field gradient is applied during the PSYCHE
element, normally, between 1% to 4% of the maximum strength of the gradient,
depending on the probe.

8- line 226: the authors might want to mention that L31 should best be set to a power of 2, so
that the final 1D has a power of 2 number of time domain points, as in regular 1D spectra (this
is not a hard requirement, but gives maximum information content in the real part of the
spectrum).

We agree with the reviewer and we have added the suggestion into the manuscript

Line 200-202: Note: L31 is the number of complex digital points acquired in each Pure
Shift block, best to be set to a power of 2.2

9- lines 264-266: longer data chunks are indeed allowed with SAPPHIRE, but this will mean
more averaging is needed to remove the now stronger sidebands. This discussion is in the
original SAPPHIRE paper from Moutzouri et al. It would be good to mention this point, as it
is here represented as if longer chunks come at no costs.

We agree with the reviewer and we have added the suggestion into the manuscript

Line 272-274: However, longer chunk data acquisition leads to higher J-coupling
evolutions, which would require more J-coupling phase modulation increments to remove
the stronger sidebands attained.?®

10- line 336-337: same remark as before: "the artifacts generated during chunked data
acquisition are a problem".

We agree with the reviewer and we have modified the paragraph

Line 342-246: The PSYCHE sequence is relatively easy to use and it has been successfully
implemented in a wide range of applications.® To attain the decoupled spectrum, the pulse
sequence acquires small chunks of FID refocussing the J-coupling at the middle of each
block.

11- line 205 and line 434 (Figure 3): The authors should clearly state how the signal to noise
was calculated, and show the 'noise' region that is used in the figure. If the noise region suffers
from chunking artifacts, then | understand why the graphs in B and C do not show the same
maximum. But then the signal to noise was not measured, but rather the signal to artifact ratio.
For signal to noise, one should select a noise region with no signal and no artifact.

Indeed, the reviewer is correct, some artefact spread into the noise, we have stressed this point
to avoid any confusion. The noise range used for the calculation was specified in figure 1
caption and show in supporting figure S12

Line 207-210: The absolute intensity increases with the excitation flip angle. The periodic
artifacts are also enhanced, spreading into the spectrum and increasing the “noise”
(Figure 1). The “noise” becomes a combination of standard noise and chuncking artifacts.



Caption figure 1: The signal-to-noise ratio (S/N) (more precisely, signal to noise + artifact
ratio) was calculated using the signal of maximum intensity against that of the noise, value
calculated over a 2ppm range: from 7.75 ppm to 9.75 ppm (supporting figure S12).

12- lines 635-636: same remark as before about the sensitivity penalty of SAPPHIRE. Given
that the authors mention TD2*NS, what is probably meant here specifically is that there is in
principle no cost in total experimental time given the same chunk lengths are used in
SAPPHIRE-PSYCHE and PSYCHE. Experimental time and sensitivity are different concepts
that should not be confused with one another.

We agree with the reviewer, to avoid any confusions, we have modified the paragraph.

Line 567-570: As periodic artifacts are strongly suppressed by SAPPHIRE, the block
lengths could be longer; however, very long chunks strongly affect the intensity of the
signals (Figures 2 and 3). In SAPHIRE, J modulation increments contribute to spectrum
sensitivity, therefore, the resulting decoupled FID total number of scans is equal to TD2
* NS (Figures 2 and 3).2%

Reviewer #2:

The paper presents an application of pure shift NMR as a new tool to the characterization of
mixtures from plant metabolomics. The authors choose PSYCHE and SAPPHIRE-PSYCHE
experiments to analyze Vanilla plant leaves, potato tubers (S. tuberosum) and Cape
gooseberries (P. peruviana); and avoid signal overlaps. While this approach proves indeed
effective and useful, the hyperfine structures cannot be observed.

1- | feel that alternate and much simpler techniques such as TSE-PSYCHE
(doi.org/10.1039/C5CC06293D and doi.org/10.1016/j.aca.2020.03.014) would give a
significant improvement in spectral purity and artifact suppression. | believe that the application
of 1D PSYCHE pulse sequence has already been described in the literature. | am aware of this
paper: doi.org/10.1021/acssuschemeng.0c06882.

We agree with the reviewer TSE-PSYCHE is an alternative method, not yet utilized in
metabolomics. However, the purpose of this paper was to explain step by step the
implementation of regular PSYCHE and SAPPHIRE-PSYCHE methodologies already
described for metabolomics analysis (reference: Lopez et al. Ultra-Clean Pure Shift 1 H-NMR
applied to metabolomics profiling. Scientific Reports. 9 (1), 1-8, doi: 10.1038/s41598-019-
43374-5 (2019).

To comply with the reviewer, we included TSE-PSYCHE experiment and the reference in the
manuscript (see reference 16, 17 and 22).

Line 101-104: There are two methods to remove these artifacts - TSE-PHYCHE? and a
more recent modification of the PSYCHE experiment called SAPPHIRE-PSYCHE
(Sideband Averaging by Periodic PHase Incrementation of Residual J Evolution).?

2- For the paper to be acceptable, the authors should give a normative name of PSYCHE pulse
not "reset_psyche_1d", which cannot be founded from the Manchester NMR Methodology
Group website.



Sorry for the confusion the PSYCHE experiment that we use is from bruker library as we
mention in line XXXX

As SAPPHIRE-PSYCHE pulse sequence is not implemented in the Bruker library, we use the
sequence downloaded from Manchester NMR group.
Line xxx

Reviewer #3:

Manuscript Summary:

The manuscript report on Protocol of the plant extract preparation in different food presented
and their analysis using Pure Shift PSYCHE and SAPPHIRE-PSYCHE. Their comparison
shown with the classical 1H-NMR. However, | would like to raise the following point that may
contribute to improve the interest of this work.

Major Concerns:
1-Are Periodic size band artefact's not interfering with minor metabolites ?

Indeed, the reviewer is correct, sideband artifacts do interfere with the signals of minor
metabolites. The purpose of this article is to show step by step how to implement SAPPHIRE
—PSYCHE, method that removes sidebands artifacts that could overlap the signals of the minor
compounds.

Minor Concerns:

2- Author should add discussion on quantitative analysis as author focused on qualitative aspect
only.
Data about some references are not complete.

To comply with this request, we included a paragraph about quantification on the discussion.

Line 576-594: One limitation of both of these Pure Shift pulse sequences, PSYCHE and
SAPPHIRE-PSYCHE, is quantification by absolute metabolite-internal standard
integration. In regular 1H-NMR, the integrated intensity is directly proportional to the
concentration of each metabolite. In PSYCHE, this is no longer the case, because a
number of phenomena distort the signals and affect integration. For instance, the total
integral value diminishes due to T2 relaxation during the pulse sequence spin selection.
Also, the truncated J coupling evolution during the chunk acquisition which generates
sidebands artifacts, disrupts the Lorentzian shape of the signal. Hence, the integral is now
comprised by areas under the main peak and under all the sidebands, complicating signal
integration.? ® 212 The frequency and magnitude of the sidebands are directly related to
the chunk length but also to intrinsically molecular properties such as relaxation and the
J coupling magnitude and multiplicity: higher J coupling magnitudes and higher
multiplicities, lead to more distorted signals. In the case of SAPPHIRE, even though this
NMR experiment efficiently removes the sideband artifacts, the signal intensities are
compromised by the truncated J coupling evolution. The sum of each J modulated
increment, generates an averaged decoupled FID where signal diminishment is directly
related to the chunk length and the J coupling magnitude and multiplicity.?® Moreover,
CHIRP pulse flip angles generate recoupling artifact which also affects each signal
differently, further complicating the quantification.?* The magnitude of the effect of these



pulse sequences in quantitative analysis was assessed in our earlier Cape gooseberry study
yielding errors of around 10% to 30%.%

3-Please add software used for PCA analysis.

To comply with this request, the software used for PCA analysis has been added to the
manuscript. Caption figure 10:

Caption Figure 10: PLS-DA and STOCSY analysis was perform using MATLAB Version
R2018a (Mathworks, Natick, MA).
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Figure S1. PSYCHE, standard acquisition parameters.
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Figure S2. PSYCHE, standard acquisition parameters.
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w A IEC R Probe: CryoProbe
E gs;si'l “ (~) General
Gradient channel PULPROG sapphire_PSYCHE Pulse program for acquisition

1D 4096 Time domain size
SWH [Hz, ppm] 5000.00 999735 Sweep width
AQ [sec] 04096000 Acquisition time
RG 226 Receiver gain
DW [usec] 100.000 Dwell time
DE [usec] 15.00 Pre-scan-delay
CNST4 4.0000000 Number of points to drop when collecting FID
cnsts 5.000000 (td2/2)+1
D1 [sec] 2.000000000 Relaxation delay; 1-5* T1
D2 [sec] 0.014000000 Delay to keep the T2 weighting constant between the pure shift |
D16 [sec] 0.000200000 Gradient stabilisation delay
d30 [sec] 0.00640855 d30=in0r2
d40 [sec] 0.00480855 d40=in0/2-in10
DS 16 8. number of dummy scans
in0 [sec] 0.01281710 12 * sw1)
in10 [sec] 0.00160000 1/sw2

18 INF1 [usec] 25634 20 Increment for F1
INF2 [usec] 1600.00 Increment for F2

= 10 0 Loop counter for F1 dimension
18 0 Loop counter for F2 dimension

N NS 16 8 * n, total number of scans
TDav 0 Number of averages in nD
10arig 0 10arig=10
18orig 0 18orig=I8
tauA [sec] 0 tauA=0
tauAA [sec] 0.00640855 tauAA=InT1/4
tauB [sec] 0.01308000 tauB=d2-p17-2d16-20u
tauBB [sec] 0.01148000 tauBB=d2-p17-2*d16-20u-inf2

Figure S5. SAPPHIRE-PSYCHE, standard acquisition parameters.



| spectrum| procpars| AcquPars | Titie | PulseProg | Peaks [ integrais [ sample | | prot| Fia| Acqul

s AR IECYR Probe: CryoProbe

| General SFO1 [MHZ] 500.1323518 Frequency of ch. 1

| Channel 1 01 [Hz. ppm) 235182 4702 Frequency of ch. 1

it channol NUC1 H Nucleus for channel 1
CNST20 20.0000000 Desired flip angle for PSYCHE puise element (degree) (normally 10-25)
CNST21 10000.0000000 Bandwidth of each chirp in PSYCHE pulse element (Hz) (normally 10000)
cnst31 90005.281250 cnst31= (p30/p1) * (p30/p1)
cnst50 64.150032 Cnst50=(cnst20/360)"sqrt((2cnst21)/(p40/2000000))
P1 [usec] 12.900 High power 90 pulse width
p2 [usec] 2598 High power 180 pulse width
P30 [usec] 3807.11 P30=1000000.0/(cnst50*4)
P40 [usec] 30000.000 Duration of double-chirp PSYCHE pulse element
PLWO [W, dB] o 1000.00 Zero power (OW)
PLW1 W, dB] 6 778 Power level for puise (default)
SPNAM 40 PSYCHE_Saltire_10kHz_30m [..]CE] File name for PSYCHE puise element
SPOAL40 0500 Phase alignment of freq. offset in SP40
SPOFFS40[HJ 0 Offset frequency for SP40
Spwd0 [W, -dBW]  6.6663€-005 4176 Power level of ZS selective puise

(A) Gradient channel

GPNAM 1 SINE.100 [LJ(E] sine100
GPZ1 [%] 77.00 CTP gradient [77%]
GPNAM 2 SINE.100 ) [JCE] sme100
GPZ2 (%] 49.00 CTP gradient [49%]
GPNAM 3 SINE.100 [.)CE] sinE100
GPZ3 [%] 63.00 CTP gradient [63%]
GPNAM 10 RECT 1 [L.)CE] recT
GPZ10 [%] 200 Weak gradient during PSYCHE element (1-4%)
p10 [sec] 30000.00 Duration of weak gradient during PSYCHE puise element
P16 [psec] 500.000 CTP gradient puise width
P17 [psec] 500.000 CTP gradient puise width

[ P18 [usec] 500.000 CTP gradient pulse width

Figure S6. SAPPHIRE-PSYCHE, standard acquisition parameters.

2-1C 5000

|
| spectrum | ProcPars| AcquPars | Title | PulseProg | Peaks | Integrals | sample | structure | Piot | Fia | Acqu]
wnsyEs vCcR | Probe: CryoProbe
| Experiment F3 F2 F1 Frequency axis
Width =
Receiver (#) Experiment
Nucleus PULPROG sapphire_PSYCHE [..J(E] current puise program
SLT?"S AQ_mod e -  Acquisition mode
Program FnTYPE traditional(planes) : - -:‘ nD acquisition mode for 3D etc.
Prote FAMODE aF -/ aF ~| Acquisition mode for 2D, 3D etc.
Lists ProjAngle [degree] 0 Angle for projection-spectroscopy
NUS ™ 4096 |[8 JIES) | size of fid
oboe bs 6 Number of dummy scans
::::mau - NS 16 | Number of scans
iiscemaneols TDO 1 | Loop count for 'td0’
User TDav 0 Average loop counter for nD experiments
Routing Q‘) Width
SW [ppm] 0.0074 |[1.2407 l0.0780 | Spectral width
SWH [Hz) 5000.000 | \625.000 39.010 Spectral width
IN_F [psec] 11600.00 ||25634.24 | Increment for delay
AQ [sec] 0.4096000 |/0.0064000 ||0.4220650 | Acquisition time
FIDRES [Hz) 2441406 156.250000 ||2.364262 | Fid resolution
FW [H] 4032000.000 | Filter width

Figure S7. SAPPHIRE-PSYCHE, standard acquisition parameters.
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Figure S8. Representative (A) *H NMR, (B) PSYCHE, and (C) SAPPHIRE-PSYCHE spectra of an
aqueous extract of Cape gooseberries (Bambamarca I)
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Figure S9. Representative (A) 'H NMR, (B) PSYCHE, and (C) SAPPHIRE-PSYCHE spectra of Vanilla
pompona extracts.
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Figure S10. Representative (A) *H NMR, (B) PSYCHE, and (C) SAPPHIRE-PSYCHE spectra of Vanilla
planifolia extracts.
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Figure S11. Representative (A) 'H NMR, (B) PSYCHE, and (C) SAPPHIRE-PSYCHE spectra of an
aqueous extract of potato.

75t AP A ot g
52 WA A I
35 A DA AW A AW I o B
20° VA AMAMAANAAM AN A AR A A YA AAN W Aty A My S
T0° e e A A A AT A P AR AP A A A WA A e NN A W At Al

5° B i i i e  at at  ara  T E ss A L VAV VW

| | | 1 T | | | T |
96 94 92 90 88 86 84 82 8.0 ppm

Figure S12. Expanded noise region (from 7.75 ppm to 9.75 ppm) for different PSYCHE spectra of
Vanilla planifolia extracts using different CHIRP pulse flip angles for the PSYCHE element.



