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NOTATIONS AND ABBREVIATIONS

o7 ; 07”2 Final frequencies of = and /2 chirp pulses

o ; 0r'? Initial frequencies of = and ©/2 chirp pulses

v Gyromagnetic ratio

AVY? Half-height peak width in the ultrafast dimension
(9)] Precession frequency in the rotating frame

AO Chirp pulse band width

At Dwell time

1D, 2D, nD NMR  One, two, multi-dimensional NMR

BEST Band-Selective Excitation Short-Transient
C Spatial encoding Constant

COSsYy COrrelation SpectroscopY

CPMG Carr—Purcell-Meiboom-Gill

CT- COSY Constant-time COrrelation SpectroscopY
D Diffusion coefficient

DNP Dynamic Nuclear Polarisation
DQF-COSY Double Quantum Filtered COrrelation SpectroscopY
EPI Echo-Planar Imaging

EPSI Echo-Planar Spectroscopic Imaging

fb Receiver band width

FID Free Induction Decay

FMQ Fast Metabolite Quantification

FT Fourier Transformation
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Ga

Ge

GFT

HMBC
HMQC
HSQC
INADEQUATE
INEPT

k

L

LP

MER

MLEV

N1

nOe

NS

NUS
Q-HSQC
qNMR
Q-OCCAHSQC
RD

rf

RSD

SMART NMR

SNR

Amplitude of acquisition gradient

Amplitude of excitation gradient

G-matrix Fourier Transform

Hetero-nuclear Multiple Bond Correlation
Hetero-nuclear Multiple Quantum Coherence
Hetero-nuclear Single Quantum Correlation

Incredible Natural Abundance Double Quantum Transfer Experiment
Insensitive Nuclei Enhanced by Polarization Transfer
Wave number

Length of the radio frequency coil

Linear Prediction

Maximum Entropy Reconstruction

Malcom LEVitt’s composite pulse decoupling sequence
Number of t; values in the F; dimension

Nuclear Overhauser effect

Number of Scans

Non-Uniform Sampling

Quantitative HSQC

Quantitative NMR

Quantitative, Offset-Compensated, CPMG-Adjusted HSQC
Reduced Dimension

radio frequency

Relative Standard Deviation

Small Recovery Time NMR

Signal-to-Noise Ratio
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SOFAST Selective Optimized-Flip-Angle Short-Transient
SW; Spectral width in the F; dimension

SW, Spectral width in the F, dimension

ty Evolution period

T, Longitudinal relaxation time

T, Transverse relaxation

Ta Duration of acquisition gradient

Tyg Number of complex points in the ultrafast dimension
Te Time of Spatial encoding

TOCSY Total COrrelation SpectroscopY

TPPI Time Proportional Phase Incrementation

TR Repetition Time

ufJCOSY UltraFast J-resolved COSY

ZQC Zero Quantum Coherence

872 ; §" Duration of 7/2 and = chirp pulses
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Introduction

Nuclear magnetic resonance (NMR) is a highly accomplished spectroscopic technique, which is
extensively used for its quantitative potentialities in a variety of application in a large range of
disciplines, such as pharmaceutical analysis [1, 2], metabolic studies [3-5] or the authentication
of natural products [6-8]. *H NMR is a versatile tool to provide quantitative information for
small molecules or simple mixtures of low molecular weight substances. However, this
technique is limited in the case of complex molecules due to the peak overlapping. Quantitative
13C NMR [9] is an interesting alternative, as it provides a better discrimination of resonances due
to its much larger chemical shift range. However, its use in metabolomics is generally limited to
13C-labeled metabolites [10] because of its inherent low sensitivity. Therefore, in order to
address this limitation, it is important to spread out to higher dimensions. In the last ten years an
exponential increase of quantitative approaches have been perceived based on two-dimensional
(2D) NMR for solving the overlap problem inherent to one-dimensional (1D) spectroscopy,
mainly for mixture analysis [11-13]. However, the use of 2D NMR for quantitative purposes is
far from being trivial, not only because of the associated experiment time, but also due to its
subsequent high sensitivity to hardware instabilities. The latter highly affects the analytical
performance of 2D experiments (repeatability, linearity), consequently altering the accuracy and
precision of quantitative analysis. Recent papers have described the development and
optimization of 2D NMR experiments for quantitative analysis of metabolic samples [12, 14-
16]. Reducing the experiment duration appears as indispensable to reach a high quantitative
performance. Therefore, in order to drastically reduce the duration of 2D NMR experiments, the
NMR community has developed a number of methodologies, which are different from the
classical parametric incrementation scheme of 2D NMR. Ultrafast (uf) 2D NMR is a very
promising methodology enabling the acquisition of 2D spectra in a single scan. The analytical
performances of uf 2D NMR have highly increased in the last few years [17-19], and the
potentialities of ultrafast 2D NMR for precise and accurate quantitative analysis have been
demonstrated [17]. The ambition of my project is to develop a complete methodology to set
ultrafast 2D-NMR as a standard tool for fast and precise quantitative analysis of complex
metabolic mixtures.

In the introductory Part A, the quantitative applications of 1D, 2D NMR and their disadvantages

are reviewed. A special attention is paid towards the metabolic mixtures. This part also provides

1
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an overview of the current fast NMR techniques. In addition we focus on ultrafast NMR and its
recent developments.

In Part B, we discuss about the development of practical tools to run the ultrafast experiments
and for the implementation on spectrometers. We demonstrate the efficiency of this tool with
different samples by recording ufCOSY and ufHSQC spectra.

Part C deals with the quantitative applications of ufNMR. In order to compare with its
conventional counterpart in terms of sensitivity, we introduce a “Multi-Scan-Single-Shot” (M3S)
approach. Its analytical performance is evaluated by applying it to breast cancer cell extracts. In
addition to this we introduce the M3S approach in ufHSQC and discussed different strategies for
improving its performance.

Part D portrays the measurement of site specific **C-enrichment in fluxomics. We present two
novel techniques called ultrafast hetero-nuclear J-resolved and ultrafast J-resolved COSY for
these studies. These methods are applied to the measurement of **C-enrichments on a biomass
hydrolysate obtained from E. coli cells.

To conclude, Part E briefly summarizes the findings of the research described in this thesis,

followed by some perspectives on future research.
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Literature Review

1. Quantitative NMR

NMR is a powerful, non-destructive technique that gives a comprehensive structural and
conformational analysis of simple and complex molecules. Since its invention, NMR
spectroscopy has been used routinely as a qualitative technique. It offers several advantages
when compared to other analytical techniques: it can provide selectivity without separation, it is
independent of analyte polarity, and does not require sample derivatization prior to analysis
which makes it a non-destructive technique. Theoretically, the peak intensity of NMR signal
accurately reflects the molar ratio of the nuclei, making this technique conceptually simple for
the quantification. Based on this, the first quantification measurements were performed in 1963
by Jungnickel and Forbes [20] and Hollis [21]. Since then, various articles have been reported
demonstrating the potential of qgNMR [2, 22-24].

1.11D gNMR

Nowadays *H-gNMR is a well-established technique in many domains such as pharmaceutical
analysis [1], natural products [6], in vivo spectroscopy [25], metabolomics [3] and plants studies
[26]. Most of the quantitative studies are performed on ‘H due to its high frequency and
sensitivity, relatively short spin lattice relaxation times, no nOe (nuclear Overhauser effect) and
nearly 100% natural abundance and low gyromagnetic ratio. Quantitative *C NMR is less
sensitive due to the low natural abundance. In spite of this, quantitative *C NMR has been
widely described [27-29] and applied in a variety of domains from food science [30-32] to the
isotopic analysis of natural or synthetic molecules [9, 33, 34]. Apart from this, quantitative
applications of other nuclei have also been reported such as *'P [35],°N [36], }’O [37] and °F
[38] NMR. Moreover hetero-nuclei exhibit high potentialities for quantification owing to the
larger spectral widths which offer a high degree of discrimination between the peaks.

3¢, N and YO NMR are inherently less sensitive than *H, *P and *°F due to their low natural
abundance. To overcome this drawback, either more concentrated samples are needed or the
experimental time needs to be extended. In case of metabolic mixtures, since it is very difficult to
get such a high concentration of sample, long experiments are run to get a good sensitivity.

Obviously, with such long experimental times quantitative measurements are not practical for
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routine gNMR applications. However, the experimental time can be decreased by using
paramagnetic agents [9] or by employing time-shortening acquisition strategies [39] or
introducing polarisation-transfer [40]. Nevertheless, with the recent introduction of higher

magnetic field and cryogenically cooled probes, the issue of sensitivity is of less concern.
1.2 Limitations of 1D NMR

1D NMR is a well-established platform as a quantitative tool. However, this technique still
suffers from several limitations. In the case of complex mixtures such as metabolic mixtures,
quantification and assignment are made difficult by the high degree of spectral overlap.
Discrimination is difficult even at a high magnetic field, mainly due to two major reasons.
Firstly, the metabolic mixtures contain a high number of similar metabolites; therefore they give
peaks nearly at the same positions. Another reason is the high number of metabolites generally
present in the biological sample. This is well illustrated in Figure 1A on a model metabolic
mixture. In this *H spectrum of a metabolic mixture resonances are overlapped. In such type of

spectrum it is difficult to precisely assign the peaks and measure their area.
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Figure 1: 1D 'H (A) and 2D TOCSY (B) spectra of a model metabolic mixture, recorded at 298 K on a 400
MHz spectrometer [41].
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1.3 Why quantitative 2D NMR?

2D NMR appears as an attractive solution to the problems of overlapping signals in quantitative
1D NMR based quantitative measurements, because it allows a better discrimination of
resonances by spreading them in two orthogonal dimensions [11, 42]. It is clearly explained in
Figure 1B. On the 1D spectrum of the model metabolic mixture it is very difficult to assign the
peaks due to the overlap, whereas on the 2D TOCSY spectrum peaks are well discriminated in
two dimensions and all are easily assigned. Figure 2 highlights the potentiality of quantitative 2D
NMR in two different cases. Figure 2A shows the 2D DQF-COSY spectrum of a model mixture
of tropine and nortropine, two tropane alkaloids that are members of a group of compounds with
important pharmaceutical activity. The 1D spectra of these two compounds present a large
degree of overlap, while the resonances arising from tropine and nortropine are clearly separated
on the homo-nuclear 2D spectrum The mixtures of metabolites are another example, as
illustrated in Figure 2B. The 2D HSQC spectrum provides a good discrimination between these

resonances, thus avoiding overlap.
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Figure 2: 2D DQF-COSY spectrum (A) of an equimolar mixture of tropine and nortropine recorded in 12 min.
Only the positive components are plotted [43]. 2D 1H-13C HSQC NMR spectra (B) of a synthetic metabolic
mixture (red) overlaid onto a spectrum of aqueous whole-plant extract from A.thaliana (blue) recorded in 12
minutes [15]. These examples point out the limitations of 1D NMR and the potential of 2D NMR for quantitative
analysis.
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1.4 Challenges of 2D gqNMR

In 1D NMR spectroscopy, the peak intensity is directly proportional to the concentration of the
metabolites. In 2D NMR cross peak intensities are affected by various factors. Firstly, 2D NMR
sequences are always multi-pulse and therefore much more sensitive to pulse imperfections,
which is contrary to the single-pulse sequence commonly used in quantitative 1D NMR. These
pulse imperfections affect precision. However, they can be reduced by introducing composite
[44-47] or adiabatic pulses [48-51] in place of hard pulses. Prior reports on 1D and 2D proved
this by introducing such pulses in multi-pulse experiments which improved the quantitative
performance [16, 40, 52-54].

In addition to the pulse imperfections many other factors affect the peak volumes, such as the
relaxation times, homo or hetero-nuclear couplings etc [11, 53]. These aspects should be taken
into account when considering using 2D NMR for quantitative analysis.

There are mainly two different approaches proposed to take these factors into account and
obtain reliable quantitative results. The first one is the measure the peak volumes and then
correct them by a correlation factor [42]. This correlation factor depends on relaxation, J-
couplings and mixing time. This approach requires measuring all coupling constants and
relaxation time with a high precision which again leads to long experimental durations.
Moreover it is probably an utopia in the case of biological samples. The second approach is
based on calibration curves. It consists in recording spectra of model mixtures at different
concentrations and plotting the peak volumes versus the concentrations for each peak of interest
[15, 43, 55-57]. These plots can then be used for measuring unknown concentrations. In addition
to this, a few more approaches are proposed for quantification by using 2D NMR [58, 59].

However all these experiments lead to long experimental durations.
1.5 Principle of 2D NMR

The concept of two-dimensional NMR (2D NMR) was first proposed by the Belgian physicist J.
Jeener in 1971 [60]. However it was experimentally implemented by R.R.Ernst and his co-
workers [61-63]. The pulse sequence of a 2D NMR experiment in general may be divided into
the following blocks: preparation —evolution (t;) — mixing — detection (t,) as described in Figure
3. The trick of 2D NMR spectroscopy is that a second time variable, the evolution time t,, is
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introduced after preparation. It is followed by a mixing period, which makes it possible to

exchange information between spins.

Preparation Evolution(t;) Mixing Detection(t,)

Figure 3 : Schematic representation of 2D NMR principle

The detection period corresponds exactly to the one for 1D NMR spectroscopy. The time t,
provides, after Fourier transformation, the Q, frequency axis of a 2D NMR spectrum. The
evolution time t; is made stepwise longer, i.e. incremented, in analogy to the detection time t;. For
each t; increment a separate FID is detected in t. This process is repeated N; times until the
desired resolution is obtained. A signal is therefore obtained which is a function of two time
variables, t; and t,: S (13, t2). A series of Q, spectra is then obtained upon Fourier transformation
of each of the FIDs. They differ from one another in the intensities and/or phases of the
individual signals, according to the different t; increments. A second Fourier transformation over
t; “orthogonal” to the Q, dimension, results in a spectrum as a function of two frequencies (Q;

horizontal, Qvertical).

Figure 4: Construction of a 2D NMR experiment (A), FID representation in 2D Matrix (B), and 2D spectrum after
Fourier Transformation (C).
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The principles of 2D NMR spectroscopy are demonstrated in Figure 4. The acquisition of N
transients is necessary to obtain a 2D-FID with N = N;-NS. Here, N; is the number of t; values in
the F; dimension and NS is the number of transients accumulated in order to increase the SNR of

each 1D-FID and to perform the phase cycling. The experiment duration (Teyp) is given by
TeXp = N; X NS X TR

Where TR is the repetition time, i.e. the interval between two consecutive transient. TR is set as
typically 5 times the highest longitudinal relaxation time Tj.

1.6 Previous Work on 2D gNMR

1.6.1 Homo-nuclear J-resolved
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Figure 5: J-resolved pulse sequence (A), J-resolved spectrum (B) of serine [64]. Proton chemical shifts are
expressed in the horizontal dimension whereas Jy. are expressed in the vertical dimension,

The J-resolved sequence (Figure 5A) was proposed by Ernst and his coworkers in 1971 [65].
It offers chemical shifts and J-couplings in two orthogonal dimensions. As shown in Figure
5B, chemical shifts (*H) are expressed in the horizontal dimension (F,) and J-couplings (Ju)
are expressed in the vertical dimension (F;). From the gquantitative point of view Viant et al.

[66] used 2D J-resolved in the study of fish extracts. They established the correlation between
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the concentrations calculated from the 2D spectra and those calculated from the 1D spectrum
for the quantification of metabolites. They also reported a significant quantitation error of up
to 33%. An approach quite akin to this one has also been used by other groups in the analysis

of liver tissues [67] and plant metabolism studies [68-70].

1.6.2 Correlation SpectroscopY (COSY & DQF COSY)

E
A C g
90 90 4 m # e
tl om " '. :
B - L
90 90 , 90 | P [
I t I I t2 ' i [
A L on
' H 4 F
8k [
o P ’.'W it - . L
,&s s ™ . N ;v
q 1 L
L e e B
4 3 2 1 F2[ppm]

Figure 6: Pulse sequences of COSY (A) and DQF-COSY (B). COSY spectrum (C) of a 100 mM model
metabolic mixture.

The first and most popular two-dimension NMR experiment is the homo-nuclear correlation
spectroscopy (COSY) [61]. This experiment allows determining which protons are coupled by
scalar J-couplings. The sequence is made of two 90° pulses which are separated by an
evolution period (t;) (Figure 6A). In the spectrum we can see two types of peaks: diagonal
peaks and correlation peaks. Diagonal peaks correspond to the peaks in a 1D-NMR
experiment, while the cross peaks indicate couplings between pairs of chemical shifts.
Chemical shifts and couplings are obtained in both dimensions. Alonso et al. calculated the
metabolite concentrations in frog muscles from COSY spectra [71]. They performed the

quantification of the lactate levels on the basis of lactate cross peak volumes. The group
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reported a good linear correlation (R®-0.996) for the cross peaks of lactate at various
concentrations with respect to an internal reference cross peak. The normal COSY
experiments are measured in magnitude mode. The dispersive nature of the diagonal peaks
(broad tails) makes it very difficult to observe the COSY cross peaks that are close to the
diagonal. A variant of COSY, the DQF-COSY technique (COSY with Double Quantum Filter)
[72] has been proposed to overcome these drawbacks.

The DQF-COSY sequence (Figure 6 B) differs from the COSY by an additional 90° pulse
adjoining the detection pulse. This pair of pulses represents a filter for passing through the
double-quantum coherence [73], whereby the diagonal peaks and non-diagonal ones have the
same amplitude modulation and the same anti-phase character. It also eliminates diagonal
peaks from uncoupled nuclei. These all have the advantage that they give a cleaner spectrum
in which the diagonal peaks are prevented from obscuring the cross peaks. Nouaille et al.
identified and quantified maltodextrin-1-phosphate in a strain of Fibrobacter succinogenes
(rumen bacterium) using the DQF-COSY sequence [74].
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Figure 7: Pulse sequences of CT-COSY (A). CT-COSY spectrum (B) of a 100 mM model metabolic
mixture, acquired in 34 minutes on a 400 MHz spectrometer. Proton chemical shifts are expressed in both
dimensions.

Nevertheless these experiments still suffer from deficiencies. Particularly in crowded regions
it is often difficult to obtain the correct connectivities due to overlapping of multiplets.

Constant time COSY (CT-COSY) can be used to avoid overlapping cross-peak multiplets [75]
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(Figure 7A). Choosing a constant delay A produces decoupling in F;, and if A= 1/2], it

increases the intensity of the cross-correlation signals (Figure 7B).

1.6.3 Total COrrelation SpectroscopY (TOCSY & z-TOCSY)

TOCSY is also called HOHAHA (Homo-nuclear Hartmann-HAhn) [76]. It produces the same
type of plot as COSY. However, it gives additional correlations between all the protons in a
given spin system. The basic pulse sequence is given in Figure 8A. It is identical to the COSY;
the difference is that the second 90° pulse is replaced by a spin-lock period [77, 78]. During
this period, exchange of polarization takes place between all the coupled spins in a system
[79]. In its simplest form, the spin-lock uses a continuous irradiation along a given axis. One
of the most popular mixing schemes in TOCSY is the MLEV-17 [80]. The TOCSY sequence
has the advantage that it leads to pure absorption spectra, which is an undeniable advantage for
quantitative analysis. In addition, the TOCSY spectrum has more spots than the DQF-COSY
spectrum of the same compound, which increases the chances of getting uncovered spots used
for quantification. But it also increases the risk of overlapping. However, TOCSY spectra can
be sometimes hampered by undesirable artifacts arising from zero-quantum coherences (ZQC)
generated prior to and / or during the mixing scheme. This zero-quantum coherences leads to
line shape distortions in TOCSY peaks which affects the quantification studies.
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Figure 8: Pulse sequences of TOCSY (A) and z-TOCSY (B). z-TOCSY spectrum (C) of a biomass hydrolysate
from E. coli cells grown on 50% of [U-"*C]-glucose and 50% of natural abundance glucose acquired in 10 h on
a 500 MHz spectrometer with a cryoprobe [19]. Proton chemical shifts are expressed in both dimensions and Jc.
yare expressed in the horizontal dimension.
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Z-filters based on chirp pulses have been proved very efficient in removing the zero-quantum
coherences [81]. The zero quantum dephasing scheme was employed in TOCSY (Figure 8B)
in order to study the site specific **C- measurements in fluxomics [82]. In the case of *C-
enriched molecules, an additional 180° pulse on the *3C channel in the middle of the evolution
period is applied to perform *3C decoupling in the indirect dimension. The determination of
specific *C-isotopic enrichments in complex mixtures of *C-labeled metabolites is a
powerful tool for studying metabolic fluxes in living systems. Proton spectra of unenriched
biological extracts can contain thousands of *H resonances. Spectra of **C-enriched extracts
are further complicated by Jc. - couplings. In isotope-based metabolomics studies, which
involve complex mixtures of both *3C-labeled and unlabeled metabolites, NMR spectra are too
heavily overlapped to support comprehensive quantitative analyses. This pulse sequence
allows metabolomics studies to capitalize on isotope-based methods without increasing the
complexity of spectra. z-TOCSY was employed to record the spectrum of biomass hydrolysate
from E.coli cells grown on 50% [U-*C]-glucose and 50% of natural abundance glucose
(Figure 8C) [19]. Proton chemical shifts are expressed in orthogonal dimensions whereas Jc-

couplings are expressed in horizontal dimension only (see also Part D).

1.6.4 Hetero-nuclear Single Quantum Correlation (HSQC)
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Figure 9: Pulse sequences of HSQC (A) and sensitivity enhanced HSQC (B). HSQC spectrum (C) of a
100mM model metabolic mixture, acquired in 48 minutes on a 400 MHz spectrometer. In the spectrum H-
chemical shifts are expressed in horizontal dimension whereas**C -chemical shifts are expressed in the vertical
dimension.
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The simplest HSQC [83] experiment follows the scheme of Figure 9A. This experiment is built
on two INEPT sequences [84]. It correlates protons (H) with their directly attached hetero-nuclei
(X). Figure 9C shows the HSQC spectrum of a model metabolic mixture in which proton
chemical shifts are expressed in the horizontal axis (F2), whereas *C- chemical shifts are
expressed in the vertical axis (F;). Richardson et al. [85] quantified with this method the
metabolites after extraction, to understand the cellular metabolism in breast cancer. Hu et al.
used *H-"3C HSQC for studies of milk quality control, after optimization on a model mixture of
metabolites to verify the proportionality between the measured signal and the concentration.
After optimization on a model mixture of metabolites, successful results [56] have been
accomplished with regards to applications on milk components. Xi et al. developed a program
for peak assignment and calculation of the intensity [86]. This scheme was successfully applied
to several biological matrices (such as abalone muscles, fish eggs and trout liver). Another
approach was also used by Gronwald et al. [55] who built calibration curves and established the
limits of detection and quantification of different metabolites, to quantify the metabolites in
urine.

Another form of HSQC experiment was proposed by Palmer and his co-workers to improve
sensitivity [87]. In the HSQC experiment, hetero-nuclear single-quantum magnetization that
exists at the end of the t; period may be decomposed into two orthogonal components that lie
along the x and y axes. The subsequent 90° pulses on H and X are able to transfer only one of
these back into single-quantum proton magnetization, while the other gives rise to *H-X
multiple-quantum coherences that remain unobservable, meaning only one-half of the initial
proton magnetization contributes to the observed signal. In contrast, the sensitivity-enhanced
version of these experiments (Figure 9B) enhances the S/N ratio by V2 for heteronuclei with a
single attached proton. A modification of the INEPT transfer step back to 'H, allows the
conversion of multiple-qunatum into detectable coherently with its orthogonal partner. Rai et al.
[42] successfully applied this scheme for the quantification of human urine samples.

Other research groups made a note of the parameters that may influence the quantification.
Heikkinen et al. for example, with removal of the J-dependence of polarisation transfer,
quantified a mixture of wood lignin using the Q-HSQC sequence [16]. Recently, by introducing
an array of optimized rf pulses, Koskela et al. [88] reported an advanced version of this sequence

(Q-OCCAHSQC), which is less sensitive to off-resonance effects. In this paper, a human blood

13



Literature Review

plasma sample of a healthy volunteer was used to compare this method with *H NMR and 1D
CPMG spectra (Figure 10). Different peaks of a-glucose, B-glucose, alanine, lactate, and valine
were integrated, and the integral of the anomeric proton H; of a-glucose was set as the reference
(Figure 10). The QOCCAHSQC integration results were in good agreement with the 1D CPMG
results but were slightly higher. However, this small difference can be explained by signal
attenuation occurring during the T,-filtering period of the 1D CPMG sequence.
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Figure 10: NMR spectra from a human blood plasma sample: (A) *H NMR spectrum, (B) expansions of Q-
OCCAHSQC spectrum. The *H NMR spectrum was measured at 300 K with water signal presaturation, using
90° excitation pulse, and the repetition time was set to five times the longest T4 of the sample (7.2 s). The Q-
OCCAHSQC spectrum was measured with water signal presaturation and using 32 scans per increment. The
spectral widths in the proton and carbon dimensions were 10 ppm and 200 ppm, respectively. The repetition
time was set to 7.2 sec. Total measurement time was 26 h 41 min. Adapted from [88].

1.7 Experimental time

In spite of its high potentialities, the use of 2D NMR for quantitative studies is still limited by
a long experimental time due to the numerous N increments to get the indirect dimension

with a good resolution. In the case of metabolic mixtures which are characterized by low
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concentrations, it is needed to accumulate several transients for each N; increment to get good
sensitivity. These long experimental durations have several consequences, the first being the
overload of spectrometer schedules, which translates into non-negligible costs. A more
fundamental consequence is the impossibility of studying samples in which composition
evolves within the timescale of the nD experiment. This is not only the case for samples
undergoing chemical reactions or dynamic processes, but also for biological samples with
limited lifetimes. In addition long experiments are more likely to be affected by spectrometer
instabilities over time [89, 90]. This includes electronic variations (variations in pulse angle,
phase, receiver gain, etc.), lock instabilities, as well as magnetic field variations inside or
outside the magnet. They generate additional noise in the indirect dimension, due to the long
time interval (several seconds) between the acquisitions of two successive points of the
pseudo-FID. As a consequence of this “t; noise”, the signal-to-noise ratio (SNR) is always
lower in the indirect F; dimension, leading to noise ridges parallel to the F; axis, as illustrated

in Figure 11.

Figure 11: Stacked plot representation of a 2D COSY spectrum recorded on a model mixture of
metabolites, on a 500 MHz spectrometer with a cryoprobe. t; noise ridges parallel to the indirect F;
dimension are clearly visible, whereas the signal-to-noise ratio is much greater in the direct F,
dimension.
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While t; noise can be removed by subtraction or symmetrisation operations in routine
experiments [91] the application of such mathematical treatments in quantitative experiments
may affect the quantification [92]. Therefore, t; noise, which highly depends on the spectrometer
and hardware configuration, potentially affects the precision of quantitative 2D experiments and
also decreases the limit of concentration that can be measured precisely. These arguments tend to
suggest a close relationship between the experimental duration and the quantitative nature of
multi-dimensional experiments. The optimization of the experimental time is therefore a key
feature for generalizing the use of 2D NMR for quantitative analysis.

Since 2007, a few studies have introduced strategies to preserve the quantitative characteristics
of 2D NMR while reducing the experiment time. In 2007, our group demonstrated that J-
resolved spectroscopy and DQF-COSY are efficient techniques for precise and accurate
quantitative analysis of complex mixtures in a short time [43]. In this study, J-resolved and
DQF-COSY quantitative spectra were obtained on an equimolar mixture of tropine and
nortropine in 2.7 minutes and 12 minutes respectively. Our group also introduced the H-

INADEQUATE [57] sequence (Figure 12A) for quantitative applications in a recent paper.
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Figure 12: Pulse sequence for the acquisition of quantitative 2D 1H INADEQUATE spectra (A) and 2D
spectrum obtained on a cellular extract of MCF-7 breast cancer cells (B). The 2D spectrum was acquired in 13
min (1 transient, 128 t; increments), at 298 K, with water signal presaturation, on a 500 MHz spectrometer with
a cryogenic probe. The peaks chosen for integration are indicated for each metabolite. Ala : alanine; Lac :
lactate; Thr: threonine; GSH : glutathione; Ino : myoinositol; Tau : taurine; Gln : glutamine; Val : valine; Iso :
isoleucine; Pro : proline; Asp : aspartate; His : histidine; Ser : serine; Glu : glutamate; Cho : choline [12].

Quantitative *H-INADEQUATE 2D spectra of metabolite mixtures were obtained in 13 min with
repeatability better than 2% for metabolite concentrations as low as 100 mM, and with an
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excellent linearity. Compared to more prevalent experiments such as COSY or TOCSY, a higher
analytical performance was demonstrated for the homonuclear INADEQUATE pulse sequence.
The high degree of precision reached by this technique was credited to the much cleaner
diagonal in the case of INADEQUATE (Figure 12B). This fast protocol was then applied to
compare and contrast the metabolite content in three different breast cancer cell lines expressing
different hormonal and tyrosine kinase receptors (SKBR3, MCF-7 and MDA-MB-468) [12].

Gowda et al. increased the sensitivity and resolution of TOCSY and HSQC experiments (*H-"*N
and *H-*C) [93] by using enriched compounds by marking plasma *°N-ethanolamine and **C-
formic acid. Lewis et al. [15] introduced a fast protocol to measure the metabolite
concentrations in complex solutions using 2D 'H-C NMR, FMQ (for Fast Metabolite
Quantification) which uses the HSQC pulse sequence. It has been validated for a model mixture
of 26 metabolites and a spectrum was obtained in 12 minutes. Very recently our group proposed
a fast quantitative HSQC approach to reach high precision for isotopic studies [94]. In spite of
their high analytical quality, these experiments are still limited in terms of experimental time due
to the nature of 2D NMR experiments themselves.

1.8 Methods for Fast 2D data acquisition

As previously mentioned conventional 2D NMR experiments are often affected by long
experiment durations. Therefore, to overcome this problem, the NMR research community has

been focusing on the design of fast methods to obtain 2D spectra in a reduced time period.

1.8.1 Fast pulsing Methods

These strategies are mainly based on reducing the relaxation delays in the experiments. The
relaxation delay is required in NMR experiments to restore the spin system to its equilibrium
state prior to repeating the experiments. This relaxation delay is generally 10 -20 fold longer
than the sum of pulse sequence and acquisition time in the direct dimension (typically 5 times
the highest longitudinal relaxation time T,). Therefore, reducing this relaxation delay would
reduce the experimental time. Moreover simple shortening this delay is not a solution since it
leads to sensitivity problems due to the improper recovery of magnetization to the equilibrium.

Two different approaches have been proposed to record the experiment faster.
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1.8.1.1 SO-FAST-HMQC & BEST-NMR
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Figure 13: Pulse sequence to record SOFAST-HMQC *H-X correlation spectrum. Adapted from [95].

The Band-Selective Optimized-Flip-Angle Short-Transient (SOFAST)-HMQC  experiment
was developed by Brutscher [95] based on the scheme proposed by A. Ross et al. [96]. The
experiment, which was developed in the context of protein NMR, is shown in Figure 13. It
offers high sensitivity to perform fast 2D NMR. The pulse sequence has been optimized for
very short inter scan delays (trc) for fast data acquisition. Moreover, the Ernst angle excitation
[62] is used to get optimum sensitivity. The use of band selective *H pulses reduces the
effective spin lattice relaxation (Ty) of the *H spins of interest which further improves the
sensitivity [97]. Moreover HMQC experiments require only few rf pulses which limits the
signal loss due to the rf field inhomgeneities and pulse imperfection compared to other hetero-
nuclear experiments.

E. Lescop et al. [98] proposed a variant of SOFAST called BEST -~NMR based on Band-
selective Excitation Short-Transient pulses.

1.8.1.2 SMART NMR

In the case of small molecule NMR, spin lattice relaxation (T1) plays a key role. For example
in a simple COSY 2D NMR we always set tec = ocTy, Where oc varies from 5 to 10. Although
at oc=1 we get acceptable signal to noise ratio, a large number of artifacts affect the spectrum
quality. These artifacts are due to the interference of transverse and longitudinal magnetization
components that diffuse from one scan to another. In order to overcome this problem
Pelupessy and his co-workers proposed SMART NMR [99]. The SMART (SMALL Recovery
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Time) NMR experiments are based on the work of Freeman [100], who in order to eliminate
artifacts in 1D FT NMR varied the recovery delay from scan to scan. To quench these artifacts
due to the single and multiple quantum coherences from previous scans, a gradient (Gg) Is
applied. Figure 14 represents a simple SMART COSY experiment and its spectrum of a
metabolic mixture. Ge & Gp gradients are applied to select the desired coherence pathways in
addition to the quenching gradient (Gg). In order to maintain the same experimental

conditions, the gradients are applied in different directions from scan to scan.
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Figure 14: In the SMART-COSY experiment (A), simple 90° pulses (indicated by filled rectangles) are
used for preparation and mixing. The quenching gradient Gq is chosen to be different in orientation from the
coherence pathway selection gradients Gg = Gp. SMART COSY spectrum (B) of a mixture of ~15 mM
Alanine, ~7 mM Arginine, ~7 mM Histidine, ~10 mM Threonine and ~2 mM Tyrosine in D20 with TR =
10 ms, requiring about 70 s Adapted from [99].

1.8.2 Processing strategies

In conventional 2D NMR, the number of points of the pseudo-FID in the F; dimension (t;) is of
the utmost importance for the total duration of the experiment: it should be as short as possible,
since it has a proportional influence on the experimental time. However the resolution of the
spectrum is limited by these relatively short acquisition times in the indirectly detected
dimension. A variety of approaches have been proposed based on signal processing to improve

the resolution and sensitivity at small experimental times.
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1.8.2.1 Linear prediction (LP)

By applying linear prediction, the missing part of a FID can be reconstructed [101]. This is a
much better way of processing half good data than simply zero filling the missing portion.
Linear prediction is extremely useful in 2D NMR as a way of reducing the experimental time
and/or improving the quality of already existing data sets [102]. In the F, dimension it is fairly
easy to acquire enough data points without adding much time to the experiment. However the
addition of each increment in the F; dimension adds a large amount of time to the experiment.
LP helps to gain a much better F; resolution from a limited number of Ny, especially in inverse
experiments, e.g. HMQC, HSQC, HMBC, where the F; dimension is **C [103].

A i C
‘ [ 1D -13C slice from HSQC experiment (F,)

" 0

With out LP

40

I N 7/\/\,,,/\' VAN

ap & With LP from in the F; dimension (:3C)

¢ fud

40

e Le J/\A‘ SN N A ,/\—/’ ‘»N——/\\,.
\ . .

80 60 40 20 Ippm

——
25 20 15 F2 [ppm]

Figure 15: Contour plot of expanded HSQC spectra; without linear prediction (A), with forward linear
prediction on real data (B), F; Cross- sectional **C spectra without linear prediction (C), with linear prediction
from (D).
As shown in Figure 15(A&B), the HSQC spectra of a metabolic mixture have been compared,
each of which was different from one another only in processing techniques, i.e. with and

without forward F; Linear Prediction. One can easily realize the better sensitivity and resolution
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on the *C projection of the spectrum with linear prediction (Figure 15D), compared to the

spectrum without linear prediction (Figure 15C).

1.8.2.2 Covariance NMR Spectroscopy

While playing with the number of points in the F; dimension for short experimental time, the
resolution is penalized. In order to improve the resolution in the indirect dimension (Fi)
without increasing N1, Brischweiler et al. [104] proposed a new processing programme for 2D
NMR called Covariance NMR [105]. In this method a covariance matrix is constructed from a
set of 1D spectra recorded with different evolution periods (t;). Application of the matrix
square-root operation to the covariance matrix yields a spectrum that has an increased
resolution along F; and otherwise is very similar to the 2D FT spectrum. However the peak
volumes of the covariance spectrum vary from its FT NMR counterpart. In order to apply it to
quantitative studies, the Covariance technique is modified by using regularization methods
[106] which produce a modified covariance spectrum with cross peak volumes closely

matching their FT analogues.

1.8.3 Spectral Aliasing

Using spectral aliasing in the F; dimension was proposed by Jeannerat [107] to reduce the
experimental time by folding /aliasing in F; dimension. If the spectral width is smaller than the
range of the chemical shift dispersion along the indirect dimension, peaks outside of the
spectral width are either folded or aliased depending on the experiment's method of frequency
discrimination (TPPI vs. STATES respectively). This small spectral width in the F; dimension
leads to small Nj. It is clearly explained in Figure 16. The aliased spectrum was recorded with
a small spectral width (10 ppm) in the F; dimension. Non-aliased peaks are highlighted in a

rectangular box.
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Figure 16: Non Aliased (A) and Aliased (B) HSQC spectra of ibuprofen in acetone-dgrecorded in 46 mn with
128 td; and 25 mn with 64 td; respectively on a 500 MHz Bruker spectrometer equipped with a cryoprobe.
Aliased spectrum recorded with a 10 ppm spectral width; non-aliased peaks are highlighted with a red colour
rectangular box.

1.8.4 Accordion and Reduced Dimensionality

For the first time in 1981 Bodenhausen and Ernst recorded the reduced dimensionality
experiment which is known as the Accordion experiment [108]. The basic idea is to reduce the
3D experiment to a 2D experiment, in which the chemical shift evolution period and the
mixing period are incremented simultaneously from one FID to the next one [109]. In early
days these experiments were actually designed to measure the chemical exchange. It is a
foundation stone for any Reduced Dimensionality experiments [110, 111]. However the
acquisition of two coupled frequency dimensions leads to difficulties. The main problem is
that the two dimensions being co-evolved are mixed and must be deconvoluted before any
useful information can be extracted. Since the evolution linearly combines the two
dimensions, their frequencies are “mixed” in the spectrum in a linear manner as well. The
number of resonances observed in the lower dimensional spectrum depends on the number of
linked dimensions. Thus, if two dimensions are linked, the RD spectrum will contain two
peaks per resonance of the higher dimensional spectrum, whereas if three dimensions are
coupled, each of the above two peaks will be split by the second frequency resulting in four
resonances and so on. The position of the peaks in the spectrum can be used to extract the true
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frequency of the resonances in the spectrum. The problem obviously becomes more
complicated as the number of resonances is increased. However, if overlap can be avoided, it

IS possible to reduce experimental time drastically [112].

1.8.5 GFT NMR

To reduce overlap, GFT NMR, an extended version of RD was proposed by Kim and
Szyperski [113]. They developed “G-matrix” to combine appropriately the hyper complex data
of arbitrary dimensionality to produce “basic spectra”. These spectra are much less

complicated than the RD projections.

1.8.6 Non Uniform Sampling

One more interesting approach to reduce the experimental time is to reduce the number of

sampled time domain data points by non-uniform sampling (NUS) [114]. It consists in acquiring

only a reduced number of points in the (t3, t;) grid. There are mainly two methods in NUS/Sparse

sampling, based on the way of distribution of reduced data points in the grid. They are radial

sampling and random sampling which are shown in Figure 17.
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Figure 17: Schematic illustration of a conventional linear sampling grid (A) Radial sampling (B) and
Irregular sampling (C). Each point on the grid corresponds to one repetition of a basic pulse sequence.

1.8.6.1 Radial Sampling

Radial sampling was the first non-uniform sampling approach introduced in NMR [115]. In

this approach the data points are arranged in a set of lines in time domain. It means radial
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spokes (Figure 17B). A projection reconstruction technique was then proposed to reconstruct
the 2D spectrum.

Kupce and Freeman, in 2003, for the first time proposed the idea of acquiring projections of
NMR spectrum and consequently input these projections to reconstruct the full spectrum
[116]. Kupce and Freeman offered an intuitive proposal for a reconstruction method based on
the unique nature of NMR spectra. With potential peaks located at the intersections of vectors
extended from the projected peak positions, a set of orthogonal projections with either t; or t,
set to zero can be used to establish a "peak lattice”. Consequently, the degenerate peaks are
resolved by examining the tilted projections, and data is acquired about the correspondence
between each potential peak and each observed peak in the projection. For each projection, a
space corresponding to the full spectrum is created, and the values observed on the projection
are extended back along the lines of integration to fill the spectrum (this procedure is also
known as back projection). These spaces are then compared on a point-by-point basis, and for
each point, the lowest value from different spaces is considered. Initially Kupce and Freeman
demonstrated the projection-reconstruction by reconstructing the 3-D HNCO spectrum of
ubiquitin from two orthogonal projections taken along the axes and from one tilted projection
at an angle of 30° [116, 117].

1.8.6.2 Random Sampling

Another mode of non-uniform sampling scheme is Random data sampling, in which reduced
data points are distributed randomly in the sampling grid (Figure 17C). Such random sampled
data sets cannot be transformed using the conventional fast Fourier transformation algorithm.
Therefore, other processing methods are required to reconstruct the multidimensional NMR
spectrum. Several methods have been proposed till date for the spectral reconstruction of such

randomly sampled data sets.
1.8.6.2.1 Maximum Entropy Reconstruction

Maximum entropy reconstruction of NMR spectra is based on the maximum entropy principle,
which states: maximizing the entropy of a probability distribution yields the most uniform
distribution, given a set of constraints reflecting our knowledge about the probabilities. The aim

24



Literature Review

of Maximum Entropy Reconstruction (MER) is to calculate the frequency domain spectrum that
fits best to the time domain signal [118].

In other words, the signal itself acts as a kind of constraint that averts this kind of process from
culminating with a uniform spectrum, but instead, it looks for the NMR peaks. Mathematically,
this can be achieved by maximizing the entropy and establishing consistency with experimental

data, which corresponds to maximizing the target function, TF [119]:

TF(f) = S(f) — AC(f)
Where f represents the data points of the reconstructed spectrum, S(f) is a measure for its
entropy, C(f) reflects the consistency of the reconstructed spectrum with the experimental data
and A is a Lagrange multiplier. An advantage of MER is the fact that it can handle non-linear
sampling of the time domain FID [117, 120, 121].

1.8.6.2.2 Multi-Dimensional Decomposition

Like MER, it is another approach for processing Random data. It is based on a mathematical
concept referred to as three-way decomposition [122]. The aim is to find a set of one—
dimensional vectors that best describes the experimental data. The multidimensional signal
can be described as the vector product of independent one dimensional vectors. An NMR
spectrum is decomposed into a sum of components, with each component corresponding to
one or a group of peaks. Each component is defined as the direct product of three one-
dimensional shapes. The consequence is a reduction in dimensionality of the spectral data used
in further analysis. The decomposition may be applied to frequency-domain or time-domain

data, or to a mixture of these [117].

1.8.7 Hadamard NMR Spectroscopy

In a spectrum if the resonances are sparsely distributed and can be excited with selective rf
pulses, then the acquisition of a multidimensional NMR spectrum can be accelerated [123]. On
the basis of this idea, a new scheme called Hadamard NMR was recently proposed, in which
there is a selective excitation of NMR resonances and their encoding in the form of a ‘Hadamard
matrix’ [117, 124].
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According to N different chemical sites in the indirect domain, the experiment is repeated N
times and each of these peaks is encoded according to the different rows of the Hadamard
matrix. The phases of these individual selective pulses are then varied in a series of scans. In a
sample, for all chemical shifts, each scan will produce a positive or a negative peak. These peaks

are further combined linearly from all N scans to produce a conventional spectrum.

Each of the previously described methods can reduce the time needed for performing the
multidimensional NMR experiment. Most of them are still based on the time-incrementation
scheme initially proposed by Jeener. Nonetheless, all of these methods require either prior
knowledge of the chemical sites of interest or rely on processing methods rather than on true
experimental NMR data. Furthermore the SOFAST and BEST techniques, which were
initially designed for macromolecules, are not suitable for small molecule studies.. Finally, the
analytical performance of these techniques was never evaluated for quantitative analysis. To
the best of our knowledge, the only exception is a recent study from our group. Very recently
E.Martineau et al. [94] studied and compared the analytical performance of several of these
methods (LP, NUS and spectral aliasing) in the context of *3C isotopic analysis on HSQC
spectra.

In 2002, a completely new strategy, called ultrafast NMR (uf) was proposed inspired from
imaging techniques. Among the different fast multidimensional NMR techniques, uf NMR
[125, 126] is the only method that enables the acquisition of multidimensional NMR spectra
within a single scan, and unlike other methods, it does it without the need for a prior

knowledge of the targeted sample in order to accomplish its aim.
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2. Ultrafast 2D NMR

2.1 Principle of ultrafast 2D NMR

The ultrafast methodology initially proposed by Frydman is based on spatial encoding [125,
126]. Its main idea is that, instead of repeating N successive experiments on a sample, the sample
is divided into N virtual slices where the spins undergo different evolution periods, but

simultaneously for all slices. The basic scheme of ultrafast experiments is presented in Figure 18.

Preparation Evolution Mixing Acquisition | ]
NAt, t
[} [ ] [ ] [}
[ ] [ ) [ J [
[ ] [ ] [ ] [ z
@
—=
b
Preparation Evolution Mixing Acquisition
_____ 2At, t,
Preparation Evolution Mixing Acquisition
Aty t
Spatial Encoding EPSI

Figure 18: General principle of ultrafast 2D NMR experiments. Instead of repeating N transients on the same
sample (as in conventional 2D NMR), the sample is virtually divided into N infinitesimal slices, which undergo
different evolution periods within the same experiment by means of spatial encoding followed by an echo planar
imaging-based detection.

2.1.1 Spatial encoding and excitation

The ultrafast NMR approach imposes different evolution times on different parts of the sample.
This was originally performed by applying a series of frequency-selective pulses together with
pairs of bipolar gradients (G¢) along the z-axis. In this approach, applying a strong magnetic field
gradient (typically along the sample axis) creates an inhomogeneous spatial distribution within
the sample (Figure 19). The resonance frequency is then space-dependent and the sample can be
viewed as composed of independent subsamples, which can be manipulated independently by

frequency-selective rf pulses. In this encoding module
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Figure 19: The effect of a z-gradient, G=Gz. The spins are initially in thermal equilibrium condition in the
direction of the field (A). They are then excited onto the plane using a hard -pulse (B). The application of a
gradient G for a time t will cause spins at different positions to precess at different rates, effectively winding
them in the transverse plane (C) [127].

a discrete train of N; RF pulses are applied at a constant frequency increment AO = |Oj+1-Oj|
where j=1,2,....N; and spaced by a constant delay At; (figure 20A). Each excitation pulse is
applied in combination with a pair of bipolar z-gradients (Ge and G.). The module effectively
partitions the sample into N; independent slices positioned at specific z; coordinates, whose
evolution phase encoded along z-orientation is written as [126]:

¢(Z) =C.Qy- (Zj- ZN1) (1)

Where Q; is the internal frequency shift of spins during spatial encoding and C is the spatial
encoding constant which is defined as [126]:

At;  AtyY.Ge
Az AO

C= ()

2.1.2 Decoding the information

After this spatial encoding, a spatially homogeneous mixing sequence is applied as in standard
experiments. In order to monitor the signals from these slices an echo-planar spectroscopic
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imaging (EPSI) technique is applied [128]. In this detection block, the evolution time at different
coordinates are decoded with the help of a pair of bipolar z-gradients (G; and -Gy).

2.1.2.1 Spatially encoded Dimension

To detect the signal, an acquisition gradient G, is applied after the mixing period, leading to a
series of echoes at positions proportional to the resonance frequencies (Figure 20). The position
of the echoes represented a wavenumber (k) which is dependent on the acquisition gradient (G,)
[125]:

t
k=-CQ, = V“J G, (tHdt? €)

0
The position of such echoes will thus reveal the nature of the internal spin evolution frequencies,
making the k wave number equivalent to an indirect-domain frequency axis. There is no need of

Fourier transformation. This axis is referred as ultrafast dimension.
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Figure 20: Signal detection in ultrafast 2D NMR. Acquisition of the ultrafast dimension for a sample
containing two resonance frequencies ©; and Q,. A magnetic field gradient G, is applied while the receiver
is open, which refocuses the dephasing induced in the course of spatial encoding. It leads to the formation of
echo peaks whose positions are proportional to resonance frequencies.

2.1.2.2 Conventional Dimension

In order to obtain the second dimension of the 2D spectrum, a technique similar to echo-planar-
imaging (EPI) [128] is used while detecting the signal. The alternated gradients provoke a series
of refocusings and defocusings, leading to the formation of mirror-image echoes (Figure 21).
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Thus, the detected signal depends on both the position of spins and their internal evolution
frequency, which can be summarized by a phase of evolution ¢ =k.z + t,. .. The evolution in the
presence of an oscillating +G, can be represented by a zig-zagging trajectory through the space
(k,tz). Therefore, an appropriate data rearrangement followed by a conventional Fourier
transform is required to separate the different resonance frequencies, resulting in the second

dimension of the 2D NMR spectrum. It is generally referred to as “conventional dimension”.

Figure 21: Acquisition of the conventional dimension. A series of sub-spectra are detected during a train of
bipolar gradient pulses, while the system evolves under the influence of conventional parameters (relaxation,
resonance frequency, couplings, etc.). Data rearrangement and Fourier Transform along the conventional
dimensions are necessary to obtain the final 2D Spectrum.
A specific processing is necessary to obtain the resulting 2D spectrum [129]. This procedure is
exemplified in Figure 22. The signals detected during the gradients +G, and -G, are reversed to
each other (Figure 22A). The signals of positive and negative gradients are collected separately
as two different data sets (Figure 22B). A Fourier transformation is performed along the second
dimension of the two sets of spectra. This results in two mirror-image 2D spectra (Figure 26C)

that can be added after inverting one of them.
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Figure 22: Summary of the processing treatment of ultrafast 2D NMR data. Example of a COSY spectrum of
ethanol. Succession of FIDs obtained when applying gradients oscillating + Ga (A). Rearrangement of the data
in space (k, t,) and separating the data corresponding to the gradients of opposite sign (B). Mirror-image spectra
obtained after Fourier transformation (C).

2.2 Spatial encoding schemes

The initially proposed discrete encoding scheme (Figure 23A) is limited by a number of
drawbacks such as fast switching gradients along with rf pulses at the same time and ghost peaks
[130]. To deal with these limitations a number of continuous spatial encoding strategies have

been proposed (Figure 23).
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Figure 23: Different versions of continuous spatial encoding strategies: Initially proposed discrete
encoding (A) by Frydman [129]. Single sweep encoding (B) proposed by Y. Shrot [131]. Amplitude-
modulated encoding [132] (C) and it’s variant (D) proposed by Y. Shrot [131]. Phase-modulation encoding
strategies proposed by A. Tal [133] (E) and Andersen [134] (F) respectively. Constant time encoding
proposed by P. Pelupessy [135] (G) and modified version of it proposed by T. Roussel [136] (H).

2.2.1 Encoding with amplitude modulation

In this scheme, the original train of discrete frequency-shifted rf excitation pulses (Figure 23A) is
replaced by a single sweep encoding, in which the /2 pulse with gradient (+Gg) excites the spins

at a z position and shifts them into the transverse plane. (Figure 23B) [131]. The chirp pulse has
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a frequency that varies as a function of time. The total phase obtained by the spins at z is given
by [131]:

(veGe/ 2)2 or’? - (4)
O(@) =~ 7+ G " <5n/2 Tl)z
0% — q,)
+ —(i _ 1) +Q,6™2% — =
R ! 2

The quadratic term (z) creates undesired effects in the spectrum which can be removed by post—
acquisition manipulation or by applying the second sweep pulse with with a negative gradient (-
Ge) of same amplitude (Figure 23C). The overall phase obtained by spins after the second sweep

pulse is expressed as [132]:

011/2 . 0.7'5/2 Gn/z 071/2 + 07r/2
f i YVele (5)
d(z) = -2 0, — Z
(2) ( = =™ z
Where O"? and O; ™* are the initial and final sweep frequencies of the m/2 chirp pulse
. . . . . . _ A0 veG “/2
respectively. R is the rate of the chirp pulse which can be defined as: R = s7z = aﬂ/z :

6™ is the chirp pulse duration and AO is the chirp’s bandwidth: AO = O;"? - O; ™. L is the
effective length of rf excitation. In eq (5) the term (O™ + O ™*)/2 plays a prominent role on the

offset value, and impact the peak position in the spatially encoded dimension. Another important

11/2 11/251z/2 5™/2

. . YeGe ™ _ YeG -
termineq (5) is —2 —— R 2—A0 = —2

which recalls the coefficient took in

the discrete excitation case eq (2). Eq (5) can be written as:

oi”/2+0;’/2
C Ql_ 2

In the above equation, the first order term leads to phase distortion that affects the peak shapes.

®(z) = 0,6™2% — Z (6)

However, in terms of gradient demand this scheme turns out to be much less taxing than its
discrete counterpart. In order to overcome this phase distortion problems Y. Shrot et al. (Figure

23D) proposed a variant of amplitude-modulated encoding [131]. The general scheme is
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modified by introducing an additional a m-pulse between the excitation and storage pulses

(Figure 23D) which makes the T, effects constant throughout the sample [131].

2.2.2 Encoding with phase modulation

An alternate method to the schemes presented above uses a ‘n/2-n’ chirp pulse scheme replacing
the amplitude —modulation encoding by a phase-modulated scheme [133] (Figure 23E). The n/2
chirp pulse sweeps from an initial frequency O;"* offset to final offset Or ™ with a positive

"2 and the & pulse sweeps from O;" to O; ™ with a positive gradient G¢". 6™ and " are

gradient G,
the durations of chirp pulses /2 and & respectively. At the end of the n/2 pulse the spins are
excited onto the transverse plane and will have occurred the phase given by eq (4). In order to
cancel the quadratic z>-term, a w-pulse is applied with a condition 2G¢" 6™ = G 6™ [133]. Then
the overall phase of the spins is

5T/2 Ye Gﬂ/ZL 5T/2 Gﬂ/Z 5T/2 Gn/Z
d(z) = Q, 4+ - € 1-—=—|Q

z

The phase distortions caused by the first order term (z) can be avoided by using a gradient spoiler
before the acquisition. In addition when the conditions G¢™* = G¢" and 6™* = 26" are fulfilled, the
chemical shift evolution is refocused, and J-couplings only are expressed in the ultrafast
dimension

S. Andersen et al. [134] suggested a variant of this method, based on the use of gradients of
opposite sign. The excitation pattern is identical to A except that the gradients are of opposite
sign (Figure 23F). According to these authors, the two pulses used in this case must have
opposite directions of scan to make the spatial encoding possible.

2.2.3 Constant time encoding

In addition to the above scheme, Pelupessy [135] proposed a constant-time, phase-modulated
encoding described in Figure 23G. It begins with a /2 hard pulse, followed by two =-chirp
pulses of duration &™ with identical sweeps but reversed gradients +G¢" and -G¢". The phase

imparted by the first n-swept pulse is given by [137]:

34



Literature Review
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d(z) = — 8
In order to remove the quadratic term (z°) a second n-chip pulse is applied, the overall phase
after the spatial encoding is given by

T

4
(p(Z) = T.le (9)

T. Roussel et al. proposed a variant of Pelupessy’s scheme [136] for the implementation of uf 2D
NMR in localized spectroscopy,in which the two w-chirp pulses are separated by a n-hard pulse
(Figure 23F).

2.2.4 Advantages and Disadvantages of each method

Table 1: Summary of spatial encoding for different excitation used in ultrafast 2D NMR
patterns.

Type of excitation T. .
Discrete encoding NLAt AtlALOeGe
Shrot -
(90° - 90°) 257[/2 Ie
Shrot .
/2 Te
(90° - 180°-90°) 20 .
(Sgrg?; 511/2 E
L
Tal 57/2 e 2T, 1- Gg/Z/Gg
(90° - 180°) 2 L 14GM?/Gr
e e
Andersen 57/2 ] E
(90° - 180°) —+0 -
Pelupessy - oT,
(180° - 180°) S
Roussel - 7T
(180° - 180° - 180°) L
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The basis of all spatial encoding schemes is to get an effective evolution t; with respect to
position. The time of spatial encoding varies from scheme to scheme. In order to compare these
schemes, the spatial encoding terms (C) and the spatial encoding durations (T.) are summarized
in Table 1.

In the amplitude—modulation scheme, the signal is decreased to half due to the storage of spins
along the z-axis [132] when compared to the other schemes. In addition n/2 chirp pulses are
more sensitive to field inhomogeneities when compared to the w-chirp pulses, and their precise
calibration is more difficult from the experimental point of view. Whereas constant-time spatial
encoding controls the relaxation problem by exciting all the spins at the same time, the other
schemes are affected by z-dependant T, effects. In addition P. Giraudeau et al. [137] proved that
Pelupessy’s scheme is superior to other spatial encoding schemes in terms of sensitivity and

resolution. For all these reasons, Pelupessy’s scheme will be chosen for the present study.
2.3 Alternatives for decoding

P. Giraudeau et al. [138] proposed a new acquisition scheme by substituting detection gradient
echoes by spin echoes, to obtain ultrafast J-resolved spectra where the coupling constants are
encoded along the direct F; domain. The acquisition gradients (G,) are separated by non-selective
© pulses that refocus the effect of internal chemical shifts while the homo-nuclear J-evolution
remains unaffected (Figure 24B). The = pulses also refocus the effect of acquisition gradients;
there is no need for gradient inversion, contrary to the initial EPI pattern. This scheme, repeated
2N times, results in a 2-T,-N; total digitization time. Two interleaved mirror-image datasets are
obtained and can be separated in the same manner as the ones obtained by the usual EPI block, to

lead to the 2D spectrum after FT in the F; dimension.
T
Ak ‘JH TN

Figure 24: Strategies explored for ultrafast 2D NMR acquisitions. Initial scheme based on a constant square-
wave modulation of the acquisition gradient G, (A). New detection scheme for J-resolved (B). Pseudo-random
approach assayed for the sake of an iterative v, reconstruction (C).
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In addition to the above schemes Y. Shrot [139] proposed a non-uniform sampling scheme for
the ultrafast dimension. In order to get non-uniform sampling data, the regular square wave
gradient scheme (Figure 24A) is replaced by Pseudo-random gradients (Figure 24C). Then
reconstruction techniques are applied to get the full 2D spectrum.

2.4 Mathematical description of ultrafast 2D NMR

2.4.1 Spectral widths

An ultrafast acquisition consists of a number N, of gradients pairs (+G, and -G,), each having a
duration of T, The total acquisition time depends on N,.T,. The spectral width in the
conventional dimension (SW;) is given as in any FT-NMR experiment by the inverse of the
dwell time (At) = 2T, [129]:
1
SW; = Z_Ta (10)
The spectral width in the spatial encoding (ultrafast) dimension (SW,) is given by [129]:

K
SW, = ’Z“x (11)

Where Kmax = 7GaT, is the maximum wavenumber and C is the spatial encoding constant.
Therefore:

Va GaTa
C

In addition, SW;, SW5, and the resolution along the ultrafast dimension (SW,) are linked by the
relation [140]:

_ 2SW,SW,

VaGaL - 61/1/2 (13)

Where 5*? is the resolution in the ultrafast dimension. This relation shows that increasing the
spectral width in any of the two dimensions without altering the resolution is limited by the

maximum gradient amplitude available (ca. 60 G/cm on most spectrometers). Moreover, even if
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higher G, values can be reached, the subsequent larger frequency dispersion induced by the
acquisition gradients would make it necessary to increase the receiver bandwidth (fb), thus
resulting in sensitivity losses [127], as shown by the following relation:

Galyq
fb= 2T

(14)

2.4.2 Resolution and Sensitivity

In ultrafast 2D NMR, the spectral resolution (Av;) in the conventional dimension (SW;) is
governed by the acquisition time. That is the total duration for a pair of acquisition gradients

multiplied by the number of acquisition loops.

Ay, = 1 _ Swy
ITOTLN, T N, (15)
The resolution in the ultrafast dimension (SW,) is defined by [137]:
1.21
S 1/2 o
v IC (16)

Sv1/2 is the half—height width of the echo peaks. i.e resolution depends on the spatial encoding
time. The resolution should be easily increased by applying a greater spatial encoding duration.
However, this leads to large sensitivity losses, mainly due to the effects of molecular diffusion in
the presence of gradients [137, 141]. This loss of sensitivity leads to the modification of the line
shapes [142, 143]. Subsequently, a compromise has to be made between resolution and
sensitivity. P. Giraudeau et al. made a study on resolution with respect to sensitivity (Figure 25)
[137]. Based on this a spatial encoding duration of 30 ms is generally chosen, as it offers a
reasonably good resolution while limiting sensitivity losses. Moreover, increasing T, further
increases the demand on acquisition gradients to refocus the dephasing induced by the spatial

encoding and therefore limits the accessible spectral widths.
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Figure 25: Simulated sensitivity and resolution of homo-nuclear ultrafast 2D experiments based on Pelupessy’s
spatial encoding scheme as a function of the spatial encoding duration T.. The graph shows the necessary
compromise between the sensitivity and the peak width Av¥in the spatially-encoded dimension [92].

2.4.3 Line shapes

All peaks are characterized by a sinc shape along the ultrafast dimension, due to the excitation
stage of the pulse sequence, has been fully described by Shapira et al. [144]. However, all these
sinc shapes are distorted due to the asymmetry, which affect the spectral quality. In conventional
dimension the line shapes are lorentz shape like conventional 2D NMR due to fourier
transformation.

2.5 Progress to by-pass the limitations

2.5.1 Spectral widths

In conventional NMR, peaks lying outside of the observed spectral width are easily detected by
means of spectral aliasing or folding which automatically occurs given the violation of the
Nyquist condition. Should this aliasing procedure be optimized, the whole spectral range can be
observed within a limited width, a strategy proposed by Jeannerat [107] which applies equally in

the conventional dimension of ultrafast experiments.
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In the ultrafast dimension, the problem is much more complex, as regular aliasing is intrinsically
impossible due to the non-FT character of this dimension. To overcome this limitation a number

of strategies have been proposed.

2.5.1.1 Serial spectral/Spatial encoding

In this method a series of spectrally selective pulses followed by gradients imparting site-specific
spatial windings replace the n/2 excitation [140, 145] (Figure 26A). If suitably chosen, these
gradients will shift the ultrafast-domain resonances into arbitrary positions within the ultrafast
2D spectrum; these spatial/spectral manipulations are done to place all peaks in a reduced final

window, compatible with the minimal G, acquisition gradients desired.

AN

A I A A VAaY

/2 {Qi}hio1 N

Figure 26: Serial Spatial/Spectral Encoding (SSE) (A): Employs a train of selective pulses to sequentially excite
each of the sites of interest, and interleave the rf manipulations with a train of identical gradient pulses characterized
by the minimal wave number separation dk. Parallel Spatial/Spectral Encoding (PSE) (B): All the chemical sites ©;
are endowed with their specific dephasing factors simultaneously [145].

In addition to the above method there is one more method introduced by Y. Shrot [145], known
as parallel selective encoding. In this method all the chemical sites are excited and dephased
simultaneously by using selectively wavelet rf pulses with gradients (Figure 26B). However,
these approaches require a priori knowledge of the precise position of the resonances to be

encoded, a prerequisite which is not compatible with unknown, and a fortiori complex, samples.

2.5.1.2 Pelupessy’s approach

Pelupessy proposed a new approach to fold the ultrafast dimension [146]. He introduced a band-

selective refocusing pulse (BSRP) to recover the missing part of the spectrum. This w-pulse is
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flanked by a bipolar gradient pair before the mixing period as shown in the dashed box in Figure
27. The missing part of the spectrum can be shifted in the region of interest by fine-tuning the

parameters of the gradients.

Excitation Evolution Mixing Detection
SNy -V - I oo T
G +Ge E E P -G,

G, 5 1S [,
H—r N

Figure 27: Folding scheme proposed by Pelupessy for single-scan 2D experiments. The element in the red
dashed box, comprising a bipolar pulse pair with a frequency-band-selective refocusing pulse (BPP-BSRP)
has the effect of shifting the signals in the circled part of the spectrum into the observable range. Adapted
from [146].

2.5.1.3 Gradient folding

Giraudeau et al. proposed an efficient and simple approach known as gradient folding [147]. This
relies on suitably chosen gradients placed on each side of the mixing period and can be applied
to almost all ultrafast pulse sequences (Figure 28). Therefore, the missing part of the spectrum
can be shifted into the region of interest by fine-tuning the parameters of the gradients.

The signal detected during the acquisition gradient (G;) can be described as the sum of two

symmetric signals with respect to k = 0. It creates two echo mirror images of (k). From eq (3):

k == _Cﬂland k - C.Q.l (16)

The addition of two gradients (G; & G3) on both side of the mixing period symmetrically shifts
the two mirror-images. Eq (16) can be re-written as:

k=—-CQy —Y.GoT1 — Y4G,T2and

17)
k=CQy + YeGeTy — VqGaTy
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Where t1 and 1, are the durations of the folding gradients G; and G, respectively. y. and y, are the
gyromagnetic ratio of the spatially encoded and detected nucleus respectively. By changing the
two gradient parameters (amplitude and/or duration), the two symmetric signals can be partially

superimposed and all the relevant signals can be observed in a reduced spectral width.
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modulation modulation Mirror_image

ultrafast, signals
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Figure 28: Generic ultrafast pulse sequence illustrating the principle of gradient-controlled folding. The relative
position of the two mirror-image signals can be modified by adjusting Gy, G,, 7; and .

2.5.2 Sensitivity and line shapes

The quality of ultrafast spectra can be improved by an appropriate processing protocol, such as
that which was recently proposed by Giraudeau and Akoka for enhancing the line shape and
sensitivity in the ultrafast dimension [148]. In the ultrafast dimensions, the peak shapes were
characterized by asymmetric sinc wiggles due to phase distortions. The non-idealities of
excitation or gradient coils on the edge of the sample cause this phase distortions. The method
described in Figure 29 consists in Fourier transforming each line of the 2D spectrum, resulting in
a smoothed square excitation profile modulated by phase dispersion due to the different
resonance frequencies present in the sample. This profile is then multiplied by an optimized
mathematical function designed to minimize the contribution from the edges of the sample.
Finally, an inverse Fourier transform regenerates the original peak, but the asymmetry is
completely removed. Not only does this procedure improve the line shape in the ultrafast
dimension, but it also increases the sensitivity by a factor of 2 at no cost in terms of resolution.

Routinely implemented, this greatly helps in improving the quality of ultrafast spectra.
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Figure 29: Apodisation procedure designed to improve lineshape in the spatially-encoded dimension of ultrafast
spectra, illustrated on the ultrafast COSY spectrum of a 50 mM mixture of six metabolites in D20. Each line of the
2D spectrum is Fourier transformed, multiplied by an optimized mathematical function minimizing the non-
uniformities on the edge of the sample, and finally inverse-Fourier transformed, giving rise to lineshape almost
exempt from asymmetric distortions. Adapted from [148].

2.5.3 Reduction of diffusion effects

Giraudeau et al. proposed a multi-echo excitation scheme to improve sensitivity by controlling
the effect of transverse relaxation diffusion due to a long spatial encoding duration [137]. It
consists in replacing the two n-chirp pulses by a succession of shorter w-pulse pairs applied
during alternated gradients for the same of value of T, (Figure 30). By using this scheme the

sensitivity can be improved and line shape distortions can be reduced.

In addition to multi-echo scheme, L.Rouger et al. [149] proposed a new approach to control the
diffusion effects based on the sample preparation. This new sample preparation protocol is based
on the encapsulation of the analytes inside phospholidic vesicles to reduce the diffusion.
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Figure 30: Spectrum of 3-ethyl bromopropionate obtained with Pelupessy’s encoding scheme consisting of two 60
ms 180° pulses (A). Multi-echo phase-modulated excitation scheme proposed by Giraudeau et al. to minimize
diffusion effects (B). Spectrum (C) obtained with multi-echo excitation scheme formed by six 20 ms 180° pulses
[137].

2.6 Quantitative ultrafast 2D NMR

Ultrafast 2D NMR offers promising perspectives for quantitative analysis. It potentially allows a
significant reduction in the experimental duration, which is substantial when considering the
calibration procedure required for quantitative 2D NMR and also the frequent need to analyze a
large number of samples. For the first time Giraudeau et al. [17] reported the analytical
evaluation of ultrafast 2D NMR on model mixtures. Two homo-nuclear ultrafast techniques,
namely J-resolved spectroscopy and TOCSY, were evaluated on model mixtures in terms of
repeatability and linearity. The repeatability obtained was noted to be better than 1% for ultrafast
J-resolved spectra and better than 7% for TOCSY spectra. Both methods were characterized by
an excellent linearity. Moreover, ultrafast NMR is potentially less sensitive to the hardware

instabilities.

In addition to this, Giraudeau et al. presented the first application of ultrafast 2D NMR to real
metabolic samples, in the context of fluxomics [19]. Two homo-nuclear experiments, ufCOSY
and ufTOCSY were designed to measure the site specific enrichments of **C in fluxomics. These
results highlight the potential of ultrafast 2D NMR for quantitative analysis and provide
promising perspectives related to this new quantitative methodology called ufo-gNMR (ultrafast

optimized guantitative NMR).

44



Literature Review

DMSO-d.
CH;-CH;-0H

[
x &
o 3 g
Sz Eof
§Q Rz
A 55 AT Hz B ppm
F o @ . ,%m“‘
! L 0 CHj;-cu,-OH L
) ¢ ot =
i B - -
i L ﬂ‘ ! g ko CH;-OH (Reﬂ)‘%ﬁ"' L
. ' / [
B ] g r L= L
L 10 % z & [
' L ci,CH,-OH L
L a & -1
- B3 o e [
LN N N B B B N B B O B BN B N B B | 15 A TS LT ! T T,
ppm 4 3 2 1 ppm 4 3 2 1

Figure 31: Ultrafast 500 MHz J-resolved (A) and TOCSY (B) spectra acquired in 800 ms (A) and 100 ms (B) on a
methanol (100 mmol L—1) and ethanol (200 mmol L—1) mixture in DMSO-d6 at 298 K. J- resolved experiment
give excellent repeatability (better than 1%) whereas TOCSY gives nearly 7% [17].

2.7 Other applications

Recent papers have highlighted the potentialities of ultrafast 2D NMR to follow kinetics of
chemical reactions occurring on a short timescale. Total Correlation Spectroscopy (TOCSY) has
been successfully applied to real-time monitoring of organic reactions [150]. Herrera et al.
reported the application of ultrafast hetero-nuclear 2D NMR to follow the structural changes on a
carbonyl carbon atom [151]. Our group has reported the ability of ultrafast 2D NMR to study
dynamic processes by studying D-glucose mutarotation in water [18]. Recently Luiz H. K.
Queiroz Jr et al. monitored the acetyl hydrolysis by using ufHSQC [152].

Hyphenated techniques are another domain where uf 2D NMR sounds particularly promising. As
these techniques are irreversible, single-scan experiments are often the only way of acquiring
NMR spectra in this case. The spatial encoding strategies coupled with hyperpolarisation [145,
153] opens promising perspectives for the real-time study of metabolic reactions which will
dramatically enhance the sensitivity of NMR-based metabolic studies, thus providing great help
for applications which are currently limited by their sensitivity, such as metabolomics of low-

sensitive nuclei or in vivo metabolomics.

45



Literature Review

Shapira et al. demonstrated the potentialities of coupling ultrafast NMR with chromatography
[154]. He used UF TOCSY to follow the real time elution of analytes. On the basis of this
strategy Luiz H. K. Queiroz Jr et al. further coupled ufNMR with HPLC for separation of natural
products [155].
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Practical implementation of ultrafast 2D NMR

1. Quantum project

The QUANTUM project in which this work is included aims to develop a comprehensive
methodology to set ultrafast 2D NMR as a standard tool for fast and precise quantitative analysis
of complex metabolic structures. In order to make 2D NMR suitable for fast, precise and robust
quantitative analysis of complex mixtures, this project takes the information from original NMR
developments and programming aspects. An analytical validation of these optimized methods is
performed in order to make them suitable for quantitative studies of real metabolic samples such
as tumor cell lines differentiation. The project also includes the development of pre-acquisition
and processing routines for quantitative ultrafast 2D experiments, which consequently will be

easier to implement in routine.

2. Practical implementation of ultrafast 2D NMR

The implementation and use of ultrafast 2D NMR by non-specialists are far from being
straightforward, due to the specific acquisition and processing procedures and parameters
characterizing uf NMR. Moreover, a major limitation affecting these experiments is their
incapacity to cover large spectral widths without losing resolution. To make this methodology
implementable and applicable by non-specialists, we developed a simple routine capable of
translating the conventional parameters (spectral widths, transmitter frequencies) into specific uf

parameters (gradients and chirp pulse parameters).

By defining simple parameters - such as spectral widths in both dimensions - equivalents to those
of conventional 2D NMR experiments, the user can obtain all uf-specific parameters without
prior knowledge of this methodology. Moreover, our routine also takes into account the
possibility of folding a user-defined region of the spectrum into the main observation window
along the spatially-encoded dimension (see paragraph 2.5.1.3).

This routine was implemented in a webpage which is available for external users for free of cost.

Its direct implementation in the commercial software is also being developed. The routine was
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designed for two widely used 2D experiments: COSY and HSQC, but can be easily extended for
any other pulse sequence.

To evaluate the performance of this routine, we applied it to record the COSY spectrum of
Ibuprofen. The H spectra of the Ibuprofen sample show resonances between 0 ppm and 8 ppm
(Figure 32). Therefore, the gradient controlled folding method is necessary to obtain the
corresponding ultrafast 2D spectrum in a single scan. Thanks to our routine, the user simply
defines conventional input parameters such as spectral widths SW; (spatial encoded dimension)
and SW; (conventional dimension). Then the routine automatically calculates the ultrafast
specific parameters to be applied, such as T, (duration of Acquisition gradients), G, (acquisition
gradient amplitude), and G (spatial encoding gradient amplitude). The spatial encoding duration

Te was also optimized to achieve a good resolution [137].

Furthermore, to record the folded spectra in the spatial encoding dimension, the user defines, as
input parameters, the center of the main observation window (v) as well as the center of the
window to be folded (v') on the 1D proton spectra (Figure 32). The routine automatically
calculates, as output parameters, the gradient folding parameters G; and G, that should be

applied. Natural folding also occurs in the conventional dimension.

A%
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Observation window (SW,)
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JJ | i __
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Figure 32: 'H spectra of Ibuprofen. v and v* are center of unfolded and folded regions respectively.

The corresponding pulse scheme and resulting folded spectra are shown in Figure 33.
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Figure 33. Pulse sequence of ufCOSY (A): G; and G, are folding gradients. Gz and G, are coherence selection
gradients. G, and G, are acquisition and spatial encoding gradients respectively. UfCOSY spectrum of Ibuprofen
(B). The folded peak is circled with red color.

The results exemplify the efficiency of our webpage. A similar algorithm and webpage were
designed for HSQC, and other pulse sequences will be implemented. The whole set up is shown
in Figure 34. We hope that this tool will eliminate much of the mystery surrounding ultrafast 2D
NMR and will make the technique acessible by a wider audience of organic and analytical

chemists.
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Figure 34. Screen shot of the webpage designed to facilitate the implementation of ultrafast 2D NMR experiments.
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Multi-Scan-Single-Shot (M3S) ultrafast 2D NMR

The analytical performances of uf 2D NMR have been highly increased in the last few years. Our
group has sucessufully evaluated the analytical performance of ultrafast homo-nuclear
experiments in terms of repetability and reproducibility [17]. However little is known about the
sensitivity of ultrafast experiments versus conventional 2D NMR. A fair and relevant
comparison has to consider the SNR ratio per unit of time, in order to answer the following
question: for a given experiment time (e.g. 1 h), should we run a conventional 2D experiment or

is it preferable to accumulate ultrafast acquisitions.

To answer this question, we introduced a “Multi-Scan-Single Shot” (M3S) strategy in ultrafast
experiments and performed a systematic comparison between accumulated-ultrafast experiments
and conventional acquisitions, for different experiment times and pulse sequences. SNRs were
measured along both dimensions for accumulated ultrafast and conventional experiments with
identical experiment durations on the same sample. Assuming that the sensitivity of 2D
experiments is limited by the dimension where the SNR has the lowest value, it was found that
the sensitivity per unit of time is much higher in ultrafast NMR (e.g. by a factor of 5 for COSY).
This result is mainly attributed to the absence of t; noise in ultrafast experiments and highlights
the interest of accumulating ultrafast signals instead of conventional ones to improve sensitivity.
Moreover, these “M3S” experiments offer a high flexibility, due the possibility to interleave

acquisitions to access larger spectral widths.

We applied this “multi-scan single shot” (M3S) COSY strategy, for measuring absolute
metabolite concentrations in complex mixtures with a high precision in a reasonable time. The
analytical performance of this methodology was compared to the one of conventional 2D-NMR.
Later the M3S COSY approach was then applied to measure the absolute metabolite
concentration in breast cancer cell line extracts, relying on a standard addition protocol.

In the last section, we introduce the M3S strategy in hetero-nuclear experiments, particulary in
ufHSQC (unpublished results). We evaluated the analytical performance of this technique by
applying on a model metabolic mixture with respect to conventional 2D HSQC. We introduced a
CPMG block in ufHSQC to study the influence of the J-modulation effects on the relative
standard deviation of the peak volumes. At the end we introduced the adiabatic and Fantastic

pulses to improve the analytical performance of the M3S HSQC experiments.
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1. Interest of the M3S approach
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Cuantitative Ultrafast (LIF) 20 MMR is a very promizing methodology enabling the acquisition of 20
spoctra ina angle scan. The analytical performances of UF 2D WME have been highly increased in the
last few years, however little is known about the sensitivity of ultrafast experiments veraes conventional
IDMME. A fair and relevant comparison has to consider the Signal-to-Noise Ratio (SME) per unit of
timee, in onder to answer the following question: for a given experiment time, should we run

a conventional 20 experiment or is it preferable to accumulate ultrafast acquisitions? To answer this
question, we perform here a systematic com parison between accumulated ultrafast experiments and
comventional ones, for different experiment durations. Sensitivity ssuesand other analytical aspects are
discussed for the COSY experiment in the context of quantitative analysis. The comparizon is first
carried out on a model sample, and then extended to model metabolic mivtures, The results highlight
the high analytical performance of the *multi-scan single shot™ approach versus conventional 20 W MR
acquisitions. This result i attibuted to the absence of 1) noise in spatially encoded experiments. The
multi-scan single shot approach i particularly interesting for quantitative applications of 20 NME,

whose occumence in the literature has boen greatly increasing in the last few years,

1. Introduction

Two-dimensional Nuclear Magnetic Resonance (2D NMR) is
a widely wsed methodology in analytical chemistry, whose
applications hawe been mainly directed towards structural anal-
yaii of molecular species. Mome recently, a mmber of studies
hawve highlighted the high potential of 2D NME for quantitative
analysis of complex mixtums presenting a high level of spectral
ovedap on 11 MMR spectra. ™ However, the routine use of 2D
NMR for quantitative analysis iz not straightforward, first
because quantitative analysis by 2D MMB generally requines
a calibration procedure due to the multi-pulse natre of 20
NMR experiments, and above all because of the long expe rime nt
duration that is necessary to obtain such a calibration curve. This
duration iz due to the necessity of collecting an array of transients
to sample the indirect dimension. 1t makes 2D NM B experiments
particularly sensitive to spectrometer instabilities, leading to the
formation of f noise o the indirect dimension *** From the
quantitative point of view, it was shown that long experiments
were more sensitive to these instabilities, leading to a degradation
of precizion® Consequently, beyond the timetable constraints
caused by the experiment duration, short experiments ane less
sensitive to such instabilities and show a better repeatability, as

Université de Namtes, CNRE, Chimie ot Interdisciplinarité - Smthise,
Analyse, Modélimtion [CEISAM ), UMR 6230, Faouité des Sdencex
BF 92208 2 rue de la Howwinigre, F-44322 Nantes Cadex (03, France.
E-ail: patrick giraseangvaanfes, fr; Fax: 33 (032 51 12 57 12;
Tel 433 (02 51 12 57 09

long as the senstivity and the resolution are sufficient to quantify
relevant peakswith the target procizion, Themefore, recent studies
hawve highlighted the need to decrease as much as possible the
duration of quantitative 210 NMR experiments by optimizing
acquisition and processing parameters, ™" A variety of homo-
nuckar and heteromuclear methods have been optimized, and
quantitative 21 NME measurements can now be obtained in
a short time { typically 5 to 20 minutes) with a good precision and
linearity.

Omn the other hand, WMR spectroscopists have recently
developed a number of approaches departing from the classical
parametric incrementation scheme in order to drastically reduce
the duration of 2D} NMR experiments,™™ but most of them
hawve never been evaliated for gquantitative analysis. The most
impressive one is probably ultrafast 20 NMR,"*™* capable of
providing a complete 213 comelation in a single scan, (e in
a fraction of a second. It relies on a spatial-encoding procedure
over the sample length which has been described in detail in
recent papers.®=** This methodology initially suffered from
important limitations in terms of resolution and sensitivity,
but over the last few yeas, several significant improvements have
increased its analytical performance *™= making it suitable for
quantitative analysiz of complex mixtures.™ Thanks to these high
potentialities, we recently applied ultrafast 2D NMR to quanti-
tative kinetic studies,™ and to the measurement of specific
isotopic enrichments in complex biological mixtures. ™

The ultrafast quantitative approach is potentially much faster
than its conventional counterpart provided that the sensitivity is

This joumal is & The Royal Sodety of Chemistry 2011
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3. Multi-Scan-Single-Shot ufHSQC
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As described above (Paragraph 2.6) ultrafast 2D NMR is a highly convenient tool for
quantitative analysis, and it also becomes a tool of high importance in areas where conventional
2D NMR is fruitless because of its high experimental duration [17-19]. However, not much is
known about the effectiveness of ultrafast hetero-nuclear 2D NMR in quantitative analysis.
HSQC is one of the most widespread used hetero nuclear techniques for analyzing complex
biological samples. In this chapter, we aim to provide the quantitative evaluation of ufHSQC, by
evaluating the repeatability of relative peak volumes on a model metabolite mixture by
comparison to conventional 2D HSQC. A systematic comparison between accumulated-ultrafast
experiments and conventional acquisitions for a given experimental time has been done. For the
purpose of accumulated ultrafast experiments we chose "Multi-Scan-Single-Shot" (M3S)
strategy derived from ultrafast NMR methodology (Chapter 1). We successfully evaluated the
analytical performance of the M3S strategy in homo-nuclear experiments which is explained in
previous chapters. In this chapter we implemented M3S strategy in ufHSQC to evalutate its

analytical performance.

Many different parameters affect normal 2D methods prohibiting their use for gquantification.
One of them is J-modulation, which is due to the evolution of Jy.4 coupling during the two
INEPT periods in HSQC. The evolution of homo-nuclear couplings will reduce the correlation
peak intensity which affects the relative standard deviation. In this chapter we studied these J-
modulation effects by implementing the CPMG experiment in ufHSQC.

One more parameter that affects the quantification is rf pulse miscalibration. This effect is
potentially higher in multipulse sequences like HSQC. In order to overcome this problem we
employed either adiabatic, and compsite adiabatic or Fantastic-four pulses in M3S-ufHSQC.
Fantastic-four pulses which are designed by optimal control theory in ufHSQC [156]. We
evaluated the robustness of these special pulses by comparing with hard pulses in ufHSQC.

3.1 Preliminary studies

The comparison described in this section relies on the ultrafast and conventional HSQC
experiments shown in Figure 35. The pulse sequence chosen for this study is represented in
Figure 35A. It is a standard HSQC pulse sequence, where a small number of gradient and rf
pulses have been added for coherence-selection purposes. In ultrafast 2D NMR (Figure 35B), the
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whole 2D FID is recorded in a single scan, however several FIDs are accumulated for the sake of
sensitivity, according to the M3S approach described above. Therefore, the total experiment
duration T, is given by NS x TR, where NS is the number of accumulations and TR is the
duration of the pulse sequence, mainly dictated by the recovery delay. In conventional 2D NMR,
the experiment duration is N3 x NS x TR, where N; is the number of increments in the indirect
dimension. The two acquisition strategies were compared on a model metabolic mixture. The
spectra acquired in 20 min 19 sec are represented in Figure 35C, D, together with the

corresponding pulse sequences.
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Figure 35: Strategies for recording quantitative 2D HSQC spectra, (A) by accumulating NS scans for each N;
increment of a conventional 2D pulse sequence or (B) by accumulating NS ultrafast experiments in a multiscan
single shot approach. The corresponding spectra are shown in (C) and (D) for the conventional and M3S approaches,
respectively, acquired from a 500 mM metabolic mixture, in 20 min 19 sec on a 400 MHz Avance | Bruker
spectrometer with a 5 mm dual+ probe. The experimental parameters are indicated in the Experimental Section.
Folded peaks are highlighted with a red colour box.

Both approaches were compared with parameters ensuring identical total experiment times
(N; = 128) and NS = 2 for the conventional approach, NS = 256 for the M3S). The *C NMR
spectrum shows that the corresponding resonances cover a 70-ppm range, which is too big to
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obtain a uf spectrum in a single scan without losing resolution. Therefore, we recorded the folded
spectrum [147]. In the prelimary study, we evaluated the relative standard deviation (RSD) for
the two approaches. The results are shown in Figure 36 and clearly highlight the superiority of
the conventional HSQC. A possible explanation is that, unlike conventional homonuclear
experiments where diagonal signals create a high level of t; noise, conventional HSQC
experiments are not hampered by diagonal signals and are therefore less affected by hardware
instabilities in the course of the experiment. Another possibility is that uf HSQC experiments are
not fully optimized yet. As a consequence of this preliminary study, we chose to continue our

quest for an optimum precision on the ufHSQC pulse sequence.
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Figure 36: Relative Standard Deviation (RSD) of the M3S and conventional 2D peak volumes for the various
metabolites of the 500 mM model mixture. Each RSD was determined from series of five spectra, acquired in 20
min 19 sec per spectrum on a 400 MHz Avance | Bruker spectrometer with a dual+ probe.

3.2 Strategies for improving precision

3.2.1 Study of J-modulation effect
For pulse sequences that incorporate a spin echo (e.g., a 180° pulse for refocusing, INEPT), an

undesirable consequence is that while the chemical shift is refocused, the homo-nuclear scalar
coupling (J) is not. The resulting perturbation of the observed signals is referred to as J-
modulation. The manner in which J-modulation manifests itself will be dependent on various

factors such as the magnitude of J and the spin echo time, and so the signal perturbation will not
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always be clearly comprehensible. When a CPMG-sequence [157] is conducted simultaneously
on two hetero-spins (CPMG-INEPT), the hetero-nuclear couplings will evolve, but the homo-
nuclear coupling (Jyn) evolution is suppressed. We have adapted a CPMG-sequence to replace
the INEPT periods of ufHSQC (Figure 37A) [16, 53]. The CPMG-INEPT period consists of 16
number of XY-16 sequences with total duration of 1/(2Jcn). For a successful suppression of the

Jun evolution, the delay t is optimized.
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Figure 37: Pulse sequence of uf-CPMG-HSQC experiment (A). Narrow (filled) and wide (open) rectangles
represent 90° and 180° respectively. t =140 us was chosen such that the total length of the XY-16 spin echo
pulse train equaled 5.55 ms. Relative Standard Deviation (RSD) of the ufHSQC and uf-CPMG-HSQC of the
glutamic acid aCH, BCH, and yCH2 peak areas (or volumes) were measured relatively to the methanol CHj
signal. Repeatability was evaluated for each method by repeating five experiments successively (B). Each CV
was determined from series of five spectra, acquired in 10 min per spectrum on a 400 MHz Avance | Bruker
spectrometer with a dual+ probe.

A mixture of glutamic acid and methanol was chosen for studying of J-modulation effects in
ufHSQC. Glutamic aicd was chosen for the study of J-modulation due to its complex Jy.4
coupling network. The ufHSQC and uf-CPMG-HSQC spectra of glutamic acid and methanol
mixture were recorded with 128 scans to estimate the effect of Jyy couplings on peaks volumes.
We evaluated both ultrafast 2D methods for precise and accurate quantitative analysis. For
ufHSQC and uf-CPMG-HSQC, the glutamic acid aCH, BCH, and yCH; peak areas (or volumes)
were measured relatively to the methanol CHs signal. The repeatability was evaluated for each
method by repeating five experiments successively. The results are presented in Figure 37B. The
values of RSD obtained for uf-CPMG-HSQC are of the same order of magnitude as the values
obtained for ufHSQC. This results highlight there is no significant effect of J-modulation on the

repeatability of ufHSQC.
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3.2.2 Adiabatic and Fantastic-4 pulses
RF inhomogeneity/miscalibration on *H and *C pulses deteriorates the signal intensity [158].

This shows a great effect on the precision of quantitative studies. The above issues can be solved
or mitigated using adiabatic rf pulses. Adiabatic pulses offer large bandwidths and produce a
uniform flip angle, provided that the B; field strength is above a certain threshold. Our group

successfully reached a good precision by using adiabatic pulses in conventional 2D NMR [40].
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Figure 38: Pulse sequences of ufHSQC with adiabatic (A) and fantastic-four (B) pulses respectively. In the
adiabatic pulse sequence narrow (filled) rectangular boxes represents 90° hard pulse. In the fantastic-four sequence
UR 90°, PP 90°, UR 180° and PP 180° are represented by solid black bars, black bars with white horizontal stripes,
white bars and white bars with black horizontal stripes, respectively. ‘tr’ is a time reverse shaped pulse. Both pulse
sequences are practically of identical lengths. UR and PP indicate universal rotation and Point to Point pulses,
respectively.

In order to study the repeatability, we measured the RSD for the peaks C;, C,, C3 and C,4 of
ibuprofen (Table 2) for the five successive experiments with hard, adiabatic and fantastic-four
pulses. However the introduction of adiabatic and fantastic-four pulses did not significantly

improve the repeatability.

In a second step, we investigated the potential effect of adiabatic and fantastic-four pulses on the
robustness of the uf HSQC pulse sequence vis-a-vis rf pulse miscalibrations. A graph depicting
the average of relative peak volumes versus the percentage of rf pulse miscalibration was plotted
(Figure 39B). For peak C; we observed the same type of plot for adiabatic and fantastic-four

pulses whereas for the hard pulse a slight deviation was observed. In the case of C, and Cs,
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Table 2: Relative standard deviations (RSD) of the peaks of ibuprofen measured with hard,
adiabatic and fantastic-four pulses respectively. Each value is average of five

experiments.
Pulses Peaks
1 2 3 4
Hard 1.5% 1.5% 2.8% 6.6%
Adiabatic 1.6% 1.5% 0.8% 7.8%
Fantastic four 1.8% 5.6% 1.1% 4.5%
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Figure 39: Uf HSQC spectrum (A) of Ibuprofen acquired in 1.7 minutes on a 400 MHz spectrometer. Peak
volumes versus rf miscalibration (B). Each point in the graph is average of five successive experiments.

although we got similar plots for the three types of pulses, but the average peak volume for
fantastic-four pulse was higher. Finally, in the case of C4, the plots of hard and adiabatic pulses
deviated from the fantastic-four pulse plot. Therefore, from this observation we can conclude
that though rf is miscalibrated it does not affect the peak volumes in the case of fantastic-four or
adiabatic pulses whereas in the case of the hard pulses it results in the deviation of the average
peak volumes. Furthermore, these results highlight the interest of using fantastic-four or

adiabatic pulses to increase the robustness of uf pulse sequences.
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3.3 Materials and methods

3.3.1 Sample preparation
Three samples were used for this study. A mixture of 6 metabolites containing alanine (Ala),

threonine (Thr), valine (Val), glutamine (GIn), myo-inositol (Myo), and Serine (Ser) was
prepared by dissolving them in a phosphate buffer solution (0.1 M, pH = 7.4) to obtain a
concentration of 500 mM for each metabolite.

A glutamic acid-methanol mixture in D,O was also prepared by dissolving 100 mg in 1ml of 1M
HCL to study J-modulation effects on peak volumes.

Ibuprofen was dissolved with acetone-ds in order to obtain a concentration of 100 mg mL™
(0.49 mol L. All the samples were analyzed in 5-mm NMR tubes.

3.3.2 NMR Acquisition Parameters

The NMR spectra were recorded at 298 K on a Bruker AVANCE | 400 spectrometer, equipped
with a 5-mm dual probe and z-axis gradients at a *H frequency of 400.13 MHz. PWg, for *H and
3¢ were carefully calibrated for each sample. The conventional HSQC spectra were recorded on
the model metabolic mixture with the pulse sequence described in Figure 35A, with a 4 ppm
spectral width in *H-dimension and 70 ppm in **C dimension. The free induction decays (FIDs)
were recorded with 2048 points and an acquisition time of 0.6 s. The *C decoupling was
performed with a garp-4 composite decoupling pulse sequence. 128 t; increments were recorded
with 2 scans and a recovery delay of 4.55 s, resulting in a total experiment time of 22 min 19 sec.
The ultrafast HSQC experiments were recorded using the pulse sequence represented in Figure
35B. The spatial encoding was performed using a constant-time spatial encoding scheme with
15 ms smoothed chirp encoding pulses. The uf specific parameters were set from the user-
defined spectral widths and offsets, according to our Webpage [159]. The INEPT delay A was
optimized to 1/4+Jcy, with ey = 130 Hz, corresponding to the average of the *H—'3C one-bond
coupling constants.

The *C NMR spectra of the different samples show that the corresponding resonances cover
spectral ranges which are too big to obtain a uf spectrum in a single scan without losing

resolution. Therefore, we chose to use the folding option.
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For the model metabolic mixture, 256 scans were recorded with TR = 5 s, resulting in a 20 min
19 sec total experiment time and five successive experiments were recorded, on each sample, for
the purpose of evaluating the repeatability of relative peak volumes.

Uf-CPMG-HSQC experiments were recorded on a mixture of glutamic acid and methanol using
the pulse sequence of Figure 37A. The INEPT and reverse- INEPT periods for coherence
transfer through scalar coupling were modified by CPMG-INEPT in ufHSQC (Figure 37A). In
our experiments XY-16 pulse trains are used on proton and carbon channels [88, 160]. The
INEPT delay A was optimized for the *Jcp-range of 115-190 Hz and the best value was 5.55 ms.
Based on this value we chose Tt = 140 us so that the total length of the XY-16 spin echo pulse
train equaled 5.55 ms.

Adiabatic full passage pulses were generated using Mathcad 8 (Math Soft, Inc.). They were
designed with a cosine amplitude modulation of the rf field (0, max 157.1 kHz and 93.89 kHz
for °C and 'H, respectively) and an offset independent adiabaticity (OIA) by optimizing the
frequency sweep Av (Av = 72 kHz and 32 kHz for *C and *H, respectively) of length 106 ms
each. For inversion pulses, adiabatic full passage pulses were used. For refocusing pulses,
composite adiabatic pulses were used (Figure 38A) [40].

Hard pulses were replaced by corresponding Fantastic-four pulses in the ufHSQC sequence. For
obtaining the most efficient replacement, the task of each hard pulse in Figure 35B is analyzed
and classified according to the following four pulse types: UR 90°, PP 90°, UR 180° and PP
180° (represented in Figure 38B) by solid black bars, black bars with white horizontal stripes,
white bars and white bars with black horizontal stripes, respectively). For example, the first *H
90°x-pulse acts on initial z magnetization and hence can be replaced by a PP 90°, pulse that
transfers 1, to —Iy. In the HSQC experiment, the following 'H-180° pulse is a refocusing element
that needs to be implemented as a UR 180° pulse, whereas, the simultaneously applied **C-180°
pulse only needs to invert *C spins and can be replaced by a PP 180° pulse. Pulse bandwidths
are 20 kHz for *H and 35 kHz for *C. The maximum rf amplitude for *C and *H spins were
RFmax = 10 kHz and 18 kHz of length 1ms respectively [156].

3.3.3 NMR Processing and Integration Parameters
All the spectra were acquired and analyzed using the Bruker program Topspin 2.1. Before

Fourier Transform, the HSQC raw data were weighed with a n/2-shifted sine-bell function and a
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Lorentzian—Gaussian apodization in F; and F, dimensions, respectively. The data matrices were
zero-filled to 8192 points in F, and to 1024 points in F;. The specific processing and calibration
for the uf spectra was performed using our home-written routine in Topspin, including
apodization and zero filling as described in Ref [148]. The integration of 2D peak volumes was
performed using the integration routine in the Bruker software. All the integration results are the
average of five experiments. As described in the Results and Discussion, we chose to rely on the
direct integration of 2D signals. The integration box widths were carefully adjusted for each
series of experiments so as to obtain the same level of truncation for all peaks. Peak volumes
were exported to Microsoft Excel 2010 for statistical analysis. The reduced peak volume ratios
were calculated by dividing the volume of a given peak by the sum of all the integrated volumes.
Then, the repeatability was assessed by calculating the relative standard deviation (RSD) on five

successive experiments on the same sample.

3.4 Conclusion

Pertaining to this chapter, we evaluated the analytical performance of ufHSQC and compared it
to its conventional counterpart. Although our initial examinations were not highly rewarding, we
studied the J-modulations effects on relative standard deviations of the peak volumes. In addition
to improving the pulse imperfection problems we also proposed adiabatic and fantastic-four
pulses instead of hard pulses. We assessed the robustness of these pulses. Fantastic-four and
adiabatic pulses are superior to the hard pulses. In the future we are also interested to study the
off-resonances effects on the peak volumes. In HSQC experiments sensitivity is a huge problem.
When highly concentrated samples are studied (which is not always of the case for metabolic
mixtures) or by connecting with DNP, the experimental time in ultrafast can be reduced, which
then leads to better improvement. Finally, it should be noted that we tried to implement a
sensitivity-enhanced version of uf HSQC (see paragraph 1.6.4), but it did neither improve the

repeatability nor the sensitivity.
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Site-specific *3C enrichment studies

o . o o 1 .
1. Fluxomics studies by site specific °C enrichment measurements

In the previous part we introduced “Multi-Scan-Single-Shot” (M3S) starategy in the ultrafast
homo-nuclear (COSY) and hetero-nuclear (HSQC) experiments. We evaluated their analytical
performance. We used ufCOSY for the quantification of real breast cancer cells. This last part
describes the development of quantitative uf methods in the context of fluxomics, ie. the study

of metabolic fluxes in living organisms.

The work was done in collaboration with the group of Pr. J. C. Portais (INRA, UMR792
Ingénierie des Systémes Biologiques et des Procédés, F-31400 Toulouse, France). By using
C-labelling experiments, the distribution of carbon fluxes in complex metabolic networks
can be estimated from the labeling pattern of metabolites. The size of the network that can be
investigated in a labeling experiment, as well as the accuracy on flux measurements, depends

on the number and nature of the labeling data that are made available.
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Figure 40: Principle of fluxomics: Organism are fed with glucose enriched in **C, after degradation of the
organism; a complex mixture of labeled metabolites specific site *C is obtained. From the determination of
site-specific **C enrichments, it is possible to determine metabolic pathways [161].

'"H NMR is a powerful tool for the study of "*C isotopic enrichments (IE) i.e. the percentage of

1C label incorporated in an individual carbon position of a metabolite, and isotopomers, i.e.
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the various isotopic isomers that can be generated for the same metabolite (Figure 40). In a 'H
NMR spectrum, the signals from protons bound to a '*C appear as center lines while the signal
from protons attached to a '*C nucleus appear as satellite lines due to the effects of hetero-
nuclear scalar couplings (Jcy). The relative °C content in the considered carbon position can
be calculated from the intensity of the satellite lines compared to the total intensity of the peak

(Figure 41) [13].
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Figure 41: A simple case of 1D "H NMR spectrum, with the presence of intense satellite signals due to the *C-
enrichment. To measure the isotopic enrichment, the area corresponding to the **C satellite is measured and this
value is divided by the total area.

However this method is limited due to the overlapping of peaks in case of biological samples.
To obtain good spectral resolution, an alternative is the application of 2D 'H-'"H NMR
experiments where the 'H signals are dispersed (see Figure 8). However, these methods suffer
from long acquisition times, thus limiting their use as a quantitative tool for fluxomics. We
designed an ensemble of methods for measuring specific *C-enrichments in a very fast and
accurate way, by using experiments based on ultrafast 2D NMR. A new ultrafast hetero-nuclear
J-resolved spectroscopy strategy is presented. It is characterized by excellent analytical

performances. However, ultrafast and conventional 2D methods are still limited by overlaps due
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to 'H-">C splittings, thus limiting the metabolic information accessible for complex biological
mixtures. To bypass this limitation, we also propose a fast 3D NMR method, UFJCOSY, which
gives unambiguous access to isotopic enrichments in biological mixtures in a few minutes. We
evaluated the analytical performance of these methods. The site — specific '*C enrichments
measurement on a model sample were found identical to those measured by 1D NMR. These

methods are applied to the measurement of *C-enrichments on a biomass hydrolyzate obtained

from E. Coli cells.
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2. Hetero-nuclear J-resolved

experiments

88



Site-specific **C enrichment studies

[l i laggretic: Resoruncs 214 [3112] 0ES-1080

et o i (i vt v B S i St el
Journal of Magnetic Resonance

jeurmal hamapage: w i el iy @ eamlocalafms

Ultrafast hetero-nuclear 2D J-resolved spectroscopy

Meerakhan Pathan, Serge Aloka Patrick Girawdean™

Eirsar i e Ner s, CVES, Chefmr o (e pilinertl- e Ao, Mbelbl e (VTR L, ERREIN, (57 M, 2 e cbe Fon Mensssiuin, b0 v Coder (00, e

AETICLE IHFQ AESTEALCT

A Farory Lieala e & JE“HFH-II*I-.--IM_-“II
Recriver 11 Cuezober 2011 mrw il e e cram deigmnd fo secoad b oo- oo as TH-TC ol &
Revvmarl B Movarnier 2011 :ud.ﬁ--—ﬂ.l.hd ] m i | ata o o s wvmad
oyl bl onlin @ 260 Fovemiber 23011 by ¥k o i ™ -
h“l—dh“i'ﬁhh—l i of i i n S e o e
Eryarordt clinc? o s s el f o B s e TC-TH [ |atom e il
Liirafue 230 MV i e . Sk T s
;m; :I'In--d.m -_-H.-dl.-ml-i—-mul'- wialnd e e el
[ - i aa ol daredin.
[ T — 201 Baeee b, A0 gl e s
1. et e Warkoss appeoaches i shornsn the aoguiivhon Time of sl

TS i 1 I G Vi T 1 WS Sy T ey | 20
NME} haet meoloboniasd few wolity of NME & an anabecal
mechindgee [12] O of S firsy 20 BMWE oopsrimens wis the
"H Jreamdnd []-5e) NME pipoaad by Ao al [3], which allees
e sepaGmon of chemical shifs and compling e okons nte
T Sepurae dimeroioe, gealy simplifying Qe analysis and
resodubon assignmeny, while abes Twemishing infermarion st
e e michear Bowds n e sarnple Swosgh e |-oosplings
Apam from Being o powedel sredecl decklison ool dhis
nhurigyeet Fuk Toined applicat b in - chsmnica | sTedes, indleding
et b [ 4.

s WS, b - s s s DA IR v 5 e vy
[Eecadesrabuainctt 0 Gl 7 | A Fuaooart 104 Tt Troceds- vt 1 2, £ Wil
jpravan cowmplings ane obdsred n S Fy Jimerokon wihile carben
d'm-‘:d:d'ﬂ':lnli‘ln:rﬂli‘: et Py irresrohoan, The abdliny no pack=

n:-q:lirg o Rechieal Dipedar Cosplings (FDC) Bewissn
"Card H vl ks gty asipdien] o s s 2 il i, somsch
s e wlal SO amOr OF Condsnmational anatysi [5- 10
D e ot iy, o O o ool e v s s st
shared by afl mehidimerciona] NME segesnoes, @ e boag
s T et ey o M e iy el prosDded Meb0E SEary
o arripde the redimor Fy dimmesnoion.

&0 s i & Ireerdiwiplinonicks Syrch,
vy, Bccbilmsion [CTIRARA] AR AN, M b clan Sriomo, 09 00080, 2
chr b Wb i, P00 2 Baans Cackace T8, Fracew Face- 430 [0 51 12 57 12

& ol e FRC

1FE-THIT 5 - we froee o & 235011 Devier In: A1 Agho reareed
o~ 1L 100 5. 3501 1.1 0. R

dirresriodnal MME speomra ba e Been dewboped | 11-15] The meat
ST ST, Ve el i et 5 o It e - il i 51
DNME " apipina ch [peepodsd By Figdima nand oo-enedosrs | 17,15,
ez el anpuisition of 200 NIMIE da it b c aned ot ina shnghe scan
Titee e 11y @10 i b e 8 By ipa Sl ” Cuingg, ool By
Ve DTl and By e neoman Block Bassd an B e
IPLaanar e gy T | 019 Tk poiec e & 2 recl e mosress o oz 200
NME T v Bt i el oy et i T . i i e
|02 e oo B ik i 2 e s o i 2N NIMAR, i e s
[y S rsplar s of the dinonere spatial eraocdling Lo me
i My eyl v DN Evaedvuck oSl QAN [Pl i [ 2326 |, nedying
i e Cormibinaon of coaviineesly inagesncy Denept paloe appliad
dufing a bipolar gradient The corodant—Sme mizdulansd
enitading wohmes propodasd by Pelapeoy [ 13) was shown o yhed
an opmal coanpeam e Beteern ensitvitgy and nesdethon
[B735], aned it pregrenshvedy Bacame e method of chaice 1o per-
o paial esn ool renisa iy Sodr mlra S e g e e [29,30].

Dezspite i high petusniia ], whtral s 200 MR Still peesnes Bim -
102 T TS O ST AT Y Meolation aned Spaic ] widt, which
T B snorilbend in neosnd jpapers [27.31-33]. Famena ey se-
el recent impevwemens have contrbeted o i Sipnif-
cantly the parivrmances of whiralsn egperiments, sech as the
neroadeomon of a inslti-ech ¢ iathon o eme i el with e
ity banes camned by molecslar Sffesion 35,4, ar e bmpde-
et of Walkdes STaleTs i oWenoam ¢ Spatiral widlh and
Hiresh pe Birnitatiane | 3133.35-97).

s it s it STy e POt 3 et it D PNt 1
ransdnd elwale hesro-nedear |-resohand eparime . T pnd -
s e e maress 2 enoribend o ponential 3 jppdic aord ae Ji-
cuinnd and svaluaned

89



Site-specific **C enrichment studies

Fig. L Fulw rsquenen for dofer eoem-mciesr e widess (&) snd with
Inotopic Alker (A1, with n gy & phuas
rehl arard By

il on che ke chand :I.lﬁhld:u.h il e Wi ch off - iIndeperadere-
= The = e i v ¥ -3 -] oo aveid o irabls

el e e Forthe Alar, CAD M 1A ECEmATY,
With T8 E ] e Pl ad on e e e, A
(L. 1-% .8

L Mahsd

The wimadat hmsensdes |esdved ke Degeene
[presented in Fig. la. mmmmwm
23], widh a rovelieche encitarion desiged © minimize mobsoslr
iffeion STa0s i emplayed [ 34 A £ afiaba - pale b appled a
T " drsyme ey i S maSlle of S i Sen eviad 1 perkem
15 fin ol mbtradast e rchon. The detentbon Bk,
inigally popoded by GirasSeas and Akoka [335] b medfiad by
Sl I T, o e el e o ISl Sl T s il
st anoshy o proand nd Ca s ¢ hanmes i oo vhe oo
of iraernal chemical shifrs and ciplireg . Hiovw we T
e Ol efsors of The & hard pale GropesrisT G indeos @
Sermation of spefoes stimelined echoss | 39] for 2 sers of thiee
wncne s ke s, gheing rise noondedratie sigabany =0Hz. To
CEATpEEa i foT [T e inmedece a ¥, ¥, —F. —F phas varkaion m
e 'H and ' w puloss apipilied during the acyuisiton s ofe i
Tz e e ey Towarcs the e dge af S v compling range] 35|

[E1] |

Ciormrm mimon || jarmal’ off Moyt # sonanar 4 (300132 ] IEE-1E

A rectaide Sifnene i T Fedaved- Disclear wivralaan |- aceed
e ks e e " sepesonic e el I e 1 Bt -
b ey e 1. oo Bereceg ebceess: o chsplireg e et v 1T
range, al g o hamd paloes on S carbon chanme]are neplac ed by
1o elbtain mnifoem [40).

In addar i nemaene The signal assing from 'H boend o "C, we
albt pEpodE & Imaodified wersion of the initial pube wguence, bawed
o i seegie Flter Shat can Be intedeoed pafor o spa il enonding,
& showin on Fig 1B Provbded tha Two SCans 20 Eoeked with
apspirodpitia i pilhae Cyclirgpen The sanond 'O 1) 2 paboea nd de neced-
wo, il eivew e igna i ooomyplen ey i e end oot oo all proand.

3. Resulls and S iksion

Thee i e i e Mol ar |- renodheed ol d in
e e Seomon i 05 waed on a mode] mibdene of L bl
nﬂmamxmnpnwumm
o Scan i 190ms. Promd-carkan aned "W chermical
shifrs ane obopreed in the Fy and the Fp dime foban, nespe oy,
The shivars signals of 'H amached 1o T (oenmal peaks)
ared VOC [ samellines ) mapadieely I Smponsng Do moa thar the
spaotrnem i H-"H and "H-""C dacomplad in rhe sparially enooded
HTasTehoey, e o oo O T T el T SRy
it i Covventiona l - sdieed SR Timents

In additeon 1o e Wy Sholl SUparimenial dunhon, T -
nzmm:}wmnnaumum
high sercitving of "H Ewohon, which & not e Cae with the
el Tonal Teero-h Bar |-eadved Eoperiment Anmher fun-
e v | BT i i e Ca aaciiny o e Codvenvodna ' Cde -
e e T i et ooy S Signals arksing fremn "H-"C
piirs, vwiiibe et whira G ecpsriment presenisd in By L abe de-
MBS TeEsodance S artking frodm "H boened i “C. This nesslt can b
Mmaiiniﬂwﬂi&mmﬂtﬂm
e of Semeonng afl peotars prowkdes an effcent way
ol e ety Sapaacif 0T e al e e ‘e i i My
Nt M oevupezvusfocs. For e iecedied 3 Laniired IREane, oS00 -
cific VA0 enrchme s wee foond aentical o thooe messanad by
TIMMAR, L 495X and 493K o thee TH 2 1l TH, NeEgpee Ofviily.

i b e ua o, v v i e I e s aned]
o an baw VO enrichime it o naten ] dvendance, S H-"C new-
i 5 Ty et e e el et T o My Coepillingg, Ciodn-
SN, which Cortinenes ane of S man ¢ pemed applications of
e e Tend Thee rreaclifeed wemicdn Shedain 0 Fig. 1B owenooimes this
direrta i By removing S signal arking e 'H Boand o 150

(b) f

—
ey
_—

l \E% IR

5 P [

1313 He

1l B

TTTTTTTT T
=

I u

A H] ¥ Fa[ppm|

& 2

T Floexl

Fig. ﬂrlzmﬂwlmlmmﬁdimmmmlmi:ﬂw ] on s mexdd mizue of labelled nid unlabeiled danine The pears W

dewribed in Fig. aaed

Freemi i 2 ad e Ty conspliogm reamr ol froeni Mg 2 e

Pl

(L. T2

90



Site-specific **C enrichment studies

Comrmryon f jrnall off fageat Srsononoe 214 (30012 ] TES-05 b ry

() 1

(b)

oS m e

Thits schesme was etad an e s moded m b (P 28
The SEOIREM was Delandsed with Twe scand. The b Spacinem
(Fig. B} shows the "C-"H ane band complings in S F, dimencion.
T evaluane the dficksn y of the mompi: fiRes we progeoed the
codarrire: of e aLanines OH; pealcar 1.4 ppan (Fig 3] odained fnam
e spao acguingd with the twe polie segunoes The perfea
suppeeaian of the ool paak shovwms e affickncy of e v
Thet s COETants meia sued froan S alanine o
(1303 aned 1461 Hz) 2 meot il By maae than Q3% than Seoce
e zsansd By 1D MME (1300 and 1454 Hy) Morsver, in celer
i auness the peeciion of thess MeItanSTENE, TSN SeosEine
T VS e oot e e el e BT en o e
Wl e foimnd O 1 H2 oo Bt sives, b g the highnepea-
ailivy of the jpulos Sajeenoe

Frospective ajpplications of this experiment inc lode e mea-
surement of Compling Coraans i nod-snrkched sampbes 3 S
i wihikch B omech o chaTksnging negaeding e finering of
'H-"C sigrals In ooler i amoess e capacity of oor pale oo
guEnoe o el with sech a2 Sivearhon, we Jpplad @0 3 nameral
dvpndance oyl Womopepianate wampks The ooememponding
SpSCTra ane represenied in Fig 4 The spacirem naodded withoet
nandpi il (Fig 4a ) cheaty dhovs the impocbdliny oo Sene ig-
a2 Eig fram "H Bownd B ' and i s sel e GTespred-
ing covmpling coratants. Vel e flter i applisd (Fig. 48] these
covpplings Beooame asily me avarabde svsn Soagh B caniml Sig-
nal B et iy seppeesosd. The neshdod cenmral signal 5oma iy

o The of berween the H-""Cc Tt
o o kgl e e e Lay Charn o0 M e T Srom e SeeEage

I W

T T T
4 a T Fiioowl

Mo 40 M o8 WM @ M MHe

dhe danin® O peak sz 147 porn, obesined fromi che 20 s inFig. 2 reeorded wichour (6] smd with i somopic floeril]

il codcetant.. Husne, covmpling, ConcTants were Batwesn 178 and
155 He, and an SoEaDe e o 1404 H2 was dhawein i Caboala e the
e e lary. Thee ressalting rella e e ity of the cenmral p ke
Eern 04 aned 1.7 relaialy i e sarsllines, 33 3 resoln of the
scalar compling mismarch. SEI, S cantol pealk does nod Sl
e prechion of the Complife] COGTENT e SENEITASNT, 45 Shoin
oy e el oo o e et 30 29 i, I et Sy, 38
el & X P TS B perionmesd wihile o poing e Selay 1o
a jparthosler compling codrwtant, wihich ook B reoea iy whenihe
o s e e o a Wi Tange

Wi e ca iy o e wltraa sn v nced no e e Cosapling
corehns B elabely sooi@oieeand, s capacity o dEenmine
cdmeoly Bodaphs e nabchim ants in & wide range of walses with good
i e Oy e |precksiod reeds ao B o buaned. For thae, e 2 soesnsd
T anabyGcal periem ance of e expediment Ssoribed in Fig la
on a e of [1-13Cgheonee mibomeres with warkus Botopic
et s ranging fram 5% T SOE The Codnenpodeding, whrali
I spesctne mooaded in 2 sioght scan B nepresermad infg. 5
e S cnoanspis & Rl ST Imiomere . I agjod e Solumon, glecodas
e s T Pt i e omoan e ding 1o a gabde eguilih-
rim Eeraredn & aned Bgec opyrancds [41], which eoplan the
ke of resonanoss cbosred The Dowopdc snrchmerns ane
et S Ty et O resodnandce. For ¢ach sample, five 1D NME
ared e 20 wlorala s hetero-nimchear |- Spacira m seooe e by
rcandied o o Buame bt precksiom of the e dhoed. For all samiples,
et B ipis esnirRchumes s e e By 20 NMIR 2 plomed e
Ehazci oot et By cpma a1 MR The & cosracy & ewalaatsd
By e ot oo el N g Roany, e e ORI BRSO CoeT -

(b) L

- BD rll'-q

-
-
-
e -
T
]

Mooa

TTTT[TTTT[ETTITTTTI T TTT
4 k) 2

Fig 4 e b apen-n e o = g s, e ded a ] ard

filkarikL o

- FELT ] L]

eIy
serpairesd wich the pule e deoibesd in B la ad b egpecovely. Two cam were ey @ e geeon (Bl The verdiad pregession of e milumn

o e pewidi g oo o gl as 2 S poen (0 reprewenred.

91



Site-specific **C enrichment studies

s N 3 Fappm

Fig 5. U o B of S of
[11=" i oo o S0P o ol el sl e Then ) pemic v o P ramar orin
| o © e chiTen oL

FiY 588339535

E
E

L) L] L
IRinEn

iy & T Fam Feoro-ciEeT B gecrs
wrs pioered vermn che ad e reuered o 1D AR The [ 1= Chglamae
e Eape were ranging From SNt S T in tha of
Fu Froemi mand o 0 il o relacvel y oo che oesl
InEermity of the O] Mgl

cientr b e e S ey [ Fig. 6] The valees dhiained
B e ellend A uRoy [ cloce 1o wnity, meegligibde
e rcept) and Nreasty [ dose 1o 1) of S methad. Mareoos,
e vl vl el S (awecge ) highlight s wery goaed
rispes it Illiny.. Thiks g aina lptical |pesrianimanece: oipesnes it apiplieca -
than [perspes Ses of the sl e methodelogy 26 3 Daod S rotine
meGbolic o flatames stalies relyng o spacific ' Cenik: havesnt
e asanEments [43]. The present sy addc 3 new ool 1o e
mmmaaam-«udm
[prowed e ek fulress of wlrala s eogee sime o [ 43]
ahnmmm“uumuum
iyl e e paisriveinit S o o i s | e, especlally vresn -
wral aberedlan: ¢ sarnphes are shodind The s oo This Qo ofon &
T NS, B S TaiTity Gepands on e SpE OIS ared parode.
o T 2 1 o <P e e et AT T e ST e i e B huar-
acnefrad I a gwen Pl of Scand Can B cbviaine d froam the Sig-
ral-to-Moke Raie (SNE) wless For S E3med L' namsral
vty nce Syl BISOpopEna e samphe sTedied in Fig 4, an
Feage R of B0 wa obminsd in the L. e Teshn
(e crimhcal o esreshoon droan S SHE podnt of wise') for 3 2-2can
ST L Hata SNE ol 3 o e Hirnir
of dewomen (LD (44 b msarn thar the LD woonkd B aromnd
DJML'HMHWW“IBHI&H:

i off Mo

24 (012 1518

puite high, et Wiy COMCe TaTiodes are asily reached by signal
aeraging, 4 “mels-scan single shir™ appenac b wihoe ponmali-
s e Bt Devsntly Gemoramaed 45 M ansows, oot -
o B oflen not an ket for streoeral stedes of small coganic
codmpoend wihe e a selfi chent amoent o samphe i availible.

4. ol Shon

U e Pestesrcevmschear 200 |- soilvad SpeOGROngy o pEars T
Eet 3 @ TChenT 2ned Wi Tk analymoal e oo s so e P
Moyt Covmplingg s n 3 Shrole SCaN OF M3 O0EEE ERaanpds Endema -
Gn. When an filter i B et SwhdEnt
apiplica Ton o hits TaC i B probaibdy e SN0 T SEvEETEnT
of et Bered scalar "C-"H oovupling for Sneceral elechlation par-

mtm:mm:nMHﬁrm
iy Reshdod Dipolar Complings in arbsnied media [45]. When
e the won- Pl epparime g, i opeer the way Dwank
applica Tore: G v Fasid of rnstabacdis ained Mlaomanis smodies By The
e et of Eoandges anrhchime s in el samnples The
e of mhiralas Hrescdved spemmacspy o sech panpeces wool
allv COck b T -2 g That ok SEnaficandy improee
It ity o S i e e S, Finally e an CoRider-
g whe ermenesian of the: wlwafeo medoddegy o 3D MME wech-
gy n oonder To reach 3 higher bewel of i Smina God B
e bl Signals

5. Eageerimental

A LIS madl ™" misene of sarioes aanine etopoemers in Ded
s [ nad a5 e soribed inonef 42 A 6.3 mad L sample of e
3o OIECIune W [Pl panad By acdding 900 ul of his Codm-
[povered with 2000l of acetone -, S amphes oot ndng wnki-
Bl | naveral abastedan ¢} and [1-"C]-gleoode @n arbes rahs
e prepa ned a3 desoribend bn Ref. [43]. The tetl amoent of gle-
ook was 50 g, and the calan- I enadchi et bn pocition oo
s K, 00, 25K SOK TEE and SO, respec Swely. The £inal glecods
TR G s 45 mad L' AN e ke Tl ¢ ompoands wene

i Ewrisatop (Francel

Al NME spsci e neoonded a1 296 K ona Bralosr A noe
I 530 spesctane e, At a fregeency of 500,03 MHz witha oyogen-
by cooded peobe incleding -axt gradens and &7 pole of
duragen [Fi¥ed= 39us (eooem for S gleods ample wiene

il = 55 ik

Far all dwe wivraile Spatial enooading wah [P
Hoarresd sing 3 :mmlmmmu
seccesthe 15 me smoahad ching enooding polues. The swssp
rangge o the encading pales (S0 Hr) was o e ke
Larges than the chemical shift range and the amplivede of the
ol iy Pt was Jdapasd 1o drain 3 freged oy Sipssraian
aguivabent 1o S Iregesncy Cnge of the polus (G- 82 Glom) A
oocine adiabatic pulue with afse independent ada [4a0]
of 300 s with a seneeprange of S0IHE was appliedar the "Cle-
guEncy in the middle of e exitarion perisd To pedfom T
daccipling in e wlwales Gmsndien

T |- oo ot oo ol s oo of 125 denscian goi-
it of SunGen T,= 1.3 s aach. The a gubuition g st 2 mpli-
e L, wrh 400G horn A redin-t bt @ e and 3 Ooine i mo

ki v T apeplieed sl sy O IO aned Carben cha nifess,
T Ty

The amplitede and dsration of the Fadient
e alapted i adjest S palk posiSon in B whin G Smen-
o Al Be Spaci w3 oguind and anadyzed wsing Se Breer

piregram Topepin 2 1. Thet Specific proc essing Sod the uba T spec-
1 s (e e ooy hedTel- TS Foammine in Topspin The

processing indeded an omimined gecdan apdizaien in the

92



Site-specific **C enrichment studies

i il o Mogrer

ol Gy i rohan W Gmpnoee S line whith and senciting,
il oo nGonal peooessing (RS shified sinebell fonokon and
oo filling) was perionmed @n the ooreenGona Jimension. An
T o [y recarroia ] (e 55 Baapl Dared GO O wa s a ppdaed in
= S e T

N S P e
Thet 2wl s el e o el INAs Tl Coira e i e Mot
astitance. This reseanch was seppomed by fending from the

“hgence Mathonabe de L Rachewhe” o young reearnders (ANE
Gt 3010J0)C- 080401 )

N ] L erer, Leorw
Pl v, Tigpom v, 1971,
|I|'.h:l Jaw, I Barthwlicl, BE Erres, T

EXE T, Surrmrar Sl I Bk

214 (2012 1518 k]

[15] P B Fusid chweri cal i L IR, B, B il
1 (18] T-E

2] AL Gad, e PR

lr'r:nm.n'mmlllunuulﬁqrh:dxd“
Sl Mear-ork, 00
[Z1]M. Mshkcraky, L Fydmen, Fricipes axd grogess in olofes

LI BV [ S Bev. Py Chame 80

[ RE e B

|22] A Tad, L Frychran, Snglsa P
Faxl. Iul.'l.l-:n l:l.':r:- 57 (O] 41-E0

=] P Sl I AT
Cham S 125 CONN] 12 - 170

|2-l||l Suprs T Shee, L sl n ID

lml_ll.l.hml'.‘mmln—dl

|35 . Shme, L

LI B g r-ml.ﬂ-rnllﬂl. |z|m|mn

|35] ¥, Swee, I Supivs, L Fydmon, Ooafer 20 BVE speorosopy UEng &

Il o § M. Bewon 171 (2004
163171
|27 P. Ciraaxdesn, 5 Sarom of wrEovicy lomn in oo 23D RVER [
Nugn Bemon. 152 2000 151 =150
[P C % Eleoley oy o aed e shuge mesdi fcasiorm. due oo
ar diffumen in 20 AR acrper e, [

o e et ey, [ e Py & [ 1970] 22050 20460
BlER M|l:mumgmm"mmmn|mm
) I Chem. By 64 [197 6] £o%6-

L rr8
HI|F. Bamdll A lgno, Ssiecive [emved speoary o doubie pulesd feid
pradere | inecha ppmesh, [ Mg, -:n III|EIH'|E—CI’:‘

Magn. Beaon. 155 CNEN] 5-16.

[Z9] P. Cirasdem, 5 Berad, 5 Akoky Daluwsion of Diafes 20 MME for
G eacive Arabynin, Sl e 81 (2 00FS) 70—

[B0] . Vel M. Thn, 5 O, ¥ Lin, T Chen, DN 20 COSET Wwith £0n iEsne-oms
|'.I1 il nersding, § Msgn, Beaon . 304 (3 010] 032 0

L Curms, In inge-aanID

erey, | Mopn, Rmon 194 [GNE] 163-174

maipcuir dfidm in uoafer oan-

Irrerm ol ] e rrogn e e an e, | C e Phoe. 1238 CAEE 1SS0

|:I:I|'|I T, L Frypdmoan, Specsl jpearal sneosling of o pin inerctom in

B C Lodwiy ME War, T 5 TR
of ey v In Bw u::lhn.ﬂ Anal Z1 I:III'I' !m.l-lsﬂmnﬂ-mﬂl'
[FT] -1
Fll.lrud:,m'-ihmlllmﬂ.wul.ﬁh r_tun,'ul.nm,l.
[r—
m:l'r umm:mnm H]P. G [

[ZANNG] ZA-2T

7| G Besdenhuamen, B Fresmen, DL Turmer, Two-dmeniond | pearosopy
m-ﬂuml:uﬂ.ummpﬂnmm

RIS Tador, DE Cursee, MP. Coblm, Sohrion-acre muoere of te Dewr

af T Padeew. 5 oyl dine,

Becherninry 27 (15080 THG-T215

B DR Prabiu, SR B nand
deoarmiuton of homo- and hEemenuder el dpolar snd nodr
cpingr e maord sarsder 15 sdied [[Drmoived FVE ochnlgques,
T, Py Laee 5060 2000 W04 T4

1] | Fargm, |-I'I|h:qlbl:.l2|lh|n.|nu'uu Flapraream o ape e ve
T For che peerral anal v of snueTEETE™ N
mmmmdldmuhtmﬂ|mlml

[11] A Muexhihoen BE Tador, A Swuks Applicxion of te Alor
d gpordl Torion mechod oo one- s ceo-direrm oned BYR ey [ Magn
Bamon 100 [156000] M4-T13

A AR, | Chemn. Piwys. 171 [SEE] 224516
wrwd off

]

remaived 20 RV q:m | Rlaggn. Fewcan. | 550 [Z5NEN ] OOES- S

[P C = rrerh oxd for improvin g cha
npearal widdh of |.Ir.l'1: El FAVER sxper e, [ Magn Beon. 355 [(3110)
171-176

[T5] P Crauden ¥ Swor, L Frpdmoen, Mulipls O fer, Boochend 20 MR
s of hypapobeizd o prochess, [ Sm O e 101 [2EEE)
17 S | T

ARG £ Soolcs, ID
RAR by opomied q:::hu:n in e pucally swreld dimemmion, Magn
Emon Chem 48 [3011] H7-311

[T P Crasdess T Seoks A eew dascoion cchare for uloafere (el e
npecmroa gy, [ Mg Reon 18 (35507 5 2-1600

[69] L Blabwy, Spie ecius, Pre. B, 50 15650 S04

[40] L Tersdlmmu, 5 Keolex, Adidheds 1N deopling whems for very 5o roe
inmermicy rreaErarenes (o 150 BRAR [ Blsgre. Beseen 105 (25007 | 5020

[H1] A La Bare® M Cromwed, P Losoren, M Muchimehi Kinadc nosdy of che

[1Z] . Drnceswlsr, [ Dung Covrime mEss
|mm|.nmn“|m|M|mu.

NI E o, B § Mugn
Rmon. 162 (AT W0-T10
4] L Kupew B [ wm
[T § Arm Cham Soc |35 (0] 505
G

||=|r shmds L

'l'llr:fh: AR [
on e dre nole of

llur:h FAm e S I2?|ME|I:IH-I:II=.
[15] 0. Viergs, G g nuEer

of c-gixoe n AR by man-linu id

chroerasograpiy, ] Chame 74 (3R] 118-124

[E]5 Muawm, C. Reosa, F Lome (-0 Porsy RMVR-hmed Aecoomior
o cibscsw 200 RRAR P mayEL [~ |
[SAKTT ] ZI00- 20

[41] F. Craudma, T Mewn, ¥ Bobin L Cawrwa [ -0 Pomsin, © Akaky, Dierafaar
o an eirasive 230 MR an el dani e ool e che e rerren £ off ipeeific | omopi

in oarpl=x iz, Sl Oweer 002000 3 N112-

o
[44] T, of
D'

. 156 -'I'qr.',\nlnl:

3
FEONATER T o i by the e of SN Becorery Times - SVART FRER, [
Mg -lm AT (1] 148152
nTL T.Sherd ] Famoren of B gl & w20 oee-
R § A Cheer Sae. 1255 [2ENTN] EM-EE1T.
[18] L Frydmun, T Scherf, & [upuaa, The souiscon of ml o dimsos ool FRER
npEsErE i e e e, Presd . Fasl Seord Tl RS 060 [ 2ROET S - | SO

e Ty

[45] M. Pxhn, & Seoles, I Tes, I Owerier, B E.lm.:h.l.l Il.lu-innll'-ritl
o n eiracve 20 RIS & vl bl o sl e
0 KR, Snadiyx 135 [Z11] TI57-T1EL

[45] C A Thizike, Reidad diposr coplige [EO) in o Twors
o srerrrd masion, Bur: | Oy Cheer T4 (20000 SET0-S00

93



Site-specific *3C enrichment studies

3. Fast 3D experiments

94



Site-specific **C enrichment studies

CHEMPHYSCHEM

D 0. 100 Sepbee 00 200255

;'-#.:m Europe

UFJCOSY: A Fast 3D NMR Method for Measuring Isotopic Enrichments in

Complex Samples®*

Patrick Gimudeau*™ Edern Cahoreau™ *¥ Stéphane Massou™* ¥ Meerakchan Pathan™ Jean-

Charles Portais™* ¥ and Serge Akoka®!

I Burand o TV (aotepn u rrkPrean am dien pride
o fort el alollte Guastificathon ared st abalic lu ambis
im comphe Biskegical sampiei” Y B MME specmedcery i
a powertd ed i othE BT oo A the capadty of
e ey sitedpmclie T endchmans i compls @ ek
Howansit, iatng mabod e on X NMR e Basgsnd
by P cmdapn wiben oomple midons a7
Homa, wea prcgesiar a fiot 30 MVE satfesd, Bupad o wll sl
iputiallparccadad MME, wheh ghes osasbiguren acoei 1S
Halphe afrchisant JE) B bsisgicl s i oa ke S
e, s doation mughly 6 e o thas
a oo | 30 MM & Pt

The combimton of MME with "'Chbsding Zetegus i
a perwaiiol wmesl for ateddeg Satabele Mo 6 iy s
rard P Bleieegral samplid am gemidally inoabaned Witk C-
L gubrivane, ol B Fulabele foss s oosglins mal-
el s cam B atieanend feoes B Bl pamam of S b
i o o g o bt i gurnlly Aot welloas cer
a s Eeknnl, bl me e main B bl 0 e
sindpe T O enmbesantd (. the T g b fod il
Bl e of ek Seelanole]). Thei disgliin pesaduf o aordigs of
imegmtng P Ciaelte pras o THEME dpsacra ™0
Bezvparsar i appecac b i iepea clcal dos o B linge cwrlp
B i . i sl = | appesatsn b
o X HNME B Baum doiigeeed o cirnoseant e dawe
B P T Homsomariear X s ane faconded, whes H-"1"
cplags s axpeaiad o disercise onlly which mdeced
e iliage whila pafTing B datedsination of dW-ipedlie e
Rep ai ke, By ool mcing Ao (paralall b e, disa
di) feoes B XD pecors. Whumia B appecach insally
ilfard froms lomy aoperimen dor o, we monly pro
peoiand @ aFamegy To mduy the epurisen See by seral
ol of SagRiteds, burad on thi olva e J0 NME Sl
gy Thish g equisitfon % sy ralding om spatil amooig,
i B pdaille 1o Mo d X NME pscTa im a single i an—

o i o et e el | e e i P i R i
Ty prrpeai ™ T

Huoiwmii e, Bt By oot o el 4l iy affin? X0 NG seatfesch
a2 affemad by dhgnal cvedpe Ges o e H-"C splimieg
ryealy 100200 He) is o of e v disamban Coma-
pmartlly, PRy BanboEerer Ca st B pacend By Tl et b
i, thoe lisideg 1he satabollc inhrmahon acosidlble R
copias Bkl miamees™' Y In ordir o bypas i i
v, i weadd b ivescing otz dw H-TC splmiegs s
e i i ek drv g o liag, cancrioad By ot ossec-
clisir conpllr, whils pvarvineg S ifermation om TC arsich
i Suh an ac i v tagy, Bowsiver, wiadd s
Bh sy of am adStoml pecral drsarion, TR s i
iy e accpainion dunton o daeral e of Bk which
swcecded s Bzl v ol

Thid comram i prdant 4 ey MR aoqeiies Sl
gy PTG B acukiton o 30 dam o4 by S,
Based om S dvalng 30 MR Sy dawlopad by Feyd
T gl ol e Aata et g T ™ s e O g
iy MR ol dnpoaret (Figesa 1), S diseringd o e -
wd i an wlwalnn Rekees, while B Sird o B eoeedad s
i convardonal way Therafons, o Balll 30 et noms cam B mi-
e i e R gl Facpeir ad i clagin o comerntiseal
0 i €,

Thi polle dageasie T e o comertionad o lahes
s ey (00SY) apsdimact, with a s S i
raten e sasek the TH cheasical i e B B s,
g & 1807 T pulis i B Sl of e padad e ke
i Th Belarodnachar couglingg. The 9" colberaics ke
podm & e felowad by g coeamttes spatal reatieg
st P wlala e Buteromeclanr ooupleg ae again i
e by a @ pole Fealy te lorsatien & descdad in
an ateplaarisaging ke EA)T asd 180 polle
appiind doing The detacting 1o Mo deasi | NN -
rioen ™ Themefioe, ®e H-"C ipliming ae dewced in tw
Ehind deardion, dislaly o Tk ol ey Bt e e e

b smaney Bt we Buve diciBed mcentliy™ Folloadng

) . A Grousiean, M. Paifhan, Prof, £ Aholo
TR warey (TEAMN URR £2 W] DrbvaryF o Nwar, CRRT
P A8 2 o i Mo it 440U A Caeer U rancd
e st e ol o o o
[E F. Coforeon O 5 Momas Prof. - Asmak
b dr Tasbsne GARA, OVT, WP
TRE A wrvuer dor Aangued JIF7 Basbune (Foneg
| . Cofusrem, D L Msos Pro’. L0 Aok
AR, CAMPLTS Pngeinderir dn e G osbiueet o7 cin Py
JI4D Tusbwre Frae]
[ F. Cofwwoems, O L dwesras Prod - Asrak
CINEE, LAVESN, A0 T oarse (ranae)
™) CNIOIEY: Divahr s wd Coredrn Sererrossosy

EILEY N

08 B LR

0 2012 W ey CH Werkeg G &0 0. MG, Werham

v e, & petes iy el 1o wll Al vt i
d Pl s Epsa =it al Seesies)

Fiposa 24 peass e 30 NME peonss obsad in
i mm o a ol adasics s Wil e Pl SuEeL
Thei H elmimicall Pl & apaniad i@ Seuadon £ aad £,
Tk comartieally sarmekd g sputialy wreatid diru e,
rapaTialy & FF, plas mad oo the 30 spacyus give e
e a OETwyEe comdation Figee k), whare Be peas
et Eecadamid By Beter crchar ¢ asplitegs i it of e ™'C
andrban], CoRFay BB B X Sl peeviouly pa
Tlad P They Putemmrhar couplings o o s &

Chemifmifem 2002 15, aM-Snar

95



Site-specific **C enrichment studies

ciEvpHvsciiry COMMUNICATIONS

T
| —

=
o,

Fligaars 1,00 UFECCORT RVH pu e e for th = Pt mesarssmene of nks-mpesd e T otopl e ssvkehsmanim In
cormplsx mbmrsn. The " hrareckar consbko m s obeslresd dhrosgh the OF L
o] T dimeraiorn, whils the third dimsesrsion (7], beesd on sn scho-pisres | megl ng decsction , = hich g v
ssTem mn F-TT hasrorse e coupl inge.

|
|L-;"' IH S I

| o
| j_ [ i m_..:nn T K
|--------------------1-.-.-----'“\.n
] ".
.rrl-',."" | I :f o )
I:"._ !
-1".|
y

1M

H 1 ? = J g
Fliguars 2o 30 UFCCEY RIVA npesc it miresoreiesd sl ch s pul e msperes of Aguns | on mesdsd, paetil v b~
e ol il e vl & B ST, OCEDY s e o) ol oy asetraemasd fresm e B0 mpeemurm 1390 eorwesreiornl Himas
I ressman i e resmredesd In the ) climesrel ony, relting [n o ool acopl eibdon e of skt 11 min The ulirfae
l rrera o (0w o o] of By-sevickeed during 30 rm, il ues chem an £ o] e et e ] mews s . Th
s h-pimrenrd gl g ) climernl on v seordes] ssith S8 - 1338 aegul it g el on i, e uiting | e e e on

s e iy b F, o Hasrrdlng Iin chin wnidd |
sppremimansdy 13 h sl don mhrmmmmﬂdm-ﬂlﬂt“ T e w D 8 eop -

marad corgur el b e Corre -
ormad amd we ke wlwafsn 10
spwea o b im el 0] The
ol parparedcolic B e
O0RY plares contm dll B il o -
e Aathad W dall e B
g TC motesr aeddh-
-8

Thea ¢ usiad ™, ot d abueva il
it P oot il of B
I UFICOSY pulia s b
e i Fesssasan J T 1B
i badayical aepks The Bl
aralpical  evallatios  atosacy,
praciiass,  Desawipy) of e
Euled on 4 vadety of il
B B ey off O e ok
e il Ba i dbwad i P
P, SrciATy s o R
e By teiolal ared il Al
e o Ema wvalanad Sdll, we
Eedma Pt Pm cwdeod wll
dicwe Pw remasuerunt oo
i Migher Sl of 1B thus B
D appscachen peadanly de-
wribead, ol wib 4 g ana-
brical perfeasascs. Wi of
e prdia e prasarted in
Figars | afw alie wnder it
gty Bupiad o dould-gan
o BlRaad OO0SY (DWF-D0S
o Rl o el et Ao opYy
(TeCEY)

Theiisi Al als Baghingh
i el e ol Rl Bl
corvarterabud¥ator A0 ap
ik B disile RaRg Wi

aagputad by Midbcoaky o al

robe. The dem v pmoemesd s th o ur ha me-sricen s in BEpin

i Fy, aned e O Roteede g chesans (B ane S
st by iy @ ool puir pamdialan e Tha COSY pland
(Figewa 2 ). The [E el am e cbmimad by divifing te
dadfacs wedad the TC dateilited By S sl aea Fod e
el dampde, T s cheans of 405 amd 450 wara ol
rard o ther damiee TH and OH, Pl Thease vallss s
vy dmlar 1o S maesdy masnaed by oleinr XD MME
o e e il ™ (RO e R, e L

I cndor e illen date B peotrtaliti off B IUF O0SY (ulws:
fag bemolead comaliin pecredepy] appesad of a mal
s, wal appliad i o a Bk o olfased feses £
ol cali geowe om o S of 509 Lk P jgleosds amd S0
il Balad glaceda Figees 1 pesaeti the X OO6Y ol me oo
tmed os e comedpending 30 UFICOEY ipariaes, amd
a B colesen parallal 1o e F, disardinn o dlus e
wed Thea X0 OOSF ol Dlhocims el o Bioghs sl guain ol

ey Chem 2003 13, M09 31T

o 01 2 il e g S & Ci KX, Wit

i a Beedaclar conmen™ Bt

ik i el i B, R

i B ol b kawdados. OF
o, 1B e o e e sechalal B e Bt e
RiEs il X0 MME el Tl ahen i e e off spsaew all
ikt et ity e oo™ N Hoswr, ddutor b
B fuacartly peopenad Wik Baws sy oo B g
fomsanes of ol I spsactpedrepp T T Sy of tha
Buran Buivd applind B, el n g Sollbadss pail atoeds
P (Figer 1) o lirsit 1hos inflsarcs of melacele dffision af-
P, o e applicatien of 4 spatial apsdratios pesoaduns i
thu e ot dirumion™ b imenoe Fes s amd
saris ity Momover, S ol iercisasy i isgeowd byt
ta ool amon pa o] in e oo fioeal disarnia
Wi B Bt e el pramarted i papr will cpa
e dedopeurt perpativ owandi bybrid acouii-
T i g, oy lala @, conve el o otbuer il mes-
plirey bk,

96



Site-specific **C enrichment studies

CHEMPHYSCHEM

' ChemPubSoc
i Europe

‘e bern I'_I-'l-'

TII- =

Ll - £

- = Rtk &

5 ’ Esz o -
- m
Em

R o
%= < A

15§ i e s L] el T

Fligears 1L F, OO e froem s 30 UFICCEST R spescrurm resordesd with ohe: pulis i ueree of Figur= lan

o biomam sotrst fromi . ol el goesn on 0% of 10T hghu o ared 5006 of renursl b resres gluome. Col-
LETare peepaed b b o o COFS plarss ore repre sveer] ot b, Crevm paskor s srwerssar oa deerihasd In
ref. [14. & oo e ored dimes Inrssmen s rs neonded In thes £ dimeral on, e ulbing [ s corsl secpal eidon dimes

Tha specife procsisdng for wlnafice
specira wni purformed wing our
Fmewri=en mune n Topwpin
The procsidng nchedd @ o8-
shifed dme wndow fumScn n
S conven Sl dimemicn, a TH-
shife d| 5 rw -y ned window func-
fea in e B dmendiion, and
a pecfiling & 412 pons n Se
covmntoml dmendcn and =
4 mins n e B dimensim. o
Fw ulbrafin® dimenaon, s fling
By a facwr of 1 win asglmd and
B N oEf mioe gt st ien Ranomn
" i apled ai ety de-
- wribed®! i onder o ckfan oS-
mum e shage s whik impovng
- sy & mocod n wmrm ef
B renicd B o LB o et e -
A (n megnuc mode oo
et phus dadncSons indeed by
q:n.d-'l:n-:qu.m

T
1 Flipam

Ackrnow ledigerm ety

Thet e aek ewlechq Rvelieg
for W Framch Mowora! Re-
agiel  MAgparecy  (ANE amarg
el QLT i TN -G
i arvdd AR OB-ENIE-OAT). The -
v avee el B IlRchee ! Gk
e ey oot i Raed.

] 1= M|

of shoar T min. Thes ulbrafer dimesrsion soa g o sreoded during 30 ma, & val ues chemen ta opdmibes n sralty-
T orsd e ey . Thes ssdhe @ erer-imaging (F ) dimesrio nsm rescordesd wibh 38 - 15330 scouin Bon | grasiisnty, rs-
muing I G saTl i npain in ohes ©, dimera on. B g s corssntionsd 30 1 pecmum sspuivalene m thin de

v wnikd il mad

ataby 34 h

Thes e wrs waith our he

dire. Theparm wers peordesd on & 200 R Bruber

Miywesesti: 300 MM

R SITERTT el

Experimental Section

The model danine and the £ Calf Bomam iampiei wes [dentica
S R derribed inomef (14, where e compefe smpe pepe-
rifl o |4 deicribad A MMA ipecira were meondied @ 50K en
@ Bk Bovarce 11800 ipsciromeer wor king undar Bpapin L], &
i 'H Fraueney of $0013 MHr witha cry ogenical i conled proba in-
clufing e gradent. For el 30 epeiment fue -
g e dhown in Figure 1), 128 & Incemant war condedin e
comeniona dimemion for Figum 2, and 295 incramant s weam m-
conded for Figured, aia befer reciulion ws rmocuired B che ec-
e e compls micure The ipaSel enaoding win g dformed
wing & mulSeche combniSme oS .m:l'lg:.:f-rr-n
ool of four 7.4 mo ot d chir p pubin™ with 10% mosh-
I Thes s range for the scoding pukiee (60 kH3 win it o
Ibw sigrificandy kger than the H chamicd shif rangs, and 4w
ampitiaie of the srcedng gradiengs win adasted o cktain a fa-
Gy ol sperion s ol den? o e feousncy range of the pubisn
05, =93 Gem 7L AcrubsBon gradent mrameter wens i i fol-
lowic G, =24 Gem™, T,=1fm (epedment of Fgus 2) and
=11 i paperment of Fgum 1L 108 &l eclion gradien wars
el in both cinen. In e ulbrafed dmensicn, 104 poink wers
racerdend during sach acquiaBion gradent

3100 ol ey

0 02 W W gy Gl B . K, Wi

e fuvcmcogy - ictogic Msiing -
kel - ipatil emeadieg -
ol st AR s i ey

[17 1 K Kallsher, Mo, g, 2001, J, K- 110

[ R G Facd s, V. Srecharsll, Bal few Corénkior Phlv S, 2005 &)
T -

[ R G Shed ey, O L Rorberany, Ao, R Pl 2001, £5 15—

[ W Wl arhaart, Mty T, 35001, 5, 195 - e

[5RA Carvalbin, £ ML leffeey &0 Thamy C.R Malloy AEES Geve 15,
4o, T D

[ W, Merwaichs, L 9 ogiude, AL Lol | Bomserras | Serierler, O Sdwears,
A Schwory, T Corsisor W. BGosted, & Bcher, Proc Mol And 5o
(A Gl WD, ST - GTEL

7] LA Lesaln, BLEL Bammn, M E Romon, M Torell, WA Wesder, LL
Poridesy Anad, e, 2000, A7, S0 —EA0

[0 5 Mmes, C. Ricoke, B Lsdhes, LS. Portsl, Plyinciermisny 3007, &8
frasi s e i

[0 5 Moy, ©. Bicvbey, B Lathow, 1O Permin, Merad. Fng. 3007, 7, 250 -
=T

[0 T Soypernded, e © W 19865, 2107, 40000~

N T Soyperadd, o M iy, 108, T, 41 -

13 ALF. Alorma, B Wigeoka, B Fagmeond, O Balin, B Disudkds Mobhan
Piare Pgaiol BN, TN 2500 -3500.

[13] £ Ronbsin, &L Disusids-Fb ubhenl, 1. L Culbur, B Reyroon d, O Aolin, ©
B, e, B0, J77 AR L

[14] B Glrausdsaas, 5 Mamosy, ¥ Bobin, ©. Cahorem, L5, Pagsin, 5 Sk,
Anal, e, 01, &, VG- W18

e chen 20T 14, A0E- 1A T

97



Site-specific **C enrichment studies

ciEvpHvsCiiEM COMMUNICATIONS

[1%5) B Bishbowticy L. Frydrman, A R Py Cham, B06, 6] &5 - S0 [38) ¥.5hwos, L Phydrran, § O, P 2009, 101, TORSIA
[16) L. Fopedmany, & Lupisy, T Schaed © Am. e, Do 000, 13, 008~ [37) B Gl S Aok, [ Magn. A, S0, 193 151 150

wET [3) B Glraasdeany, 5 Akok, © Miagn. Memon, S0 195 S-14
[17) L Fridrmen, T. Scharf, & Lupsdeacy, fhoc. M. Acad S0 G4 BOEE 8 [330 B Glaudsss 5 Akoka, § Mogn, fewon S018, 305 171 =178

- E [ B lrasdeny, S & koke, Mingn, Mewn, S 011, 48, 007 310
[T B Mishiowiog B Gal, L. Frydman, © Somed AR B07, 3§ 390 -3, [31] B Pelupsesy, L Durra, G Sod b e, © Mngn, feson, S0, 194 1850 -
L% A B, L. Frydman, Prog. M. Magn Aewn, fwedros: 000, 57, 761 - 174

G [ L M. Bohien, G Bodenhmunen, § Moon Amon S, A 1990, 107, 290-
[0 B P perg [ Ares Theves S B0, 125, 12545 ~ 130650 .

[31] B Blarefilakd, § Pfpr. O Dold Tewe P 1907, 10, 25 -5

[330 B Ciraapiana T Akooke, [ Mage. Ay 3007, T, 253157,

[ B Pahon, 5 ok B Girsassaa, © Magn Aecn. 3012 214 15 - TR
[ B s, & Akoke, [ Mign, s, 008, 140, 109 -1 Flasrwhvard: Barch 3, 3013

5 ¢ Shros, L Frysiman, [ Cheve Py 2008, 1239 162510, Pk i Fassct i lires e ures 39, 003

ChemMfyihem 2072 15, S0A-5107 03002 Wil H Verdeg Gm A& o KGal, Werhem  wwelchesmpbyscemeg 3101

98



Conclusion and Perspectives

Chimie Et Interdisciplinarité
Synthése, nalyse,
odélisation

UNIVERSITE DE NANTES



Conclusion and Perspectives

Conclusion and Perspectives

My work in this thesis was to develop ultrafast quantitative NMR methods specifically in the
context of metabolic studies. In the first chapter | describe a routine made to facilitate the
implementation of ultrafast NMR in order to increase the application range of this promising
technique. We hope that these developments will help increasing the number of groups using uf

NMR, and to initiate new collaborations.

In a second part, the Multi-Shot-Single-Scan strategy has been used and compared with its
conventional counterpart in terms of sensitivity and resolution. This strategy has been applied
applied to measure the absolute metabolite concentration in breast cancer cell line extracts,
relying on a standard addition protocol. The main conclusion of this part is that homo-nuclear uf
2D NMR gives a higher level of precision and linearity than the corresponding conventional 2D
NMR experiments. Then we introduced the M3S strategy in hetero-nuclear experiments
(HSQC). The precision of this method still needs to be improved, and for the moment
conventional experiments remain more sensitive and repeatable. Finally in order to study the site
specific **C-enrichments in fluxomics, we have proposed an ultrafast hetero-nuclear J-resolved
experiment. The ability to differentiate the Jcy couplings and 'H chemical shifts in two
orthogonal dimensions within a single transient opens up many other interesting applications. As
an example, this approach could be pivotal in studying the residual dipolar couplings (RDC) in
liquid crystals. Another significant development presented in this thesis is the 3DJCOSY for the
site specific **C-enrichment in complex biological mixtures. In this scheme, the conventional
COSY experiment has been mixed with ultrafast hetero-nuclear J-resolved experiment to create a
new Hybrid experiment. Very recently our group evaluated the analytical performance of this
method in case of complex biological mixtures [162]. These hybrid 3D strategies could open
new development and application perspectives in fields where 3D NMR is employed, such as
protein NMR.

The ability of uf NMR spectroscopy to acquire multidimensional NMR spectra is mainly limited
by the inherent low sensitivity of this technique. In recent years many methods have been
developed to enhance the nuclear polarization, such as dynamic nuclear polarization (DNP),
Para-hydrogen and optical pumping. By coupling DNP with uf NMR, L. Frydman and his group

demonstrated the high possibility to record single-scan 2D spectra following the
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hyperpolarization of analytes in low concentration [145, 153]. However, the DNP-NMR
coupling has not so far been evaluated for quantitative analysis. In addition, the peak volumes of
the spectra obtained by this method depend on a number of additional parameters specific to the
DNP, which means that many methodological developments will be necessary in order to use
this approach for quantitative purposes. One of the promising applications is to implement the
DNP-ultrafast strategy on in vivo systems to study the metabolic pathways in real time. This will
require the development of localized uf spectroscopy methods, such as those recently proposed
by T. Roussel et al. [136].
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Développements méthodologiques en RMN 2D ultrarapide pour I’étude de métabolismes

La RMN 2D ultrarapide (uf) est une méthodologie prometteuse permettant 1’obtention de spectres
RMN 2D en un seul scan. L’objectif principal de ce travail est de développer des méthodes
quantitatives basées sur la RMN 2D uf, et de les appliquer a la quantification de métabolites dans
des échantillons biologiques. Ainsi, en nous basant sur la RMN 2D uf, nous avons développé une
stratégie multi-scan permettant de déterminer les concentrations absolues de métabolites dans des
mélanges complexes, avec une précision élevée en un temps raisonnable. Les performances
analytiques de cette approche sont nettement supérieures a celles de la RMN 2D conventionnelle.
En particulier, les expériences ultrarapides sont mieux immunisées contre les instabilités
temporelles de l’appareillage, d’ou une meilleure précision. Une premicre application a la
détermination des concentrations de métabolites dans des extraits cellulaires de cancer du sein est
présentée. Une autre partie de ce travail consiste a développer et appliquer des méthodes uf pour la
détermination d’enrichissements isotopiques *C site-spécifiques, dans le domaine de la fluxomique.
Nous avons mis au point plusieurs methodes ultrarapides (RMN J-résolue hétéronucléaire,
ufJCOSY 3D) pour la mesure rapide, précise et juste de ces enrichissements. Enfin, le succes d’une
méthode analytique dépend fortement de son exportabilité. Afin de faciliter son implémentation par
d’autres utilisateurs, nous avons développé une interface permettant de convertir les parameétres
d’acquisition RMN conventionnels (largeurs spectrales, fréquences RF) en paramétres spécifiques
aux expériences ultrarapides (gradients et impulsions a fréquence variable).

Mots clé : RMN 2D, RMN ultrarapide, Métabolites, Analyse Quantitative, Enrichissements *C

Methodological developments in ultrafast 2D NMR for metabolic studies

Ultrafast (uf) 2D NMR is a very promising methodology enabling the acquisition of 2D NMR
spectra in a single scan. The main goal of this work is to develop quantitative methods based on uf
2D NMR and to apply them to the quantification of metabolites in biological mixtures. Based on
ultrafast 2D NMR, we developed a quantitative “Multi-Scan-Single-Shot” (M3S) strategy, capable
of measuring absolute metabolite concentrations in complex mixtures with a high precision in a
reasonable time. The analytical performance of this methodology appears much higher than the one
of its conventional counterpart. In particular, uf experiments are more immune to hardware
temporal instabilities, thus leading to a higher precision. A first application to the determination of
metabolite concentrations in breast cancer cell extracts is presented. Another part of this thesis
considers the application of such methods to the determination of *C site-specific enrichments in
biological samples, an approach which is particularly useful in fluxomics. We have designed an
ensemble of methods like uf hetero-nuclear J-resolved and 3D ufJCOSY for measuring specific
3C-enrichments in a very fast and accurate way, by using experiments based on ultrafast 2D NMR.
Finally, the success of an analytical method stands in its capacity to be applied by other researchers
and users. Therefore, to make this methodology implementable and applicable by non-specialists,
we developed a simple routine capable of translating the conventional NMR acquisition parameters
(spectral widths, transmitter frequencies) into specific uf parameters (gradients and chirp pulse
parameters).

Keywords: 2D NMR, ultrafast NMR, Metabolites, Quantitative Analysis, “*C-enrichments.



