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Abstract

Two-dimensional Nuclear Magnetic Resonance (2D NMR) spectroscopy is widely used in
chemical and biochemical analyses. Multidimensional NMR is also witnessing an increased use in
quantitative and metabolic screening applications. Conventional 2D NMR experiments, however,
are affected by inherently long acquisition durations, arising from their need to sample the
frequencies involved along their indirect domains in an incremented, scan-by-scan nature. A
decade ago a so-called “ultrafast” (UF) approach was proposed, capable to deliver arbitrary 2D
NMR spectra involving any kind of homo- or hetero-nuclear correlations, in a single scan. During
the intervening years the performance of this sub-second 2D NMR methodology has been greatly
improved, and UF 2D NMR is rapidly becoming a powerful analytical tool witnessing an
expanded scope of applications. The present reviews summarizes the principles and the main
developments which have contributed to the success of this approach, and focuses on applications
which have been recently demonstrated in various areas of analytical chemistry —from the real
time monitoring of chemical and biochemical processes, to extensions in hyphenated techniques
and in quantitative applications.

Keywords

NMR spectroscopy; 2D NMR; ultrafast NMR; spatiotemporal encoding; real-time NMR;
quantitative analysis

1 Introduction

Nuclear Magnetic Resonance (NMR) is a highly versatile spectroscopic technique with
applications in a large range of disciplines, from chemistry and physics to biology and
medicine. It is widely used as an analytical tool in all chemistry laboratories and industries,
where it provides a superior way to extract structural and quantitative information at site-
resolved level, and hence enable the unambiguous elucidation of inorganic and organic
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molecular structures (1, 2). NMR is also very well recognised in biochemistry for its ability
to deliver the folding and geometry of large macromolecules, alone or in complexes with
drugs or with other biomacromolecules, under nearly physiological conditions (3, 4). The
capabilities of NMR to shed light into dynamic chemical, biophysical and biological
processes over a wide range of timescales by a range of complementary methods, are also
well known (5). Enabling many —in fact most— of these applications is a revolutionary
proposition by J. Jeener, dating back to 1971 and involving the concept of multi-dimensional
NMR spectroscopy acquisitions. By providing a way of spreading the spectral peaks over a
2D frequency plane rather than along a 1D frequency axis, Jeener’s idea literally changed
the face of magnetic resonance as it offered (i) a much better way of discriminating
resonances than what could be offered by 1D traces —even at much higher fields; and (ii) a
much richer and wider range of experiments for extracting structural and dynamic
information maps, of a kind that could only be dreamed of by other spectroscopic methods
relying on one-dimensional acquisitions (6, 7). As a result of this 2D NMR, as well as its
higher-dimensional variants, has now become a routine analytical tool for the elucidation of
small organic molecules, and a method of choice for the study of solution- and solid-state
macromolecular structures.

The ingenuity of 2D NMR’s concept consists in reconstructing a correlation between two
interconnected spin evolution frequencies, using a series of statistically independent 1D
NMR acquisitions. Indeed, in conventional Fourier (pulsed) NMR, 1D spectra are obtained
by exciting spins with an appropriate pulse sequence, and then monitoring their evolution in
real time. As spins precess they will emit a signal that is inductively picked up; Fourier
analysis of this component as a function of the acquisition time #will reveal the intervening
spin evolution frequencies. 2D NMR will eventually deliver a bidimensional frequency
correlation by incrementing two, rather than a single, evolution times. Although physically
speaking there are no two “time variables”, 2D NMR overcomes such obstacle by
performing a series of 1D experiments with one particular delay in the sequence —the so-
called indirect-domain time variable— incremented in constant steps from scan to scan.
When considering the acquisition of the ensuing spin signal as a function of the “physical”
evolution time, also referred to as the direct-domain, one arrives at the canonical sequence of
events generalized by Ernst’s landmark papers in this field (7-10):

preparation — evolution (f1) — mixing — detection (t2) (Eq. 1)

Here the “preparation” and the “mixing” events denote sequences that remain constant
throughout the series of intervening scans. The repetition of this series with incremented
values of # leads, after collecting each of the resulting data sets as a function of the
conventional acquisition time 5, to a 2D S(#,5) depending on this two “time variables”.
This complex matrix can be viewed as a 2D extension of a normal free induction decay
(FID); a Fourier transform of this FID —this time in a generalized time-domain plane— gives
rise to a 2D spectrum S(Q1,Q,). The frequencies (Q1,Q,) involved along the axes of these
spectrum depend on the spin evolution that has taken place during the #, & periods, as well
as on the preparation and mixing sequences that preceded them.
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In principle the scheme in eq (1) is extremely general, and a very wide variety of
experiments have been designed on its basis. In biochemical applications they are usually
used to correlate the chemical shifts of two identical or of two different nuclear species. This
in turn gives rise to so-called homo- or hetero-nuclear families of 2D correlations counting
COSY and NOESY as main members of the former, and HSQC, HMQC and HMBC as
main members of the latter. The idea of 2D NMR can also be used to separate two
interactions acting on the same spin; this is the case in “J-res” spectroscopy, which correlates
homao- or heter-nuclear J-couplings along one axis, with chemical shift evolution along the
second. Even within the context of single-spin interactions the ideas of Ernst and co-workers
(7, 11-13) are very powerful, and they underly the field of 2D MRI, where the evolution of a
spin (usually water 1Hs) is monitored under the action of consecutive magnetic field
gradients applied along orthogonal directions, to enable the non-invasive characterization of
opaque objects. The success and power of 2D spectroscopy is an essential ingredient on all
uses of NMR. This popularity is reflected by their ubiquitous presence in complex molecular
analyses, their use to correlate information (chemical shifts, couplings, etc.) between
different nuclei, their exploitation in dynamic studies. 2D NMR provides, in sum, an
incredibly helpful tool in organic (14, 15) and analytical chemistry (16, 17); as well as in
biology (18, 19), pharmaceutical analyses (20), and eventually in clinical diagnosis.

In spite of its uniquely wide range of applications, 2D NMR suffers from an intrinsic
drawback vis-a-vis its 1D counterpart. Due to the numerous # increments (typically several
hundreds) needed to sample the indirect dimension with sufficient breadth and resolution,
long experimental durations are a built-in feature of these experiments —regardless of
sensitivity considerations. Long experimental durations have several consequences. Some of
them are technical, like an overload of a spectrometer schedule that may translate into non-
negligible costs. A more fundamental consequence is the impossibility to study samples in
which composition evolves within the timescale of the 7D experiment. This is not only the
case for samples undergoing chemical reactions or dynamic processes, but also for chemical
and biological samples with limited lifetimes. Another important repercussion of the
experimental duration is that long experiments are more likely to be affected by
spectrometer instabilities over time (21, 22). This will generate additional “# noise” in the
indirect dimension, due to the long time interval (several seconds) between the acquisition of
two successive points of the pseudo-FID, thus affecting the analytical performance of 2D
NMR experiments. Another important class of experiments incompatible with conventional
2D acquisition schemes entail experiments on metastable states —foremost among them
experiments relying on hyperpolarized spin states, seeking rapid decay back to thermal
(Boltzmann) equilibrium.

During the last years, a number of strategies were proposed to reduce the duration of 2D
NMR experiments. A first family of approaches consists of optimizing conventional pulse
sequences to reduce the recovery delay separating two successive ¢ increments. This can be
performed by a careful optimization of pulse angles and delays (23, 24), by the addition of
paramagnetic relaxation agents (25) or by implementing gradient-based fast-repetition
crushing schemes (26). All of these strategies can lead to a dramatic reduction of the
recovery delay in 2D NMR experiments; particularly impressive gains have resulted when
implementing optimized excitations in large cross-relaxing biomolecules. Another series of
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complementary approaches, seek to reduce the exacting constraints of Nyquist sampling
criteria; their aim is to explore the components involved in the indirect domain evolution
with no compromises on the width or resolution of the resulting spectra —but without having
to abide by Nyquist’s stringent demands. These efforts usually involve departing from the
fast Fourier transform and relying instead on alternative forms of Fourier analysis. These
involve unfolding approaches based on optimized de-aliasing procedures (27), or
compressed sensing approaches that reduce the experimental duration without giving up on
resolution by post-processing based on l{-norm minimization (28, 29), Linear Prediction
(LP) (30, 31), Maximum Entropy (MaxEnt) reconstruction (31, 32) or numerical integration
approaches (33), where algorithms are applied to reconstruct a complete FID in the Fq
dimension from a limited number of points. Yet another alternative comes from covariance
NMR methodologies (34), where the covariance matrix of the experimental data is
calculated, thus resulting in a high resolution improvement. Many of these alternatives
involve randomly sampling the (£, &) space in order to reduce the number of increments.
Several strategies have been proposed, including exponential (35), radial (36), or random
sampling (37). These approaches are often combined with one of the non-conventional
processing methods described above (38). A final acquisition alternative worth highlighting
is furnished by Hadamard spectroscopy, which by relying on an excitation in the frequency
domain departs from the Fourier-based methodology (39) —but still demands a number of
scans that may approaching those involved in Fourier methods, to deliver 2D spectra.

Most approaches described above aim at reducing the number of £ increments in the indirect
dimension, but are still based on the basic data sampling approach given in eq. (1). Thus,
while all these strategies can accelerate the sampling of 2D NMR data, and although much
faster than conventional 2D NMR acquisitions and very promising for various applications
in NMR spectroscopy, all these methods will still require numerous scans associated to
10-100 second acquisition times to deliver their spectral correlations. In 2002, a different
strategy inspired on imaging principles was proposed, which provides an entirely new way
of acquiring multidimensional spectra. For the first time the ensuing approach could deliver
arbitrary 2D NMR or MRI correlations —regardless of whether in liquids or solids, /n vitro or
in vivo- in a single scan. This lead to the so-called “ultrafast NMR” methodology (40, 41)
which makes it possible to record any kind of 2D NMR spectra in a single scan, and
therefore in a fraction of a second. During the last 10 years, the analytical performance of
this methodology has been highly improved, and ultrafast (UF) NMR has moved on from the
stage of method development to the one of a powerful analytical tool. The potential and
performance of UF 2D NMR are shown on Figure 1, which highlights the quality of the sub-
second spectra that this approach can afford. This review aims at emphasizing the analytical
potential of UF 2D NMR for a variety of applications. The principles of this methodology
are first summarized, as well as the developments that have increased its performance to
make it a more nimble analytical tool. Applications and limitations of UF 2D NMR are then
illustrated in a variety of situations where the experiment duration plays a crucial role: i) the
real-time study of samples whose composition is evolving in the course of time, where the
need for fast acquisition techniques is indispensable, ii) the field of quantitative analysis,
where UF 2D NMR provides an original way to reach a high precision for the high-
throughput, quantitative analysis of complex mixtures, and iii) the coupling of UF 2D NMR
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with hyphenated and hyperpolarization techniques, where the single-scan nature offers a
powerful solution to the irreversibility issue of the separation/preparation processes. Finally,
the perspectives and challenges opened by this new analytical tool are discussed.

2 Principles of Ultrafast 2D NMR

2.1 Basic concepts

The ultrafast methodology relies on the concept of imparting a “spatiotemporal” encoding of
the spin interactions to be measured (40): a time evolution of the indirect domain, that
linearly incremented space as well. The basic scheme of how this is implemented and how it
can be put to use for the sake of monitoring the indirect-domain evolution frequencies in a
single scan, is summarized in Figure 2. This Figure bases the its description of the UF
acquisition strategy on the Jeener-Ernst acquisition mode underlying conventional 2D NMR
experiments and stresses how, instead of repeating N successive experiments on the sample
with an array of independent time increments (Figure 2a), an analogous information could
results from “dividing” the sample into N slices where the spins located at different positions
undergo different evolution periods —but happening simultaneously for all slices within the
course of the same scan (Figure 2b). Like in conventional 2D NMR, this spatiotemporal
encoding period could be preceded by a preparation period identical for all slices and
typically consisting on a relaxation delay followed by an excitation block. Also as their
conventional 2D counterparts, such spatiotemporal encoding will also be followed by a
mixing period charged with transferring coherences between indirect and direct domains.
Finally, the signal is detected in a spatially-specific fashion that allows one to distinguish the
individual t; increments —for example using an oscillating acquisition gradient like the one
characteristic of Echo-Planar Spectroscopic Imaging (42, 43). As such scheme also enables
one to monitor the post-mixing chemical shift evolution, an appropriate processing
procedure enables one to extract from such series of echo trains the desired 2D spectrum.
Notice as well that although Figure 2 makes a comparison between multi-scan and single-
scan acquisition modes based on a discrete partitioning of the spatial and temporal variables,
the approach in panel 2b is also amenable to a continuous encoding of the (analog)
spatiotemporal variable.

It follows that a key feature of the ultrafast methodology is its demand to create an evolution
period depending on the spatial location of the spins in the sample. This can be performed in
many numerous ways: in a discrete or continuous fashion; in a real- or constant-time
fashion. Original demonstrations included applying a series of frequency-selective pulses
played out together with pairs of bipolar gradients along the zaxis (40, 41, 44); alternative
modes include continuous spatiotemporal encoding schemes (45-51) where the sample can
be considered as being divided into an infinite number of infinitesimal slices. All these
schemes will provide, at the end of the spatiotemporal encoding period, a linear dephasing
proportional to the position along the vertical z-axis. Figure 3 illustrates how this can be
achieved in a real-time (46) or constant-time (45) fashion. In all cases magnetic field
gradient G, is applied along the a spatial axis, under the effect of which spins situated at
different positions undergo different resonance frequencies. If a chirp pulse (52, 53) with a
linear frequency sweep is applied simultaneously, spins will be excited at a different time )
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according to their position z. The pulse/gradient combination described in Figure 3a is not
sufficient to perform the spatiotemporal encoding step required by ultrafast experiments, as
it creates a quadratic 22 dephasing which cannot be further refocused by linear gradients.
Therefore the first pulse is generally followed by a second suitable manipulation; for
instance an identical RF pulse, but applied during an opposite gradient. This scheme leads to
a linear dephasing that is proportional to the position along the zaxis. It is important to note
that this dephasing also depends on the resonance frequency Q. In the real-time version
proposed by Shrot and Frydman (46) this spatial encoding leads to an amplitude-modulated
signal (Fig. 3b), while in the constant-time version proposed by Pelupessy (45), two 180°
chirp pulses are applied following an non-selective 90° excitation, thus resulting in a phase-
modulated encoding (Fig. 3c). Several alternative schemes have been proposed to reach a
similar kind of linear dephasing (45-48, 50).

After achieving this site-specific linear dephasing, a mixing period is generally applied,
allowing a transfer of information between scalar- or dipole-coupled spins, as usual in
conventional 2D NMR. This period is therefore identical to its conventional counterpart, and
will preserve the linear dephasing obtained after spatiotemporal encoding into the homo- or
hetero-nuclear species that is going to be monitored during t,. In order to refocus this
dephasing and obtain an observable signal, a gradient G, is applied while the receiver is
open, leading to a series of site-specific spin-echoes whose timing matches in a one-to-one
fashion the positions that represent the various sites’ resonance frequencies (Figure 4a). By
the action of this gradient a time-domain signal equivalent to the indirect-domain’s 1D
spectrum, is observed during the action this gradient. Notice that no Fourier transform is
needed to arrive to this signal, which forms the first dimension of the 2D spectrum being
sought. Because of this, the indirect-domain is also referred to as the “ultrafast” or the
“spatially-encoded” dimension, as it results from the spatiotemporal encoding process
characterizing this method. Notice as well that although this read-out process can be made
arbitrarily short by increasing G,’s strength, the resolution of the various site-specific echoes
still demands sufficiently long spatiotemporal encoding periods —and thereby no Nyquist-
derived criterion is actually broken by this readout process.

Under typical conditions, this gradient-driven readout of the indirect-domain information
only lasts a few hundreds of microseconds —much less than the natural T lifetimes of
normal NMR signals. In order to obtain the second dimension of the 2D spectrum, a
technique inspired from echo-planar-spectroscopic-imaging (EPSI) (42, 43) can thus
employed. In such approach the normal free evolution is replaced by an acquisition process
incorporating a series of bipolar gradient pairs (Figure 4b). These oscillating gradients lead
to periodic refocusings and defocusings of the ultrafast 1D “spectra”: a train of mirror-
imaged echoes reflecting the direct-domain evolution of the 1D indirect-domain spectra,
thereby results. As the system continues evolving during the course of this oscillating +G,
train under the influence of conventional parameters (T, relaxation, direct-domain chemical
shifts and J-couplings, etc), the result of this additional evolution is akin to a 2D S(F1,ty)
interferogram — not unlike the one that would result from the 1D Fourier transformation of a
conventional 2D NMR data set, against the indirect time-domain variable t;. It follows that
an appropriate data rearrangement followed by a conventional Fourier transform that
discriminates the different resonance frequencies that were active over the course of the
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direct time-domain t,, can lead to the full information normally contained in a 2D NMR
spectrum. As this second dimension arises from a conventional evolution we refer to it as
“the direct domain”. The overall procedure will therefore lead to the retrieval of a normal-
looking 2D NMR spectrum —but collected within a single transient.

As a consequence of this particular data acquisition procedure, a specific processing is
necessary to obtain the resulting 2D spectrum (40). This includes separating the mirror-
image data acquired during positive and negative acquisition gradients in order to achieve
constant Az, increments for every F4 coordinate, correcting for potential gradient imbalances
by shearing the two resulting interferograms in the joint (F1,t) domain, suitably weighting
and Fourier transforming the resulting data along the direct domain, and adding, after
inversion of one of them, the two resulting 2D spectra. The use of several home-made
processing programs has been reported (40, 45, 51, 54) to perform this specific processing,
whose details are described in Ref. (55).

The ultrafast methodology described above makes it possible to obtain in a single scan any
kind of 2D NMR correlation, provided that the sensitivity is sufficient to deliver the
information being sought in that one single scan. Apart from that arbitrary ultrafast pulse
sequences can be designed to encode identical correlations or separations as their
conventional counterpart; most often by morphing either constant- or real-time versions of
the conventional sequences into spatiotemporally encoded counterparts, and replacing their
normal acquisition modules by suitably-modulated EPSI ones (incorporating homo- or
heterodecoupling as per the sequence’s needs). Figure 5 presents representative examples of
ultrafast spectra obtained using commercial spectrometers, together with the corresponding
pulse sequences. While not comprehensive this figure is meant to illustrate the potential and
versatility of this new analytical tool, and point out some of its characteristic features —such
as resolution issues, or its ability to incorporate standard phase cycling or sensitivity-
enhancement issues associated to multi-scan averaging (Fig. 5d).

2.2 Ultrafast 2D NMR: Features and compromises

Despite its generality, ultrafast 2D NMR is characterized by a specific sampling scheme with
particular acquisition parameters, which confer it a behaviour that differs from its
conventional counterparts. In particular, the gradients and chirp pulses involved in the initial
encoding stage, as well as the EPSI-based detection scheme, may lead to a number of
compromises. This will relate in particular to sensitivity, resolution and spectral width issues
(57-61), and can be summarized as follows:

(i) Spectral widths: Spectral widths SWYF and SWE in the ultrafast and conventional
dimensions, respectively, are related to the resolution in the ultrafast dimension by the
following equation (62):

2. SH}UF . SH’/me

G, L=
Tatra Av (Eq. 2)
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where Av is the peak width in the ultrafast dimension, -y ; the gyromagnetic ratio of the
detected nuclei, L the height of the detection coil and G, the amplitude of the acquisition
gradients. This relation shows that increasing the spectral windows along any of the two
dimensions without altering the targeted resolution, will condition the gradient amplitude
that is required by the experiment.

(i) Resolution and sensitivity: As in conventional 2D NMR, the resolution along the direct,
FT-based dimension will be determined by its acquisition duration. In UF NMR this will in
turn define the number of gradient pairs that need to be applied during the course of the
acquisition. Typically 100-200 gradient pair oscillations can be achieved with conventional
hardware, assuming that each cycle lasts for ~0.5 ms and that G, does not exceed the
amplitudes targeted for long pulses (*10-15 G/cm for spectroscopy probes; about twice
these values for diffusion-specific probes). This would results in 10-20 Hz linewidths along
the direct domain; this are often acceptable values, which can be further increased by
processing algorithms such as linear prediction. In such instances, the resolution of homo-
and hetero-nuclear J-couplings is straightforward. Further resolution limiting factors,
however, may arise in the spatially-encoded dimension (cf. Fig. 5). Some of the factors
impacting resolution in this dimension are conventional; e.g., the duration of spatiotemporal
encoding (58). Independently of the spatial-encoding scheme and in analogy with
conventional time-domain spectroscopy this duration will define the resolution of the
indirect domain, which will be inversely proportional to the duration of spatiotemporal
encoding ¢ ,max_7 (57). Consequently, resolution should be easy to increase simply by
applying a lengthier spatiotemporal encoding duration. Other signal-loss / spectral-
broadening mechanisms, mainly those arising from the effects of molecular diffusion in the
presence of gradients (60, 63) and to a lesser extent to transverse relaxation, limit this
possibility. These effects also affect line shapes, in a way that depends on the spatiotemporal
encoding scheme (63). Therefore, compromises usually have to be made between resolution
along the indirect domain, and sensitivity in the 2D spectrum. Finally, a most important
sensitivity limitation is given by the need of the method to open up the receiver’s bandwidth,
S0 as to succeed in capturing the evolution of two dimensions in a single scan. Indeed the
scheme summarized by Figures 1-3 —like their EPl and EPSI counterparts— operate by
sampling the full indirect-domain information, within the time period At, that would
normally be associated to the sampling of a single data point in conventional 2D NMR. The
larger the direct/indirect-domain spectral widths or the indirect-domain targeted resolution,
the more samples will have to be taken and/or higher amplitude of the acquisition gradients
be needed and/or shorter sampling times will be required. Any of these circumstances will
demand an enhanced sampling rate and thereby an increase of the ensuing spectral noise,
which as in any MR spectroscopic measurement increases as the square-root of the sampling
rate. On the other hand, being a single-scan technique, the amount of signal present will be
limited to that available in a corresponding single scan of the conventional 2D acquisition
counterpart. This is much smaller than the signal arising when a full 2D acquisition is
performed, since upon subjecting the latter to a 2D Fourier transform a form of signal
averaging is being done (13). Unless special precautions are taken like controlled folding,
compressed sensing or other advances mentioned in the next paragraph, signal-to-noise in
single-scan 2D NMR will be akin to the signal available from a single scan (using the
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corresponding 2D sequences with all its pulses and coherence transfer processes) scaled by
the square-root of the number of spectral elements resolved along the indirect domain

VSWy - £ (62).

2.3 Ultrafast 2D NMR: Advanced acquisition considerations

In view of these limitations, research in ultrafast NMR has devoted attention to increase the
analytical performance of UF NMR in terms of resolution, sensitivity and accessible spectral
width. Several papers investigated the impact of molecular diffusion on resolution and
sensitivity (57, 58, 60, 63), and a multi-echo spatiotemporal encoding strategy was proposed
to make ultrafast experiments more immune to such effects (57). Diffusion effects can also
be reduced by optimizing the sample preparation (64). Modifications of the spatial-encoding
period were also proposed to increase the spectral width that can be observed in the ultrafast
dimension without altering resolution, by relying on spectral/spatial pulses (62) or additional
gradients (65), in order to play with the position of peaks in the A-space. Recently, the
introduction of Hadamard-based strategies in the spatial-encoding schemes also helped in
improving its sensitivity (66). Improvements were also brought to the detection scheme by
introducing alternative sampling strategies (54, 67). Finally, the processing procedures were
also optimized to obtain the best resolution and lineshape possible from a given ultrafast
dataset (68, 69).

One of the key points in the success of a new analytical methodology is its capacity to be
easily implemented on routine hardware, even by spectroscopists who would not be
specialists of the underlying concepts. Efforts have been targeted to design protocols
facilitating such an implementation in the case of UF 2D NMR (55, 70), in particular by
designing pre-acquisition routines to make the setting of experimental parameters easier
(71). Thanks to the numerous improvements described above, the analytical performance of
ultrafast NMR has been significantly improved over the last ten years, and UF NMR has
moved from the development stage on model compounds to a powerful analytical tool
capable of delivering high-resolution 2D spectra in a fraction of a second. It is now possible
to record single-scan spectra for which the quality is not significantly different from that
obtained with their conventional counterparts. While the first ultrafast experiments were
generally limited to pure model molecules, it is now possible to record, in a single scan, 2D
spectra of complex diluted mixtures. Of course there is still a price to pay to the high speed
gain, and potential users of UF NMR should be aware of the typical performance that can be
reached with these single-scan experiments on modern hardware. While this performance is
highly spectrometer and probe-dependant, Figure 6 gives typical analytical characteristics of
two widely-used ultrafast experiments on modern NMR spectrometers. From these
considerations, the reader might figure out how these values would translate on their own
system.

3 Application of single-scan 2D NMR to real-time studies

3.1

Interest of UF 2D NMR for monitoring unstable samples

The recent developments described above have paved the way towards the application of UF
NMR to a variety of analytical situations. Not only ultrafast experiments appear promising

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2016 September 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Giraudeau and Frydman Page 10

to reduce the duration of routine 2D NMR experiments, but their main strength lie in their
capacity to solve analytical problems which could not be addressed by conventional 2D
acquisition strategies. This is particularly the case when the timescale of the study is not
compatible with the duration of the NMR measurement, for example when samples are
subject to chemical or biochemical degradation. It is very likely that samples undergo
second- or minute-long chemical changes which cannot therefore be studied by conventional
2D spectroscopy where at least 10 minutes are required to record a single data point. Of
course, simple samples can be studied by single-scan conventional 1D NMR, but numerous
cases required the use of 2D spectroscopy, and in this case the use of fast acquisition
techniques becomes indispensable.

In this context, a number of studies demonstrated the potential of UF 2D NMR for
monitoring fast processes. The first experimental proof of such a real-time capability was
shown by Shapira and Frydman, (72) who employed a combination of gradients to monitor,
within a single acquisition, the interconversion N, N-dimethylacetamide. This was a dynamic
process occurring on a ca. 1 second timescale. Besides this equilibrium demonstration, real-
time monitoring of unidirectional chemical transformations by UF 2D NMR were illustrated
in Ref (73) on two examples. The first one was the following of an H/D exchange process
occurring upon dissolving a protonated protein in D,0, relying on a train of 2D 1H-1°N
HSQC spectra separated by 4 s intervals. The second one was the real-time /n situ tracking
of a transient Messenheimer complex that formed rapidly when mixing two reactants inside
the NMR tube. By monitoring changes in a series of 2D TOCSY patterns, a competition
between thermodynamic and kinetic controls could be observed within a 2 s timescale. The
first studies described above prefigured what would be the two main application areas of
such real-time approaches: the monitoring of fast organic reactions and the dynamic study of
biomolecular processes.

3.2 Monitoring fast organic reactions by ultrafast 2D NMR

UF 2D NMR is particularly promising for the real-time study of organic processes: real-time
1D NMR is a well-known tool to identify and characterize intermediates involved in
chemical reactions and therefore to understand reaction mechanisms (74, 75); 2D
spectroscopy could naturally enhance such advantages. The group of A. Herrera and co-
workers, for example, first applied the 1H TOCSY approach to follow the synthesis of
alkylpyrimidines, by the reaction between carbonyl compounds and a strong electrophile—
trifluoromethanesulfonicacid anhydride (Tf,0) — in the presence of nitriles (76). 2D spectra
were recorded every 10 seconds over a 90 minutes timescale, allowing the characterization
of several intermediates. The real-time monitoring of this multistep reaction revealed
important data about its mechanistic and kinetic aspects, which would not have been
accessible by conventional means. In order to obtain further information on the carbonyl
carbon atoms involved in this kind of reaction, the same authors proposed a heteronuclear
long-distance correlation approach, ultrafast HMBC, to monitor changes involving the
quaternary carbon atoms. It was a applied to a model, 13C-labeled ketone and gave important
structural and mechanistic information about the chemical environment and evolution of the
reactive quaternary center (77).
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While the heteronuclear approach described above brings an efficient new tool for the study
of complex organic reactions, it is still limited to labelled compounds or relatively high
concentrations, thus limiting its applicability. Fortunately, the recent improvements brought
to the sensitivity and robustness of ultrafast pulse sequences made it possible to extend this
approach to 13C studies at natural abundance and lower concentrations. The first
demonstration on the potential of the 1H-13C HSQC pulse sequence to monitor organic
reactions at natural abundance was performed on a model educational example, namely the
mutarotation of glucose in aqueous solution (78). A quantitative treatment of HSQC spectra
recorded every 90 seconds over a 3 h timescale made it possible to determine the kinetic and
equilibrium constants with a good precision. Herrera and co-workers applied this natural
abundance HSQC strategy to obtain additional mechanistic details in their synthesis of
alkylpyrimidines (79). The complexity of the reaction studied required the development of
new ultrafast 2D methods, capable of monitoring multiple spectral regions of interest as the
reaction progressed. The alternate application of these acquisitions in an interleaved,
excitation-optimized fashion, allowed extracting new structural and dynamic insights (Figure
7). Up to 2500 2D NMR data sets were collected over the course of this nearly 100 min long
reaction, in an approach resembling that used in functional magnetic resonance imaging. In
the same year, the potentialities of UF 2D NMR to characterize reaction intermediates was
illustrated by Queiroz and co-workers, who studied the real-time hydrolysis of an acetal

by 1H-13C UF HSQC at natural abundance, and were able to characterize the very unstable
hemiacetal intermediate with a short lifetime (80). The results of this study were confirmed
and rationalized by quantum calculations of 1H and 13C NMR chemical shifts and natural
bonding orbital analysis.

3.3 Applications of Ultrafast 2D NMR to the study of biomolecular dynamic processes

NMR is also a widely employed analytical tool in the field of biochemistry, thanks to its
capacity to provide structural and dynamic information on biological macromolecules in
solution. The investigation of short-lived excited states is highly important to understand
molecular folding, missfolding and function, but it remains a challenge for modern
biomolecular NMR techniques. Off-equilibrium real-time kinetic NMR can enable the direct
observation of conformational or chemical changes; to do so, however, multi-dimensional
methods are often required, which are incompatible with the timescale of the targeted
phenomena. UF 2D NMR provides a solution to study such fast dynamic processes.
However, the latter often occur on a seconds timescale, which requires a high repetition rate
of NMR experiments, thus appearing even more challenging than the organic reaction
monitoring examples discussed above. Initial ultrafast experiments were not compatible with
such a repetition rate, due to the interference between the heteronuclear decoupling pulses
and the oscillatory magnetic field gradients applied during the acquisition. In order to
circumvent this limitation, Frydman, Brutscher and co-workers proposed to combine the
ultrafast 2D NMR acquisition scheme with the SOFAST technique, recently proposed to
increase the repetition rate of biomolecular NMR experiments (24, 81). In combination with
a fast-mixing device, the recording of 1H-15N correlation spectra with repetition rates of up
to a few Hertz became feasible, enabling real-time studies of protein Kinetics occurring on
time scales down to a few seconds (82).
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Recently, this “ultraSOFAST” approach was applied to follow, in real time, the
conformational transitions and structural rearrangements of the adenine-induced folding of
an adenine-sensing riboswitch (83). The latter are genetic control elements found in
untranslated regions of prokaryotic mRNAs. By following changes in 2D spectra at rates of
approximately 0.5 Hz, the authors were able to identify distinct steps associated with the
ligand-induced folding of the riboswitch (Figure 8).

4 Quantitative applications of Ultrafast 2D NMR

4.1 Interest and limitations of 2D NMR for quantitative analysis

While the real-time monitoring of fast occurring processes is probably the most immediate
application of UF 2D NMR, a less evident but equally promising application of fast 2D
techniques relates to quantitative analysis of mixtures. NMR is widely employed as a
quantitative tool, with applications in fields such as pharmaceutical analysis (84, 85),
metabolic studies (86—88) or the authentication of natural products (89, 90). It is of
particular interest in the field of metabolomics, where it often exploits a very standardized
1D IH NMR protocol associated with statistical analysis (91, 92), to compare samples from
different sets. While this method provides an efficient discrimination between individuals, it
does not allow for the quantification of metabolites responsible for this discrimination. A
more targeted strategy —metabolic profiling— consists in identifying and quantifying a few
tens of metabolites in unfractionated extracts (87, 92, 93). However, a true quantitative
analysis of metabolic samples (/.e., a precise and accurate determination of the analytes’
concentrations), is challenged by the high degree of signal overlap characterizing complex
samples. 2D NMR offers promising potential for quantitative analysis of complex mixtures.
Its use for quantitative analysis, however, has expanded slowly and only over the last decade
(17, 94-104). This reflects one of the main intrinsic characteristics of 2D NMR experiments:
their relatively long acquisition times, particularly when seeking quantitative acquisition
conditions on large batches of samples. Due to these latter demands 2D NMR experiments
are inherently non-quantitative as peak volumes depend on a variety of factors, mainly
relaxation times, Jcouplings and pulse sequence delays —which usually are not extended to
the degree that would ensure full relaxation and quantitativeness. This limitation is generally
bypassed by relying on a calibration procedure, consisting of recording spectra of model
mixtures at different concentrations and plotting the peak volumes versus the concentrations
for each peak of interest (94, 98, 99, 105, 106). From the quantitative point of view, the main
limitation comes from the experimental duration, as long experiments are more likely to be
affected by spectrometer instabilities over time (21, 22). They generate additional noise in
the indirect dimension, due to the long time interval (several seconds) between the
acquisition of two successive points of the pseudo-FID. As a consequence of this “# noise”,
the signal-to-noise ratio (SNR) is always lower in the indirect F; dimension, which affects
the precision and accuracy of quantitative 2D experiments. This drawback highlights the
need for alternative and faster 2D acquisition strategies.

4.2 Interest and limitations of quantitative UF 2D NMR

In this context, UF 2D NMR offers promising perspectives for quantitative analysis (103).
First, it potentially allows a significant reduction in the experimental duration, which is a
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significant bonus when considering the relatively long calibration procedures required for
quantitative 2D NMR, and the frequent need to repeat these for the analysis of a large
number of samples. Moreover, ultrafast experiments are potentially more immune to
hardware temporal instabilities, as all the # increments are recorded within the same scan. In
2009, Giraudeau et al. performed an analytical evaluation of ultrafast 2D NMR on model
mixtures (107). Two homonuclear ultrafast techniques, J-resolved spectroscopy and TOCSY,
were evaluated on model mixtures in terms of repeatability and linearity. Repeatability better
than 1% for ultrafast J-resolved spectra and better than 7% for TOCSY spectra was obtained.
Moreover, both methods were characterized by an excellent linearity, thus opening
promising perspectives for this new quantitative methodology called ufo-gqNMR (ultrafast
optimized quantitative NMR). However, when considering complex mixtures such as those
involved in metabolomics studies, the question of the relative sensitivity per unit of time of
ultrafast versus conventional 2D NMR needs to be discussed. As mentioned earlier (and as
also fairly intuitive), a one-scan ultrafast experiment will be less sensitive than a
conventional experiment where signal is accumulated during several minutes or hours. A
more relevant comparison, however, begs for the consideration of the Signal-to-Noise Ratio
(SNR) achieved by these two experiments along the two characterized domains, per unit of
time. In other words, the question arises if for a given experimental acquisition time (e.g. 30
min), should one run a conventional 2D experiment, or rather accumulate complete sets of
single-scan ultrafast 2D acquisitions in a “multi-scan single-shot” (M3S) approach. This
question is of particular pertinence for metabolic samples that are generally characterized by
low concentrations, where averaging several ultrafast experiments will in general be
indispensable. In order to answer this question, Pathan et a/. recently carried out a systematic
analytical study on model mixtures of metabolites (108). Surprisingly, it turned out that for
the same experimental duration, and in the case of homonuclear 2D NMR, the multi-scan
single shot approach was more sensitive than conventional 2D NMR. This was attributed to
the higher immunity of ultrafast experiments to hardware temporal instabilities. As a
consequence, a high quantitative performance can be expected from this original approach.
Indeed, Le Guennec et al. demonstrated, in the case of COSY experiments, that this multi-
scan single shot acquisition strategy offers a better analytical performance (precision and
linearity) than conventional 2D NMR (109).

4.3 Application to metabolic samples

The quantitative ultrafast strategy just described can also be applied to solve metabolic
issues requiring high-precision and high-accuracy 2D NMR measurements. A first
demonstration of this was the determination of absolute metabolite concentrations in
biological extracts; a goal of the highest relevance for determining characteristic biomarkers
to fully understand metabolic complexities. Le Guennec et a/. applied an optimized ultrafast
COSY approach to measure the absolute metabolite concentration in three breast cancer cell
line extracts, relying on a standard addition protocol (109). M3S COSY spectra of such
extracts were recorded in 20 minutes and gave access to the absolute concentration of 14
major metabolites (Figure 9). The results revealed significant metabolic differences between
cell lines, thus demonstrating the interest of furthering an “ultrafast 2D metabolomics”
approach.
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Another recent quantitative application of UF 2D NMR pertains the field of fluxomics. As
demonstrated by Massou, Portais and co-workers, 2D NMR is a promising tool for studying
metabolic fluxes by measuring 13C enrichments in complex mixtures of 13C-labeled
metabolites (17, 101). However, the methods reported so far were hampered by long
experimental durations, which limited the use of 2D NMR as a quantitative fluxomics tool.
In order to take advantage of the time saving and higher precision offered by ultrafast 2D
NMR, several acquisition strategies have been recently proposed to measure 13C
enrichments from single-scan 2D spectra (110, 111). Two homonuclear experiments were
designed, ultrafast COSY and zZTOCSY, where the site-specific 13C enrichments can be
measured by reading lines of the 2D spectrum (110). The two approaches were compared in
terms of analytical performance, showing accuracy and precision of a few percent and an
excellent linearity. They were applied to the measurement of 13C enrichments on a biomass
hydrolysate (Figure 10). The experimental duration was divided by 200 compared to the
conventional approach, while yielding the same information on site-specific isotopic
enrichments.

5 Ultrafast 2D NMR: Coupling with hyphenated techniques

Coupling NMR with other analytical techniques in order to increase its separation power -in
the case of coupling with chromatography- or its sensitivity -when coupled to
hyperpolarization techniques- generally involves macroscopic changes in the sample
composition in the course of time. It confers these experiments an irreversible character,
which is incompatible with the time-incremental procedure needed to record 2D spectra.
This paragraph describes some of the recent advances that have hitherto been described to
take advantage of the single-scan nature of ultrafast experiments in this context.

5.1 Ultrafast LC-NMR

LC-NMR (consisting of coupling Liquid Chromatography with Nuclear Magnetic
Resonance) combines the resolving power of chromatography with the structural insight
provided by an analytical detection method (112). This efficient technology is becoming
increasingly routine worldwide, particularly for pharmaceutical applications (113) or natural
product analysis (114). A particularly powerful approach is the on-flow mode, where 1D
NMR spectra are obtained as the analytes are eluted from the column. However, such an
irreversible process is incompatible with multidimensional NMR methods that form an
indispensible tool for the study of complex mixtures. As a consequence, the design and use
of fast detection methods is indispensable to perform a real-time 2D NMR characterization
of analytes undergoing continuous chromatographic separation. Among the fast 2D NMR
methods, only two were successfully coupled with high-performance liquid chromatography
(HPLC). Hadamard spectroscopy was successfully applied in a HPLC-NMR setting (115),
an approach which required, however, a priori knowledge of the resonances. Alternatively,
Shapira et al. showed the potentialities of coupling ultrafast NMR with a chromatographic
setup to follow the real time elution of analytes (116). This study demonstrated the
feasibility of such coupling on a home-made experimental setup, consisting of a classical
silica-based glass column specially designed for this kind of experiments. It was applied to
model organic compounds in a non-protonated solvent. More recently, this approach was
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extended to a commercial HPLC-NMR setup by Queiroz and co-workers (117). Ultrafast
COSY spectra were acquired every 12 s in the course of a 12 min chromatographic run
performed on a mixture of natural aromatic compounds (Figure 11). A noticeable feature
was the use of an analytical C-18 column with regular HPLC solvents, demonstrating the
applicability of the method to commonly used HPLC-NMR conditions. While this approach
is still hampered by sensitivity losses due to the non-negligible flow during spatiotemporal
encoding, it opens the way to a number of applications in the numerous fields in which
HPLC-NMR forms a routine analytical tool.

5.2 Ultrafast DNP-NMR

Recent years have witnessed the emergence of different approaches to overcome what is
probably the main limitation of NMR, /e. sensitivity. Several alternatives have been
proposed, capable of preparing nuclei in “hyperpolarized” liquid-phase states. These are
metastable spin arrangements in which the bulk nuclear polarizations depart from their usual
(ca. 10°) Boltzmann distributions, and approach unity values. Once prepared and transferred
into a NMR spectrometer, the “super-signals” that can be elicited from these spin
arrangements can be exploited within a timescale dependent on the longitudinal relaxation
time T4 of the hyperpolarized nuclei. Adequate methods proposed and demonstrated for
producing and exploiting these extreme spin-polarization levels include the use of
parahydrogen (118, 119), the optical pumping of noble gases (120, 121), and microwave
driven dynamic nuclear polarization (DNP) from unpaired electrons (122-124). Amongst
these methods, the last option has the appeal of providing high enhancements while making
few requirements in terms of chemical substrate or sample preparation. Several /n situ (125)
or ex situ (124, 126, 127) experimental approaches have been proposed to perform DNP
prior to NMR spectroscopic acquisition. Particularly promising have been the metabolic
results afforded by the ex s/t DNP approach proposed by Golman et al. (124), whereby the
sample to be analyzed is co-mixed with a free radical, frozen in a glass at cryogenic
temperatures, and hyperpolarized by irradiating the radical close to its unpaired electron’s
Larmor frequency for relatively long periods of time. Rapid melting and shuttling of the
nuclear spins from this cryogenic environment into a spectrometer enables an otherwise
routine solution-state NMR spectroscopic observation. Yet, upon taking into account the
effects of the cryogenic cooling and of the DNP process, these “routine” observations will
take place on nuclei the polarization of which has been enhanced by a factor of around 104,

Despite its outstanding promise, the irreversible character of ex s/t DNP NMR is best suited
to collect a single or at most a small number of scans. This makes it a poor starting point for
acquiring arrayed transients involving complex pulse sequences, of the kind needed to
complete conventional 2D NMR acquisitions. A particularly promising solution is to record
single-scan 2D NMR spectra of hyperpolarized compounds via ultrafast 2D methods. The
potential of this powerful coupling was demonstrated in 2007 by Frydman and Blazina, who
showed that 2D spectra of hyperpolarized liquid samples at submicromolar concentrations
could be acquired within 0.1 s (128). Their results highlight the high complementarity of the
two techniques: UF 2D NMR solves the irreversibility issue of ex siftt DNP-NMR, while
DNP offers a solution to the relatively low sensitivity of UF 2D NMR.
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Another drawback of the ex situ DNP-NMR setting comes from the time needed to transfer
the sample from the polarizer to the NMR spectrometer (c.a. 1 s). It implies that only sites
with relatively long liquid state T1s will be able to retain a significant hyperpolarization.
Therefore, a high performance can be expected from ultrafast 2D methods exploiting the
hyperpolarization of slow relaxing, low-y nuclei such as quaternary 13C. This suggests the
interest of long-distance correlation experiments between quaternary 13C and nonbonded
protons, such as the Heteronuclear Multiple-Bond Correlation (HMBC) experiment. The
ultrafast version of this experiment was successfully coupled with ex s/t DNP in 2008
(129), relying on hyperpolarized quaternary 13C and 1°N nuclei. In 2009, band-selective
approaches were proposed to simultaneously record several 2D NMR correlations in a
single-scan, a strategy which was successfully applied to mixtures of hyperpolarized natural
products at millimolar concentrations (130) (Figure 12).

These recent advances highlight the interest of coupling UF 2D NMR with DNP, and open
numerous application perspectives. It was also recently shown that ultrafast NMR could also
be successfully coupled within a different DNP setting (131) —allowing a faster transfer of
the analytes and therefore the acquisition of homonuclear ultrafast 2D experiments— but also
with other hyperpolarization methods such as para-hydrogen (132).

6 Pseudo-2D Ultrafast NMR

A final group of single-scan methods worth addressing, concerns new and emerging
techniques that rely on the principles of ultrafast 2D NMR but are not strictly speaking “2D
NMR” acquisitions, in the sense that they do not entail the encoding of a coherent indirect
domain evolution. Still these methods are of high potential usefulness in analytical studies;
and the possibility to perform them in an “ultrafast” format, could enable their systematic
use to study molecular dynamic properties in real time.

One such promising approach consists in the development of fast, spatially-encoded
methods for the measurement of longitudinal relaxation times ( 77). These determinations
can provide a valuable tool to understand the dynamics of spin systems and to probe
molecular motions over a wide range of timescales. The measurement of 7; generally relies
on pseudo-2D experiments such as inversion-recovery (IR) (133) which are hampered by
long acquisition times, and are therefore beyond the usual scope of real-time studies. Several
ideas have been proposed to reduce the duration of IR experiments, such as the slice-
selective approaches (134, 135) that make it possible to access small molecule T1sina
single scan. While these methods are better suited for studying long T1s (typically several
seconds), sub-second relaxation times are often encountered, particularly when probing
dynamic phenomena at the molecular level. Very recently, Smith et al. proposed a pulse
sequence akin to ultrafast 2D NMR experiments in order to perform single-scan IR
experiment adapted to short T4s (136). It can be considered as “pseudo-2D ultrafast” in the
sense that it requires 2D Fourier Transform of the data, but T1 are determined from a single-
scan experiment, making it possible to study real-time molecular dynamics.

In a similar vein, also worth exploring are the alternative approaches capable of separating
analytes via their dynamic properties based on their diffusion coefficients (137). The
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diffusion-ordered spectroscopy (DOSY) methodology encodes the effect of random
Brownian motion in the indirect dimension, thanks to a series of experiments recorded with
incremented gradient strength. While DOSY is highly powerful for studying complex
mixtures, it still suffers from an incrementation scheme akin to the one of 2D NMR which
limits its applicability, particularly when dynamic or unstable systems are studied. An
ultrafast version of DOSY was recently described to overcome this drawback (138), based
on the intimate relationship between ultrafast spectroscopy and diffusion effects (60, 63). It
opens promising perspectives for monitoring diffusion and flow phenomena in complex
system.

In a final example of such pseudo-2D “ultrafast” strategies, Jerschow and co-workers (139)
have recently demonstrated the use of a spatial domain to speed up the study of Chemical
exchange saturation transfer (CEST) phenomena, which form a popular approach to generate
MRI contrast and are particularly promising to study /7 vivo metabolism. In conventional
CEST experiments, the polarization of water is measured as a function of incremented
offsets of a saturated RF irradiation (140). In the “ultrafast” version of this experiment,
signals with different irradiation offsets are recorded simultaneously in different parts of the
sample, which makes it possible to record a full Z-spectrum in only two scans. While this
approach, like others described above, suffers from a lower sensitivity inherent to the
ultrafast approach, it is very promising when considering coupling it with hyperpolarization
methods.

7 Conclusion and Perspectives

This review presents some of the progress made in the field of ultrafast 2D NMR,
particularly in what relates to making this spectroscopic method a powerful complement to
the NMR analytical toolkit. Thanks to recent developments this method is proving its
potential for a variety of analytical applications, from the real-time monitoring of chemical
and biochemical processes to the quantitative analysis of metabolic samples. While
sensitivity appears as a main limitation of this methodology, signal-to-noise increase by
several orders of magnitude can be expected from the coupling with hyperpolarization
techniques. Such coupling could particularly benefit to the quantitative analysis of metabolic
samples, where recent results obtained with UF 2D NMR have opened exciting perspectives,
but where the low analyte concentration is often an issue. Research perspectives will include
the design of analytical strategies to accurately measure metabolite concentrations from 2D
NMR spectra following DNP. When considering complex metabolic samples, where even
2D spectra may be hampered by peak overlap, significant improvement can be expected
from the development of approaches with higher dimensionality. While pure ultrafast 3D
NMR approaches are feasible in practice (141), their resolution and sensitivity penalties
become even more severe than those of the normal 2D UF NMR counterparts. On the other
hand, high spectral qualities have been demonstrated from hybrid conventional/ultrafast 3D
approaches, capable of recording a whole 3D spectrum in the time needed to record a
conventional 2D spectrum. This strategy was first suggested in a biomolecular context (61),
and was recently applied successfully to the measurement of site-specific 13C isotopic
enrichments (142) (Figure 13).
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Finally, promising perspectives also arise from the extension of the ultrafast methodology to
the field of /n vivo spectroscopy, where considerable gains can be expected from the speed
gain offered by the single-scan approach. A first step towards localized spectroscopy was
recently taken by Roussel et al. (143), who proposed an approach capable of recording
ultrafast 2D J-resolved localized spectra on /n vitro phantoms placed in a small animal
imaging system (Figure 14). The application of ultrafast spectroscopy to /n vivo systems
sounds particularly promising when considering the recent work of Pelupessy et al. (144)
and Zhang et al. (145) who recently designed single-scan approaches capable of recording
high-resolution 2D spectra in the presence of spatial inhomogeneities, which is a central
issue in the field of /n vivo spectroscopy.
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Acronyms and definitions list

CEST
Chemical Exchange Saturation Transfer; Process involving the chemical exchange of a
nucleus in the NMR experiment from one site to a chemically different site

Cosy
Correlation spectroscopy; a common type of homonuclear 2D experiment showing
connectivities between scalarly coupled spins

DNP
Dynamic Nuclear Polarization; method to enhance nuclear spin polarization by saturating
the resonances of nearby electrons

DOSY
Diffusion-Ordered Spectroscopy; Pseudo-2D experiment separating the analytes based on
their molecular diffusion properties

EPSI
Echo-Planar Spectroscopic Imaging; acquisition technique which maps a spatial dimension
and a spectroscopic dimension in a single readout.

FT
Fourier Transform; mathematical procedure that enables one to discern which frequency
contributions compose a time-dependant signal response function

Hadamard Spectroscopy
Alternative way of recording multi-dimensional NMR spectra in a non-Fourier fashion

HMBC
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Heteronuclear multiple-bond correlation: a common heteronuclear 2D experiment for
determining long-distance coupling between heteronuclear pairs (e.g. H and 13C)

HMQC
Heteronuclear multiple-quantum correlation: a common heteronuclear 2D experiment for
determining connectivities between heteronuclear pairs (e.g. 1H and 13C)

HPLC
High Performance Liquid Chromatography

HSQC
Heteronuclear single-quantum correlation: a common heteronuclear 2D experiment for
determining connectivities between heteronuclear pairs (e.g. 1H and 13C)

J-res spectroscopy
a common type of homonuclear 2D experiment separating chemical shift and coupling
interactions in two orthogonal dimensions

LC-NMR
Hyphenated technique consisting of coupling liquid chromatography (LC) with NMR

LP
Linear Prediction; a signal processing procedure which improves the resolution of NMR
spectra by predicting the missing points in the temporal signal

M axEnt
Maximum Entropy Reconstruction; a signal processing procedure which improves the
resolution of NMR spectra recorded with a limited number of points

MRI
Magnetic Resonance Imaging

NMR
Nuclear Magnetic Resonance

NOESY
Nuclear Overhauser Effect Spectroscopy; a homonuclear 2D experiment showing
connectivities between spins depending on their spatial proximity

SOFAST
Fast 2D NMR acquisition technique based on optimized relaxation delays and pulse flip
angles

TOCSY
Total Correlation spectroscopy; a common type of homonuclear 2D experiment showing
connectivities between all the spins belonging to the same spin system
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Figure 1.
Conventional (left) and ultrafast (right) 2D *H homonuclear spectra (COSY) recorded on a

mixture of metabolites on a 500 MHz Bruker Avance |11 spectrometer equipped with a
cryoprobe.
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Conventional (a) vsultrafast (b) data acquisition schemes. In conventional 2D NMR (a), N1
experiments are repeated on the sample while incrementing the t; evolution period. A
relaxation delay is necessary between each t; increment to let the magnetization return to its
equilibrium position. The ultrafast 2D NMR experiment (b) can be visualized as subdividing
the sample into N discrete slices (which may be of a nominal rather than of a real nature —
equal arguments would apply if the spatial evolution would be continuously imposed) that
simultaneously undergo different experiments with incremented t; delays.
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Figure 3.
(a) Principle of continuous spatiotemporal encoding in ultrafast 2D NMR. A chirp pulse

with a linear frequency sweep is applied together with a magnetic field gradient G,. As a
result, spins located at different positions zare excited at different times £,. Pulse sequence
elements proposed to perform continuous spatiotemporal encoding in a real-time (b) or
constant-time fashion (c). In both cases, two identical RF pulses are applied, sweeping
between initial and final offsets +y,G.L/2at rates 2nR = +2 y,G.L/T, with amplitudes set
S0 as to impart net 1t/2 or m rotations of the spins at all positions. The application of a first
chirp pulse together with a gradient leads to a dephasing ¢,) containing a linear and a
quadratic z-dependence. The latter is removed by the application of a second identical pulse
applied with an opposite gradient, resulting in a linear dephasing ¢;) which also depends on
the resonance frequency Q.
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Figure 4.

Signal detection in ultrafast 2D NMR. (&) Acquisition of the ultrafast dimension. A
magnetic field gradient of amplitude G, and duration T, is applied while the receiver is
open, which refocuses the dephasing induced by spatiotemporal encoding. It leads to a series
of echoes whose positions are proportional to resonance frequencies. (b) 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 dimension are necessary to obtain the final 2D spectrum.
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Figure5.
Examples of 2D spectra recorded in a single scan, shown together with the corresponding

NMR pulse sequence. (a) Ultrafast constant-time J-resolved spectrum recorded in 500 ms at
500 MHz on a cinnamic acid sample in DMSO-dg (54). (b) Ultrafast constant-time COSY
spectrum recorded in 100 ms at 500 MHz with a cryoprobe on a mixture of 6 metabolites
(Alanine, Threonine, Glutamic acid, Valine, Serine, Myo-Inositol) in D,0. (c) Ultrafast real-
time TOCSY spectrum recorded in 150 ms at 500 MHz on a n-butylchloride sample in
CDClj3 (56). (d) Ultrafast real-time 1H-1°N HSQC spectrum recorded in two scans at 800
MHz with a cryoprobe on a lyophilized protein A sample in D,O (46). () Ultrafast
constant-time H-13C HSQC spectrum recorded in a single scan following the injection of
hyperpolarized vitamin E at a 12 mM concentration (56).
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Figure®6.

Tygpical performance of ultrafast 1H COSY and 1H-13C HSQC experiments on modern NMR
hardware. Average approximate values are given, obtained from experimental data and
theoretical calculations. Single-scan limits of detection are given at natural abundance for
room temperature (RT) and cryogenic probes. While these values seem relatively high, the
LOD can be easily decreased by signal averaging, as in conventional NMR. The
performance of such a multi-scan approach is further discussed in the manuscript. Spectral
widths are calculated assuming that the spatial encoding time is T, = 30 ms, which
corresponds to a reasonable compromise between resolution and spectral width, and that the
maximum gradient amplitude used during acquisition is 30 G.cm-1. Spectral widths are
given regardless of any folding or spectral/spatial manipulation that can further increase the
effective observable spectral width.
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(a) Representative selection of real-time 2D HSQC NMR spectra arising from the reaction
of triflic anhydride, ketone (7) and acetonitrile-d3 shown in (b). Spectra show species (7, 11,
12 and 13) present in the aliphatic window range (1.54 - 2.87 ppm for 1H, 23.7 - 33.7 ppm
for 13C) at key time points as the reaction progresses, depicted by arrows (red, blue, green
and magenta respectively) (79).
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Spectra from Ref. (83) illustrating the dynamic capabilities of the ultraSOFAST 2D
experiment. Conformational transitions of a riboswitch are followed by recording real-time
2D 1H-15N HMQC NMR spectra. The spectra shown were recorded at pH = 6.1 and 298 K
on a ~1.7 mM 15N-G-labeled adenine riboswitch ligand-binding domain; the times indicated
in each frame correspond to the time point following addition of adenine and Mg?* to the

free RNA solution.
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Figure9.
Data extracted from Ref. (109), showing the potential of UF 2D NMR for quantitative

analysis. (a) 2D H “multi-scan single shot” COSY spectrum of a breast cancer cell line
extract, obtained by CHCI3/MeOH/H20 extraction of breast cancer cells. The spectrum was
acquired in 20 minutes (256 transients). (b) Metabolite concentrations of intracellular
extracts obtained from three cell lines: SKBR3, MCF-7 and Cal 51 by a quantitative 2D
“multi-scan single shot” COSY protocol associated with a standard addition procedure. The
concentrations are normalized to a 100 mg mass of lyophilized cells.
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Figure 10.
Ultrafast COSY spectrum of a biomass hydrolysate from £. colicells grown ona 1:1

[U-13C]-glucose:glucose mixture (12 g/L). The sample contains mainly amino acids released
from the hydrolysis of cellular proteins. The spectrum was recorded in 20 s (4 scans) on a
500 MHz spectrometer equipped with a cryoprobe. Cross-peaks are annotated according to
the corresponding carbon in the amino acids, using the international one-letter code for
amino-acids and using standard letters for the position of the protonated carbon in the
molecular backbone, /e, A, B, G, D, and E for a, B, y, §, and e, respectively. Site-

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2016 September 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Giraudeau and Frydman Page 37

specific 13C isotopic enrichments are measured by extracting columns from the 2D spectrum
and by integrating the satellites of the resulting site-specific patterns.
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Naringin
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7.5

Ultrafast COSY NMR spectra (aromatic region) (117) recorded in real time in the course of
a HPLC-NMR run on a mixture of naringin (blue), epicatechin (red) and naringenin (green),
10 mg/mL each, dissolved in acetonitrile/water/D20 45:27.5:27.5. The spectra were

recorded with double solvent presaturation, at 298 K on a 600 MHz Bruker Avance Il
spectrometer equipped with a cryogenic probe, including a cryofit accessory with an active
cell volume of 60 pL.
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Figure 12.

Pulse sequences and spectra from reference (130) showing the potentialities of coupling UF
2D NMR with ex situ Dynamic Nuclear Polarisation. (A,D) Successive 2D HMBC and
HSQC 13C-1H ultrafast pulse sequences, including gradient and timing parameters (in G/cm
and ms) and spectral/spatial manipulations bringing the relevant signals inside the targeted
spectral window. (B,E) Ultrafast HMBC and HSQC 2D spectra with relevant cross sections,
obtained after polarizing 4.4 pL of a 0.5 M limonene/a-pinene/camphene 1:1:2 solution in a
toluene/toluene-d8 1:5 mixture with 20 mM BDPA. Sudden dissolution in methanol-d4 led
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to a final concentration of 1 mM for limonene and a-pinene, and 2 mM for camphene. (C,F)
Conventional HMBC and HSQC 2D NMR spectra collected on a 20 mM equimolar terpene
mixture in CDCI3, obtained in 90 min using 32 scans, 64 t1 increments, a 2 s recycle delay
and a 0.5 s acquisition time. These conventional data were acquired with the same 13C
spectral widths as the ultrafast spectra, leading to the aliasing of some of the peaks. Also
shown are the unfolded positions of the 13C resonances characterized in each experiment (in
ppm’s from TMS). Both HSQC and HMBC conventional pulse sequences were made
spectrally selective to avoid the appearance of unwanted 13C resonances.
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Figure 13.

3D UFJCOSY pulse sequence (a) and corresponding 3D NMR spectrum (b) of a 13C-
labeled alanine sample (142), capable of recording a 3D COSY-J-resolved spectrum in 11
minutes relying on a hybrid conventional-ultrafast acquisition strategy. A F1F» plane read
from the 3D spectrum gives rise to a COSY-type correlation (c), where the peaks are not
broadened by heteronuclear couplings in spite of the 13C enrichment. The heteronuclear
couplings are obtained from dimension F3, and the 13C isotopic enrichments are measured
by reading a column perpendicular to the COSY plane (d).
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(a) Ultrafast JPRESS pulse sequence (UfJPRESS) capable of recording 3D localized 2D J-
resolved ultrafast spectra on a small animal imaging system. (b) Corresponding spectrum
acquired in 2 min 40 s on an 77 vitro phantom containing a GABA solution (10% w/w in
water) placed at the center of a 50 mL tube of pure ethanol. The spectrum was recorded on a

7T Biospec Bruker imaging system (small animal).
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