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ARTICLE INFO ABSTRACT

Article history: NMR spectroscopy has been applied to cells and tissues analysis since its beginnings, as early as 1950. We
Received 15 September 2021 have attempted to gather here in a didactic fashion the broad diversity of data and ideas that emerged
Accepted 27 April 2022 from NMR investigations on living cells. Covering a large proportion of the periodic table, NMR spec-
Available online 04 May 2022 troscopy permits scrutiny of a great variety of atomic nuclei in all living organisms non-invasively. It
has thus provided quantitative information on cellular atoms and their chemical environment, dynamics,

Is<eywordsi' biol or interactions. We will show that NMR studies have generated valuable knowledge on a vast array of
Btiguchtusrials lology cellular molecules and events, from water, salts, metabolites, cell walls, proteins, nucleic acids, drugs
M e?ab{)l omics and drug targets, to pH, redox equilibria and chemical reactions. The characterization of such a multitude

Drug research of objects at the atomic scale has thus shaped our mental representation of cellular life at multiple levels,
Cellular environment together with major techniques like mass-spectrometry or microscopies.

NMR studies on cells has accompanied the developments of MRI and metabolomics, and various sub-
fields have flourished, coined with appealing names: fluxomics, foodomics, MRI and MRS (i.e. imaging
and localized spectroscopy of living tissues, respectively), whole-cell NMR, on-cell ligand-based NMR,
systems NMR, cellular structural biology, in-cell NMR... All these have not grown separately, but rather
by reinforcing each other like a braided trunk. Hence, we try here to provide an analytical account of a
large ensemble of intricately linked approaches, whose integration has been and will be key to their suc-
cess.

We present extensive overviews, firstly on the various types of information provided by NMR in a cel-
lular environment (the “why”, oriented towards a broad readership), and secondly on the employed NMR
techniques and setups (the “how”, where we discuss the past, current and future methods). Each subsec-
tion is constructed as a historical anthology, showing how the intrinsic properties of NMR spectroscopy
and its developments structured the accessible knowledge on cellular phenomena. Using this systematic
approach, we sought i) to make this review accessible to the broadest audience and ii) to highlight some
early techniques that may find renewed interest. Finally, we present a brief discussion on what may be
potential and desirable developments in the context of integrative studies in biology.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction
1.1. Definitions and scope

The initial intention for this review was to focus on the modern
concept of in-cell NMR, i.e. NMR studies of macromolecules in cel-
lular milieus, as coined by Do6tsch and his coworkers in 2001 [1]. It
has been 10 years since the last review on this topic in this journal
[2,3]. A significant body of results has been published in the mean-
time, but also many reviews [4-24] (see also the excellent book
recently edited by Ito, Détsch and Shirakawa [25]). Events in
2020-21 (particularly the COVID-19 pandemic and the “Great
Lockdown”) gave us time in which to extend background research
to include literature in “neighboring” NMR fields, and also publica-
tions from the early days of NMR spectroscopy. Hence, we identi-
fied consistent themes and patterns running through the very
many publications from the overall field of NMR studies on cells.
Such a continuity has been stressed in an inspiring fashion by Lip-

pens [15] (and earlier by Szwergold [26] or Détsch [1], or more
recently by Selenko [22]), but has not been explored extensively
in a review. We thought it would be a good time to attempt to
bring together an account of this long-term body of knowledge:
this would help us to propose a perspective after 70 years of works
in the broad, integrated field of in-cell NMR spectroscopy, a field
encompassing NMR studies using intact cells.

Our aim here is thus to cover NMR studies analyzing cells and,
when closely related, “in situ” studies on cell extracts, membranes,
virus and viral particles, organelles, dissected tissues or small
model animals such as flies or worms. NMR spectroscopy permits
the analysis of living cells or tissues and their content in a non-
invasive fashion. It has applications in a very broad variety of fields,
e.g. metabolomics, MRI, cellular biophysics, structural biology,
drug development, etc. We will only mention briefly MRI and
metabolomics, which represent an immense, independent litera-
ture [27] (see [28-32] for a few selected applications in clinics or
cognitive science, see [33-35] for MRS metabolic imaging and some
future prospects [36,37], see [38-46] for metabolomics and some
future NMR metabolomics strategies [47,48]).

Our overall goal was to attempt to integrate and analyze the
wide landscape of past and present NMR studies on cells. We have
adopted a chronological narrative in most sections to present the
progressive technical achievements and the observations they gave
access to. We felt such a presentation could be helpful for non-
NMR readers and novice NMR students, as well as perhaps for
more experienced spectroscopists.

We have attempted to present each section such that it can be
read independently. We have deliberately avoided equations, but
have tried to provide experimental numerical data wherever possi-
ble. We hope that this approach to presentation will be stimulating
both for a broad non-expert readership and for NMR
spectroscopists.

1.2. The basic principles of in-cell NMR

1.2.1. Observing a broad range of phenomena

The appealing concept of in-cell NMR is to obtain information at
the atomic scale on chosen nuclear isotopes in living environ-
ments. Indeed, NMR spectroscopy reports on the impact of the
local chemical environment, conformation or interaction dynamics
on the detected populations of nuclei.

These nuclei can be incorporated in molecules of any size, and
can become sensors for more global physical properties like pH
or viscosity. NMR spectroscopy can also provide information on
local homogeneity and dynamics, from the picosecond to the sec-
ond timescales by measuring magnetization relaxation times.
However, these can be difficult to interpret, because they are
dependent on rotational correlation times, conformational dynam-
ics and interaction kinetics at the same time [49].

In addition, because NMR is a non-destructive technique, time
series of successive spectra can be recorded over minutes to days
on a single sample, provided that conditions to maintain its integ-
rity are met. Chemical reactions or environmental changes can
thus be monitored through widely ranging experimental
timescales.

Hence, in-cell NMR can provide a broad range of information at
multiple scales. Of course, several limitations exist that we will
explore later. Still, we can mention the two we see as the most
important: i) “NMR-visible” molecular species are limited to those
that do not interact or interact very weakly (i.e. rapid exchange
below the ps time scale and low populations in the order of mag-
nitude of 1 %) with large macromolecular assemblies (in the case of
solution NMR) or those that do not interact with too many cellular
binding partners (in the cases of either solution or solid-state
NMR); ii) standard NMR techniques cannot determine the spatial
localization of the detected molecules at the micrometer scale
and below, i.e. the subcellular scale. A subcellular position can thus
be inferred only from secondary pieces of evidence, in those cases
where organelles/compartments contain markedly distinct chemi-
cal environments (e.g. pH, redox potential, presence of binding
partners, etc.) that result in well-defined spectral changes.

1.2.2. Achieving selective detection from the cellular background
NMR spectroscopy of cellular species permits the selective
observation of specific nuclei (more precisely the precession of
their nuclear magnetic moments) in the cellular milieu. Three main
factors can make a particular population of nuclei distinguishable
from others in the same sample: i) among nuclei, each nuclear spe-
cies (isotope) generates magnetic resonances in a relatively narrow
and precise range of frequencies due to its different gyromagnetic
ratio vy (we=-yBo [49] defining the precession frequency o of a
nuclear spin having a gyromagnetic ratio y in a magnetic field
Bo); ii) among populations of the same isotope, nuclei having the
same chemical environment will contribute signals at a very speci-
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Glossary

ADP Adenosine DiPhosphate

AMP Adenosine MonoPhosphate
o-Syn  o-Synuclein

ATP Adenosine TriPhosphate

BIRD Bi-linear Rotation Decoupling

BOLD Blood Oxygenation Level Dependent
cAMP  Cyclic Adenosine MonoPhosphate
CEST Chemical Exchange Saturation Transfer.

CP-MAS Cross-Polarization Magic Angle Spinning
CPMG  Carr-Purcell-Meiboom-Gill (pulse sequence)
CPP Cell-Penetrating Peptide

CRINEPT Cross Relaxation-enhanced INEPT

CSA Chemical Shift Anisotropy

cryo-EM Cryogenic Electron Microscopy

cryo-ET  Cryogenic Electron Tomography

DCP Double Cross-Polarization

dDNP  dissolution Dynamic Nuclear Polarization

DNA DeoxyriboNucleic Acid

DNP Dynamic Nuclear Polarization

DOTA  14,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid

DP Direct Polarization

DPG DiPhosphoGlycerate
DQF/TQF Double quantum filter / Triple quantum Filter
ECM ExtraCellular Matrix

EDTA EthyleneDiamineTetraacetic Acid
EPR Electron Paramagnetic Resonance
FID Free Induction Decay

FLIM Fluorescence Lifetime Imaging Microscopy

FRET Forster or Fluorescence Resonance Eenergy Transfer
FT Fourier Transform

GFP Green Fluorescence Protein

GPCR G-Protein-Coupled Receptor

GSH Glutathione

HMQC Heteronuclear Multiple Quantum Coherence
Ht Haematocrit

HR-MAS High-Resolution Magic Angle Spinning

HSQC Heteronuclear Single Quantum Coherence

IDP Intrinsically Disordered Protein

IDR Intrinsically Disordered Region (of a protein)

INEPT  Insensitive Nuclei Enhanced by Polarization Transfer
MD Molecular Dynamics

NAD+  Nicotinamide Adenine Dinucleotide+

NADP+ Nicotinamide Adenine Dinucleotide Phosphate

NMR Nuclear Magnetic Resonance

MAS Magic Angle Spinning

MRI Magnetic Resonance Imaging
mRNA  messenger RiboNucleic Acid
MRS Magnetic Resonance Spectroscopy (in vivo, spatially

localized biochemical analysis)
NOE Nuclear Overhauser Effect

NOESY Nuclear Overhauser Effect SpectroscopY
NUS Non-Uniform Sampling

PCS Pseudo-Contact Shift

PFG Pulsed Field Gradient

PFT Pore-Forming Toxin

PG PeptidoGlycan

PHIP ParaHydrogen Induced Polarization.

ppm parts per billion

ppm parts per million

PRE Paramagnetic Relaxation Enhancement

PTM Post-Translational Modification.

RBC Red Blood Cell

RDC Residual Dipolar Coupling

REDOR Rotational-Echo DOuble-Resonance

RNA RiboNucleic Acid

rRNA ribosomal RiboNucleic Acid

SLO Streptolysin O

smFRET Single-molecule FRET

SOD1 SuperOxide Dismutase 1

SOFAST-HMQC Selective Optimized Flip-Angle Short-Transient
Heteronuclear Multiple Quantum Coherence

SNR Signal-to-Noise Ratio

ssNMR  solid-state Nuclear Magnetic Resonance

ssRNA  single-strand RiboNucleic Acid

STD Saturation Transfer Difference

STDD Saturation Transfer Double Difference

Tc Correlation time for overall (isotropic) tumbling of the
protein

TANGO Testing for Adjacent Nuclei with a Gyration Operator

TRNOE TRansferred NOE

TR-NUS Time-Resolved Non-Uniform Sampling.

TROSY Transverse Relaxation-Optimized SpectroscopY.

VAS Variable Angle Spinning

WATERGATE Water suppression by Gradient-Tailored Excitation

waterLOGSY Water-Ligand Observed via Gradient SpectroscopY

WATERGATE WATER suppression by GrAdient Tailored Excita-
tion

WT Wild-Type

WTA Wall Teichoic Acid

fic resonance frequency, the so-called chemical shift (&=(w-wg)/
p); iii) among populations with similar chemical shifts, nuclei
with relatively high abundance will stand out. Further distinctions
can be exploited that are based on the selective manipulation of
nuclei bound to a determined nuclear isotope (e.g. protons cova-
lently bound to >N or '3C).

NMR signal intensities are proportional to the number of nuclei
resonating at the corresponding frequency. However, a large pop-
ulation does not guarantee its detectability: conformational and
interaction dynamics, sample homogeneity, and other intrinsic
properties of the observed nuclei have consequences on the signal
linewidth, all of which are decisive for NMR signal intensity as we
will often see below.

1.3. Which nuclei?

We must recall that only nuclei having a non-zero spin mag-
netic moment can be observed. This excludes, unfortunately, the

naturally predominant isotopes '?C, '°0 and 32S, which are thus
“NMR invisible”. Other abundant isotopes like *N have unfavor-
able nuclear spin quantum numbers (I > 1/2) that generate fast
relaxation, hence very broad signals that are impractical to detect
(except for very small, symmetric molecules like NH3). NMR spec-
troscopists have circumvented and even transcended this difficulty
by incorporating '>C- or '°N-labeled species in cells and then
detecting those in a specific fashion. The stable isotopes '>C and
5N have low natural abundances (1.1% and 0.4%, respectively)
and their NMR detection generates thus low background signal
intensities from the endogenous material.

Besides null spins, we can classify nuclei in two categories. The
most useful isotopes are spin 2 nuclei, like 'H, 3C, '°N, '°F, 3'p.
These have manageable mono-exponential “transverse” relaxation
in solution on timescales of the order of 1 to 100 milliseconds. This
holds true for homogeneous pools of molecules tumbling in the 10
nanoseconds range or less, that do not experience interactions in
the micro- to milli-second time scale. Indeed, such “intermediate
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time scale” binding events can cause line broadening, which makes
the signals more difficult to detect. Importantly, in the cellular con-
text, detecting molecules involved in complexes larger than ~30
kDa often necessitates more advanced NMR strategies, whose suc-
cess is not guaranteed.

Other isotopes are “quadrupolar” nuclei, like 2H, “Li, "N, 170,
23Na, Mg, 2’Al, 39K, #3Ca and almost all metals with non-zero
nuclear spin: their non-spherical distribution of nuclear charges
generates a quadrupolar moment interacting with the surrounding
electric field, which can cause a strong relaxation of nuclear mag-
netic resonances in the case of a non-symmetric local environment,
as typically occurs when transient binding to macromolecules
occurs in cells. There, such quadrupolar nuclei show fast, multi-
exponential relaxations, whose rates depend on the quadrupole
strengths. This severely limits their detectability. We will show
that these quadrupolar nuclei can still be exploited, even though
they sometimes gave rise to misinterpretations in early studies.

2. Applications of NMR spectroscopy on living cells.

Anfinsen, who established the deterministic relationship
between amino acid sequence and three-dimensional structure
(at least for small folded proteins), emphasized that “a protein
molecule only makes stable, structural sense when it exists under
conditions similar to those for which it was selected” [50]. This
thought is clearly at the heart of many biophysicists’ concerns: to
what extent do molecules behave the same or differently in the
test tube and in cells? There is no question about the importance
of in vitro studies using purified material: they are key to exploring
the properties and the manipulation of biological molecules. How-
ever, presenting a complete picture in molecular biophysics
requires characterizing molecules and their interactions in their
native environment. Let’s push an open door: To fully understand
molecular phenomena occurring in cells, one has to study them
in cells. NMR has been instrumental in this task. Here, we discuss
the various questions that NMR can tackle.

2.1. Cellular solvent

NMR spectroscopy offers the possibility to manipulate and
detect selectively the chosen nuclear spins, because every isotope
has a different gyromagnetic ratio (see Section 1.2.2.). A broad
spectrum of analysis is thus achievable on the composition of the
cellular solvent. NMR is familiar for studies focusing on metabo-
lites and proteins, but it can provide information on more funda-
mental properties of cells: this starts with water of course, but a
number of exotic nuclei can be studied, as well as pH or redox
potentials, as we will show in the paragraphs below.

2.1.1. Water: intracellular and transmembrane diffusion, interactions
and correlation times

Water combines many advantages where NMR spectroscopy is
concerned: it is a fast-tumbling, symmetric, abundant small mole-
cule containing two (equivalent) protons. 'H is the highest gyro-
magnetic ratio nucleus (except for the radioactive H), whose
spin ¥ is the simplest to manipulate and detect. All these parame-
ters have beneficial consequences for NMR relaxation rates, sim-
plicity of spin manipulation and sensitivity. The T1 and T2
relaxation rates of water are sensitive to the chemical environ-
ment, and are sufficiently slow to be measured accurately. They
are also slow enough to be affected in a substantial and observable
manner by many solutes. Hence, because of its convenient NMR
behavior, detection of water signals has been the basis for some
of the most successful applications of NMR, water-based MRI being
a particularly clear example.

Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

After a slow, error-prone start (see Section 3.1.1.), NMR of cellu-
lar water became useful in the following three main categories:
measurements of i) transmembrane diffusion, ii) intracellular dif-
fusion, iii) the correlation times of bulk water and of water mole-
cules associated with cellular macromolecules.

The water permeability of erythrocytes has been thoroughly
studied since the 1970’s. T2 relaxation measurements have been
carried out in the absence or presence of extracellular, imperme-
able paramagnetic agents (notably Mn?*), which greatly enhance
the extracellular T2 rate but not the intracellular one (similar to
the contrast agents used in MRI). The global T2s of water and their
differences in absence/presence of paramagnetic agents give access
to transmembrane exchange kinetics (see the previous reviews for
the relevant equations [51,52]). This was a good alternative to
methods using radioactive tritiated water from the late 1950’s. It
permitted measurement of transmembrane water exchange of ery-
throcytes in varying osmolarity, temperature or pH conditions [53-
59], upon exposure to chemicals [57,60], from patients with vari-
ous illnesses [61,62] or from a great number of animals [63].
Hence, by the end of the 1980’s, NMR had already made an impor-
tant contribution to the field [51,64,65]. However, the extracellular
paramagnetic species used at that time was mostly Mn?*, which
actually penetrates erythrocytes at high concentrations, hence
diminishing the apparent water exchange rate and introducing dis-
crepancies among the published reports [51,66]. MRI-related Gd>*-
chelators are more reliable in this regard [67].

Another approach was proposed, which did not require use of
an external paramagnetic agent. It relied on the possibility to mea-
sure diffusion coefficients using Pulsed Field-Gradient (PFG) NMR,
a method developed in the 1950-60’s. The extensive presentation
of its principles is out of our scope; a number of reviews are avail-
able [68-72]. Briefly, PFG NMR relies on i) the imposition of a spa-
tial gradient of magnetic field for a short time, which causes a loss
of spatial coherence of the NMR signals, ii) waiting for a defined
delay, and iii) applying a second gradient pulse of opposite sign:
hence, the coherence is fully recovered for immobile species, but
only partially recovered for species that diffused in the delay
inserted between the two gradient pulses (Fig. 1). The resulting
observable NMR intensities are anti-correlated to the diffusion
coefficients and to the time between the two gradient pulses. Thus,
measuring these intensities gives access to NMR diffusometry. PFG
NMR has been successful in measuring molecular displacements
from 10 nm to 100 pm in a non-invasive fashion. This concept
was used in the early 1970’s to measure water diffusion in frog
and rat muscles, which was found to be on average about half
the rate seen in distilled water [73,74].

Because intracellular water diffusion is restricted by cell walls,
long delays between the pulsed gradients cause a progressively
attenuated signal decay. This would reach a plateau if the intracel-
lular pool of water was trapped forever, since the cellular dimen-
sions limit how far a water molecule can diffuse, but in reality,
transmembrane exchange causes further decay, resulting in a mea-
surable weighted average of the intra- and extra-cellular diffusion
coefficients (Fig. 1). Theoretically, this effect allows estimation of
intra- and extra-cellular self-diffusion coefficients of water, the cel-
lular size defining the restricted space of diffusion, and the trans-
membrane water exchange rate [52,69]. It has been used by
Andrasko in 1975 to measure simultaneously the transmembrane
water exchange rate in erythrocytes and the average intracellular
diffusion coefficient of water [82]. These measurements neglected
the effects of magnetic susceptibility inhomogeneities in cell sam-
ples, which generate intrinsic field gradients and thus additional
signal decay during PFG NMR experiments (These can themselves
be used to measure intracellular diffusion coefficients of water in
live and fixed cells [83,84]); the effects of such inhomogeneities
on NMR signals are rather complicated and are treated in
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Fig. 1. Measurement of molecular diffusion in presence of intra- and extra-cellular compartments. A) Sketch of a simple Pulsed Field Gradients Spin Echo (PFGSE) pulse
sequence used to measure molecular translational diffusion by NMR, where the z-gradient pulses have a duration d, a power g and are separated by a delay A ; B) Brief
schematic explanation showing the z-dependent magnetization (red arrows) before and after the first pulsed field gradient, and showing the final magnetization,
magnetization precession (free-induction decay, FID) and the signal intensities after Fourier Transform (FT) ; C) Scheme introducing the parameters to fit, D;/D, the diffusion
coefficients, P;/P. the molecular populations, t;/t. the average residency times, ki/k. the transmembrane exchanges of intra- and extra- cellular molecules, respectively; In the
case of free Brownian motion, the final acquired signal intensity is proportional to S(21)=Moexp(-2t/T2)exp[-Dy*g*(A-d/3)], with M, the equilibrium magnetization, T2 the
transverse relaxation time, D the diffusion coefficient and t, A and d the PFGSE-defined parameters; a number of improved variants of this pulse sequence have been
proposed [75-79], notably the Stimulated Echo sequences, where diffusion is affected by T1 and not T2 (T1 is often much longer and more favorable than T2 in cells and
tissues) ; D) Theoretical graph of the PFGSE attenuated signal intensity of a solute diffusing in two compartments in exchange, in the model situation corresponding to packed
cells or tissues, where P;>>P. and De>>D; 5 (1)=exp(-A/27:) ; (2) = 1/(TiPeDe); (3) = exp(-A/Ti); (4) = exp(-A/Ti(1+D;i/PeDe)); slopel = exp(-A/t;)*exp(-KA(P.D.+D;); slope2 = exp(-

KA(PeD.*D;). Adapted from Waldeck et al. 1997 [69,72,80,81].

Section 3.2. They were also ignored in the later PFG NMR studies on
cells published since the 1990’s, which aimed at measuring trans-
membrane water exchange in erythrocytes with varying choles-
terol contents [85] and in the Gram positive Corynebacterium
glutamicum [86], or self-diffusion coefficients of water in cultured
mammalian cells through the cell cycle [87] and in camel erythro-
cytes [88]. PFG NMR experiments have also been used to measure
simultaneously both water self-diffusion coefficients and trans-
membrane exchange in various systems: in yeast at different
growth phases [89], in unicellular algae Chlorella [90], in erythro-
cytes [91-94], in cultured mammalian cells [95-97], or in plant sys-
tems like banana tissues [98], lupin roots upon exposure to lead
[99], in maize roots of different lengths, or upon oxidative stress
or at varying CO, concentrations [ 100-102]. Interestingly, MRI con-
trast agents were shown to inhibit transmembrane water exchange
in this latter system [103].

Recent improvements have been proposed to this technique
[75-79]. An interesting example takes advantage of the full signal
decay of species in the extracellular medium, which experience
unrestricted diffusion: a pair of strong pulsed gradients generate
a “diffusion-filter” that leaves only the species in the restricted
intracellular volume observable [75,76]. Their magnetization can
be subsequently manipulated for any purpose, including diffusion
measurements. Such a diffusion-filter has also been used for in-cell
structural biology: it helped to filter out the leaking population of
proteins and thus to observe intracellular proteins selectively
[104].

In a rough summary, NMR spectroscopy has helped to evaluate
the mean intracellular lifetime of water molecules to be about 10-
20 ms in erythrocytes, and about 100 ms in HeLa cells. It also per-
mitted quantification of intracellular water self-diffusion: it is
about half as fast in cells as it is in pure aqueous buffers, and this
number varies only slightly depending on cell types and
conditions.

Concerning water rotational dynamics, NMR spectroscopy -and
more specifically water T1 relaxation- has been used to study
them, notably in the context of macromolecules hydration since
the 1960’s [105-109]. Many mechanisms combine to influence 'H
T1 relaxation in biological samples: solute-water cross-
relaxation, solute-water proton exchange and the broad diversity
of water interactions, which provoke many magnetic interactions
and relaxation pathways [106,107,110,111]. Hence, interpretation
of 'H T1 relaxation often remains ambiguous. Fortunately, water
dynamics can be studied using NMR spectroscopy of 70- and 2H
nuclei, whose low gyromagnetic ratios and quadrupolar nature of
these nuclei are better adapted to water dynamics studies. The
170 and 2H bulk water relaxation times are largely immune to
the phenomena of cross-relaxation and spin-diffusion, and are also
only little affected by chemical exchange. These relaxation times
are dominated by quadrupolar interactions, which are mostly sen-
sitive to tumbling dynamics. 70 and 2H bulk water relaxation rates
are fast enough to allow monitoring of water dynamics from the
picosecond to the nano-microsecond timescale. Measuring mag-
netic relaxation at varying fields provides “relaxation dispersion”
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profiles reflecting the exchange rates between “bound” and “free”
water molecules.

The most abundant isotope of oxygen, '°0, has a null spin and is
thus useless from an NMR standpoint. The only “NMR-visible” iso-
tope of oxygen, '70, is rare (< 0.04 % natural abundance), but can be
enriched and incorporated in biological systems, where it becomes
a potent NMR tracer. Although not trivial to manipulate, its spin
5/2 can be fruitfully exploited to delineate water populations that
interact with cellular species. Succinctly, the quadrupolar nature of
170 causes faster relaxation of water molecules “bound” to macro-
molecules. The very large field of 70-NMR studies is beyond our
scope, dedicated reviews are available [112,113]. Early work in
the 1970’s used 170 relaxation measurements to show that multi-
ple water populations were constantly exchanging in cells, notably
a minor fraction bound to nucleic acids or proteins, and a major
“free” fraction [55,114-117]. In publications from the 1990’s, this
helped to estimate that below 1% of the cellular water molecules
could be considered as “strongly bound”, i.e. hydrogen-bonded,
with correlation times of about 5-10 ns [118]. This number could
reach 2% in mitochondria, but 0 NMR confirmed that the great
majority of cellular water molecules had correlation times in the
picosecond timescale [119]. This dismissed the existence of any
substantial population of “ordered” water molecules in these
highly crowded organelles, although they contain about 400 g/L
of macromolecules. In bacteriophage Pf1, 4% of the water mole-
cules are bound to macromolecules according to 70O relaxation
measurements, which corresponds to about 4 water molecules
per phage nucleotide [120].

In the late 2000’s, Halle and colleagues measured ?H and '’0
magnetic relaxation dispersion in E. coli, in the halophile archae
Haloarcula marismortui and in Bacillus subtilis spores [121-123].
In both E. coli and H. marismortui, they showed that ~85% of water
molecules had correlation times of about 1.5 ps, 15% had correla-
tion times of about 25-30 ps corresponding to the hydration-
shells of cellular macromolecules, and only 0.1 % of water mole-
cules were trapped in buried sites on the microsecond time scale.
Even in the dense core of B. subtilis spores, the hydration water
molecules had tumbling times of only 50 ps and buried water rep-
resented ~0.15 % of the total. These numbers were in line with
those measured on in vitro dilute proteins samples.

We stress again the fact that these experiments do not report
the translational behavior of water molecules, which can be mea-
sured by neutron scattering [124-126] and NMR measurements
of diffusion (see above). The numbers above are consistent with
results from more recent studies using other techniques like
time-resolved infrared spectroscopy or dielectric relaxation spec-
troscopy [127].

Altogether, NMR spectroscopy has thus contributed greatly to
the progressive understanding of water dynamics in cells.

2.1.2. Quantification and interactions of metal ions:

Metal ions are key components of cellular life, involved in mod-
ulating solvent properties, membrane potentials and thus neuron
or muscle excitability, and in enzyme catalytic sites. They find
applications in imaging or radiation therapy. They all have one or
multiple isotopes with non-zero magnetic moment, but these are
not necessarily found at high natural abundance (see [128] or
https://www.webelements.com).

®Li* and 7Li*, 2*Na*, 2’AI**, 3°K*, ®°Rb* and ®"Rb*, '"3Cd*" and
133Cs* have all been studied by direct NMR detection in cells. They
have also been studied using molecules that change their chemical
shifts according to whether they are in extra- or intra-cellular
media, the so-called “shift reagents” (Fig. 2). These contain param-
agnetic ions that shift the observed NMR frequencies of species in
the same sample compartment. Hence, they make it possible to
distinguish intra- and extra-cellular species. These shift reagents
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are similar to contrast agents used for MRI, but induce less NMR
relaxation of the solvent signals. Some “smart” contrast agents
have been designed more recently by coupling basic contrast
agents to metal-ion-chelating scaffolds: upon ion binding of the
second moiety, the paramagnetic core of the contrast agent is
exposed to the solvent (Fig. 3). These ion-activated contrast agents
can thus reveal the presence of free cellular metal ions by enhanc-
ing the water NMR relaxation.

Mg?*, Ca%*, Fe?*, Zn?>* have active NMR isotopes at very low
abundance, which precludes sensitive direct NMR detection. More-
over, paramagnetic states prevent NMR direct detection of Mn(II),
Mn(III), Fe(III), Cu(II), Co(Il) to name only a few. The abundant and
diamagnetic isotopes of metal ions are however not easy to handle
either. Their high spin > 3/2 causes fast, multi-exponential relax-
ation, and thus intrinsically weak NMR signals. Their low gyromag-
netic ratios can further plague their NMR detectability, which is
typically the case for 3°K. Hence, reporters have been designed that
incorporate sensitive nuclei (e.g. '°F), whose chemical shifts
change when chelating the cation of interest. These will be called
“labeled chelators/sensors” (Fig. 4).

We describe the strategies used in NMR studies of the main ions
in the sections below. Some further pieces of information on these
nuclei are given in Section 3.3.1. Other more exotic species have
been studied sporadically by NMR in cells, e.g. °B/"'B or Pt
[146-152]. Overall, NMR has been very useful in understanding
the dynamics of all these ions in cells. NMR of metal ions is unable
to provide spatial information at the (sub)micrometric scale of the
subcellular level. However, it is still a very versatile technique that
we suggest may find further applications in nutrition or toxicology
studies on living microorganisms, plants, small animals or orga-
noids, where it would also offer millimetric imaging capacities.
All the studies below may be reinterpreted/readapted with these
capabilities in mind.

2.1.3. Li*

Lithium is only found in trace amounts in living organisms, but
it is commonly used therapeutically in treatment of bipolar disor-
ders and may be effective against some cancers or neurodegenera-
tive diseases [153-155]. The mechanisms behind its beneficial and
adverse effects are still not well defined: they may be related to
competition with Mg?* in binding to kinases or phosphatases, com-
petition with Na* in GPCR binding, or membrane binding [156-
158]. Both °Li and “Li have non-zero spins, but ’Li has been almost
the only species used in NMR cellular studies, because it is much
more abundant and shows better relaxation properties than °Li
[159]. Important results came from solution NMR investigations
using direct “Li one-dimensional spectroscopy. In a first study in
the 1970’s, Andrasko used the PFG-NMR strategy (see above in Sec-
tion 2.1.1.) to reveal the restriction of Li* diffusion in erythrocytes
and measure their transmembrane exchange [160]. Then, in the
1980-90’s, the use of “shift reagents” and solution “Li-NMR permit-
ted non-invasive quantification of Li* cellular uptake, and detection
of Li* interactions with nucleic acids or phospholipids. Monitoring
of Li* cellular uptake was performed in yeast [161] and in erythro-
cytes [162-164] and astrocytomas [165]. An improved, more
membrane-impermeant Tm-DOTP “shift reagent” was used in the
1990's to study Li* cellular uptake of erythrocytes [166] and neu-
roblastoma cells (Fig. 5) [167,168]. “Li has also been used as a sur-
rogate for studying Na* efflux in rat hearts [169-171].

Measurements of “Li NMR relaxation times helped to show that
it was binding preferentially to the inner phospholipid layer of ery-
throcytes (and not to sialic acid, actin or hemoglobin) [172-175].
Li* phospholipid binding was later observed also in neuroblastoma
cells [65]. Li* competes with Mg?* for binding to phospholipid in
erythrocytes, as shown by fluorescence microscopy and 3'P NMR
[176] and later by °Li and ’Li NMR relaxation measurements



Francois-Xavier Theillet and E. Luchinat Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

3 Extra.
A Paramagnetic center chelators B ) c [
PPPS5- DOTPS- o) Ref I
30P— [ —POs” e : | )
-O\P/O\P/O\ 0" N N ‘[ | +Dy(DOTP)5
ANCACA ] YN | |
O 00 00 O N N c Y | Intra. ||
2,0p— \/ \_poy2 - ) A
3 3 paramagnetic : H .
o fﬁ;ﬁs ?hrﬂs protons : : o
= - rom : '
i —~ P/\ 0 0 05/ 0 Oyo diamagnetic window i : | 7
0>P\\/\/P\\0_(,)\o AN AN AN €« | : “ +Dy(PPP), 7~
g 00 . 3 0”70 ] I
O’QO O’QO ‘P ' A
BDPS5- TTHASG- . ' lEndoge»ouswale'randfat B \"\ A - y, :\ o
30 20 10 0 0 -20
H (ppm) 2Na (ppm)

Fig. 2. Operating principle of “shift reagents”, A) Chemical structures of the main shift reagents used in cellular studies (adapted from Szklaruk et al. 1990 [129]): these
chelators are typically loaded with transition metals (most often Mn?*) or lanthanide ions. B) Schematic '"H NMR signals from mouse tissue water and fat, adapted from
Harnden et al. 2019 [130]: the extracellular chelated paramagnetic center provokes important changes in chemical shifts of extracellular species, here water, or C) 2>Na* NMR
signals from human erythrocytes in suspension (the reference signal is generate from a capillary containing a pure aqueous NaCl solution), adapted from Sherry et al. 1988
[131]. Paramagnetic induced chemical shifts are mostly due to the merging effects of hyperfine shifts and bulk magnetic susceptibility (see [130,132,133] for more
comprehensive explanations). Shift reagents also accelerate relaxation times and thus signal linewidths of species in the same sample compartment.
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Fig. 3. Operating principle of ion-dependent (“smart”) contrast agents, adapted from Barandov et al. 2019 [134]. A) Schematic chemical structure of a Ca®*-activated, Mn?*-
contrast agent: a Mn?* chelator is linked to an acetomethoxyl-BAPTA moiety; the acetomethoxyl ester groups are removed upon cell internalization by cellular enzymes,
which traps the complex in cells. B) In presence of free Ca®*, the BAPTA moiety chelates Ca®* preferentially and does not chelate any longer the Mn?* paramagnetic center,
which, in turn, is more exposed to solvent; this induces a faster NMR relaxation of solvent signals. The insets show the resulting 'H-water signal observed by MRI. A number

of chemical scaffolds have been proposed with the same purpose [135-141]. These can be used for NMR studies on cells; the final goal is often to obtain probes for functional
MRI.
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Fig. 4. Operating principle of “labeled chelators/sensors” that report the presence of metal ions in cells, adapted from Bar-shir et al. 2013 and 2015 [142,143]. We show here
one of the most commonly used scaffolds in the literature, the cell-penetrant BAPTA chelators. Their acetoxymethyl ester form (nF-BAPTA-AM) freely enters into cells, where
it is converted to an impermeable form (devoid of acetoxymethyl ester function, nF-BAPTA) by intracellular esterases [144,145]. Being fluorinated, these molecules are
observable by '°F-NMR spectroscopy, which does not suffer any background signal in cells. Different fluorination schemes result in different affinities and exchange rates for
every divalent metal ion. A) Chemical structure of 5,5',6,6'-TF-BAPTA and B) the 1D '°F NMR obtained in presence of Fe?* or Zn?*, showing the 5,5'-'°F and 6,6"-!°F signals in
purple and green, respectively. C) Chemical structure of 5F-BAPTA and the exchange between free and chelating situations, whose exchange rates D) cause different '°F signal
linewidths in 1D '°F NMR spectra (recorded at 11.7 T, key is the exchange rate, and A is the difference of NMR frequencies between the signals from the free and chelating
forms of nF-BAPTA). Other labeled sensors have been proposed, which can also use '>C- or '>N- labeling. The sensitivity of these sensors can be enhanced by Chemical
Exchange Saturation Transfer (CEST) methods, allowing detection levels of metal ion concentration in the submicromolar range [142,143].
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Fig. 5. A) 1D Li NMR spectra showing the Li* influx in SH-SY5Y human neuroblastoma cells perfused by a culture medium supplemented with the shift agent HTmDOTP*
and with LiCl at 15 mM after (a) 11 min, (b) 39 min and (c) 133 min; B) 1D ’Li NMR spectra showing the Li* efflux from Li*-loaded SH-SY5Y human neuroblastoma cells
perfused by a culture medium supplemented with the shift agent HTmDOTP* and with LiCl at 5 mM after (d) 75 min, (e) 90 min and (f) 120 min. Adapted from

Nikolakopoulos et al. [168].

[177]. "Li relaxation was also used to demonstrate another compe-
tition of Li* with Mg?* in chromaffin cells and in lymphoblastoma
and neuroblastoma, where faster relaxation was measured than in
erythrocytes [178,179]. This was interpreted as being due to sup-
plementary interactions of Li* with unknown targets, or to changes
in composition of cellular phospholipids upon exposure to Li*
[180,181]. Li* does indeed compete with Mg?" at many levels
[156]: it binds to ATP [182], to the kinase Gsk3p, and to the inositol
phosphatase [183], provoking an increase of phosphoinositol con-
tent. The precise mechanisms of Li* actions are thus not yet eluci-
dated, but in-cell NMR has made important contributions in the
field. These studies have moreover paved the way for “Li-MRI
approaches, which have helped improve understanding of the dis-
tribution of Li* in brain upon lithium treatments [159,184,185].

2.1.4. Na*

Na" is less abundant in cells (~10-30 mM) than in extracellular
fluids (~100-150 mM). The mechanisms ensuring low Na* intracel-
lular concentrations are of great importance, notably because they
are essential to the proper functioning of excitable cells and of Na*-
dependent membrane proteins [186]. Because >3Na represents
100% of sodium and has a relatively favorable gyromagnetic ratio
(about Y% of 'H), 2Na NMR has long been attractive for NMR
studies.

Early 2Na” NMR measurements by Cope in the 1960’s reported
large NMR-invisible populations, representing about 60% of intra-
cellular 22Na* [187,188], similar to the situation for 3°K* that we
will describe later (see below and Section 3.1.2.). The “invisibility”
of this fraction of the intracellular 2>Na* population was inter-
preted by some authors as indicating that it was bound or immo-
bilized [187-193]. An exception was found in the very “watery”
plant vacuoles, where few interactions with macromolecules exist
[194]. However, Civan and Shporer showed in the 1970’s that these
early measurements had to be re-interpreted using an appropriate
theory of quadrupolar nuclei relaxation, which led to the conclu-

sion that actually less than 1% of 2>Na* was bound and immobilized
in cells [195-197]. Parallel investigations on 3°K reinforced this
theoretical framework (see below). T2 relaxation of cellular 2>Na*
has two components, one fast (~0.5-2.5 ms) and one slow (~10-
50 ms) corresponding to 60% and 40% of the total signals, respec-
tively. In the early times, the experimental set up was not likely
to permit detection of the fastest relaxation components of
quadrupolar ions in cells - hence the invisibility of 60% of the
signal.

Improved equipment such as faster electronic systems and
higher field spectrometers (>5 T) paved the way to studies focusing
on Na" transmembrane exchange in the 1980's. In 1982, Springer,
Gupta and their coworkers proposed independently the use of
extracellular shift reagents, i.e. dysprosium and thulium com-
plexes, to distinguish NMR signals from intra- and extra-cellular
2Na* (Fig. 6) [161,198,199]. Recording a time series of simple 1D
23Na NMR spectra was thus sufficient to monitor the influx and
efflux of Na* in a non-invasive fashion, in real-time with a time-
frame of one minute. At that time, other methods were used for
such measurements, such as atomic absorption spectrometry,
flame-emission photometry, radioisotope tracing and ion-
selective microelectrodes. These were destructive, time consuming
methods, which did not come to consistent conclusions on cation
transport and dynamic equilibria [200-204]. 22Na NMR was thus
seen as an interesting opportunity in the field, not requiring prior
separation of the cells or their culture medium. This strategy using
shift reagents was adopted by many groups in the 1980’s to mon-
itor intracellular levels of 2>Na* in yeast [ 161,200], in bacteria [205-
214], in frog oocytes [215], in amoeba [216], in erythrocytes
[203,217-222], in animal tissues and organs such as perfused
hearts [223-230] and in living rats or rabbits [231-235]. These
NMR experiments were combined with >'P-NMR to measure intra-
cellular pH in parallel, and sometimes also with 3°K NMR. Among
others things, this permitted studies of the regulation of Na* levels
in microorganisms submitted to osmotic shocks
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Fig. 6. 1D 2*Na NMR spectrum of human erythrocytes (27% hematocrit) resuspended in a medium containing the shift agents Tm(PPP), necessary to separate intra- (at 0
ppm) and extra- (at ~-2 ppm) cellular 22Na* NMR signals. The dashed lines in the inset show the two fitted Lorentzian lines of the intracellular 2*Na* signal, with a fast and a
slow relaxing component representing 40% and 60% of the integrated intensity, respectively. The spectrum was recorded at 8.46 T (frequency of 2>Na: 95.245 MHz) in ~ 9

minutes in 1984. Adapted from Pike et al. 1984 [242].

[200,205,206,211,213], evaluation of the selectivity of cation-
carrying chemicals penetrating Gram positive bacteria
[209,221,222,236], and measurement of the activity of the Na*/K*
ATPase pump in situ [224,228,229,237]. The assumed stability
and inertness of the shift reagents used was however disproved
in the late 1980’s [238-241].

Another approach has been adopted to observe the signal from
intracellular 2>Na* selectively: selecting the double-quantum tran-
sitions of 2°Na has a filtering effect, which permits observation of
only those 2>Na* ions that experience the bi-exponential relaxation
caused by interactions with macromolecules [243-245]. Even
though much attenuated, the extracellular 2>Na* signal can also
immediately be recognized in such Double-Quantum filtered
(DQF) spectra, because of interactions with exterior cellular mem-
branes or proteins in the extracellular medium [246,247]. Addition
of a low concentration of extracellular paramagnetic Gd** was nec-
essary to quench this remaining signal. Triple-Quantum filtering
(TQF) was shown to perform slightly better in isolating the intra-
cellular 2>Na"* signal [248,249], but was also not capable of can-
celling the extracellular »>Na* signal completely (Fig. 7) [250-
252]. In the mid 1990’s, these DQF or TQF methods were still pro-
posed to monitor intracellular Na* levels upon ischemia in cultured
cells [253,254] or in perfused rat heart [255], because the DQF/TQF
23Na* signal variations were only due to changes in intracellular
Na* levels. TQF 2>Na NMR has been applied to study the intracellu-
lar sodium levels in tumors implanted in mice or rats [256,256-
259], and even to map intracellular sodium in human brain
[260,261]. TQF suffers from significant signal-to-noise losses as
compared to Single-Quantum 23Na NMR, and other 2Na MRI
strategies have been developed, which we can only mention here
(see [262-265]). Recent improvements in pulse sequences permit-
ted detection of TQ and SQ signals simultaneously with improved
sensitivity, and reporting of the minute-timescale evolution of
intracellular >Na* levels in just ~15 million cells [266-268].

2.1.5. K*, and Rb* as a surrogate

Potassium is the least receptive of the alkali metals in NMR
studies. Indeed, although found in high natural abundance
(93.3%), 3K suffers from its low gyromagnetic ratio and its
quadrupolar nature, yielding 180-fold lower in vivo sensitivity than

10

23Na. 39K was first observed in cells in 1970 using halobacteria that
contain intracellular K* concentrations as high as 4-5 mol/L [269].
Importantly, 3K NMR has also helped in understanding cellular ion
mobility. Similar to water proton and 2>Na NMR studies (see
above), erroneous conclusions were drawn in the late 1960’s from
data obtained with early spectrometers and incorrect interpreta-
tions, namely that the weak 30-40% NMR visibility of cellular 3°K
was due to the remaining K* being immobilized in a semi-
crystalline cellular milieu [269]. Very soon afterwards, in the
1970’s, studies using more advanced equipment and NMR theory
showed that only at most a few percent of >°K* were actually tran-
siently interacting with cellular molecules [270-273]. We give
more details on this controversy in Section 3.1.2. Starting from
the early 1980’s, shift reagents permitted distinction of extra-
and intra-cellular *°K, and thus allowed them to be quantified
[274], to monitor transmembrane ion transport in erythrocytes
[218], in halobacteria [275], in yeast [200], in E. coli [276], and later
in frog [277], rat [225,278] or guinea pig hearts [279], and rat sali-
vary glands [280]. Because potassium homeostasis is linked to
heart injuries or cellular membrane potential in brain, 3°K MRI
studies were attempted from the late 1990’s [281]. Use of higher
magnetic fields [282,283] and more sensitive spectrometer probes
[284] progressively pushed the sensitivity limits of this approach.

Rubidium has for long been established as a good surrogate for
cellular potassium uptake [285], and used in quantitative studies
primarily in its radioactive form %Rb [286]. Its stable isotope
87Rb was considered in the late 1980’s for achieving NMR studies
of potassium uptake in intact rat kidney and heart [287-289], in
mammalian cultured cells [290], in erythrocytes [291,292], in rat
salivary glands [293] and in skeletal muscles of living rats [294].
Sensitivity assessment in erythrocytes indeed showed that direct
87Rb NMR detection was likely to provide about 19 times more sig-
nal than 3°K [291]. However, as with 2Na or 3°K, the quadrupolar
nature of 87Rb causes fast, bi-exponential relaxation in cells
[295,296]. This was initially used to distinguish two overlapped
87Rb peaks, one broad signal that would correspond to intra-
kidney 87Rb*, and one narrow revealing the extracellular signal
[287,288]. Fitting to the sum of these Lorentzian signals helped
to quantify 8’Rb uptake in perfused organs, where the 8’Rb signal
was so broad that shift agents in the extracellular milieu could
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Fig. 7. A) 1D 2>Na NMR spectra of a perfused rat heart: One pulse SQ NMR (upper spectrum, 24 scans, tacq~5 s) and TQF (lower spectrum, 960 scans, t,cq~200 s) spectra; B) 1D
23Na NMR spectra of a perfused rat heart in a medium containing the shift reagent [Dy>*]-(tripolyphosphate),: One pulse SQ NMR (upper spectrum) and TQF (lower spectrum)
spectra, showing intra- (peak at the left) and extra- (peak at the right) cellular 2>Na* signals; C) Plotted intensities of signals from intra- (square) and extra-cellular (circles)
23Na* in 1D 2>Na TQF NMR spectra of perfused (triplicates) rat hearts in a medium containing Tm(DOTP)®" as a shift reagent, before and after exposure to the inhibitor of the
Na*/K*-ATPase pump ouabain, leading to an increase of intracellular Na*. A) and B) are adapted from Jelicks et al. 1993 [250], the spectra were recorded at 9.4 T in 1993; C) is

adapted from Dizon et al. 1996 [255].

not separate extra- and intra-cellular peaks [297]. A strategy was
proposed to cancel the extracellular 8’Rb signal using lanthanide
contrast reagents [298]. In later studies on animal tissues, an inter-
nal reference was used to quantify 8’Rb* concentration, which con-
sists of a capillary containing 8’Rb in a KI saturated solution,
generating a 87Rb signal shifted by 55 ppm [294]. 8Rb NMR spec-
troscopy evolved towards functional studies on Na*/K* ATPase
activity in injured hearts [299] and brain potassium imaging
[300,301]. We have not found any study using ’Rb NMR published
in the last ten years. The limited sensitivity and natural abundance
of 87Rb requires high concentrations of Rb* for measurement,
resulting in partial replacement of K* in cells, with reported cardiac
consequences [299].

2.1.6. Mg**

With an intracellular concentration in the range of 10 mM, Mg2*
is the second most abundant cation in cells after K* [302]. It is
essential in many regards, notably for the proper functioning of
many enzymes and channel proteins [303]. It can be considered
an integral part of many RNA and DNA structures [304-306].
Understanding the impact of intra- and extra-cellular Mg?* levels
in many pathologies has been a longstanding aim. The only NMR
visible isotope is 2>Mg, which has a very low intrinsic sensitivity
because of its poor natural abundance (~10 %), its low gyromag-
netic ratio and its spin 5/2. It has thus been studied mostly via
its chelating partners and their chemical shift changes upon Mg?*
binding.

The main example of this is ATP, whose 3P NMR chemical shifts
follow the Mg?* binding equilibrium [202,307,308]. ATP proton
chemical shifts of the ribose also depend on Mg?* chelation
[309,310]. As we will see in Section 2.3.2. on metabolites, 3'P
NMR is convenient in cells because of its relatively good sensitivity
when present in small molecules and the small number of observ-
able signals. Hence, >'P NMR and the survey of ATP chemical shifts
has been used since the late 1970’s [311,312] to measure the intra-
cellular free Mg?* and the ATP:Mg?* population in erythrocytes
[202,312-317], lymphocytes [318], Ehrlich ascites tumor cells
[319], cultured mammalian cells [320,321], animal tissues [322-
327], in worms, amoebae or sea snail [328-330], and more recently
in MRI/MRS studies [331-335]. These 3'P NMR studies have regu-
larly reported that the concentration of free intracellular Mg?* is
only ~0.3-0.6 mM in mammalian cells, while the total concentra-
tion of 10-20 mM in most cells [336] (with an exception: only
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~2 mM in erythrocytes that contain low quantities of nucleic
acids). They also revealed that more than 90% of the cellular ATP
(intracellular concentrations between 2 and 10 mM) is found in a
Mg?* bound form. These measurements could be ambiguous,
because of the uncertain amount of invisible ATP that would bind
cellular macromolecules, because of the possible compartmental-
ization of ATP:Mg?*, because of the salt and pH dependency of
ATP:Mg?* association constant, and because the ATP 3'P chemical
shifts are themselves strongly dependent on pH and temperature,
all of which aspects were progressively taken into account as mod-
els developed [202,307,308,326,337-343]. Diphosphoglycerate 3'P
chemical shifts are also dependent on pH and Mg?* chelation,
and it was thus used with ATP in a complementary fashion to mea-
sure free Mg?* and pH in erythrocytes (Fig. 8) [344]. The 3'P peak
linewidths of ATP have also been proposed for quantification of
Mg?* binding [345,346], although this type of analysis may be
affected by field homogeneity [347]. In any case, these measure-
ments were non-invasive and extremely useful, by making it pos-
sible to study the evolution of ATP:Mg?* and cellular free Mg?*
levels under different stresses. They provided a complementary
method to the early fluorescence measurements, which tended to
overestimate the free Mg?* levels. The studies based on fluores-
cence spectroscopy used reporters that had their flaws in terms
of selectivity (notably towards Ca®*) and leakage, in addition to
the potential that they might compete with endogenous binders
of Mg?* [202,307,348]. Improved fluorescence sensors have since
been tailored, although the perfect sensor is still elusive [349,350].

To complete this section, we present a few direct detection
NMR studies that use >Mg : by measuring the 2>Mg NMR peak
linewidth at increasing concentrations of ATP, ADP, DPG, or in
presence of actin filaments, these studies have provided direct
proof of the formation of ATP:Mg?* and (ATP),:Mg?* (Fig. 9)
[351] and of the very loose binding of Mg?" to actin filaments act-
ing only like polyelectrolytes and not as a cognate partner [352].
The chelated Mg?* is in fast exchange with free Mg?* and is never
trapped in these complexes unless actin filament bundles form.
25Mg?* has also been shown to have weak affinities for a number
of proteins [351,353-355]. An interesting feature is its regular com-
petition with Ca®* and not with other cations [353,354]. All these
25Mg NMR in vitro studies most probably recapitulate some cellular
aspects. We did not find any published in-cell 2?Mg studies. Still,
these studies show how much information NMR has yielded that
shaped understanding of cellular Mg?".
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Fig. 8. A) 1D *'P NMR spectrum of human erythrocytes (~35-50% hematocrit, recorded at 310K and 9.4 T in 2002, 2048 scans, t,cq~30 min), showing the *'P signals from the
two main species diphosphoglycerate (or 2,3-bisphosphoglycerate) and ATP; B) Chemical structures of DPG and ATP; C) Up: Plot of the chemical shift (absolute values) of the
B phosphate of ATP in function of pH and of [Mg]Zt. ; Bottom: Plot of the chemical shift of the 3-phosphate of DPG in function of pH and of [Mg]Zt.. Adapted from Willcocks et al.

2002 [344].

2.1.7. Ca**

Ca%" is involved in an very wide variety of cell signaling path-
ways, from cell proliferation to apoptosis, thymocytes activation
or synaptic transmission and cell contraction in metazoans [356],
and in many adaptative reactions in plants [357]. These all rely
on spatiotemporal variations of cellular concentrations of Ca®*.
Resting cells keep their cytosolic Ca%* at about 100 nM and store
Ca%* in the Golgi apparatus, endoplasmic reticulum (ER) and sar-
coplasmic reticulum of muscle cells at 0.5-1 mM. These organelles
eventually trigger calcium signaling upon stimulation via Ca®*
release that enhances its cytosolic concentration to 200-500 nM
(extracellular Ca%* is at 2 mM) [356,358]. Direct NMR detection
of calcium in solution is impractical: the only detectable isotope
43Ca is present at very low natural abundance (0.14%) and yields
low and broad signals because of its quadrupolar nature [359].
Very few solution 4*Ca NMR studies have been published, to the
best of our knowledge, and “*Ca NMR is probably more of interest
for solid-state applications [360].

This limitation has motivated NMR spectroscopists to test cal-
cium detection via calcium-sensitive probes in the early 1980’s:
inspired by existing fluorescent probes, Ca?" chelators were
designed to integrate '°F atoms in their chemical structures, which
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Fig. 9. 1D Mg NMR spectra of samples containing A) 2 mM 2°MgCl,, 100 mM KCI,
20 mM Tris-HCl, 20% ?H,0 at pH7.2, B) supplemented with2 mM ATP and C) 16 mM
ATP. Spectra were obtained from A) 256 scans (t,cq~100 s), B) 4096 scans (tacq-
~1600 s) and C) 29109 scans (tacq~11600 s) at 9.4 T (**Mg frequency of 24.485
MHz) in 1991. (Adapted from Bock et al. [351])
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permitted '°F-NMR detection and quantification of cytosolic Ca®*
in thymocytes [144]. The free and chelating forms of these '°F-
labeled sensors indeed do show two different chemical shifts,
and the area of the two peaks are proportional to the correspond-
ing populations (Fig. 4). This principle has been very widely
exploited. It has been applied to Ca®* measurement in aging or
sickle erythrocytes [145,361-363], platelets [364], synaptosomes
[365], leukemic cells [366], osteoblasts [367,368], hear cells
[369], kidneys [370], perfused hearts [371-373] and brain [374-
376] in the native ~50-100 nM range. The initial sensors have
moreover been modified for tuning cell delivery and for quantify-
ing other metals: '°F-containing chelators have different affinities
and ligation kinetics for every metal, and are also associated with
different specific chemical shifts [137]. The initial advance was
the use of acetoxymethyl ester 5F-BAPTA-AM, which freely enters
cells and is converted to the cell-impermeant 5F-BAPTA by intra-
cellular esterases [144,145]. The 5F-BAPTA sensor was actually
able to report simultaneously cellular Ca?* and Zn?* concentrations
[365,377,378] or Ca®* and Pb?* [367], and later Ca*, Cd?** and Zn?*
[379]. It has for example been used recently to monitor Ca%* uptake
in erythrocytes upon mechanical distortion [380]. Other sensors
for transition metals quantification or pH measurement were
developed (see below). Moreover, because 5F-BAPTA '°F reso-
nances were also recognized to be pH-sensitive, pH sensors were
designed in a similar way (see below).

In a series of derivatives, the ~500 nM Ca?" affinity of 5F-BAPTA
was modified down to ~50 nM for DiMe-5F-BAPTA, which permit-
ted lower sensor load, hence less perturbation of Ca?* pulses in
perfused beating hearts [381,382]. These improvements were of
course motivated by the opportunity to carry out in vivo Ca%* stud-
ies, which started in the 1990’s [383]. It was however hampered by
the low sensitivity of SF-BAPTA '>F-NMR spectroscopy, estimated
to be 10° fold less than standard proton MRI [384].

Chemical Exchange Saturation Transfer (CEST) approaches
(Fig. 4, Fig. 14) have been proposed that enhance 5F-BAPTA-
mediated Ca®" detection by a factor 100 [142,143]. To further
increase sensitivity, sensors incorporating multiple equivalent '°F
nuclei were designed and combined with the use of CEST; simi-
larly, >N- or '3C- containing sensors were hyperpolarized and used
in CEST strategies as well; Ca%* sensors coupled to cryptophane
cages recognizing hyperpolarized '*°Xe were also proposed in
combination with CEST. None of these methods have been tested
yet in cells to the best of our knowledge [137,385].
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Another approach was developed, which takes advantage of
molecules combining a Ca?* chelator fragment that modulates
the relaxivity of a paramagnetic fragment (Fig. 3): the first of these
“smart contrast agents” was designed in the late 1990’s, and
exposed the paramagnetic Gd>* to the solvent in presence of Ca®*
[386]. This strategy adopts the common MRI strategy of contrast
agents, which accelerates water 'H resonance relaxation, revealed
by lower signal intensities. It was progressively improved by a
number of groups, tested in cells [136,387], and recently used in
MRI studies of extracellular Ca%* dynamics in the brain interstitial
space [388] and during cerebral ischemia [389]. Cell-permeable
Ca%*-sensor contrast agents were also designed, which have shown
MRI compatible sensitivity in cultured cells [138] and even in liv-
ing rats [134]. However, none of these developments circumvent
the inability of NMR to assess the functional inhomogeneity of
intracellular Ca®*, which are accessible by fluorescent probes for
example [358,390].

2.1.8. Transition metal ions Mn?*, Fe?*/Fe3*, Co®*, Ni®*, Cu*/Cu®** and
Zn?*, Pb**

Because of their paramagnetic properties, transition metal ions
Mn?*, Fe?*[Fe3*, Co?*, Ni%*, Cu?" are not directly observed by NMR.
They are mostly chelated and involved in enzymatic catalytic sites,
and their concentration as free ions is very low in living organisms.
Copper is present in cells in its diamagnetic ionic form Cu®, but it is
also completely coordinated in proteins or by glutathione in
prokaryotic and eukaryotic cells, resulting in sub-femtomolar con-
centrations of free Cu* [391-395]. The quadrupolar ®3Cu and %°Cu
would be expected to provide very broad NMR signals and poor
sensitivity. In-cell NMR spectroscopy is thus not very well adapted
to probing the intracellular behavior and exchange of transition
metals. However, they all bind the '°F-labeled Ca®*-sensor 5F-
BAPTA and its derivatives with submicromolar affinities [382],
with which they each show different chemical shifts, allowing
them to be detected and identified simultaneously. Hence, using
I9F NMR spectroscopy, authors have reported the parallel monitor-
ing of Ca%* and Pb%* [367] or Ca%*, Cd?* and Zn?* in cultured cells
[379]. However, we found only a limited body of literature on
NMR studies in cells focusing on these ions. Other sensors have
been suggested, and Ca®* sensors or fluorescence reporters may
be redesigned for NMR studies of these metals. Paramagnetic metal
ions may help to accelerate T1 relaxation and S/N per experimental
time in the future, as shown in vitro [396-401]. Gd** or V3* com-
plexes may be more suitable because they would avoid binding
competition from endogenous divalent metal ions. Transition
metal ions are also useful to establish MRI contrast agents in asso-
ciation with chelator molecules to induce faster water relaxation,
or in combination with fluorinated sensors also for use in MRI
[137]. Re-designing such agents to create cell-permeable forms,
or adapting Ca%*-sensors, should be feasible in some cases [134].

Zn?* is an integral structural component of about 3000 human
proteins, among which are included many enzymes or small pro-
tein domains, notably the well-known family of zinc-fingers
[402]. In total, cells contain Zn?* at hundreds of micromolar con-
centrations, but only pico- to nano-molar concentrations of free
Zn?*. However, zinc may also have signaling functions and “Zn*
waves” occur [403]. Zn?* is not paramagnetic but its only NMR-
observable isotope 67Zn is quadrupolar, has a low gyromagnetic
ratio and is present at low natural abundance (~4%). Given also
its low concentration, it is overall poorly amenable to NMR studies
via direct detection, and consistent with this, it has not been much
studied in cells using 5’Zn NMR, to the best of our knowledge. Like
other divalent ions, Zn?" can still be detected through the NMR sig-
nals of chelating agents. Zn?* has been recognized to bind the Ca%*
chelator 5F-BAPTA since the very first use of this reporter in the
early 1980’s [144]. Zn®* had actually a much better affinity than
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Ca?* for 5F-BAPTA, i.e. 1 versus 500 nM, respectively [382]. Fortu-
nately, Ca®* and Zn?* binding result in different '°F chemical shifts
of 5F-BAPTA, and the two ions have been detected in parallel in
Ehrlich ascite tumor cells [378], in perfused ferret hearts [377],
in guinea-pig cortical slices [376,404], and in cultured neuroblas-
toma cells [379]. Another BAPTA derivative, 5,5',6,6'-tetrafluoro-B
APTA (TF-BAPTA) has been to shown to chelate Ca?* poorly, and
thus it is potentially a good sensor of intracellular Zn?*/Fe**
[405]. Other !°F-labeled, !'B-labeled or hyperpolarized !3C-
labeled or '2°Xe-cage ion sensors have been designed that can
report and distinguish the presence of Zn?* and Ca** by NMR, but
with few applications in cells up to now [137]. We can also men-
tion that many groups have recently proposed Zn?*-activated
MRI contrast agents to probe extracellular Zn?* in brain or prostate,
where it may have amyloidogenic properties or diagnostic poten-
tial, respectively [140,141,406,407]. Upon Zn?* chelation, these
molecules either expose a paramagnetic center or exchangeable
protons to the solvent, or show altered chemical shifts of '°F
moieties.

Hence, NMR spectroscopy can report on the presence of free
divalent metal ions in cells, using cell-permeable sensors and their
chemical shift variations upon chelation. The subcellular localiza-
tion information is lost most of the time, but the chemical shift
variations are metal dependent. This ability to monitor and distin-
guish simultaneously multiple metal ions is not always perfectly
executed by fluorescence probes.

2.1.9. More highly toxic species: AP*, Cd®* and Cs*

NMR spectroscopy can help in studies focusing on toxic metal
species: the tissues or cells of interest can be characterized without
organelle separation and without solute extraction by hydropho-
bic/hydrophilic solvents. Moreover, they do not require radioactive
isotopes. Chemical shifts can reveal the type of chelation or the
storage organelle. Hence, NMR spectroscopy of species like AI3*,
Cd?* and Cs* can be highly complementary to other techniques.

Several 2’Al-NMR studies have been carried out on plants. Tea,
buckwheat, hydrangea or eucalyptus can accumulate high alu-
minum concentrations despite its usual toxicity. Detoxification
mechanisms have been characterized using solution 2’AI-NMR of
intact plant leaves. Direct one-dimensional 2’Al-NMR experiments
provided spectra of AI** stored in leaves of the organisms studied,
revealing chemical shifts identical to those of Al:citrate and Al:ox-
alate complexes [408-416]. This led to the conclusion that these
plants stored aluminum under these forms. In rape plant, Al:-
malate complex was also detected [417]. Hence, NMR was instru-
mental in describing these non-covalent storage strategies adopted
by plants.

Like 2Al, 1'3Cd has permitted NMR studies of cadmium detox-
ification in plants, more specifically in the cadmium-accumulator
plant Thlaspi caerulescens. After growth in a ''>*Cd(NOs), enriched
nutrient medium, one-dimensional solution NMR of leaves using
direct ''3Cd-detection revealed a ''3Cd chemical shift identical to
that of the Cd:malate complex [418]. 1'3Cd NMR sensitivity is poor
though, so a '°F-labeled chelator probe has been used to report
simultaneously Cd?* and Zn?" uptakes and to measure their effects
on cellular Ca* concentration [379]. Cd?* interaction with diphos-
phoglycerate (DPG) also gives rise to shifts of diphosphoglycerate
(DPG) 3'P NMR signals, but these could not be detected in erythro-
cytes [419].

Living cells assimilate cesium primarily through potassium
transport systems [420]. The stable isotope '*3Cs has been
exploited as an NMR-practical *°K congener to study potassium
cellular influx and efflux and intracellular distribution. Moreover,
cesium has a mild toxicity in regular circumstances, but is very
deleterious in the form of the radioactive isotope *’Cs, which is
produced and released by military and civil nuclear activities. It
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would thus be of interest to understand the toxicity mechanism of
133Cs, and to characterize cesium integration in the food chain by
plants [421]. *3Cs has much better NMR characteristics than 3°K
and 87Rb: i) it represents 100% of stable cesium; ii) it has a small
quadrupole moment yielding moderately fast relaxation, hence
reasonably high and sharp NMR signals; iii) it shows a large chem-
ical shift range and a high sensitivity to its chemical environment,
especially to its counter anions [422]. Hence, two separated peaks
from intracellular and extracellular media were early observed in
halobacteria using one-dimensional direct *3Cs NMR detection
[423], which occurs through an active translocation mechanism
resulting in cesium accumulation [424]. Several NMR studies on
erythrocytes provided similar spectra showing two resonances
from intra- and extracellular '>3Cs without the need of adding
extracellular shift reagents. Cesium ions were shown to compete
with potassium ions in the cellular uptake process, cesium rates
being one third of that of potassium [425,426]. 123Cs* was thus
used to study K* transport in cultured cells of perfused rat hearts
[427-430]. Magnetic susceptibility effects were shown to be only
a minor cause of intracellular chemical shifts, while non-ideal
water solvation and interactions with phospho-anions, notably
diphosphoglycerate (DPG), had larger contributions [431-433].
This interaction with DPG appears to displace the DPG:deoxyhe-
moglobin interaction. Consistently, various '>*Cs chemical shifts
were observed in various rat tissues organs [434,435], but the mea-
sured relaxation rates argued for a common Cs*-free state in fast
exchange with anion-binding Cs* [436]. Even more interesting,
133Cs proved to be a good subcellular probe: two intracellular
133Cs NMR peaks were detected in maize root tissue, corresponding
to cytosolic and vacuolar compartmentation [437], and two peaks
also appeared from cytoplasmic and mitochondrial '23Cs internal-
ized in hepatocytes [438]. Because the *3Cs resonance is also very
sensitive to nitrate concentration, the two subcellular '*3Cs repor-
ter peaks permitted monitoring of in vivo nitrate incorporation into
maize root compartments [439], and cesium/potassium exchange
in Arabidopsis [440]. To the best of our knowledge, this interesting
133Cs sensing of the chemical environment has been only sparsely
used in the last 15 years. Because of its preference for the intracel-
lular space, it has been less popular than 8’Rb in K* translocation
studies [300], although Rb* has also been shown to be a better con-
gener of K* for influx than for efflux studies [291]. Moreover, the
rather low sensitivity of 1*3Cs NMR (y('*3Cs)~y('H)/8) requires
too high intracellular concentrations given its intrinsic toxicity.
Using DNP-sensitivity enhancement, recent studies achieving
133Cs hyperpolarization followed by dissolution and mixing with
live cells have reported cesium translocation rates measurements
in yeast [441] and erythrocytes [442]. This strategy necessitates
measuring the NMR signal before '*3Cs polarization relaxes:
133Cs fast T1 relaxation (< 10 s) may limit the number of applica-
tions of '33Cs hyperpolarization.

2.1.10. Common anions

Phosphate ions are treated in Section 2.3.2.

NHZ and NOj are treated in the Section 2.3.3.

CI" is an abundant anion in cells, but its concentration can vary
significantly depending on the culture medium, the cell type, the
growth phase or the organelle: it can reach concentrations
between 10 and 100 mM in bacterial and animal cells [443-447].
35C] is the most abundant isotope of chlorine, and also the best
adapted to NMR studies. It is however a spin 3/2 nucleus, whose
quadrupolar nature has hindered cellular investigations, similar
to what we have seen with !0 (Section 2.1.1.), 2*Na and *°K (Sec-
tions 2.1.4. and 3.1.2). Since the 1970’s, publications have shown
that the 3°Cl signal is considerably broadened by its transient inter-
actions with proteins [448,449]. A mean binding lifetime between
10 and 1000 nanoseconds had been calculated for ClI” interacting
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with hemoglobin. In these conditions, the electric field gradients
felt by 3°Cl" contacting proteins, combined with the slow protein
tumbling, lead to T1 and T2 values of about 10 ms at only 4 g/L
of BSA or hemoglobin. In cells, the NMR signal of 3°Cl- was so broad
that it was undetectable in early studies [450,451], while the extra-
cellular 3>Cl" generated sharp signals. Hence, >°Cl NMR was used in
the 1980’s to measure cellular volumes as inferred from the inten-
sity of the extracellular peak of *>Cl" [451-454]. In the early 1990s,
35CI" NMR detection was reported from algae and tobacco suspen-
sion cells, probably from the watery vacuoles, and in erythrocyte
ghosts (i.e. emptied cells) [455]. 3°Cl” ions were finally observed
in erythrocytes in the mid-1990’s and a double exponential relax-
ation was measured (T2gow=1.2 ms, T2£,4=0.09ms) [444], in agree-
ment with the theoretical behavior of spins 3/2 interacting
transiently with macromolecules. Using Co**-chelating shift
agents, the peak from extracellular 3°Cl- was shifted sufficiently
to be distinguished from the intracellular peaks in erythrocytes
and fibroblasts, and the exchange of intracellular ClI” with extracel-
lular H,PO3 could be observed by 3°Cl NMR in erythrocytes
[456,457]. The sensitivity was poor according to the authors and
we have not found any other attempts to study intracellular CI°
using 3°Cl NMR in the literature since the early 2000's. >>ClI" NMR
has been explored for use in MRI in the 2010’s: because it is very
sensitive to the protein concentration, it could be useful to localize
liquid accumulation upon strokes or edema [445,458-460]. The bi-
exponential T2 rates of 3°C are in the millisecond range in these
extracellular environments, and are still not very sensitive.

Altogether, the contribution of NMR spectroscopy to character-
izing the intracellular behavior of ClI” was not substantial up to
now.

2.1.11. Viscosity, pH, redox potential

Intracellular viscosity is a complex, multifaceted property, and
its measurement by NMR spectroscopy is treated separately in Sec-
tion 3.2.1. Viscosity can be derived from two types of molecular
mobilities, namely molecular tumbling and translational diffusion.
These can both be determined by NMR, but they should be inter-
preted carefully: i) interactions with intracellular species can affect
both tumbling and translation; ii) organelles, cytoskeleton, and cel-
lular compartments cause restricted diffusion; iii) the apparent
cellular viscosity is size-dependent, small and large molecules
being differently retarded by the cellular meshwork.

In contrast, pH is a physical parameter that is usually very
accessible by NMR spectroscopy: it needs a protonatable molecule
carrying an “NMR-visible” isotope, whose chemical shift is intrin-
sically dependent on the protonation state [461]. Studies reporting
intracellular pH values from an observed metabolite are too
numerous to list. We mention a few below. >'P-NMR has been used
to measure intracellular pH since the early 1970’s [462]: it does not
require any isotopic enrichment, and biological phosphate-
containing molecules are numerous, commonly with pKa values
around 6.5-7, so that their >'P chemical shifts are good pH sensors.
Inorganic phosphate, DPG, ATP, etc. have thus been used regularly
to monitor intracellular pH in animal, plant or microbial cells [463-
465]. A few lines on this topic appear in Section 2.3.2, focusing on
31P_-NMR monitoring of cellular metabolism. The recent commer-
cial multi-channel probes designed for high-sensitivity 'H and
31p detection are certainly interesting in this regard [465,466]. In
addition, 'H-, 13C-, >N-NMR or 3C/!°N-edited/'H-detected NMR
can faithfully report on pH through observation of metabolites that
show pH-dependent protonation states with pKa close to 7. Nota-
ble examples include histidine (or imidazole-containing mole-
cules), citrate, carnitine and bicarbonate [461,467-470]. However,
'H-NMR pH-dependent chemical shifts are often problematic for
real-time monitoring of cellular metabolism, because a number
of peaks can shift over time and possibly cross or overlap (see
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Fig. 10. A) Time series of '"H HR-MAS NMR spectra (restricted spectral window) of N. crassa showing the variations of chemical shifts of citrate, succinate and glutamate,
consistent with pH changing from 6.3 to 5.7 (adapted from Judge et al. 2019 [474]; B) NMR peak separation of GSH and GSSG at the position Cp, '*C-labeling originates from
13C-cysteine supplementation in the growth medium of cultured mammalian cells (adapted from Mochizuki et al. [475]).

Fig. 10). '°F-labeled probes have also been designed for intracellu-
lar pH measurements [461,471-473]. These can be convenient,
notably because of the absence of '°F-background in cells.

Redox potential is measurable via the thermodynamic equilib-
ria of the main cellular redox couples NAD+/NADH, NADP+/NADH
and GSSG/GSH (GSH= reduced glutathione). '>C-labeled NAD+/
NADH, NADP+/NADPH have been observed in E. coli and yeast upon
incorporation of '3C-labeled nicotinate [476,477]. The redox reac-
tion of the nicotinamide moiety generates two sets of chemical
shifts. Unfortunately, the chemical shifts are very similar in the
NAD+/NADP+ (or NADH/NADPH) forms [477], so that monitoring
the two couples correctly by NMR is not generally possible. The
glutathione redox equilibrium has been monitored by 'H-!°N or
TH-13C NMR after supplementing the culture medium with '>N-
glycine [478] or '3C-cysteine [475,479], respectively: these two
amino acids can enter cells and are incorporated in cellular glu-
tathione. GSH and GSSG 'H-chemical shifts overlap, therefore >N
or '3C-labeling is necessary to distinguish these two forms
[475,478-480]. The ratio [GSSG]/[GSH]? enables measurement of
a redox potential between ~-250 and -100 mV, which corresponds
to the intracellular variations between proliferative and apoptotic
cells (~-270 to -170 mV, respectively) [481]. However, these values
should be interpreted cautiously: i) because the reaction occurs
between GSSG and 2*GSH, the equivalence in terms of redox
potential is GSH concentration-dependent [481,482]; ii) intracellu-
lar concentrations of GSH vary between different organelles (con-
centration ranges from 1 to 15 mM, and redox potential down to
-340 mV in mitochondrial matrix) [483,484]; iii) like all other
redox couples in cells (measured by NMR or any other technique),
the GSSG/2*GSH ratio does not necessarily exactly reflect the real
cellular redox potential, because spontaneous redox reactions are
much slower than enzyme-catalyzed reactions in cells, hence the
measured ratio may not correspond to a redox equilibrium
[483,485]. The redox ratios of '>C-labeled ascorbic acid and dehy-
droascorbic acid have also been measured, but these compounds
are constantly exchanged between the intra- and extra-cellular
media [486-488].

NMR spectroscopy can thus provide information on a range of
intracellular biophysical parameters. It reports averaged informa-
tion on observable metabolites, with no subcellular details. Hence,
it does not compete with up-to-date fluorescence microscopy
approaches for functional investigations. However, NMR measure-
ments of viscosity, pH and redox potential can be very valuable to
monitor cell viability or overall populations of metabolites in real-
time, possibly in parallel with other NMR characterizations.

2.2. Cell wall composition and dynamics
Plant, algae and microorganisms often establish dense poly-

meric layers surrounding their lipid membranes: these are
carbohydrate-rich networks, which help in shaping cells, in adapt-
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ing them to environmental variations, and in escaping host
immune defenses or pathogen attacks. The detailed characteriza-
tion of biological carbohydrate-containing polymers can help for
example in designing vaccines [489,490], in understanding patho-
logical microorganisms features and capacities [491-496], or in
exploiting their potential for medical and industrial purposes
[497-499]. In most cases, the chemical composition of these poly-
mers has been established since a long time, but the knowledge
obtained from chemical extraction, purification and degrading
chemical analysis has of course severe limitations. Supplementary
techniques such as in situ NMR spectroscopy were necessary to
learn about their three-dimensional structure, dynamics, packing,
grafting ratios, degradation mechanisms and kinetics, interactions
with antibiotics etc. We discuss below the contributions made by
NMR spectroscopy of intact cells in understanding these coating
polymers.

We will only briefly mention here the existence of NMR studies
on biofilms [500-503]: although they are closely related to live-cell
material and not truly inert, we classified biofilms as being out of
the scope of this review.

2.2.1. Plant cell walls

Somewhat similar arguments could be given about the inert
nature of plant cell walls, but we have included a more extensive
discussion for them: solid-state NMR spectroscopy has made
highly valuable contributions over the last 40 years in characteriz-
ing plant cell walls, using progressively more native material,
including intact plant stems, in recent years.

Related studies also represented important steps in the devel-
opment of NMR methods: it was with the aim of characterizing
wood (together with polysulfone and ivory) that Stejskal and
Schaefer reported the first use of Cross-Polarization Magic Angle
Spinning (CP-MAS), a technique that has since had enormous
importance for solid-state NMR [504,505]. This is a point not only
of intense interest to spectroscopists: solid-state NMR spec-
troscopy revealed the different conformations of cellulose [506-
514] and lignin [511,515-517] and how the crystalline and amor-
phous ratios were correlated to soft- and hard-woods [518,519];
it also helped in monitoring their evolution through rot, drying/
rewetting and industrial processes [516,520-529].

The more mobile pectin polymers were also characterized from
the mid-1990’s in non-dried samples using various NMR strategies,
either taking advantage of variable cross-polarization efficiency or
'H relaxation times associated with different mobilities and hydra-
tion regimes [530-532], or using direct polarization (DP) MAS
[533]. Solid-state NMR approaches progressively showed that pec-
tins i) were distributed among different pools showing different
mobilities, more or less associated to cellulose [534-539], and ii)
became more mobile upon ripening of fruits while cellulose did
not [540-543]. CP and DP are now regularly combined to achieve
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a more integrated description of both rigid and mobile fractions of
plant cell walls, respectively [544-546].

NMR studies on plant cell walls were carried out mostly on nat-
ural abundance samples until 2010. In the last 10 years, uniform
13C-labeling permitted comprehensive NMR signal assignments
of plant cell wall polymers, notably by Mei Hong and her cowork-
ers [547-550], and Kikuchi and his coworkers [551]. This led to
renewed studies of the intermolecular contacts between cellulose,
lignin and the complex hemicellulose and pectin heteropolysac-
charides: indeed, it permitted detection of interatomic spatial con-
tacts as revealed by magnetization transfer [552,553].

Very recently, this research became more “in-cell related” NMR
spectroscopy with the analysis of intact material: using fresh 3C-
labeled Arabidopsis stems, Dupree and his coworkers have shown
that a specific, twofold helical population of hemicellulosic xylan
binds to cellulose fibrils [554-556]; they observed the same
xylan-cellulose interaction in spruce wood, showing also an addi-
tional binding of hemicellulosic galactoglucomannan to cellulose
[557]. In a complementary fashion, using DNP-enhancement on
intact 3C-labeled maize, rice, switchgrass and Arabidopsis stems,
Wang and his coworkers showed in 2019 that lignin binds to the
various populations of xylan through electrostatic interactions
[558]. This last remarkable study also identified an impressive
number of contacts between the different polymers and their level
of interpenetration, which completely changed the accepted struc-
tural model of lignocellulose: lignin forms nanoaggregates and
xylan bridges them with cellulose microfibrils.

Wang and Hong had also used DNP previously to characterize
the trace occurrences of interactions between the lysis protein
expansins and cellulose [559]. 'H-detected fast MAS NMR spec-
troscopy also promises improved sensitivity in the future [550],
so that advances may become achievable on sporadic but impor-
tant connections [560], also on natural abundance material
[553,561].

NMR spectroscopy has thus made fundamental contributions to
both early and recent advances in understanding plant cell wall
organization [560,562-565], which is of great value in solving the
so called “biomass recalcitrance” to degradation for industrial pur-
poses, including in the field of “green bioenergy” [566,567].

2.2.2. Peptidoglycans

NMR spectroscopic studies have also provided important infor-
mation about bacterial peptidoglycan (PG), the branched glycan-
peptide heteropolymer from which bacterial cell walls are com-
posed [496,568]. Chemical structures of PGs have often been
known for decades, but classical approaches use radiolabels or
digestion and separation steps, which work better on Gram-
negative bacteria PG: their Gram-positive counterparts are more
difficult to solubilize, densely cross-linked and thus more difficult
to analyze. Consistently, most NMR spectroscopy studies on PG
have focused on Gram-positive bacteria using solid-state NMR.
Several questions remain: the architecture of intact PG tridimen-
sional is still under debate [568,569] and understanding interac-
tions between PG and PG-targeted antibiotics is of vital
importance [570-572].

To appreciate the contributions of NMR in the field, it is neces-
sary first to present some elements of PGs’ structure (Fig. 11). PG is
based around a polymer built from a disaccharide repeated unit,
namely a N-acetylglucosamine and a N-acetyl muramic acid, the
latter being linked to a 4-5 amino acid stem [573,574]. Gram pos-
itive PG chains contain L-Ala, D-Ala, L-Gly, L-Lys, iso-Gln or diami-
nopimelic acid (DAP), which can be synthesized from L-Asp.
Covalent crosslinks between peptide stems are established after
integration in the PG layer through peptide bridges. Antibiotics
can thus inhibit either the transglycosylases of the carbohydrate
backbone, or the transpeptidases that establish crosslinks between
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the peptidic stems. This can occur through enzyme inhibition or PG
stems interaction and sequestration. Antibiotics can also capture
lipid II, the precursor of PG, which contains the PG building block
tethered to a pyrophosphoryl-undecaprenyl membrane anchor,
whose copy-numbers are very limited in cells [575-577].

As early as 1977, Irving and Lapidot showed that the pentagly-
cyl bridge of Staphylococcus aureus PG was in a random coil confor-
mation in intact cells, by using '°N-glycine selective labeling and
I5N-detected solution NMR [580]. They used the efficiency of
'H->N magnetization transfer to characterize cell wall compo-
nents’ mobility. Importantly, they showed that PG mobility was
higher in isolated E. coli cell-envelope than in whole cells, demon-
strating a need for characterization of intact cells [581]. The first
atomic-scale information was also obtained on the differentiated
modes of action of the antibiotic vancomycin: it reduced the
mobility of the surface polymer (teichoic acid) in Bacillus licheni-
formis, and that of the PG C-terminal D-Ala residue in Micrococcus
lysodeikticus (which lacks teichoic acid) [582]. At that time,
although providing only low sensitivity, '°N and its low gyromag-
netic ratio were giving access to resolved solution NMR spectra of
semi-mobile polymers, yielding distinguishable PG spectral signa-
tures from species to species [583].

As for plant cell walls, the more solid fraction of the PG became
observable using CP-MAS solid-state NMR [504,505]. And again as
for plant cell walls, isotopic '>C/'°N labeling was necessary to
assign NMR resonances, identify covalent and spatial proximities
between residues, and establish strategies to filter out the bacterial
backbone. Such a rationale has been employed from 1983 by
Schaefer and colleagues on Aerococcus viridans. In this bacterium,
PG peptide stems show a lysyl-amide peak at 95 ppm when
cross-links exist between lysine N-epsilon and D-alanine carbonyl,
while non-bridged stems show a lysyl-amine peak at 5 ppm. By
recording CP-MAS spectra on bacteria fed with >N-lysine, 1°N-
NMR signals were observed for lysine >N-epsilon in both free
and D-Ala-linked states, which allowed the quantification of
cross-linking upon exposure to penicillin [584]. This method was
convenient and safe, avoiding extensive purification processes
and the use of radiolabeled amino acids. It demonstrated that peni-
cillin causes the production of larger amounts of peptidoglycan but
with fewer cross-links [585], and that no C-terminal D-Ala or D-
Ala-D-Ala existed in the vicinity of Lys-D-Ala cross-links [586].

Schaefer and his coworkers improved their approach from the
early 1990’s, by using their recent developments, such as DANTE
13C.13C and REDOR or TEDOR '3C-'>N editing filters (see
[570,587-591]). This improved both sensitivity and the removal
of cellular background signals from natural abundance '>C and
15N [592,593]. Hence, a number of PG cross-links and bridge-
links could be analyzed upon amino-acid specific '3C/'°N-
labeling, which produced '*C-'3C and/or '*C-'>N covalent bonds
associated with specific chemical shifts. The degree of cross-
linking between PG peptide stems was measured on isolated cell
walls of Bacillus subtilis fed with [1-'3C]-D-Ala and [1,2-3C-'>N]-
Asp as a precursor of DAP, revealing changes upon exposure to
the antibiotic cephalotin [594-596]. Similar strategies and analysis
have been carried out in the 2000’s, using various D-Ala, L-Gly, L-
Lys 13C or '>N-labeling schemes with Staphylococcus aureus and
Enterococcus faecium to analyze the impact of antibiotics (van-
comycin, amphomycin, plusbacin, oritavancin) on cross-links,
bridge-links and stems [597-601], to detect PG lysine succinimida-
tion [602], to characterize PG structures of S. aureus mutant strains
[603,604] and in different growth phases and nutrient media [605].

Moreover, REDOR gave access to internuclear distance mea-
surements [606]. This has been used fruitfully in the years 2000-
2010, notably by combining '>C- and/or '>N-amino acid specific
labeling and '°F-containing antibiotics. Indeed, '3C-'°F, 1>N-'°F,
and even 3'P-°F distance measurements became feasible between
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Fig. 11. A) Chemical structure of two PG stems from S. aureus, showing isotope labeling obtained from growing cells in a media supplemented with D-[1-'3C]Ala and '>N-Gly
and with an alanine racemase inhibitor. Other labeling schemes have been used, e.g. '>N- or >C-Lys, '°F-side chain Lys, '°N-Ala, which permitted dissection of PG structures
in various conditions (adapted from Cegelski et al. 2008 [578]). B) Chemical structure of TA, composed of polyribitol phosphate chains, whose 3'P nuclei permit natural
abundance *'P-NMR and 3'P-REDOR filters; the scheme shows a possible D-['°N]Ala labeling pattern that has been used in the literature; anomeric carbons are indicated by
red dots (adapted from Romaniuk et al. 2018 [579]). C) One-dimensional '>C and '>N CPMAS solid-state NMR spectrum of uniformly '*>C- or '°N-labeled S. aureus cells treated
with (red) or without (black) 1 ug/mL tunicamycin. The resolved peaks that permit the quantification of peptidoglycan (PG) and wall teichoic acid (WTA) are shown with

arrows (adapted from Romaniuk et al. 2018 [579]).

PG residues and the antibiotics, and between bacterial phospho-
lipids (exploiting the 100% natural abundance of 3'P) and the
antibiotics. This helped Schaefer and his coworkers to progres-
sively elucidate the interaction modes of '°F-labeled derivates of
antibiotics (vancomycin, oritavancin, eremomycin, chloroere-
momycin, Plusbacin A3) with S. aureus or E. faecium PGs
[578,600,607-611] (see for example Fig. 12). In complete contrast
to a widely accepted belief amongst the community from earlier
in vitro studies [612-614], vancomycin and oritavancin were never
found to form dimers in situ according to REDOR analysis
[578,579,607,609,611]. Deuteration of the lipid moiety of Plus-
bacin A3 also permitted H-'3C and ?H-3'P REDOR distance mea-
surements, showing that this lipid side chain was essential for
the antibiotic action, but did not insert itself into the bacterial lipid
membrane [615].

To finally derive a model of the tridimensional PG architecture,
Schaefer and colleagues had to create one more solid-state NMR
experiment called CODEX, which was designed for measurement
of 13C spin diffusion, giving access to '>C-13C distance information
between pentaglycyl bridge and the S. aureus PG glycan moiety in
isolated intact cell walls [616]. In the 2010’s, the introduction of L-
[5-19F]-lysine together with use of D-'3C-Ala, L-13C-Ala, L-'>N-Ala
or L-3C-Gly in the culture medium generated PG in which
13C/'5N-1°F labels were combined so as to facilitate use of REDOR
to derive distances in intact cell walls of S. aureus and some mutant
strains [589,617,618]. These combined studies allowed advanced
models of the PG mesh of S. aureus to be established [574].

NMR of whole bacterial cells also helped to characterize teichoic
acid (TA), another important surface polymer of bacterial cell walls.
TA contains D-Ala residues, which had been observed to be quite
mobile by >N-NMR in the late 1970’s [582,583]. However, TA D-
Ala is sufficiently constrained to allow solid-state cross-
polarization and to yield '3C-CP-MAS spectra, but its 3C resonance
is severely overlapped with signals of other D-Ala residues in pep-
tidoglycan [598]. Spectral deconvolution permitted comparison of
the TA-associated D-Ala content in different species and upon expo-
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sure to antibiotics [589,598,615,619,620]. In contrast, '>N-NMR
peaks of D-Ala from TA and PG are well separated, and also helped
to monitor TA D-Ala in various conditions [589,599,620,621]. Uni-
form '3C- and '°N- labeling was used recently to evaluate the con-
tents in TA ribitol and D-Ala in intact cells (Fig. 11) [579]. This
represents a convenient approach for rapid characterization of
antibiotic mechanism. Finally, *C-!°F or '°F-3!P REDOR filtering
proved the absence of contact between the antibiotics '°F-
oritavancin or '°F-Plusbacin A; and TA [600,611].

Hence, in their very extensive work on the characterization of
PG and the impact of PG-interacting antibiotics, Schaefer and col-
leagues provided an impressive body of results, but also very sig-
nificant developments of solid-state NMR approaches. However,
to the best of our knowledge, we must note that these NMR exper-
imental advances are not so well integrated into the common tool-
set for PG analysis [568,572,622]. This is probably due to the
sophisticated NMR instruments and the highly advanced expertise
that are required. Also, the poor sensitivity of NMR hampers the
study of rare, but functionally relevant events that affect PG upon
antibiotic exposure, for example.

Such issues may be solved in the future by 'H-detected solid-
state NMR, which has been carried out in vitro on purified PG sac-
culi of B. subtilis [623], or by DNP-enhancement using intact cells
[624]. These two techniques have already led to proposals of struc-
tural models for the interaction between two antibiotics (nisin and
teixobactin) and the essential, low-copy number lipid II molecule,
using bacterial membrane extracts [625,626] (see Section 2.4.2 for
more details).

The carbohydrate moieties of PG and cell wall teichoic acids
have not been extensively studied by in-cell NMR, to the best of
our knowledge. NMR spectroscopy of carbohydrates is not straight-
forward, because most of the carbohydrate resonances are in
crowded regions of the spectra, except those from the anomeric
protons and carbons. Appropriate carbohydrate isotopic labeling
may help to observe the GIcNAc and MurNAc moieties contained
in PG and TA.
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Fig. 12. Structural information obtained from REDOR distance measurements in S. aureus whole cells incubated with the '°F-labeled glycopeptide drug LCTA-1110. Top right :
Schematic cross-section of the PG tertiary structure of S. aureus (grey balls: GIcNAc-MurNAc glycan backbone; green rectangles: PG stems; red rectangles: PG bridges; LCTA-
1110 is represented by a grey cartoon); Top left : >C-1°N, *C-19F, and '°N-'F measured distances in S. aureus grown in a medium containing D-[1-'3C]Ala and L-[°N]Ala;
Bottom left: chemical structure of LCTA-1110; Bottom right: Model of the interaction between LCTA-1110 and PG based on measured REDOR distances. Adapted from Kim

et al. 2013 [589].

2.2.3. Lipopolysaccharides and beta-glucans

Cell wall polymers of higher flexibility such as bacterial or yeast
polysaccharides are also observable by NMR in intact cells. The so-
called High-Resolution Magic-Angle Spinning (HR-MAS) NMR
technique [627-631] has been instrumental in characterizing
polysaccharides in situ, allowing their analysis without any solvent
extraction or separation steps, during which information could be
lost [632,633].

Because of their density in the membrane context, these
polysaccharides form a loose meshwork that restricts molecular
motion to some extent. Added to the sample heterogeneity
between local environments (intracellular, extracellular and mem-
brane), this restricted mobility causes broad NMR signals for sur-
face polysaccharides. This prevents a precise, atomic-scale
characterization using classical liquid-state NMR. Surface polysac-
charides still conserve high degrees of local mobility, which can
generate sharp NMR peaks once the sample is rotated at the so-
called magic-angle (54.7°). Restricted motion and sample hetero-
geneity do cause broadening effects, which are observable and
can be assessed in the shape of NMR peaks in non-spinning condi-
tions (see Section 3.2.2. for more extensive explanations). Magic-
Angle Spinning (MAS) averages out these effects when spinning
rates are faster in Hz than the observed deleterious peak broaden-
ing, i.e. a few hundreds of Hz for cell surface polysaccharides. The
resulting high-resolution spectra obtained under MAS gave rise to
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the acronym HR-MAS (see Section 3.3.4. for specific explanations
on HR-MAS).

Surface polysaccharides are often produced in high quantities
and in rather homogeneous populations by microorganisms, so
that their NMR signals surpass those of the other cellular species.
TH-HR-MAS permits the detection and analysis of surface polysac-
charides from milligram quantities of live bacteria (~10-50 mg wet
weight, ~1 mg dry weight), thus avoiding the need for large scale
production and supplementary purification [634]. The HR-MAS
NMR analysis of surface polysaccharides in live cells allows obser-
vation of the effects of drug exposure, environment, growth phase
and gene mutations on microorganism cell walls, while requiring
only moderate manipulations of the biological material. HR-MAS
requires spinning the samples at kHz frequencies in cylindrical
rotors, whose diameters are in the millimeter range. This generates
forces that do not affect microorganism viability [635] but can
often damage mammalian cells or tissues [636]. We consider HR-
MAS NMR studies on mammalian cells further in a later section,
which focuses on real-time monitoring of live-cells metabolism
(Section 2.3.5.).

'H-HR-MAS has been applied from the late 1990’s to verify the
integrity of the extracted and purified polysaccharides that were
used for “structural characterization” (in the carbohydrate com-
munity, this corresponds to the equivalent of protein primary
structure determination, i.e. finding the sequence and linkage of
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monosaccharide units). We should mention that >*C-HR-MAS has
also been used in one publication to study the three-dimensional
features of cell wall glucans from Saccharomyces cerevisiae [637].
Kenne and coworkers applied 'H-HR-MAS to Gram-negative,
opportunistic pathogenic bacteria to establish the structure of their
surface-exposed O-specific polysaccharides [638,639]. At the same
time, Wieruszeski, Lippens and their coworkers showed that the
osmo-regulated cyclic glucans of a plant pathogenic bacterium i)
adopted the same three-dimensional arrangement in vitro and in
live cells and ii) had reduced diffusion in their native crowded
environment, i.e. the periplasm [640,641].

The 'H-HR-MAS approach was next applied to the analysis of
Campylobacter jejuni, an infamous gastrointestinal pathogen: struc-
tures of its capsular polysaccharides and lipo-oligosaccharides
(LOS) were compared upon gene mutation [642,643], between clo-
nal variants [644,645] and strains [646,647]. 'TH-HR-MAS similarly
permitted elucidation of the the structures of the surface polysac-
charides from Gram-negative [648-651| and Gram-positive bacte-
ria [652], mycobacteria [653], and yeast [654]. These studies were
carried out either to detail the function of genes involved in
polysaccharide biosynthesis, or simply to verify the absence of
degradation during the purification steps used for other analyses.
Kinetics of acid incorporation [655], growth-phase and pH-
dependent O-acetylation [656,657] were also monitored, which
may help to understand the adaptation of bacteria to their
environment.

More generally, all these studies have shown that microorgan-
ism surface polysaccharides conserve similar three-dimensional
structures and a high conformational flexibility when isolated or
in the native membrane meshwork. This is an important, funda-
mental piece of information.

2.2.4. Lipid dynamics in membranes

We address here NMR studies focusing on lipids in cellular
membranes. Approaches aiming at measuring transmembrane dif-
fusion are considered in Section 2.1, and measurements of cyto-
plasmic lipids are mostly treated in Section 2.3.5.

TH-, 2H-, 3C-, °F- and 3'P-NMR spectroscopy was applied to
study lipid dynamics in the early 1960’s, complementing other
spectroscopies already in use (Raman, Infrared, light scattering
methods, fluorescence probes, spin label probes for EPR spec-
troscopy...) [658,659]. Early 'H NMR spectra of erythrocytes, mito-
chondria and sarcoplasmic reticulum membranes had revealed
that only the high mobility choline head group was observable,
while signals of the acyl chains were extremely broad in the
absence of detergent [660-663]. Hence, lipid dynamics in cellular
membranes were first investigated by '>C NMR because of its
favorable relaxation characteristics. The first >*C NMR spectra of
native membranes by Metcalfe and coworkers in the early 1970’s
showed very broad signals, either from human erythrocytes or
from the small bacterium Acholeplasma laidlawii (a species devoid
of cell-wall and thus very practical for lipid membrane studies)
[664]. The information on lipid dynamics came first from the char-
acterization of membranes among the most fluid membranes, i.e.
those of the sarcoplasmic reticulum [665] and the retinal rod outer
membranes [666], which contain high proportions of unsaturated
acyl chains. These studies reported 3C (natural abundance) T1 val-
ues for the acyl chains similar to those measured for purified lipid
vesicles, while "TH NMR signals were very broad. Hence, native
membranes probably had similar viscosities, but produced more
complex environments due to the presence of membrane proteins
[659]. Similar conclusions came from '>C NMR studies on the cho-
line head group of less fluid membranes from virions or cultured
cells [667,668]. The same '3C signal from choline head groups
was also used to monitor the distribution of !3C-labeled
phosphatidyl-choline in the inner- and outer- leaflet of sarcoplas-
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mic reticulum samples purified from rat muscles [669,670]; the
addition of a shift reagent (here Dy>*, see Section 2.1.2. for further
explanation of shift reagents) in the extracellular medium permit-
ted the distinction of choline groups pointing towards the intra- or
extra-cellular sides of the membrane.

Hence, '3C T1 relaxation and linewidth analysis was providing
scarce and rather qualitative information on cellular lipid mem-
brane dynamics. Moreover, strong dipolar interactions and mag-
netic susceptibility gradients were producing broad 'H NMR
signals, which were also poorly informative. 3'P-NMR has been
extremely useful for in vitro studies on lipid phases, because it
yields very different spectra from bilayers, hexagonal, vesicular
and micellar phases, without any need for isotopic enrichment
[671,672]. It has been much less informative for intact cellular
membranes [673-681], for several reasons: i) there is no need to
prove they are bilayers; ii) different phosphate ester functions have
overlapping resonances; iii) intense signals from cellular
phosphate-containing species (ATP, etc..) can obscure the broad
signals from membranes.

With the advent in the mid-1970’s of pulse schemes (namely
the quadrupolar echo) adapted to the measurement of 2H
quadrupolar splittings [682], more quantitative measurements of
cellular membrane dynamics could be achieved. Indeed, the
quadrupolar nature of the 2H nucleus revealed itself to be extre-
mely useful here (Fig. 13) [683,684]: i) the quadrupolar peak split-
ting is related to the order parameter of the carbon-deuterium
bond vector Scp, ii) it is very large, spanning up to dozens of kHz
in the case of restricted dynamics, iii) it is usually wider than the
2H linewidth (the low 2H gyromagnetic ratio results in weak dipo-
lar interactions and low sensitivity to field inhomogeneity).

Because of the simplicity of its single membrane and the capac-
ity to produce it at gram scales, the bacterium A. laidlawii became
an interesting model for 2H NMR investigations. In the early 1970’s,
perdeuterated or 16-?D; (tri-deuterated at the end of the acyl
chain) palmitate was successfully inserted in A. laidlawii mem-
branes by supplementation in the growth medium [689,690]. The
end-chain ?H-labeling permitted measurements of its 2H residual
quadrupolar splitting in freeze-dried, rehydrated A. laidlawii mem-
branes, giving access to the end-chain order parameter [690].
Repeating this experiment with specific 2H-labeling at every posi-
tion of the acyl chain successively, Stockton and colleagues
reported the order parameter through the entire thickness of intact
cellular membranes [691]. This revealed a behavior very similar to
that observed with single phospholipids in the lamellar liquid crys-
talline phase at 42 °C. Similar measurements with decreasing tem-
peratures showed the progressive shift of an equilibrium between
liquid crystal and gel phases: the two populations exchanged with
rates lower than 10 Hz, and the A. laidlawii membrane showed an
almost complete motional freezing at 1 °C (micro-millisecond
timescale) [688]. The impact of cholesterol insertion on A. laidlawii
membrane dynamics was also evaluated, as well as the dynamics
of saturated fatty acids and those of various fatty acid headgroups
incorporated into the same membranes [687,692-695]. Myco-
plasma caprilocum, which is naturally dependent on fatty acids
and cholesterol supply, was also analyzed by 2H-NMR: the intact
cells had membrane dynamics similar to those of model lipid
membranes, and only those grown under low cholesterol supple-
mentation showed a liquid-crystalline-gel phase transition [696].
All these results were very consistent with those obtained from
purified lipids, and thus proved the suitability of in vitro
approaches in the field [697]. It also emphasized that membrane
proteins had little effect on average membrane lipid dynamics.

Similar studies were carried out almost in parallel on E. coli in
the late 1970’s. Deuterated lipids were incorporated in auxotrophic
E. coli strains defective in certain lipid production steps. The 2H-
NMR analysis was essentially performed on membrane vesicles,
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Fig. 13. Principle of 2H-NMR quadrupolar splitting analysis. The chemical bond C-D is represented with carbon as a grey ball and deuterium as a blue ball. Most of the original
work described in the main text was carried out following the rationale presented here. However, a new approach taking advantage of Magic-Angle Spinning (MAS) has been
proposed in recent years, which offers better sensitivity [685]. A) The ?H nucleus has a spin I=1, giving rise to two different energy transitions due to the electric quadrupolar
interaction, hence two resonance frequencies v* and v'; moreover, these two quadrupole frequencies are dependent on individual spin orientations, and the density of

orientation states determines a powder pattern for a non-oriented sample (with the typical

“Pake doublet” shape); B) The residual quadrupolar splitting Av=v-v" is

proportional to the square of the order parameter (adapted from Molugu et al. Chem Rev 2017 [686]); C) Oleic acid deuterated at various positions was incorporated in the
small bacterium A. laidlawii and position-specific quadrupolar splitting of oleyl chains measured in intact membranes at 25 °C (adapted from Rance et al. 1980 [687]); D)
Perdeuterated palmitic acid was incorporated in A. laidlawii and palmitoyl chains observed by 2H-NMR at varying temperatures, showing progressive loss of the powder

pattern due to the liquid crystalline phase (adapted from Smith et al. 1979 [688]).

and showed that i) these membranes had a similar dynamic finger-
print to that of model liposomes, although they were 10-20% less
ordered probably because membrane proteins slightly “destruc-
ture” the liquid-crystalline lipid bilayer [698-701], ii) E. coli mem-
branes were >97% in liquid crystalline phase at 37 °C. The inner and
outer membranes were also separated in two samples, which
revealed that the inner membrane was less ordered and had a 7
°C lower liquid-crystalline-gel transition than the outer one
[700,702,703]. In the 1980’s, deuterated DPPC was incorporated
by incubation with erythrocyte ghost membranes: similar dynam-
ics were observed in these membranes and in pure DPPC vesicles,
which also showed no transition to the gel phase down to 5 °C
[704]. Brains of rats fed with deuterated choline headgroups were
also analyzed by 2H-NMR, revealing similar lipid dynamics in
intact tissues to those in model vesicles [705]. Later 2H-NMR stud-
ies on intact E. coli cells in the 1990’s showed that acyl chains in
their membranes were indeed slightly less ordered than in model
liposomes [680] and that glycerol or trehalose had little effect on
these dynamics [681]. More recently, in the late 2000’s, similar
conclusions were drawn from ?H-NMR studies of intact sea urchin
sperm cells incubated with deuterated phospholipids [706].

Since the 2010’s, some applications of 2H-NMR have been
reported that focused on the effects of antimicrobial agents on bac-
terial membranes in intact cells. Even at sublethal concentrations,
some antimicrobial peptides were shown to cause a decrease of
order on the acyl chains of deuterated lipids, which were previ-

ously integrated by a lipid-auxotrophic E. coli [707]. In contrast,
other antimicrobial agents provoked the appearance of a gel phase
in intact E. coli cells similarly supplemented with deuterated lipids
[708]. In this latter study, Marcotte and coworkers managed to
integrate deuterated fatty acids from the growth medium into a
wild-type E. coli strain, where they were incorporated in phospho-
lipids. Magic-Angle Spinning (MAS) was finally used on such a sys-
tem only in 2015, to the best of our knowledge: 2H-MAS NMR
spectra of a cell pellet (about 80 pL) acquired in 10-20 minutes
gave access to the order parameters of E. coli membranes, with
the same precision as without MAS but ten times faster [685].
Warschawski, Marcotte et al. could show that E. coli membranes
were mostly in a gel phase when grown only with saturated palmi-
tic acid, while the addition of unsaturated oleic acid ensured a fluid
phase at every temperature. Deuterated palmitic acid was again
incorporated in the Gram-negative E. coli and in the Gram-
positive Bacillus subtilis to compare their reaction to antimicrobial
peptides: disordering effects of these peptides occurred at different
concentrations on the two bacterial strains [709,710]. The same
authors incorporated deuterated palmitic acid in the pathogenic
marine Vibrio splendidus, and could show that its membrane fluid-
ity varied through the different growth phases, dependent on the
saturated/unsaturated lipid content [711].

Altogether, NMR spectroscopy has been instrumental in quanti-
fying the dynamic features of membranes at the atomic scale, and
in assessing their validity in intact cells, notably using 2H-NMR
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[686,712]. It established fundamental knowledge in the 1970-80’s,
using methods that required rather long acquisition times and
often membrane separation. The recent implementation of deuter-
ated lipid incorporation and of MAS has created new opportunities:
the functional monitoring of membranes by NMR becomes faster
and more straightforward. This may help in mechanistic studies
of membrane binders like antimicrobial agents, for example
[713,714].

2.3. Metabolic activity

We will not address metabolomics of body fluids and plants.
This is now an immense field in its own right [38-46], which
mostly deals with samples extracted from the studied organisms
or tissues. Still, a number of developments have focused on mea-
suring metabolome evolution of living biological material in an
NMR spectrometer, and the corresponding experimental proce-
dures and technical possibilities are typically in the scope of this
review.

Magnetic field inhomogeneities and slow molecular tumbling
generally hamper NMR spectroscopy, and these are exactly the
conditions met in cells. As shown below, it was soon recognized,
in the early 1970’s, that '3C- and 3'P-NMR were likely to yield ana-
lyzable spectra of free metabolites in cells. This was possible
because these were fast tumbling species showing slow NMR
relaxation and thus sharp NMR signals, even though broadened
by sample inhomogeneities and the multiple, transient interac-
tions with cellular species [715-717]. Due to their low cell mobil-
ity, macromolecules like proteins [715] or DNA [716] appeared at
that time to be intractable, yielding very broad, low intensity res-
onances. The observation of low gyromagnetic ratios nuclei like
5N represented a possible solution for obtaining narrow line-
widths, because they are less susceptible to dipolar line broadening
and thus generate slower relaxation. Although providing the high-
est sensitivity, "H NMR became useful only later, once specific edit-
ing strategies and techniques to narrow 'H signals were available.
Every nucleus is thus adapted to the observation of different
metabolites and different concentrations or timescales. We discuss
these various aspects below.

2.3.1. The early days: studying carbon fluxes using >C-NMR

In the early 1970’s, different groups had progressively estab-
lished the use of '3C labeling as a powerful method to decipher
metabolic pathways and carbon fluxes: cells were grown on natu-
ral abundance (98.9% '2C, 1.1% '3C) media supplemented with pre-
cursors carrying a '>C atom at a specific position; products of
interest were extracted, isolated and analyzed by '>C-NMR spec-
troscopy, which permitted identification of the '*C-labeled final
positions [718,719]. This relied on the scarce '>C natural abun-
dance and the approximation that all detected '3C nuclei found
their origins in the supplemented '3C-precusors. It was also possi-
ble because the cellular '3C-signal was low enough to generate
simple, low background spectra.

Soon after the observation of dissolved '3C0/'3C0,/'3CN in ery-
throcytes [720,721], Matwiyoff and colleagues established the fea-
sibility of observing global metabolites using one-dimensional 13C-
detected NMR of Neurospora crassa grown with >Ce-Methionine
[722], or of Candida utilis grown on '3C-labeled acetic acid [715].
In this latter publication, the authors also traced '>C atoms from
[1-13C]-glucose, showing the concomitant disappearance of the
anomeric '>C-peak and the appearance of the C2 signal of ethanol,
followed later by signals of unknown species. Hence, the weak nat-
ural abundance of 3C (~1.1%) made isotopic enrichment necessary
for carbon metabolism studies, but it was immediately recognized
as an advantageous feature allowing the use of !'3C-tracers of
metabolic activity: introducing a '*C-labeled compound permitted
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13C-detection of the successive metabolic products in a mostly
12C_containing background. Only small, fast-tumbling molecules
were NMR observable, even though they showed broader line-
widths than in vitro. But they were even observable in living ani-
mals: in 1981, in vivo 3C-detected NMR of the rat abdomen on
feeding with [1-'3C]-glucose was used to demonstrate its progres-
sive conversion into [1-'3C]-glycogen by recording spectra every
30 minutes [723].

Shulman and coworkers took advantage of these capabilities,
reporting in 1978 a real time NMR study of the first steps of glycol-
ysis in E.coli, observing the progressive '>C transmission from
[1-13C]-glucose to fructose biphosphate, lactate, succinate, acetate
and amino acids [724]. Less than 5 years later they published sim-
ilar studies focusing on gluconeogenesis in rat liver cells exposed
to [1,3-13C]- and [2-!3C]-glycerol [725,726] or to [3-'3C]-alanine
and [2-13C]-ethanol [727], on S. cerevisiae anaerobic glycolysis from
[1-13C]- or [6-13C]-glucose [728] or aerobic metabolism of [1-13C]-
and [2-'3C]-acetate [729], and on the consumption of endogenous
[3-4-13C]-trehalose and exogenous [1-!3C]-glucose by Pichia pas-
toris spores upon germination [730,731]. To illustrate the variety
of organisms and metabolic phenomena that >*C-NMR was able
to tackle, in the meantime, Scott and colleagues characterized 'C
redistribution in the biosynthesis of the more complex molecules
like porphyrinogens or polyketides in living Rhodobacter sphaer-
oides or Penicillium urticae [732-734] and glucose catabolism in
tsetse fly parasites Trypanosoma brucei [735]; Nicolay and his
coworkers had monitored acetate metabolism in photosynthetic
bacteria depending on light conditions [736,737]; Ashworth and
colleagues had traced '3C nuclei incorporation from glycine, serine
or glucose into serine, tryptophane and acetate by tobacco suspen-
sion plants or bacteria (using devices to ventilate the NMR sample
or to pump fermenting agents in and out of the NMR tube from an
extra-spectrometer fermentor) [738,739].

Then, London and colleagues found an interesting application
in the measurement of oxidized and reduced populations of intra-
cellular electron carriers NAD+/NADH and NADP+/NADPH
[476,477]. These metabolites were '>C-labeled via the incorpora-
tion of 13C-nicotinate in E. coli and S. cerevisiae, and their reduced
and oxidized states yielded different '>C-NMR signals. These
enabled the simultaneous observation of a global redox ratio,
but peaks from NAD+ and NADP+ or from NADH and NADPH could
not be distinguished, the nicotinamide moiety being too far from
the adenine phosphorylation site to result in resolvable shift
differences.

Concerning microorganisms, we mention works on amino acid
biosynthesis by Corynebacterium glutamicum, a bacterium used
for industrial production of amino acids [740-742], glucose meta-
bolism of the pathological S. aureus [743,744], of the yeast S. cere-
visiae [745-748], of rumen bacteria [749-751] and of Lactococcus
lactis [752-754], formaldehyde [755] and acetate [756] utilization
by E. coli, and acetate, methanol or methylamine utilization by
methylotrophic strains [757-760].

The early cellular studies paved the way towards future '3C
studies carried out in vivo [761 762 ], which included studies of glu-
cose metabolism of erythrocytes [763,764]|, acetate and glucose
utilization in lymphocytes and breast cancer cells [765,766], the
effects of 2-deoxyglucose in cancer cells [767,768], amino acid
[769] and succinate [770] metabolism by renal cells, and glucose
and glutamine metabolism by hybridomas [771]. After early
reports on ethanol and alanine metabolism in perfused mouse liv-
ers in the late 1970’s [725,772], *C-MRS studies (i.e. NMR charac-
terization of localized chemical composition and metabolism)
included investigations of metabolism of plant seeds, brain,
tumors, heart, but were limited by their low sensitivity [773-
775]. Hyperpolarization can nowadays overcome these limitations
in some cases, as we discuss in a later paragraph.
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However, spectroscopists realized in the late 1980’s that, for
most 3C-labeled precursors, their insertion in intricate metabolic
cycles resulted in the progressive scrambling of 3C atoms into
numerous, low abundance species (for a thorough discussion, see
[776]). Together with the low sensitivity of '>C-NMR and its low
spectral resolution due to sample inhomogeneities resulting in
broad signals, in vivo 1> C-NMR was limited in its ability to carry
out a fine analysis of metabolic pathways. Moreover, high quanti-
ties of '3C-labeled precursors necessary for real time NMR detec-
tion impacted cellular metabolism [776]. Among other
difficulties, distinguishing NMR signals of intra- and extra-
cellular populations of molecules was also a common concern:
unlike those of *'P as we will see below, 13C chemical shifts often
depend too weakly on pH or on the other phenomena that can vary
between intra- and extra-cellular spaces [776]. Another concrete
obstacle was the problem of maintaining cells in steady-state con-
ditions. Indeed, many parameters influencing metabolism become
unstable at the high cell density needed to obtain sufficient NMR
signal-to-noise, e.g. oxygenation, nutrient levels, pH, osmolarity,
(toxic) end products [740,776]. A number of bioreactors inside
spectrometers were designed at that time (see Section 3.7.). These
permitted continuous monitoring of cell metabolism, notably to
characterize the impact of drug-treatment and irradiation on
mammalian cancer cell metabolism by !3C- and 3'P-NMR
[768,777-794], or to study the effects of ethanol and various chem-
icals on hepatocytes [795,796], as well as metabolism in hybri-
doma [771,797]. However, in-cell NMR studies of metabolic
activities appeared to be limited to cases involving the study of
high concentration metabolites. It is striking that all these imped-
iments to live cell >*C-NMR metabolomics were also faced 25 years
later by the in-cell structural biology community.

Hence, in combination with gas- and liquid-chromatography
mass spectrometry (GC-MS) since the early 1990’s, NMR spec-
troscopy of extracted and isolated materials delivered the main
body of atomic scale information on metabolic pathways for the
so-called Metabolic Flux Analysis [39,762,798-800]. However,
when adapted, specific advantages of real time measurements, like
using a single sample and avoiding sample preparation, remained
attractive at times to characterize simple metabolic
transformations.

2.3.2. 2'P-NMR of phospho-species, energy fluxes and cellular
localization

Studies of '*C-NMR were early combined with those of 3'P-
NMR, the latter providing interesting information on cellular meta-
bolic activity [746,801,802]. 3'P was considered to be easier to
detect by NMR because of its ~100% isotopic abundance, and
one-dimensional 3'P NMR spectra were reported from red blood
cells a few months after the '>C-experiments described above
[462]. Direct observation was thus possible of highly abundant
molecules such as inorganic phosphate, ATP and diphosphoglycer-
ate (DPG), which are important cellular metabolites. Hence, 3!P-
NMR showed early promise for monitoring metabolic activities or
mechanisms. Large DNA and RNA molecules also contain signifi-
cant amounts of 3'P, but these are mostly undetected by solution
NMR because of their slow tumbling, or by solid-state NMR
because of their heterogeneity.

31p in phosphate groups often shows large chemical shifts vari-
ations with pH, and in the early 1970’s DPG signals were proposed
as useful pH reporters in erythrocytes [462]. DPG was also quanti-
fied in real time using 3>'P-NMR peak intensities upon inosine and
pyruvate supplementation of erythrocytes [803]. Salt concentra-
tions, notably [Mg?*], were later shown to also have an influence
on 3!P-phosphate pKa and chemical shifts [804,805]. The use of
31P-NMR for reporting on ATP or DPG binding to Mg?" and quanti-
fying cellular free Mg?* concentration is extensively discussed in
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Section 2.1.6. Suffice to mention here that about 90% of intracellu-
lar ATP is found to chelate Mg?* in a fast exchange equilibrium.

Of course, it became apparent that tissue metabolism could be
observed via the detection of the >'P NMR signals of cellular phos-
phate moieties in vivo: >'P-NMR studies of rat muscle showing
well-resolved signals from phosphocreatine, ATP and inorganic
phosphate were reported in 1974 [311]. This prompted 3'P-NMR
studies on the evolution of inorganic phosphate/ATP/ADP/phospho
creatine levels in rat hearts [806,807], rat kidneys [808] and mouse
livers [809] subjected to ischemia and frog muscles under fatigue
[810-812], completed with intra-tissue pH monitoring using >'P-
NMR [812-814]. The stage was thus set for in vivo 3'P-MRS/MRI,
which was developed from the late 1970’s [815-818] also on
human patients [819,820]: it has contributed important knowl-
edge, notably on metabolism of healthy or diseased organs, under
rest or effort, but such studies are out of the scope of this review;
dedicated reviews on this field exist [821,822].

In parallel, >'P-NMR on whole cells yielded important advances
in the description of intracellular organization. It clarified mecha-
nisms of polyphosphate storage and its use in yeast [823,824],
and permitted quantification of phosphate-containing metabolites,
including ATP/ADP/NAD and phospholipid precursors (phosphoryl-
choline and phosphorylethanolamine) in lymphoid, Friend ery-
throleukemia, and Hela cells [716,825]. pH Measurements by
3TP_.NMR also showed multiple intracellular >'P-phosphate NMR
peaks, revealing the existence of different intracellular phosphate
pools: this permitted distinction between cytosolic and mitochon-
drial pH in rat liver cells [826], cytosolic and vacuolar pH in maize
root tips [827-829], and cytosolic and vacuolar pH and phosphate
stocks in various yeast strains [737,824,830,831] including in
spores [832]. Similarly, 3'P-NMR analysis of intact weeds showed
that glyphosate-resistant species can store this herbicide in vac-
uoles and thus elude its inhibitory capacities [833-835].

Real time pH monitoring also became accessible, and gave rise
to reports on i) ATP metabolism upon oxygenation or deoxy-
glucose supplementation in Ehrlich ascites tumor cells [836], ii)
intracellular and extracellular pH under aerobic or anaerobic con-
ditions in E. coli [837-840], and iii) light-induced pH variations in
photosynthetic bacteria [841,842]. NMR spectrometers gained a
reputation of being the most expensive pH meter in the world
[461], but the non-invasive nature of the method was certainly
appealing. Moreover, complex metabolic studies were also carried
out on glycolytic mutant strains of S. cerevisiae, by reporting mul-
tiple phospho-metabolite levels upon addition of glucose or O,
[843]. This demonstrated the ability of NMR to report multiple
metabolite levels in order to support more system-wide
characterizations.

Still more informative >'P-NMR experiments were developed
once Shulman and colleagues showed that reaction rates could also
be measured between orthophosphate and ATP in E. coli: upon sat-
uration of either the resonance of *'Py-ATP or of phosphate, they
observed peak intensity losses of phosphate or of 3'Py-ATP, respec-
tively [844]. Hence, it was not only possible to monitor phosphate
and ATP levels, but also to measure rates of ATP hydrolysis or syn-
thesis. This “saturation” method, developed in the 1960’s
[845,846], relies on the selective destruction of magnetization of
a chosen resonance, i.e. corresponding to a chosen atom in a cho-
sen species, which thus acts as a tracer of chemical exchange:
the saturated atoms transfer their loss of magnetization to the pro-
duct of the studied chemical reaction, whose NMR resonance
intensities are attenuated proportionally to the reaction kinetic
rate (Fig. 14). Saturation approaches have later been used in
ligand-observed NMR spectroscopy of ligand:protein interactions,
as described in Section 2.5 on drug discovery.

Resonance saturation also underlies recent Chemical Exchange
Saturation Transfer (CEST) studies for advanced protein conforma-
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Fig. 14. 1D >'P NMR spectra without (grey) and with (black) saturation of the y-
phosphate of ATP at -2 ppm. 3'P signals can be attenuated upon y-ATP saturation
either because i) they are close in space to y-ATP (i.e. p- and a-ATP), or because ii)
they are in chemical exchange with y-ATP (i.e. phospho-creatine or phosphate). The
signal intensities in these peaks provide quantitative information on the kinetic
rates of the chemical reactions. Adapted from Befroy et al. 2012 [847].

tional studies, notably on “invisible” minor species [848,849]. In
the case of living cells, 3!P-NMR saturation transfer was applied
in the 1980’s to quantify rates of inorganic phosphate or ATP con-
sumption in E. coli [850], in human erythrocytes [851], in breast
cancer cells [852] and also the fluxes towards glucose-6-
phosphate or fructose-1,6-bis-phosphate in aerobic and anaerobic
conditions in S. cerevisiae [746,853-855]. In parallel, a number of
groups used 3'P-resonance saturation transfer to measure ATP
and phosphocreatine consumption and replenishment, hence mea-
suring creatine or ATPase kinase activity in rabbit [856] and rat
hearts [857-862], in frog [863] and cat muscles [864] and in rat
brain [865]. These led to in vivo measurements and the description
of altered metabolism in diseased tissues [821,847], i.e. the MRS/
MRI field and the limits of our scope. Shulman and coworkers com-
bined 3'P- and '>C-detected NMR to describe ATP and glucose
metabolism in an integrative fashion in E. coli and rat liver cells,
and used NMR saturation transfer to evaluate phosphate transfer
to ATP, i.e. ATP synthesis by ATPase in their conditions [801].

Lastly, regular 3'P-NMR monitoring of intracellular ATP has
shown its usefulness to check the health status of cells in the
NMR tube, which in turn helped to establish the benefits of
intra-spectrometer bioreactors (see Section 3.7.). As discussed
above (Section 2.3.2.), in combination with '>*C-NMR, 3'P-NMR
and bioreactors were used to study the effects of various drugs
on mammalian cancer cell metabolism [768,777-794], of ethanol
and various chemicals on hepatocytes [795,796], and the metabo-
lism of hybridoma [771,797], and yeast immobilized in gel matri-
ces [866]. More recently, 3'P-NMR also provided interesting
checks for cellular health during in-cell structural biology studies
[867-869].

2.3.3. Nitrogen flux studied by ">’N-NMR and "“N-NMR

I5SN-NMR detection in living cells was explored from the mid-
1970’s, providing a whole cell pattern for a parasite fungus [870].
In a more extensive study, Lapidot and Irving reported '°N-
detected spectra of uniformly '>N-labeled E. coli, S. cerevisiae and
Friend leukemic cells, as well as S. aureus labeled with '>N-
glycine [580]. They took advantage of the large signal increase gen-
erated by 'H-decoupling via the heteronuclear >N{'H} NOE effect:
fast tumbling small molecules show an enhancement ratio of up to
-3.93, while slowly tumbling macromolecules show an enhance-
ment ratio of approx. +1 (i.e. close to no effect) [871], and semi-
mobile molecules can produce a null signal in these conditions.
Lapidot and Irving demonstrated the high flexibility and '°N-
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NMR detectability of phosphatidylethanolamine, lysine and argi-
nine nitrogens as well as many other unidentified nitrogens in
cells, and of glycines in S. aureus peptidoglycan. Because they are
pH- and viscosity-dependent, related '°N relaxation times and
peak linewidth of amino acid signals were also used to probe their
local environments, either cytoplasmic or vacuolar [467,872].

Hence, '>’N-NMR under 'H-decoupling and NOE enhancement
provided clean spectra of high abundance '°N-containing metabo-
lites produced from '°N-labeled precursors such as '>NH or '>NOs.
The rationale used earlier for > C-NMR of carbon fluxes was applied
similarly to nitrogen fluxes: living organisms fed with natural
abundance nutrients (99.6% “N, 0.4% °N) are suddenly exposed
to '>N-labeled precursors; '>N-NMR spectroscopy then reports
the integration of >N atoms in the first metabolic products, the
natural abundance background signal being close to zero. Using
this ">’N-NMR approach, nitrogen metabolism was characterized
in live microorganisms such as the fungus Neurospora crassa
[873,874], C. glutamicum, a bacterium used for industrial produc-
tion of amino acids [875,876], Pseudomonas [758], or cyanobacte-
ria [877], and even once in mammalian cells [878]. From the late
1980’s, most ’N-NMR studies on living organisms were concerned
with nitrogen assimilation by plants, focusing on symbiotic bacte-
ria [879] or fungi [880-882], algae [883], spruce buds [884] or cell
cultures [885], maize root [886-888], duckweed [889], invasive
weed [890,891] and even carrot cell suspensions [892,893]. 1°N-
detected solid-state NMR spectra were also carried out on lyophi-
lized soybean cotyledon or leaves to determine nitrogen fluxes
from ammonium, nitrate, N,, asparagine, glutamine, allantoin or
methionine [894-899]. Overall, these studies permitted character-
ization of the relative contributions of two complementary path-
ways (glutamine synthetase/glutamate synthase GS/GOGAT, and
glutamate dehydrogenase GDH) in nitrogen assimilation, or com-
parison of NH; and NO3 incorporation rates in various conditions
[900,901]. >N-NMR of cell extracts has found convenient applica-
tions to evaluate the impact of various stresses, since it does not
require any separation steps [901-903], although it still demands
a careful exploitation of the spectroscopic data [904]. >’N-NMR
also permitted a few studies of secondary nitrogen metabolism
of alkaloid precursors, notably using !’N-tropinone
[890,891,900,901,905,906]. It has also provided quantification of
the metabolism of the neurotransmitter glutamate in MRS studies
of animal brains, which lies outside the scope of this review [907].

Similar limits to those encountered in studies of '*C-NMR car-
bon fluxes were also met in '>N-NMR metabolite studies: the
low sensitivity of NMR compared to mass-spectrometry made it
less attractive from the early 1990’s [908]. '>N-direct detection is
practically feasible only for species found at millimolar concentra-
tions. Moreover, the use of the '>N{'H} NOE to enhance sensitivity
coupled to the long T1 relaxation (due to the low '°N gyromagnetic
ratio) make it difficult to analyze '>N-NMR spectra quantitatively
[904]. It has however some advantages. '>N-detection is feasible
at every pH and temperature, in contrast to indirect ’N-filtered
"H-detection, which became popular from the 1980’s [908-910]:
although it can yield a 10-100 fold better sensitivity theoretically,
"H-indirect detection is impossible for many protons attached to
I5N that exchange with water protons at rates above 10-100 Hz
under physiological conditions. Long-range, multiple bond mag-
netic transfers have been designed that partially circumvent this
problem, but at the expense of sensitivity [911]. '>’N-NMR is also
convenient for the straightforward, direct observation of NH; and
NOs3 in situ without extraction. This may seem an unsophisticated
NMR application, but it is useful because the methods used for
extraction prior to for mass-spectrometry analysis can lead to
information losses [908,911].

However, for nitrogen NMR studies focused on quantifying NH;
and NO3, *N-NMR can be also considered. The quadrupolar nature
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of N is an obstacle to NMR measurement in most cases, but has
less effect on N resonances of simple, symmetric, fast tumbling
metabolites like NH; and NO3 even inside cells [912]. Close to sym-
metric nitrogen sites such as those of urea, trimethylamines or
betaine may also be observed using *N-NMR [913]. It does not
require any isotope enrichment, because “N represent 99.6% of
nitrogen nuclei at natural abundance, as mentioned earlier. '*N-
NMR permits more reliable quantification than '>N-NMR, notably
because of the faster '*N T1 relaxation [914,915]. It has been
applied to various systems such as mammalian tissues
[912,916,917], plant roots and leaves [914,918,919], algae [920],
E. coli [913], and spruce seedlings [884,885,921,922]. Shift reagents
have also been used to distinguish extra-cellular from intra-
cellular 'N-signals [923,924]. These were used, in combination
with saturation transfer methods similar to those presented above
for 3'P-NMR, for measurement of transmembrane fluxes of ammo-
nia in erythrocytes [925]. Moreover, *N-NMR signal linewidth and
peak multiplicity of NHZ is sensitive to pH because of the varying
exchange rate of protons with water: the local pH where the
detected pools of NH} are found can be measured [918,921]. The
related measurements are less direct than '3C, N or 3'P chemical
shifts characterization of chosen metabolites whose protonation
states are pH-dependent [926]. Nevertheless, '*N-NMR permitted
quantification of NH} present in the cytoplasm, or its storage in
very acidic vacuoles of maize roots [918] or spruce seedlings
[921,922].

2.3.4. Overcoming spectral congestion in 'H-NMR spectroscopy for
higher sensitivity: monitoring cellular species below millimolar
concentrations in the timescale of minutes.

Macromolecules and molecules embedded in macroassemblies,
such as lipids in cell membranes, contain innumerable NMR-visible
protons. Proton resonance frequencies have a narrower dispersion
than '3C or >N nuclei, and species such as water, lipids or macro-
molecules generate important and broad 'H-NMR signals that
obscure 'H resonances from metabolites. As far as NMR detection
is concerned, the benefits of low natural abundance of '3C cellular
contents, or of the sparsity of observable 3'P signals do not apply
for 'H species. Hence, although being the highest gyromagnetic
ratio nucleus and yielding theoretically the highest NMR signal
intensities, 'H-detected NMR was not the first-choice method in
early studies. 'H NMR necessitated development of signal-
filtering strategies before it could become established for the
observation of metabolites in living cells and organisms. Various
solutions have been found for various applications that we detail
below.

A prior requirement for studies on metabolites in live cells is
always a robust suppression of the very large NMR signal from
water protons. The studies mentioned below used contemporary
methods that were developed in parallel. Dedicated reviews exist
on this topic [927], which is much less problematic now than it
once was (see also [928-930] for live material).

NMR signals from macromolecules were first removed using the
so-called spin-echo technique to purge out resonances from slow-
tumbling species (see Section 3.3.2. for some brief explanations). In
the mid-1970’s, Daniels and coworkers used a spin-echo pulse
sequence to separate the sharp resonances of adrenaline from
the cellular background of adrenal gland slices [931]. The resulting
'H-detected one-dimensional NMR signal was the first experimen-
tal observation able to support the hypothesis of a homogeneous,
fluid pool of adrenaline in this native context. The metabolite
was selectively observed also because of its high concentration.
The sharpest resonances from metabolite species present at mil-
limolar concentrations were then used to study specific aspects
of cellular metabolism. Using one-dimensional spin-echo 'H-
NMR, scientists in Oxford started to quantify erythrocyte metabolic
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activities such as glutathione redox equilibrium, or glucose con-
sumption [932]. They used the same technique to monitor D-
Alanine or L-Alanine influx after adding a paramagnetic agent in
the external medium to suppress NMR signals from outside ery-
throcytes [933]. A growing number of workers applied one-
dimensional spin-echo "H-NMR, either to quantify Zn®* complexa-
tion by glutathione in erythrocytes [934], or variations in levels of
phosphorylcholines through the cell cycle in Friend Leukemia cells
[935], choline levels in erythrocytes [936], the metabolism of
malate, fumarate and lactate as a function of NAD+, pyruvate or
oxalate concentrations in erythrocytes [937], amino acids levels
and glucose consumption in HeLa cells [938], methylglyoxal meta-
bolism and the stability of ergothioneine in erythrocytes [939,940].

An important aspect of spin-echo experiments is the evolution
of scalar couplings between protons during the echo time. Within
specific ranges of spin-echo durations, scalar couplings cause the
inversion of certain proton signals (i.e. the signals become nega-
tive) (Fig. 15). Interestingly, if a proton-deuterium exchange occurs
for one of the protons involved in the spin-spin coupling, the cou-
pling is effectively removed ('H-?H couplings are approx. 6.5 times
smaller than the corresponding 'H-'H coupling, and the 2H nuclei
are unaffected by 'H pulses) and the spin-echo does not invert the
resonance signs of the neighboring protons anymore. This concept
permitted monitoring of the incorporation of deuterated glycine
into glutathione [941], of specific enzyme activities that result in
H/D exchange between water and pyruvate and lactate [942-
944], and of lactate/pyruvate exchange upon supplementing cells
with deuterated lactate or pyruvate [945-947], again in
erythrocytes.

Unlike '2C nuclei (that have no spin), 13C spins are also scalar-
coupled to covalently bonded protons. Integration of '>C nuclei
into metabolites can thus be detected in 'H-detected spectra in
multiple ways: i) they cause a peak splitting in 'H-detected spec-
tra, the two new peaks being separated by the scalar coupling ]
('H-'3C)~100-150 Hz; ii) the signs of these peaks can be also
manipulated specifically by '>C 180° pulses during the spin-echo
(see Section 3.3.2.). Shulman and coworkers were the first to use
this phenomenon to quantify '>C-incorporation from [2-13C]-
acetate into glutamate or aspartate by S. cerevisiae [948]. A more-
advanced '>C-modulated 'H spin-echo was exploited by Brindle
and colleagues to monitor the '?C- and '3C-methyl content of ala-
nine and pyruvate and thus quantify the activity of the alanine
aminotransferase in erythrocytes [949]. Foxall and coworkers used
and published a similar application of 'H-'3C spin echo difference
to report the conversion of [1-13C]-glucose into [2-!3C]-ethanol in
yeast [950]. They showed that such indirect H-detection of the
presence of 3C provided a 22-fold higher sensitivity than direct
13C-detection. This strategy was also employed to detect '>N-
incorporation from ammonium or glutamine in cultured mam-
malian cells, with similar sensitivity benefits [876]. Use of such
spin-echo related filters was however abandoned by the majority
of the community, and substituted by magnetization transfers
allowing 'H-detected, 3C- or '>N-edited 2D NMR spectroscopy.
These spread the signals in a supplementary dimension and are
thus likely largely to avoid peak overlaps (see below in
Section 2.3.6.)

The combined use of multiple nuclei including 'H-detection
was explored from the early 1980’s [946,951,952]. 'H-detected
NMR was soon considered to be complementary to >C and 3'P-
NMR in the characterization of living tissue metabolism
[761,953,954]. For example, 'H- and >'P-NMR were combined to
measure total creatine and creatine phosphate pools in frog mus-
cles [951], and to report simultaneously pH and lactate levels in
guinea pig brain slices using multiple channel NMR-probes
[955,956]. In recent years, this complementarity between 'H-
and 3'P-NMR was also applied to the simultaneous monitoring of
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Fig. 15. A spin-echo can filter out signals from slowly tumbling molecules. We show here the theoretical schemes for the time-domain evolution of 'H-signals acquired after a
single 90° pulse for A) fast tumbling or B) slow tumbling molecules. The effective transverse relaxation T2* can be dominated by sample inhomogeneities and chemical shift
distribution. C) A spin-echo refocuses the magnetization coherence lost due to inhomogeneities, but not that lost because of the intrinsic molecular T2. Hence, spin-echo 'H-
spectra show signal intensities modulated by the molecule-specific T2x2t, which is much attenuated for D) slowly-tumbling molecules. E) One-dimensional 'H-detected
spectrum of a bovine adrenaline medulla slice; F) one-dimensional spectrum acquired after (2x 60 ms) a spin-echo of the same slice, revealing signals from adrenaline
molecules (found at high concentration in this tissue). Signals from species having short transverse relaxation times T2 vanished. Because scalar couplings can evolve during
the spin-echo, signals from CH, groups or from protons with a large, vicinal scalar coupling Hs/Hg are inverted (highlighted in green). These spectra were recorded in 1976 at

270 MHz. Adapted from Daniels et al. [931].

cellular metabolite levels, RNA synthesis or folding and protein
interactions [466]. A number of cellular structural biology studies
focusing on proteins took the simpler approach of using >'P-NMR
to check cellular metabolic states from ATP levels, together with
TH-detected NMR of proteins [867,868].

TH-NMR acquisition can also be performed without background
filters when monitoring metabolites supplemented at very high-
concentrations, e.g. the metabolism of diluted E. coli cell suspen-
sion in ~100 mM glucose [957,958]. At such high concentrations,
3C_coupled 'H-doublet signals are also easily observed, which
allowed monitoring of '>C-glucose metabolism and the incorpora-
tion of carbon by the rumen cellulolytic bacterium Fibrobacter suc-
cinogenes [959]. We mentioned previously that lipids can often be
seen as a problem, because their signals completely obscure parts
of TH NMR spectra. These large signals can become interesting for
monitoring the global lipid content of cells, and have been
exploited to quantify live microalgae cultures in real time
[960,961962,963].

The observation of metabolite consumption is of course possi-
ble in the spent medium following culture of any cells, like plant,
tumor spheroids [964]| or mammalian cells grown to produce ther-
apeutic proteins [965,966]. Extracellular metabolites generally
provide sharp NMR signals that are good reporters of intracellular
metabolism. A recent study of primary cancer cells permitted
examination of their adaptation to hypoxic conditions: about 35
metabolites were identified and about a dozen monitored over
24 hours using samples containing 1.107 to 5.107 cells/mL embed-
ded in agarose [967]. Similarly, a dozen metabolites were moni-
tored in lactic bacteria growing over 24 hours in various glucose
and pH conditions in the NMR tube [968]. Using this approach
and up-to-date commercial NMR probes, one-dimensional proton
spectra can be recorded every 5-10 minutes and provide metabo-
lite quantification with ~10 uM precision for 500 puL sample vol-
umes. Similar results were obtained from primary cancer cells
embedded in methylcellulose, which allowed monitoring of extra-
cellular levels of about 10 metabolites over 24 hours [969].
Although presenting practical advantages when compared to clas-
sical methods using quenching and extraction, this live-cell meta-
bolomics approach using '"H-NMR requires a careful deconvolution
of signals because of progressive peak shifting and broadening
[967,968]. The corresponding signals can thus be exploited with
confidence only if their intensities surpass those of the other
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signals with similar chemical shifts, which often means if the
quantified species are found in the millimolar range. However,
such applications fall in the area of metabolomics studies and are
not considered here in greater detail.

2.3.5. HR-MAS "H-NMR spectroscopy: lipid filtering/editing and
metabolome of intact cells, tissues and small living organisms.

Although spin-echo and T2-filters improved the 'H NMR
detectability of a number of metabolites, the observed peak line-
widths were still too broad to allow analysis of the intracellular
metabolome with much accuracy. Magnetic inhomogeneities or
restricted motion of mobile species cause line-broadening of
NMR signals, preventing deconvolution of signals. Moreover, reso-
nances from lipids are often not completely removed by T2 filters:
some intracellular pools of lipids exhibit largely liquid-like behav-
ior and, even though constrained, maintain high mobilities. In gen-
eral, the metabolites that could be analyzed with this approach
were those found at high concentration, that were highly mobile,
and producing NMR resonances far from those of lipids. Non-
membrane lipids themselves, with their semi-restricted motional
regime, were thus “in limbo” as far as accurate in-cell NMR
description was concerned.

In an earlier Section (2.2.3.) on cell-surface lipopolysaccharides
and glucans, we discussed briefly the deleterious effects of molec-
ular restricted motion and non-homogeneous magnetic suscepti-
bility, especially for "TH NMR observation (see also Sections 3.2.2.
for more detailed explanations). These broaden the NMR signals
observed using classical liquid-state NMR approaches. However,
high degrees of local mobility are often maintained for small mole-
cules like metabolites in non-frozen samples, which can yield shar-
per peaks if Magic-Angle Spinning (MAS) is applied. Hence, high
peak intensities and narrow linewidths (Fig. 16) can be obtained
from mobile species, including lipids, contained in cell pellets,
excised animal tissues or even small animals, e.g. C. elegans, small
crustaceans or flies. These have to be loaded in a cylindrical sample
container (the “rotor”) and spun between 1 and 4 kHz at an angle
of 54.7°, with respect to the spectrometer magnetic field Bo.

This approach has been coined as High-Resolution-MAS (HR-
MAS) NMR spectroscopy and has the obvious advantage of permit-
ting the analysis of intact, non-processed samples (see Sec-
tion 3.4.3. for a specific discussion on HR-MAS). It has been
applied for more than 20 years in chemistry and food science,



Francois-Xavier Theillet and E. Luchinat

A

Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

\ 1H-NMR of adipocytes
’\ Non-spinning sample
|

Cy,C3-glycerol  myo-inositol
creatine

oty \Hb

myo-inositol

1
hosphatidylcholine
phosphochollne |

choline treatine

N
-HC=CH- Cy-glycerol ™Sy ccccccemeem

COCHZ\ \ COW
ﬁV,JW/J\__F/\L\ o A AN

..................

(CHy)y
—s

1H-NMR of adipocytes
\ Magic-Angle Spinning
|

N

2 1

Fig. 16. One-dimensional 'H NMR spectra of cultured adipocytes under A) non-spinning conditions, and B) Magic-Angle Spinning (MAS) at 3.5 kHz. Both spectra were
recorded at 11.7 T (500 MHz) in 42 minutes and twice as many cells were used in the non-spinning conditions. Adapted from Weybright et al. 1998 [987].

but also to characterize the metabolome of intact cells or tissues in
conditions such as those we describe below. Recent reviews can be
found on this topic [970,971]. This approach is attractive because
of its relative convenience: it requires ~5 million cells per mea-
surement, i.e. 15-50 ul or mg of wet pellets, and no time-
consuming chemical extraction. It benefits from the sensitivity of
TH NMR and thus permits accurate quantification of metabolites
present at ~0.1 mM concentrations [972]. To put this in context,
more than 60 metabolites are present at 0.1 mM or above in grow-
ing E. coli [973]. Investigations on intact cells deliver only relative
quantifications of the identified metabolites: they rely on semi-
quantitative, comparative measurements of signal intensities in
the various conditions tested. Absolute quantification can still be
achieved using synthetic signals as an electronic reference
[974,975]. The corresponding analysis falls in the category of lar-
gely classical metabolomics studies of quenched -although often
“intact”- samples, which we do not cover extensively in this
review. However, a number of recent developments permitted
real-time observation of metabolic fluxes in small animals, for
which we made an exception.

The benefits of Magic-Angle Spinning had been shown for dras-
tically narrowing 'H and '3C NMR signals of plant seeds at the end
of the 1980’s [630,976], and fruit tissues at the beginning of the
1990’s [977-979]. The idea was taken up in the 1990’s to compare
the metabolome of normal and metastatic lymph nodes [980], and
for the analysis of other animal soft tissues, e.g. kidneys [981,982],
brain [983], adipocyte [984,985] and breast tissues [986]. Corre-
spondingly, at the end of the 1990’s, Singer and colleagues had
shown that MAS at ~3-4 kHz permitted narrowing down 'H
NMR signals linewidth of intracellular lipids and metabolites by a
factor ~10 in cultured adipocytes (Fig. 16) [987].

This helped to quantify cellular contents in various lipids from
undifferentiated and differentiated adipocytes and to extend this
type of characterization to benign and malignant liposarcoma tis-
sues [988,989], and to measure intracellular diffusion coefficients
of lipids [987,990]. Similar experiments were carried out more
recently on cultured cells (exposed to cytotoxic agents) to derive
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the diffusion coefficients of intracellular lipids on the millisecond
timescale using HR-MAS, in a complementary fashion to fluores-
cence microscopy measurements on a time scale of seconds
[991]. Because intracellular lipids conserve some mobility, 'H
HR-MAS NMR gave access to lipid analysis in intact cultured cells
for various purposes: to distinguish neuronal and glial cells
[992], to monitor phospholipid content in melanoma cells upon
exposure to chemicals [993], fatty acid content variations in insulin
secreting cells [994] and in mesenchymal stem cells [995]. These
quantifications should however not be taken as absolute: increas-
ing MAS spinning rates cause different degrees of '"H NMR signal
enhancement in different lipid pools, probably because of variable
release of mobility restriction, as shown on glial cells [996]. Similar
differences were observed for 'H HR-MAS lipid signals of biopsies
from different brain tissues [997].

H and 3C HR-MAS NMR also proved to be valuable for analyz-
ing the whole-cell metabolic profile of algae in one single experi-
ment [998-1000], which would usually have been carried out
from separate water-soluble fractions and lipophilic extracts. Such
a convenient profiling method of intact cells by HR-MAS NMR was
presented as well suited to the analysis of algal content for nutri-
tional and bio-fuel applications [960,1001-1003] and the identifi-
cation of marine microorganisms [1004,1005]. Recent approaches
favor flow-cell 'H NMR in line with bioreactors to monitor the glo-
bal lipid content of live microalgae cultures in real-time [960,961],
also using benchtop NMR spectrometers [962,963]. These last
characterizations do not require MAS and ensure a true non-
invasive monitoring, although they provide less detailed informa-
tion on the nature of the observed lipids.

Improved lipid editing/filtering capacities have been shown by
diffusion editing methods: in combination with more classical
T2-relaxation filters, they permit isolation of signals from species
that present either unrestricted or restricted diffusion, semi-solid
behavior and even those from true solid material (like chitin or
lipid-protein matrices) if '*C-labeling and -detection are exploited
[1006,1007]. This information can be useful to delineate the differ-
ent pools of molecules, e.g. those that are free, and thus ready to be
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incorporated in biosynthesis reactions, as opposed to those that are
less mobile, and which are used for energy storage.

In the past decade, 'H HR-MAS NMR has also been used to ana-
lyze the metabolome evolution of intact mammalian cultured cells
previously exposed to chemicals: human cancer cells responding
to chemotherapeutic agents [1008-1014], cultured cells reacting
to pathway activators [990,1015,1016] or exposed to nanoparticles
[1017], or expressing proteins with oncogenic mutations [1018],
and reconstructed human epidermis exposed to skin allergens
[1019]. In this last case, we can highlight the use of derivatives
of 3C-labeled methanesulfonate, an allergenic reactive agent
metabolized into new metabolites, which were quantified using
13C-filtered, 'H-detected HR-MAS NMR [1020,1021]. Recently,
HR-MAS has been applied to monitor the metabolic changes occur-
ring within aggregating brain cell cultures, which may be promis-
ing for future neurotoxicology investigations according to the
original authors [1022].

'H HR-MAS was also used for studying microorganisms, e.g. to
monitor the internalization and intracellular processing of a pro-
drug in mycobacteria [1023,1024], to compare planktonic and
biofilm forms of Pseudomonas aeruginosa [1025,1026], and to char-
acterize the metabolic consequences of reductase overexpression
in the protozoan parasite Giardia lamblia [1027]. The metabolic
activity of G. lamblia at confluency had been previously observed
in real-time using HR-MAS at 3 kHz, which did not affect the sta-
bility of the trophozoites according to the authors [1028]. In a
recent report, mycelia of Neurospora crassa were submitted to 6
kHz HR-MAS without apparent sedimentation and cell death,
according to the authors, which permitted continuous monitoring
of central metabolism pathways in aerobic and anaerobic condi-
tions over 11 hours [474].

We stressed cell survival in the previous paragraph because it is
a clear issue in HR-MAS experiments. Classical HR-MAS experi-
ments require spinning rates in the range of 1-5 kHz to avoid the
appearance of artefactual signals called “spinning sidebands”.
Using a standard disposable 4 mm diameter rotor, these spinning
rates generate centrifugal acceleration between 8,000 and
100,000 g (gravity of Earth), which affects the viability of most
mammalian cells and tissues [67] (see Section 3.3.4.). Certain cells
are less sensitive to MAS at kHz rates, like erythrocytes [1029] or
the above mentioned microorganisms. Improved pulse sequences
and sample preparation protocols have been designed to make
HR-MAS NMR feasible at slower MAS rates. Hence, a single lump-
fish egg spun at only 400 Hz remained intact and provided NMR
spectra showing promising resolution and signal-to-noise ratio
for metabolic studies (Fig. 17) [1030]. Advanced pulse sequences
permitted recording of highly resolved HR-MAS spectra of mouse
and rat tissues using spinning rates down to 40 Hz and even 1
Hz in the early 2000’s [1031-1033], but these approaches have so
far not proved sufficiently practical for common use [929].

Slow MAS is essential for studies on live pluricellular organisms.
These are promising approaches for understanding and evaluating
the toxicity of environmental stressors on model animals like
water fleas (Daphnia magna), fresh water shrimp (Hyallela azteca)
and C. elegans. Continuous monitoring of single individuals or pop-
ulations is an efficient approach to avoid the blurring impact of
metabolic variability before starting the observation: real-time tra-
jectories can greatly improve the interpretation and reduce the
number of repeat experiments needed [1034]. Early studies in
the 2010’s had shown that anesthetized D. magna could be main-
tained alive at 2 kHz for days, giving access to the lipidic profile
of juvenile and adult animals carrying eggs or not [1035]. Similarly,
low-temperature anesthetized flies D. melanogaster were placed in
HR-MAS rotors and survived 2 kHz MAS, the aim again being to
compare the lipid content of individuals [1036]. Similar conditions
were used to obtain a spatial map of high-concentration metabo-
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lites of the head, thorax and abdomen of living, anesthetized flies
[1037]. However, anesthetized animals are poor models for toxicity
assays and spinning generates significant stress. The non-
anesthetized fresh-water shrimp H. azteca survive about 40 and 6
hours at 0.5 and 2.5 kHz MAS rates, respectively [929,1038]. Above
2.5 kHz, their survival is affected in one hour [1006]. D. magna is
even more sensitive to MAS and withstands only 24 hours at 50
Hz MAS [1038]. Simpson and coworkers have developed advanced
NMR pulse sequences and sample preparation that made it possi-
ble to obtain quality spectra of H. azteca at these low MAS rates
[929,1006,1038-1040]. These notably include labeling of animals
by feeding with '3C, thus allowing heteronuclear correlation
NMR, which we will describe in the next subsection. The develop-
ment of slow (300 Hz) micro-HR-MAS systems by Wong and col-
leagues has even permitted acquisition of promising spectra from
one single C. elegans worm [1041]. Using the same experimental
design, they managed to analyze samples containing only 19 mil-
lion yeast cells (~250 nL) and to distinguish their metabolome at
various stages of growth or under osmotic stress [1042]. These
recent low-spinning HR-MAS approaches may thus have interest-
ing applications in the near future to study small organoids or
animals.

2.3.6. 2D "H/"3C-correlation NMR of live cells and small animals:
metabolites at submillimolar concentrations on time-scales of minutes
to hours

In the previous subsections, we presented the capabilities of
one-dimensional NMR spectroscopy for monitoring the metabolite
content of cells. The approach is always limited by peak resolution:
in most cases, overlapping signals means loss of information, even
though peak deconvolution can sometimes extract peak intensities
from known resonances. As discussed above, although it is the
most sensitive approach on paper, 'H-detected NMR provides
poorly dispersed and broad peaks in cells. We have seen that HR-
MAS can narrow intracellular 'H peaks, but this strategy has its
own limits currently, particularly concerning its effects on living
material.

Two-dimensional 'H-detected 'H/!'3C-correlation NMR offers
additional spectral dispersion, which is clearly useful to avoid peak
overlaps while preserving 'H-detection sensitivity. In the late
1970’s, Bodenhausen, Freeman, Ernst and their coworkers pro-
posed pulse sequences correlating 'H to covalently bonded lower
gamma nuclei like '3C or >N [1043-1047]. This not only gave
access to 13C or 1°N chemical shift measurements with the sensitiv-
ity of '"H NMR, but being a two-dimensional technique, it could
“disentangl|e] spectra that are complicated by extensive and mul-
tiple overlapping” as described by the aforementioned authors
[1048]. This principle has been used for classical metabolomics
studies of extracts and biofluids, originally under the name 2D
TH-13C correlation spectroscopy [1049]. It is nowadays more often
referred to as 2D 'H-!3C HSQC or HMQC spectroscopy and their
derivatives (see for example [1050,1051]). Like one-dimensional
NMR, 'H-3C correlation spectroscopy is quantitative and several
hundreds of metabolites have their signals assigned in 2D NMR
spectra databases [1007]. It is however a bit more complicated to
extract absolute quantities from 2D spectra than from 1D spectra
(for a comprehensive discussion, see [1052,1053]).

In the context of classical metabolomics using extracts or
biofluids, 2D 'H-'3C correlation spectra can be recorded using sam-
ples at natural isotopic: the 1.1% of 3C isotope can be sufficient to
obtain a reasonable S/N ratio, provided that the sample is stable
enough to remain intact during the recording of a large number
of scans. When it comes to intact cells, >C-enriched metabolites
are supplemented in the culture media and their processing is
monitored similarly to what was achieved using one-dimensional
13C NMR spectroscopy (see subsection 2.3.1): the assigned peaks
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Fig. 17. One-dimensional '"H NMR HR-MAS spectra of a single lumpfish egg (1 mm diameter) recorded at A) 4 kHz, or B) at 400 Hz, both using the PROJECT T2-filter
suppressing the broad signals from macromolecular assemblies. The photographs show the lumpfish egg after MAS at 4 kHz (left) or 400 Hz (right). Both spectra were
recorded in 4.5 minutes at 9.4 T (400 MHz). The higher S/N at 4 kHz is due notably to the higher fluidity of the leaked cytosol. Adapted from André et al. 2014 [1030].

are quantified in time-series of spectra, which contains informa-
tion about the fluxes of the supplemented '3C nuclei. The isotopic
filter works as well as for one-dimensional '>C-spectroscopy, but
2D 'H-'3C NMR has been reported only since the 2000’s, first in
combination with HR-MAS [641,974,1015,1020], and then using
“classical” solution NMR for metabolic monitoring of live cells or
organisms, to the best of our knowledge.

Thus, Park and colleagues have monitored and compared the
metabolism of normal and cancer cells in real-time by tracing
the levels of alanine, glycine, serine, pyruvate, lactate, acetate, suc-
cinate and o-ketoglutarate upon '3C-glucose supplementation
[1054]. They were also able to describe the dynamic changes of
metabolism after subjecting cancer cells to galloflavin, an inhibitor
of lactate dehydrogenase. In a later study, they showed how to
measure metabolism in live mitochondria upon *C-pyruvate sup-
plementation, by monitoring 2D 'H-'3C signals from acetate,
citrate, succinate, glutamate, acetate, acetyl phosphate and
acetyl-CoA [1055]. These measurements were executed on wild-
type and p53-KO cells, revealing their fundamental metabolic dif-
ferences. With intact cells or isolated mitochondria, they recorded
2D 'H-'3C spectra every 5 minutes, which generated spectra show-
ing an accuracy for concentration estimated (by the present
authors) to be in the range in the range of ~20 pM.

In parallel, Simpson and coworkers studied two algal strains
and one cyanobacterium cultivated in presence of '3CO,, and
established the ability of 2D 'H-'3C to identify and quantify 40-
50 metabolites in freeze-dried whole cells [1056]. These were actu-
ally grown with the purpose of feeding water fleas D. magna: once
placed in a flow-cell supplying oxygenated water, the living ani-
mals provided reasonable quality 2D 'H-'3C correlation spectra
revealing differences between those fed with algae or cyanobacte-
ria [1057], with natural algal bloom or laboratory control algae
[1058], between pregnant and non-pregnant females [1059], or
under hypoxic stress [1034]. In a similar fashion, using 2D 'H-3C
NMR, Park and colleagues have recently monitored the time-
dependent changes of 24 metabolites in living C. elegans fed with
13C-labeled E. coli: two C. elegans strains engineered to knock out
two different isotypes of a catalytic subunit of the AMP-activated
kinase showed different metabolic reactions to starvation [1060].
We can also mention that Kazimierczuk and his coworkers moni-
tored the metabolism of live E. coli exposed, or not, to ampicillin
using 2D 'H-'3C correlation NMR [1061]. According to Simpson
et al., the use of electronic referencing appears to make absolute
quantification possible [1051]. Moreover, they have evaluated that
a species at 100 pM would yield a signal-to-noise ratio of 10:1 in
2D 'H-13C spectra recorded in about 5 minutes (at 500 MHz using
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a cryoprobe) [930,1051]. 2D 'H-'3C correlation spectra are com-
monly recorded using 'H-detection because of its higher sensitiv-
ity, but '>C-detection avoids problems from any unsuppressed
water signal and thus can be complementary in peak detection
and assignment: over 60 metabolites have been identified in living
D. magna using both schemes [1062,1063].

Supplementary filters can be exploited. By selecting only
TH-15N-13CO protons, it is possible to observe very specifically
13C/15N-labeled glutamine supplemented in a natural abundance
culture medium and thus to monitor its hydrolysis in live mam-
malian cells [1064]. Simpson and colleagues have established
amino-acid specific 2D 'H-'3C pulse sequences to monitor the free
amino-acid concentrations [1065]. Hence, they measured their
increase in D. magna upon exposure to a concentration ramp of
bisphenol-A with a 1 minute time-frame allowing a very precise
determination of the lowest concentration eliciting a response
[1066]. They also introduced !?C-editing methods to monitor
specifically the incorporation of '?C-molecules in animals grown
under a '3C-labeled diet. They showed in a case study that they
could use HR-MAS at 2.5 kHz to follow the conversion of nicotine
into cotinine by H. Azteca, and the incorporation of '2C nutrients
by D. magna in their '3C initial metabolome using an advanced
strategy selecting signals only from 'H-'2C-'3C groups [1067].
Finally, they also tested a strategy using 2H-'3C labeling of algae,
H. Azteca and D. magna to record 2D 2H-'3C correlation spectra:
while 2H-detection is intrinsically much less sensitive than 'H-
detection, Simpson and colleagues have shown that it can generate
useful 2D spectra under 50 Hz HR-MAS of about 20 metabolites
when very mobile, without any background issues from signals
of water, lipids or macromolecules [1038].

All these approaches are clearly applicable not only for NMR
studies of live animals, but also those on live cells and organoids.
Although 2D 'H-13C correlation NMR requires '3C-labeling, which
can be expensive in some cases, a number of organisms can now
commonly be obtained fully or partially H-, '3C-, and or '°N-
labeled, notably for recombinant expression purposes. A number
of culture media depleted in specific amino acids are commercially
available for many cell types, and their supplementation with
specifically labeled amino-acids can be relatively affordable. These
may be applied for NMR in the near future for studies on metabolic
and toxicologic responses to inhibitors or pollutants. In a comple-
mentary manner to classical quench- and end-point studies, the
ability to monitor single samples in a continuous, non-
destructive fashion over periods of days is of great interest for
understanding biochemical pathways, toxic-mode-of-action or to
firmly establish the lowest toxic concentrations.
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Low-speed spinning methods have been developed for these
applications linked to metabolomics [636,929,972,1030,1068,
1069], but detailed discussion is beyond the scope of this review.

2.3.7. 13C-hyperpolarization for carbon-flux quantification at low-
millimolar concentrations and time scales of seconds

As mentioned earlier, the “NMR-visible” '3C isotope has a low
natural abundance. Hence, tracing '>C-labeled species by '3C-
detected NMR can be a convenient approach to monitor metabolite
incorporation and processing in cells that are themselves mostly
made of “NMR-invisible” 2C. However, the poor sensitivity of
13C-NMR has been a major limitation. This is mainly due to the
low extent of nuclear magnetic polarization at physiological tem-
peratures, about 0.001% (that is to say the lower energy spin state
has about 0.001% higher population than the higher) at common
commercial magnetic field strengths, namely about 10 T. '3C-
hyperpolarization strategies have been proposed to enhance this
population difference substantially.

Among such methods, dissolution-DNP (d-DNP) enhanced NMR
has been the principal hyperpolarization approach used for achiev-
ing real-time monitoring of metabolic reactions in living cells.
Pioneering d-DNP studies were reported in the early 2000’s
[1070,1071], making it possible to achieve 10,000-50,000 fold
enhancements in signal, and this spurred a number of applications
[1071,1072]. Concise explanations of this technique and others
that are closely related are given in Section 3 (see also
[1073,1074]), but the outline of a d-DNP experiment will also be
described here: '3C-enriched metabolites are hyperpolarized at
cryogenic temperatures (~1K) in the presence of polarizing agents
carrying free electrons by irradiating with microwaves at appropri-
ate frequencies; importantly, this is usually done in a separate
apparatus from the main NMR magnet. The >C nuclear magnetic
polarization achieved can reach 10-50% within an hour. The
metabolites are then submitted to fast dilution to quickly thaw
the hyperpolarized samples and permit their entry into cells. The
half-life of the hyperpolarization typically ranges from 1 to 50 sec-
onds, depending on the metabolite and the conditions, which
makes rapid transport to the magnet of the NMR spectrometer
an absolute necessity. This also implies the technique is only useful
for fast metabolic reactions that can be monitored in a few tens of
seconds (Fig. 18).

The reasons that initially made '*C-NMR appealing for MRI and
MRS become still stronger if 13C is hyperpolarized: i) *C-enriched,
hyperpolarized molecules generate '>C-NMR signals, which ensure
their selective observation; ii) '>C-enriched, hyperpolarized mole-
cules that happen to be substrates of a chemical reaction transmit
their '3C-enrichment and hyperpolarization to the reaction prod-
ucts, which also become observable. The immediate proof-of-
concept application of d-DNP by Ardenkjaer-Larsen and colleagues
was a rat angiography study using hyperpolarized '>C-urea [1076].
Following their previous work on *C-NMR/MRS, Brindle and col-
leagues, followed by a growing number of others, showed progres-
sively that d-DNP hyperpolarized !3>C-metabolites (notably
pyruvate[1077], but also lactate [1078], glucose [1079] or fumarate
[1080], bicarbonate as a pH sensor [469] or ascorbic acid as a redox
sensor [487]) were exquisite reporters of tumor-specific enzymatic
activity for in vivo imaging applications [33,1081]. As shown by
successful applications in humans, this approach may arguably
compete with or be complementary to positron emission tomogra-
phy (PET) for clinical purposes [1082-1086]. It also has potential
for imaging heart or brain metabolism [1084,1087-1090]. Transla-
tion to clinical applications requires a number of difficulties to be
overcome [1084,1091,1092], which we will not detail here.

With such promise and clinical potential, the d-DNP field and its
application to investigations with cells multiplied greatly in the
last 10 years. A number of hyperpolarized molecules have been
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tested, often with use in imaging applications as a motivation. They
gave access to real-time monitoring of cellular metabolism in a
variety of situations. Among hyperpolarized '*C-metabolites, pyru-
vate has probably been the most frequently used to characterize
mammalian cells: it permits quantification of cancer-related gly-
colysis through pyruvate to lactate conversion by lactate dehydro-
genase (LDH). This requires that cells be maintained in well-
defined metabolic states, which led to approaches where cells are
encapsulated in polymers, coupled with the use of a perfusion sys-
tem: this permits cells to be kept in a constant flow of fresh med-
ium while hyperpolarized substrates are injected at defined time
points [1093,1094]. These first studies revealed that carboxylate
pyruvate/lactate transmembrane transport by MCT1/MCT4 was
as important as LDH activity for cancer cell metabolism. Advanced
mathematical treatments integrating these parameters were rec-
ognized to be necessary for a proper quantification of pyruvate to
lactate conversion [1095-1097], unless paramagnetic species like
Gd-DO3A were added to quench the extracellular '*C-pyruvate/
lactate NMR signals [1098]. Hence, the effects of a PI3K inhibitor
on the glycolysis pathway in murine lymphoma cells were attrib-
uted to a decrease in LDH expression [1095], while the exposure
to a MEK inhibitor caused higher or lower expression of the pyru-
vate import protein MCT1 in prostate or breast cancer cells, respec-
tively [1099]. Using varying flow rates of medium in the NMR
tubes, Kurhanewicz and colleagues evaluated '*C-hyperpolarized
lactate efflux, and its importance was underlined by the high
expression of lactate exporter MCT4 in metastatic renal carcinoma
cells, as compared to non-metastatic ones [1094]. More recently,
hyperpolarized '3C-pyruvate influx due to MCT1 and lactate efflux
due to MCT4 were shown to have a preeminent role in the onco-
genic metabolism of pyruvate, as measured by d-DNP experiments
[1100,1101]. Consistently, reduced expression of LDH, MCT1 and
MCT4 caused lower pyruvate to lactate conversion rates in mutant
IDH1 (isocitrate dehydrogenase 1) glioma cells [1102].

It is interesting to note that in a highly homogeneous field, two
close but separated '>C-NMR signals corresponding to extra- and
intra-cellular lactate could be distinguished [1103,1104]. Alterna-
tive strategies were recently developed to distinguish intra- from
extra-cellular hyperpolarized metabolites, which rely on the vary-
ing diffusion coefficients between the two environments
[1105,1106]. These made it possible to detect pyruvate to lactate
conversion together with their extra- and intracellular populations
and diffusion rates in cultured cancer cells.

Hyperpolarized '>C-pyruvate d-DNP experiments were com-
bined with more classical metabolomics using "H-NMR HR-MAS
and 3'P-NMR, which made possible a distinction between benign
and malignant prostate cancer tissues [1107]. Another combina-
tion of d-DNP with more standard '>*C-NMR metabolomics was
proposed, whereby cells were cultured in a medium containing
[3-13C]-pyruvate and briefly exposed to hyperpolarized [1-'3C]-
pyruvate: this allowed quantification of the rapid conversion of
[1-13C]-pyruvate into lactate and bicarbonate via the cancer-
associated glycolytic metabolism and the slower integration of
[3-13C]- or [1-'3C]-pyruvate via the more standard Krebs cycle, also
in the presence of Akt inhibitors [1108]. To apply hyperpolarized
13C-pyruvate d-DNP experiments to mass-limited samples, Keshari
and coworkers implemented a micro-coil apparatus, which made
possible the real-time monitoring of pyruvate metabolism in
~10° cells in a 1.05 T permanent magnet [1109] or in a 3 T MRI
scanner [1110]. This allowed rapid assessment of the cancer-
related glycolytic metabolism of various cancer cells upon drug
exposure, which should now also be feasible for primary cells,
organoids or biopsies.

Although monitoring glucose uptake and degradation would be
more logical for quantification of glycolysis in cells, the fast T1 lon-
gitudinal relaxation of [U-'H,U-'3C]-glucose (~1 second) precluded
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Fig. 18. A) Operating principle of Dynamic Nuclear Polarization (DNP). Current technologies in common use employ intense microwaves to polarize nuclear spins in the
presence of polarizing agents (particular molecules containing unpaired electrons, i.e. free radicals) at cryogenic temperatures; B) Operating principle of dissolution-DNP:
hyperpolarization of nuclear spins is reached at cryogenic temperature under microwave (MW) irradiation; the hyperpolarized substrate is then dissolved in the final liquid
sample for analysis (here suspension cells); C) Stacked one-dimensional '>C-NMR spectra showing real-time observation of glucose in E. coli, S. cerevisiae and cultured
proliferative human cells: hyperpolarized *C-labeled glucose is supplemented to the medium at time 0 and time series of 1D '*C-spectra are then recorded. These show the
progressive integration of '*C-atoms into various metabolic products, together with a progressive fading of the signal due to T1 relaxation, ending with the loss of the
hyperpolarization. (The '>C-glucose signals below 100 ppm are not shown here). Adapted from Lerche et al. 2015 [1075].

such an approach: all hyperpolarization would be lost in just a few
seconds. Several groups proposed use of uniformly deuterated 3C-
glucose, which slowed this relaxation by a factor of about 10
[1079,1111-1114]. Hence, using d-DNP '>C-NMR, Frydman and
coworkers could observe a number of intermediate products of
the glycolytic pathways from supplemented hyperpolarized
[U-2H,U-'3C]glucose, such as dihydroxyacetone phosphate, 3-
phosphoglycerate and lactate [1112]. They also revealed the pres-
ence of “invisible” intermediate products present at low concentra-
tions: they applied saturation pulses at the NMR frequencies where
these products resonate and then measured the resulting varia-
tions of signal from the downstream “visible” products that were
more abundant. Such a saturation strategy is very similar to those
used for 3!P-NMR earlier (see above). Because of the multiple inter-
mediate products generated in these carbohydrate pathways, it can
be difficult to assign the emerging signals to single species
[1112,1115]. Using an approach exploited earlier in standard '3C-
NMR experiments [776], the cytosolic NAD+/NADH equilibrium
has been measured from the ratio between intracellular '3C-
pyruvate and '3C-lactate produced from hyperpolarized '3C-
glucose [1113].

Dissolution-DNP experiments have also been used to study
microorganism metabolism. Researchers affiliated to the Carlsberg
Laboratory directed their investigations towards yeast glycolysis
and CO,/ethanol production: upon feeding S. cerevisiae cell suspen-
sions with hyperpolarized (and deuterated) '*C-glucose or fruc-
tose, they observed the successive appearance of a dozen
intermediate products from central carbon metabolism [1116],
its inhibition by sulfite notably via pyruvate-sulfite adducts forma-
tion [1117], acetaldehyde accumulation upon acetate exposure
[1118] and its impact on the intracellular redox status of the gly-
colysis pathway [1119]. They also used hyperpolarized '3C-
acetate to monitor its influx: because the acetate chemical shift
depends on pH, two peaks corresponding to extracellular (low
pH) and intracellular (pH~7) acetate could be observed by NMR
in real-time [1118]. They performed similar experiments on
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E. coli, revealing subtle metabolic differences in different growth
phases [1120] and strains [1111]. Later studies on hyperpolarized
pyruvate metabolism revealed its conversion to acetate in E. coli
and S. aureus, in an opposite fashion to pyruvate metabolism in
human cells (see above) [1103]. d-DNP experiments were also car-
ried out on Trypanosoma brucei (the sleeping-sickness parasite) to
study pyruvate conversion to alanine, and revealed important dif-
ferences between the form of T. brucei found in the insect vector
and the form found in the bloodstream of the animal host
[1121]. There have also been studies on pyruvate metabolism
using d-DNP on motile human sperm [1122] and T lymphocytes
[1123].

A number of other hyperpolarized metabolites were used to
carry out d-DNP experiments [33,1081,1124,1125], e.g. fumarate
to quantify fumarase activity associated with necrosis
[1080,1126,1127], ascorbic acid to evaluate intracellular redox
potential [487,488], a-ketoglutarate to quantify its conversion to
2-oxoglutarate by the isocitrate dehydrogenase 1 (IDH1) or to glu-
tamate by the branched-chain amino acid transaminase 1 (BCAT1)
in glioma cells [1128,1129], arginine to detect its degradation in
urea by arginase in myeloid-derived suppressor cells [1130], and
glutamine to observe oncogenic glutaminase activity
[1131,1132]. A more complete list of hyperpolarized metabolites
that have been used, including for in vivo applications, can be
found in a recent review from Sando and colleagues [1133]. Other
nuclei can also be usefully hyperpolarized. '3C-hyperpolarization
can be progressively transferred to covalently bound protons after
dissolution, which can be useful in cases where >*C-NMR signals
from substrates and products overlap [1134]. '*3Cs has been
shown to yield different peaks in the extracellular medium and
in yeast [441] and erythrocytes [442]. Indeed, the '*3Cs* chemical
shift is sensitive to osmolarity, which could make it useful as a
cytosolic sensor for this parameter. It was recently used to report
cation channel activation in erythrocytes. '>’N-labeled compounds
have also been tested, such as choline or carnitine, whose slower
T1 relaxation (about 5 times slower than that of pyruvate) render
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Fig. 19. Operating principle of the current para-hydrogen induced hyperpolarization (PHIP). A) (1) a alkyne-containing moiety is attached to the '*C-labeled metabolite of
interest, (2) hyperpolarized para-hydrogen reacts with the alkyne function in an organic solvent, (3) the hyperpolarization is transferred to the '>C-nuclei by magnetic field-
cycling and (4) the final metabolite of interest is extracted in water; B) Anaerobic glycolysis, a hallmark of cancer, is monitored by [1-'>C]pyruvate reduction, which leads to
[1-13C]lactate; C) Stacked one-dimensional '*C-NMR spectra of cancer cells in suspension upon supplementation with hyperpolarized [1-!3C]pyruvate. Adapted from

Cavallari al. 2019 [1138].

them appealing [1135]. Non-permeating compounds may also be
studied using d-DNP combined with an online electroporator
placed on the route between the polarizer and the analyzing mag-
net [1136]. To be more useful, this complicated arrangement
would probably require improvements to cell survival upon elec-
troporation, which reached only 50% according to the authors.

Analogously to d-DNP, para-hydrogen induced hyperpolariza-
tion (PHIP) is another method recently applied to monitor cellular
metabolism in real time. Dihydrogen can be hyperpolarized at
cryogenic temperatures (~30-70 K) at low cost compared to
DNP. Hyperpolarization transfer to '2C-labeled metabolites
requires execution of a suite of chemical reactions on precursors
that can be hydrogenated, followed by magnetic field cycling and
then extraction into water [1137] (Fig. 19). PHIP permitted charac-
terization of hyperpolarized '>C-pyruvate to lactate conversion
[1138,1139] and hyperpolarized '*C-fumarate to malate conver-
sion [1140] in suspensions of cancer cells.

Although one might naively predict polarization enhancements
in the order of ~10,000-50,000 fold, in practice d-DNP and PHIP
have only been used to study metabolites in the millimolar range,
far from the originally expected (sub)micromolar range. We con-
sider this point further in Section 3. d-DNP is however a flexible
method, which may theoretically be applied to many metabolites,
even though they are not all equally amenable due to their differ-
ent intrinsic relaxation times. However, d-DNP NMR is far from
being a standard method for studying cellular metabolism. Many
working on Metabolic Flux Analysis use chromatography-coupled
Mass Spectrometry approaches, together with NMR spectroscopy
of extracted material from quenched biological samples
[39,762,798-800,1141]. d-DNP NMR is surely promising for meta-
bolomics studies of biological extracts and fluids though, as shown
by the recent '*C-NMR study at natural '3C-abundance of tomato
extracts in less than 30 min per spectrum [1142]. Concerning our
focus, i.e. real-time, non-destructive measurements on living cells,
d-DNP NMR for metabolic studies offers interesting capabilities:
we can imagine for example repeated injections of hyperpolarized
material would permit surveying of the metabolic status of single
samples over periods of days, provided that bioreactors are used
to ensure cell viability. Such “high-end” equipment and expertise
are of course not yet commonly available, but are becoming more
and more accessible via established networks of NMR facilities.
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2.4. Cellular structural biology

High resolution NMR is one of the few methods that allows
structure determination at atomic-resolution of biological macro-
molecules. Compared to X-ray crystallography and cryo-electron
microscopy, 3D structures determined by NMR spectroscopy only
account for ~10% of all deposited structures in the Protein Data
Bank [1143]. Nonetheless, NMR remains a very useful technique,
particularly for studying smaller proteins that do not crystallize,
as well as relatively weak interactions in solution; it has important
capabilities in characterizing the conformational dynamics of
many macromolecules (for instance, see [1144-1147]). NMR is thus
extremely helpful in understanding the function of folded proteins,
but it is indispensable for studying disordered proteins [1148-
1158]. NMR is also useful to study cellular processes that occur
at slower timescales than those of the internal motions, such as
protein maturation events, cofactor binding, and post-
translational modifications [1159-1166], all of which can con-
tribute to regulation of protein function. These unique abilities
for characterizing proteins at the atomic scale can be applied in
complex native environments, notably by using '*C/’>N isotope-
filters.

Classical structure determination by solution NMR is applicable
to relatively small, freely tumbling proteins [1143], while sSNMR is
applicable to insoluble samples such as proteins embedded in
intact membranes, fibrils, sediments or microcrystalline samples
[1167]. Both approaches have been applied to determine the struc-
ture of proteins within intact cells or in native membranes, as dis-
cussed below. More recently, DNP-assisted ssNMR greatly
improved the lower limits of sensitivity [1073,1074,1168-1171].
Currently, this technique necessitates low temperatures to be
effective (~100 K or below) and is thus applied to frozen samples.
It can provide structural information at atomic-resolution that
complements cryo-electron microscopy data [1172,1173].

In-cell NMR has the ability to probe the deep ocean of macro-
molecular interactions occurring within the cell. These include
the classical protein-protein interaction networks, the building
blocks of all textbook cellular pathways, but also the complex
macromolecular assemblies between proteins and nucleic acids
phenomena, and finally the elusive “protein quinary structure”, a
postulated self-organization of the cellular milieu itself occurring
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through weak, diffusive interactions between all cellular
components.

Importantly, in vitro NMR studies of proteins commonly use
high concentrations, approx. 0.1 to 1 mM. So far, in-cell NMR spec-
tra of proteins have been recorded down to ~10 uM at the lowest,
which gives access to less accurate structural information than
in vitro NMR [1174]. However, higher concentrations would not
necessarily be advisable: to put things into context, most endoge-
nous proteins show cellular concentrations in the micromolar
range, although the distribution is broad, from the picomolar to

the millimolar range [1175-1177] (see Section 3.5.).

2.4.1. Solving structures of folded, soluble proteins in cells

13C and >N isotope labeling, as well as '°F incorporation have
been used since the 1970’s to permit NMR isotope filtering to sup-
press the cellular background signals and study cellular walls or
metabolites in living cells (see Sections 2.2. and 2.3.)
[583,584,668,715]. This concept was later applied to proteins in
cells. To the best of our knowledge, the first example reported
13C-histidine labeling and '3C-observation of hemoglobin in ery-
throcytes from mice fed with '>C-histidine [1178]. Isotope labeling
of proteins was not then the standard approach that it has become
since, and it took about twenty years before NMR measurements in
complex media re-emerged as an interesting possibility. We can
cite the 'H-'>N NMR spectra of GB1 in crude extracts in the
1990’s, and, closer to our topic, the incorporation of 5-
fluorotryptophan in yeast by Brindle and colleagues, which gave
access to background-free '°F-NMR of enzymes in living cells
[1179]. The approach became more popular once, in the early
2000's, Détsch and colleagues used °N-labeling of proteins over-
expressed and then measured in E. coli, demonstrating the feasibil-
ity of the technique and the variety of the accessible information
[1,1180-1182]. Cells could be grown initially in natural abundance
media, and then transferred into '’N-enriched medium before
inducing recombinant protein expression. Isotope labeling pro-
vided an effective filter to distinguish the protein signals from
the cellular background, thus in principle allowing structural stud-
ies in complex biomolecular mixtures. This advantage was used to
determine the structure of a '>C,'>N-labeled protein from NOE-
based restraints measured in a crude cell-extract stabilized with
protease inhibitors [1183]. Intact cells, however, present several
additional challenges. Above all, the 3D NMR experiments that
are needed for resonance assignment and NOE-based structure cal-
culation require long acquisition times, which are incompatible
with the short lifetime of cells densely packed in the NMR tube.
This and other limitations were overcome by Ito, Giintert and their
coworkers, who demonstrated in 2009 that NOE-based de novo 3D
protein structures could be obtained from NMR spectra recorded
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from intact bacteria [1184]. Despite the huge methodological effort
[1185,1186], the in-cell structure of the small metalloprotein
TTHA1718 overexpressed in E. coli was overall superimposable to
that determined in vitro, except for small differences in the
heavy-metal binding loop attributed to the interaction with metal
ions in the bacterial cytosol. These authors further improved their
protocols to allow structural determination from lower levels of
expressed proteins in bacteria [1187] and in insect cells [1188].
The resulting structures of 5 proteins were mostly superimposable
on those determined in vitro, and the minor differences observed
were again attributed either to the smaller number of distance
restraints available from in-cell spectra, or to the interaction of
the protein with metal ions or other cofactors in the cytosol
(Fig. 20). This is consistent with the minute chemical shift differ-
ences observed by others in in-cell NMR spectra of small folded
proteins relative to in vitro values [1189-1192].

While in-cell NOE-based structure calculation remained a
tedious task, an alternative approach to obtain protein structures
from simple 2D 'H-'°N spectra with the aid of paramagnetic
restraints was proposed independently by three groups in 2016
[1193-1195]. In these studies, the small folded GB1 domain or
ubiquitin were tagged with lanthanide chelating tags and injected
into Xenopus laevis oocytes or HeLa cells. The paramagnetic tags
gave access to orientation and distance restraints (namely
pseudo-contact shifts, PCS, and residual dipolar couplings, RDCs)
for structural calculations. Similarly to the NOE-derived structures,
the structural model of GB1 obtained in both studies was almost
identical to the structure determined in vitro, and the minor differ-
ences were again attributed to weak interactions with the cellular
milieu.

PCSs are also complementary to !°F-labeling, which permits
protein structural characterization in cells using 1D °F-NMR, as
shown by Li and his coworkers: i) they characterized in vitro the
19F_NMR signature of open and closed conformations of a Tb3*-
chelated form of calmodulin containing '°F-tyrosine; ii) they
microinjected this labelled protein into X. laevis oocytes with or
without a binding peptide, and could monitor calmodulin confor-
mations using '°F-NMR [1196].

The structures obtained to date in cellular settings suggest that
the tertiary structure of soluble folded proteins is generally
unchanged. This observation may be biased by the selected set of
studied proteins, i.e. small, stable proteins yielding good quality
spectra such as GB1, ubiquitin and, TTHA1718. Therefore, aside
of the methodological achievements, it remains to be seen whether
it will be worthwhile in future to determine protein structures in
cells, if the same structures can be obtained in vitro with much less
effort. Notably, an important conclusion of these studies is that
minor differences in protein conformation or dynamics are often

Fig. 20. In-cell NMR structure of the small model protein GB1 in insect cells. Left: backbone amide chemical shift differences between purified and in-cell GB1 at 600 MHz;
Right: Overlay of lowest energy structures of purified (red) and in-cell (blue) GB1. Adapted from [1188].
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correlated with chemical shift changes in the backbone resonances,
meaning that chemical shift perturbation can help in the initial
assessment of intracellular conformational changes at the single
residue level, without needing a complete structural
characterization.

2.4.2. Structural studies of membrane and cytoplasmic proteins using
solid-state NMR

All the above approaches based on solution NMR are restricted
to macromolecules that i) tumble freely in the cytosol, ii) are not
significantly involved in diffuse interactions, iii) are not associated
in large complexes, any of which cases would cause severe relax-
ation broadening of the signals. In parallel, solid-state NMR
approaches have been developed that overcome these intrinsic
limitations of solution NMR and allow the structural characteriza-
tion of integral membrane proteins in intact cells or in native
membranes, intracellular fibrils and - in frozen samples - soluble
proteins inaccessible by solution NMR. DNP-assisted cellular
ssNMR approaches have been further developed to overcome the
low sensitivity associated with the use of small, fast spinning
rotors.

NMR structural characterizations of membrane proteins in
native cellular membranes were reported concomitantly by a
handful groups in the early 2010’s [1197-1200]. Tian and col-
leagues overexpressed the transmembrane domain (TM) of the
human LR11 protein in E. coli using uniform '3C,'>N. Then, they
lysed the bacteria and isolated the bacterial membranes by ultra-
centrifugation and recorded !'3C-'3C correlation spectra, which
revealed the characteristic chemical shifts of an a-helical confor-
mation similar to that observed in DPC micelles [1198]. Similarly,
Miao et al. applied ssNMR to investigate the structure of the M2
proton channel tetramer of influenza A embedded in E. coli mem-
branes [1200]. The data obtained by NMR in situ was compared
to that from the purified channel in reconstituted synthetic bilayer
and revealed that, aside from small differences, the conformation
of the histidine tetrad in the channel was essentially unperturbed.
The same membrane extraction methodology was pursued by the
groups of Oschkinat and Reif, but they took advantage of the higher
sensitivity offered by the commercial DNP-ssNMR system recently
developed at that time, which allowed spectra to be recorded using
lower amounts of protein. Notably, they obtained structural infor-
mation on a small bacterial protein in native membranes using
GSTV-amino acid selective 3C/'>N-labeling. '>N-edited 3D experi-
ments allowed suppression of the lipid resonances. Here again, the
authors could observe resonances at chemical shifts corresponding
to a-helical conformations in native membranes.

The Baldus group further extended the above approach to
whole bacterial cells [1201,1202]. Renault et al. applied DNP-
ssNMR to analyze 3C,'>N-labeled whole E. coli cells overexpressing
the integral outer membrane protein Pagl. By comparing the
whole cell spectra with those obtained at higher resolution on iso-
lated cell envelopes, they could identify resonances of PaglL and
other membrane-associated macromolecules (major lipoprotein,
lipopolysaccharides, peptidoglycans and phospholipids). Using
ssNMR at low temperatures, the same group characterized the
major components of the bacterial membrane at even higher reso-
lution in '3C,’>N-labeled whole cells and cell envelopes. '3C reso-
nance assignments obtained from purified samples were
transferred to the native membranes with the aid of further
2D/3D experiments, allowing conformational analysis from '3C
chemical shifts. While lipopolysaccharides and the peptidoglycan
layer were rather mobile, PagL adopted the overall rigid fold seen
in the crystal structure. However, several loops and the transmem-
brane segments 1-3 appeared to be sensitive to the effects of the
native membrane environment.
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Following these seminal works, (DNP-)ssNMR was slowly but
increasingly adopted and can now be considered as the NMR tech-
nique of choice to investigate structural and dynamic features of
proteins embedded in native membranes. When studying proteins
in heterogeneous samples such as native membranes, the cryo-
genic temperatures required for DNP-ssNMR decrease the spectral
resolution, due to the fact that flexible proteins are frozen in many
different conformations. Despite this limitation, tailored amino
acid selective labeling strategies allow assignment of residue pairs
and secondary structure analysis, as shown by Kaplan et al. in an
exemplary application of DNP-ssNMR to investigate the
megadalton-sized bacterial type IV secretion system core complex
[1173]. Yamamoto et al. evaluated the suitability of a similar
approach, using low-temperature ssNMR and DNP to investigate
cytochrome b5, a single-pass membrane protein harboring a large
soluble domain, both in intact bacteria and in artificial membranes
[1203]. Conversely, Shahid et al. showed that ssNMR at higher,
closer-to-physiological temperature still enabled structural and
dynamic information of a membrane-anchored domain of YadA,
previously overexpressed in the isolated outer membrane of
E. coli [1204]. In this case too, the transmembrane domain of YadA
was found essentially in the same conformation as for the isolated
microcrystalline protein, even though the more flexible regions
exhibited a more dynamic behavior.

The supramolecular assembly of the KcsA channel was further
investigated by Baldus, Weingarth and their colleagues in mem-
branes reconstituted with E. coli lipids [1205]. Vissher et al. com-
bined '*C-detected DNP-ssNMR with MD simulations to settle a
debate about the opening mechanism of the channel, demonstrat-
ing that, in the membrane, channel gating and clustering are corre-
lated phenomena, supporting the notion that the clustered
channels can open in a concerted manner in vivo. An atomistic
explanation of this phenomenon was given based on the observa-
tion that the gate opening/closing perturbed the structure of the N-
terminal TM helix that contributes to the channel-channel inter-
face and modulates clustering. The mechanism of KcsA gating in
a reconstituted lipid bilayer was further elucidated by Jekhmane
et al. through 'H-ssNMR and MD simulations [1206]. Consistent
with the above, mutations in a residue critical for gate selectivity
were shown to cause marked changes in conformational dynamics.
With the same approach, Pinto et al. investigated the bacterial -
barrel assembly machinery complex (BAM), a large multiprotein
membrane complex required for the insertion of proteins into
the outer membrane, in native E. coli membranes by >C- and 'H-
detected ssNMR [1207]. Fractional deuteration and amino acid-
selective '3C labeling strategies were employed to reduce the spec-
tral complexity and provide structural information on the complex
assembly in natural membranes. Overall, the results suggested that
the various subdomains of BAM adopt the same folds observed in
their detergent-solubilized complex. However, the large size and
spectral complexity of the system prevented a detailed analysis
at the spectral resolution reached by ssNMR. The complex assem-
bly could be characterized in higher detail in synthetic lipid bilay-
ers by ssNMR and DNP-ssNMR [1208].

The Weingarth group showed that (DNP-)ssNMR can provide
precious atomistic insights into the mechanism of action of antibi-
otics bound to native bacterial membranes. For this purpose,
Medeiros-Silva at al. combined high resolution 'H-detected ssNMR
in non-freezing conditions [1209] and DNP-enhanced '3C-detected
ssNMR in frozen samples to determine the structure of the pore-
forming antibiotic nisin bound to its target, the peptidoglycan pre-
cursor lipid II, in native membranes from the nisin-sensitive bac-
terium Micrococcus flavus [625]. The lipid II-nisin structure in the
membranes was strikingly different from that determined in
organic solvents, as the nisin-lipid Il pore can form only in the
membrane environment. In the pore structure, flexible hinge
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regions were identified that allow nisin to adapt to the target
membrane, suggesting that they could be mutated to improve
nisin activity towards membranes from other pathogens. The same
group used (DNP-)ssNMR to further study the mode of action of
teixobactins, a recently discovered class of antibiotics highly active
against several pathogenic bacteria, in native Micrococcus flavus
membranes [626]. In that work, Shukla et al. showed that teixobac-
tins form clusters on the membrane surface and solved the struc-
ture of the teixobactin-Lipid II complex. By comparing the
complex in native membranes with that formed in different syn-
thetic micelles, it was found that the binding affinity is strongly
attenuated if membranes are anionic (as is the case for M. flavus),
suggesting that changes in bacterial membrane composition mod-
ulate the efficacy of teixobactins.

Overall, the work by Baldus, Weingarth and other groups
showed that ssNMR and DNP-ssNMR approaches can provide
unique contributions to the characterization of membrane proteins
embedded in native membranes. Furthermore, the insights into
protein dynamics obtained by solid-state NMR perfectly comple-
ment the high-resolution structural information that nowadays
can be obtained by cryo-electron tomography (cryo-ET). In explo-
rative work by Baker et al., Baldus and Griinewald combined
ssNMR and cryo-ET in a hybrid approach to investigate the struc-
ture and dynamics of E. coli YidC, a protein of the inner membrane
responsible for inserting other inner membrane proteins into
native cell envelopes [1210]. The same sample preparations were
analyzed by ssNMR and cryo-ET, thereby allowing the integration
of the results in the same structural model without introducing
artifacts arising from sample differences. The correct morphology
of cell envelope samples was assessed by cryo-EM, while ssNMR
revealed conformational differences with respect to YidC reconsti-
tuted in micelles. Additionally, a structural model of the ribosome
nascent chain in complex with YidC was obtained by cryo-ET,
albeit at low resolution due to the low number of molecules.
While this method has not been applied further, the recent
progress of ssSNMR and cryo-ET, in terms of spectral and spatial res-
olution, suggest that such hybrid strategies will be crucial in the
future to provide a complete atomistic description of highly
dynamic proteins, which are still challenging for cryo-EM/ET (see
Section 4.1.).

The above studies show that samples of bacterial cells or iso-
lated membranes are amenable to ssNMR studies, thanks in part
to the adaptability of bacteria to deuteration and to the develop-
ment of protocols for single-protein overexpression and selective
isotope labeling schemes. Clearly, from the sample preparation
standpoint, eukaryotic cells are more demanding, as the variety
of expression and labeling protocols that is available for bacteria
cannot be used. Furthermore, the increased size and complexity
of eukaryotic cells imposes additional limitations in terms of
increased spectral crowding and decreased concentration of the
molecule of interest. Despite these difficulties, Kaplan et al.
showed that ssNMR could be successfully applied to investigate
natively abundant membrane proteins in plasma membrane vesi-
cles extracted from human cells [1211]. For this purpose, they
focused on the human epidermal growth factor receptor (EGFR),
which was found to be highly abundant on the plasma membrane
of A431 cells. In the purified vesicles, EGFR retained the correct ori-
entation with respect to the asymmetric composition of the native
membrane. The dynamics of the extracellular domain of EGFR iso-
lated from isotope-labeled cells were characterized by room-
temperature ssSNMR and low-temperature DNP-ssNMR, revealing
an unexpected conformational flexibility, which was greatly
decreased upon binding to the epidermal growth factor. According
to the authors, this would imply that a reduction in conformational
entropy drives the EGF-dependent activation of EGFR by contribut-
ing to the free energy of EGFR dimerization.
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Unlike membrane proteins, for which the ‘native environment’
can be preserved to a good extent by isolating the cellular mem-
branes in which they reside, cytosolic and other intracellular pro-
teins must be analyzed in intact cells to avoid dilution or
alteration of the intracellular environment. Compared to isolated
membranes, intact cells pose additional problems such as mechan-
ical stability and dilution of the molecule of interest. Signal
enhancement by DNP has been suggested to be necessary for
obtaining sufficient intensity since the first in-cell ssSNMR study
by the Détsch group in 2012 [1212]. In terms of applications, Nar-
asimhan et al. demonstrated recently that intracellular soluble pro-
teins, which would normally be studied by solution NMR, can be
characterized at the structural level by DNP-ssNMR in intact
human cells [1213]. In that work, an approach relying on cell elec-
troporation for delivering isotope-labeled proteins (previously
purified from recombinant bacterial expression) [1214] was cho-
sen. This was applied to wild type ubiquitin, which is notoriously
undetectable by conventional in-cell solution NMR due to exten-
sive interactions with other cellular components (see Sec-
tion 3.2.3.). Intracellular 3C,'’N-labeled ubiquitin was selectively
observed and shown to be correctly folded. 2D and 3D DNP-
ssNMR experiments provided sufficient resolution to assign unam-
biguously several signals to protein residues, thereby suggesting
that this method could pave the way for further structural studies
in intact cells.

We expect that further methodological developments in the
short term will focus on the optimization of cell sample prepara-
tion, and on the application of DNP to biological samples of
increasing complexity, approaching that of real tissues. Concerning
the latter, the Baldus group reported very recently the first pilot
DNP-ssNMR study of isotopically labeled spheroids, which are 3D
cell cultures increasingly employed as high-fidelity tumor model
systems [1215]. In this latter work, Damman et al. established opti-
mal conditions for in vitro spheroid growth and handling for DNP
sample preparation. 'H-'3C INEPT spectra recorded on uniformly
labeled cells showed different metabolic composition compared
to that of the same cells cultured on monolayers. In addition, they
showed that protein DNP-ssNMR was possible by observing
13C-13C correlations from an isotope-labeled EGFR-bound nano-
body, thus opening the way towards structural biology studies in
highly organized, tissue-like cell samples.

2.4.3. Disordered proteins: intracellular conformations, dynamics and
interactions

The ability of NMR to probe protein conformational dynamics is
of strong interest when studying the intracellular behavior of “in-
trinsically disordered” proteins or regions of proteins (IDPs, IDRs).
By definition, these do not adopt a stable 3D structure by them-
selves, but can adopt ordered conformations upon binding
[1149,1216,1217]. It may seem strange now, but the existence of
disordered proteins was controversial twenty years ago, with some
assuming that the absence of a stable fold was a simple matter of
proteins waiting for a partner [1218]. However, the functionality of
disordered regions in modulating binding kinetics and affinities of
neighboring regions, exerting chaperoning activities, connecting
multidomain proteins, transmitting cell signaling through post-
translational modifications or triggering phase separation has
now become clearer [1153,1219-1226]. NMR has contributed to
the exploration of the physical properties of these objects, and,
importantly, has allowed atomic-scale experimental observation
of the existence of disordered states in cells.

How disordered proteins were affected by macromolecular
crowding was one of the first questions that were tackled using
in-cell NMR in the early 2000’s [1227]. The highly complex intra-
cellular environment can indeed affect the propensity of IDPs to
adopt secondary or tertiary structures, to aggregate, or to modulate
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their interaction with cellular partners or metal ions [6,1151,1228].
For studying these peculiar proteins, solution NMR at physiological
temperatures is the technique of choice: freezing the cells would
immobilize every molecule in a different conformation, preventing
analysis of the conformational ensemble by ssNMR or single parti-
cle cryo-EM in most cases. Furthermore, the dynamic nature of
IDPs/IDRs is advantageous for in-cell solution NMR studies: unlike
stably folded proteins, where global tumbling dominates the corre-
lation time of every residue, local dynamics at the level of individ-
ual residues in an unfolded peptide are mostly independent from
each other. Therefore, while any interaction on any surface patch
of a folded protein will affect global tumbling and thus cause
line-broadening of all residues, only the residues directly involved
in a given interaction will be affected in IDPs. This gives access to
residue-level mapping of interactions even in the case of signal
broadening beyond detection.

This effect was observed by Pielak and colleagues on FlgM, a
polypeptide from Salmonella enterica Typhimurium that regulates
flagellar synthesis [1227]. The bacterial environment caused signal
broadening in the FigM C-terminal half, which was attributed to a
shift towards an alpha-helical conformation, that was previously
observed in vitro [1229]. This conclusion was probably insecure
at that time, because intermolecular interactions in cells would
have had the same impact on FIgM NMR spectra, as was recognized
later by Pielak [1230]. The opposite approach was exploited by the
Shekhtman group to investigate the behavior of a prokaryotic
ubiquitin-like protein (Pup) in the cellular environment. In
Mycobacterium tuberculosis, Pup links covalently to substrate pro-
teins and targets them to the proteasome by binding to mycobac-
terium proteasomal ATPase (Mpa). Maldonado et al. observed that,
in the absence of Mpa, the protein remained fully unfolded in bac-
teria and was free from any other interactions [1231]. Using the so-
called STINT-NMR approach employing mono- or dual- overex-
pression in E. coli of a pair of proteins of interest [1232,1233],
the authors further investigated the interaction between Pup and
Mpa in cells, and observed line broadening within the o-helical
region (residues 21-51) and at the C-terminus (52-64), together
with chemical shift perturbation in the C-terminal half of the o-
helix, providing a mapping on Pup of the Pup:Mpa interaction
[1231]. More extensive interaction was observed between Pup
and the intact 1.2 MDa proteasome, leading to line broadening of
most Pup signals. In later work, Majumder et al. re-analyzed the
same interaction using singular value decomposition (SVD, see
Section 3), in order to filter out spectral changes that were not
directly caused by the Pup:proteasome interaction [1234]. They
derived a more accurate set of interacting residues localized in
the conserved region of the Pup a-helix, in agreement with X-ray
data.

Among IDPs, a-Synuclein (a-Syn) has been by far the most
studied. Its hallmark aggregates in Parkinson’s patients (o-Syn is
the primary component of Lewy Bodies) makes a-Syn a target of
high biological and clinical relevance. In addition, a-Syn exhibits
excellent stability at high concentrations and low secondary struc-
ture propensities in vitro. Hence, o-Syn is often used as a gold stan-
dard for developing NMR methods devoted to IDPs
[396,397,1156,1157,1235-1240]. a-Syn is also found to bind lipid
surfaces in cells, where the N-terminal residues 1-100 adopt an
o-helical structure in their bound conformation [1241-1243]. In
2011, Bartels et al. reported that o-Syn purified from human cells
adopted a tetrameric, a-helical conformation, but this interpreta-
tion was soon rejected by most of the community [1244,1245]
prompting further investigation of the conformation of o-Syn in
the cellular environment. The original hypothesis was said to be
corroborated by a surprising interpretation of some o-Syn NMR
spectra that supposedly indicated an o-helical conformation,
maintained due to a milder purification strategy from the E. coli
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cells used for recombinant expression [1246]. The Selenko group
provided more definitive proof that the unfolded monomer is the
major conformation of o-Syn both in bacteria and human cells,
independently from the N-terminal acetylation. First, Binolfi et al.
showed an exact superimposition of the NMR spectra from non-
purified o-Syn in bacteria and all those recorded in vitro [1247].
This observation has been corroborated independently by multiple
groups [1236,1248,1249]. Later, Theillet et al. performed a deeper
investigation of the backbone dynamics of o-Syn in human cells
by NMR and EPR [1214]. The authors developed a protein electro-
poration approach to deliver >N-labeled recombinant o-Syn in a
variety of human cell lines, both of non-neuronal and neuronal ori-
gin. Once present in the cytosol of these cells, a-Syn was quantita-
tively N-terminally acetylated in a post-translational fashion, as
revealed by the chemical shifts of the N-terminal amino acids. This
was in good correspondence with the stoichiometric acetylation of
o-Syn previously shown in the human brain [1244,1245]. The
whole in-cell NMR spectrum was clearly that of a disordered
monomeric o-Syn in all cell lines. Residue-specific >N NMR relax-
ation measurements were consistent with the high degree of con-
formational dynamics observed on IDPs in vitro, even though they
were slowed down by an intracellular viscosity 1.5-fold higher
than that in buffer. The same relaxation rates also indicated inter-
actions with the cytosol, the residue-by-residue analysis revealing
that the central region (the aggregation-prone non-amyloid-f
component, NAC) was less exposed to the cellular environment
than the N- and C-terminal segments. Finally, using Gd>*-loaded
DOTA-derived cages linked by a thioester bond at different loca-
tions on the proteins, the authors measured intramolecular aver-
age distances by NMR and EPR spectroscopy, and could show
that o-Syn adopted slightly more compact conformations in the
cytosol than in buffer. All these results have been verified indepen-
dently by Burrmann et al., using similar protocols, i.e. electropora-
tion delivery in cultured human cells of recombinant, purified '°N-
labeled o-Syn. They showed complementarily that the intracellular
N-terminal interactions established by a-Syn in cells disappeared
to a large extent upon silencing of Hsc70 and HSP90 [1250]. This
chaperoning had a protective role on a-Syn binding to lipid mem-
branes, notably those of mitochondria, and later o-Syn aggregation
in cells.

As previously explained, globular and unfolded regions react
very differently to interactions in cells. Globular proteins soon
become NMR invisible in the case of multiple cellular interactions
or interactions with high molecular weight species, as observed for
ubiquitin in E. coli [1191]. At the opposite extreme, only the inter-
acting residues disappear in spectra of IDPs, the other segments
remaining flexible and NMR visible, as observed with «-Syn
[1236,1247-1249]. An interesting effect of this differential line
broadening between globular and unfolded regions was reported
by the Pielak group: they built a chimera of ubiquitin and o-Syn,
and observed the disappearance of the NMR signal from ubiquitin
but not from the o-Syn segment of the chimera [1248]. This ability
to detect unfolded regions of protein constructs in cells was
exploited by Pastore and colleagues [1251]. The authors compared
the effect of the bacterial environment on recombinantly
expressed bacterial (CyaY) and yeast (Yfh1) orthologs of human
frataxin. While the globular domain of both proteins experienced
intracellular interactions that caused broadening beyond detec-
tion, the unfolded N-terminal tail of Yfh1 was detected, indicating
that an important population remained free from any interactions
in E. coli.

The crowded cellular environment is expected to affect the
dynamic behavior of IDRs. Among many implications, this effect
may be critical for modulating the function of nucleoporins, which
take part in the formation of the eukaryotic nuclear pore complex
(NPC), and harbor long IDRs containing FG-rich repeats (FG-Nups)
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that are responsible (together with non-FG Nups) for the selective
permeability of the NPC towards macromolecules bound to specific
transport factors (TFs) [1252,1253]. Hough et al. investigated at the
residue-level the conformation and dynamics of two representa-
tive fragments of the FG-Nup Nspl in vitro and in bacteria
[1254]. Both fragments were shown by analyzing 'C secondary
chemical shifts to remain highly disordered in bacteria. In addition,
intracellular >N T, and T, relaxation measurements compared to
in vitro data revealed that the regions adjacent to the FG repeats
underwent interactions with the environment, while the spacer
regions remained mostly unaffected. The interaction between
Nup1 and a TF was further characterized in vitro, revealing a sim-
ilar pattern of weak transient interactions between the FG repeats
and several binding pockets on the TF, and suggesting that these
constant interactions with the cellular milieu contribute to stabi-
lizing the disordered state and preventing the aggregation of
nucleoporins. Wall and Hough further investigated the conforma-
tional dynamics of Nsp1 in yeast cells [1255]. In addition to provid-
ing the first example of in-cell NMR in S. cerevisiae, the work
showed that the bacterial and yeast cytosol interacted with the
Nspl fragment FSFG-K in a slightly different fashion, reflecting
the different composition of the two environments. Specifically,
the bacterial milieu preferentially interacted with hydrophobic
residues of Nsp1, while the yeast protein was more promiscuous
and also interacted with hydrophilic residues.

In general, as seen in the studies cited above, the main source of
information when investigating IDPs/IDRs in cells comes from
changes in transverse relaxation rates. However, it is not always
trivial to determine the underlying physical reasons, as increased
apparent relaxation rates can be caused by decreased motions in
the ns timescale (due to the interaction with macromolecules)
but also by the presence of motions in the pis-ms timescale and/
or by increased solvent exchange rates.

2.4.4. Protein maturation: metal binding, post-translational
modifications and redox regulation

NMR chemical shifts are excellent reporters of changes in the
chemical environment of amino acids such as those due to chem-
ical modifications or non-covalent interactions. This holds true in
cells and it allows the investigation of protein maturation events
such as post-translational modifications, cofactor binding and
redox regulation. These are often associated with changes in ter-
tiary or quaternary structure, including sometimes the unfolded/-
folded equilibrium. In this Section, we present some examples of
proteins, whose proper folding was shown to depend on metal
binding or redox regulation, possibly catalyzed by dedicated chap-
erones. Protein stability in cells is a more global question, which
we treat in a dedicated subsection (2.4.6.).

NMR spectroscopy has been shown to permit the detection and
real-time monitoring of protein post-translational modifications
(PTMs) [1160,1163-1166,1256-1258]. The power of this approach
lies in the ability of heteronuclear NMR to distinguish multiple
phosphorylation events at the single-residue level. This method
is particularly adapted to the characterization of PTMs on IDPs.
Kinetic profiles of each species can be determined, thus providing
mechanistic insights [310,1156,1160,1256]: Are residues simulta-
neously or sequentially phosphorylated? Are the modifications
mutually exclusive? In 2008, simultaneous publications from the
Selenko and Lippens groups reported the direct in-cell NMR obser-
vation of residue-specific phosphorylation in intact X. laevis
oocytes [1259,1260]. After microinjecting a '>N-labeled peptide
derived from the viral SV40 large T antigen regulatory region,
Selenko monitored the stepwise modification of SV40 adjacent tar-
get sites of casein kinase 2 (CK2) in intact X. laevis oocytes and in
oocyte extracts using time-resolved 'H-'>N-edited NMR. Moreover,
upon oocyte maturation induced by a progesterone treatment,
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Cdk1l became activated and the simultaneous activity of Cdk1
and CK2 on the SV40 peptide was also monitored by real-time
NMR. Similarly, Bodart et al. monitored the phosphorylation of
the neuronal '°N-labeled Tau protein after injecting it into X. laevis
oocytes. Using 'H-!°N-edited NMR, they detected many phospho-
rylation sites on the injected Tau in these oocytes, some of which
may be due to PKA activity. In contrast, while using the same
'H-N-edited NMR approach, Zhang, Liu and their colleagues
observed that Tau prephosphorylated by MARK2 was dephospho-
rylated upon delivery in mammalian cells (HEK-293T) [1261]. Pons
and colleagues used 'H-'’N-edited NMR to observe multiple phos-
phorylation and dephosphorylation events on the recombinant
15N-labeled “unique domain” of the c-Src protein in intact X. laevis
oocytes and extracts thereof [1262]: A single phosphorylation was
observed in intact oocytes, whereas multiple events were observed
after prolonged incubation in oocyte extracts; they also explored
the PTMs cross-talks by adding various CDKs and PKA inhibitors
in the extracts. Residue-specific methionine oxidation and oxida-
tion repair [1263], acetylation [1214] and proteolysis [1161] have
also been detected in live cells. A number of reports used NMR to
monitor various PTMs in cell extracts, using the same principle of
real-time 'H-'>N, 'H-3C or '>N/Co-'3CO edited NMR,
which we will not discuss further here (see for example
[20,1156,1256,1264-1269]). 3'P-NMR for monitoring phosphoryla-
tion has poor sensitivity and resolution in comparison, but can
sometimes be useful [1270-1273].

Phosphorylation can also be detected indirectly via spectral
changes of a phospho-dependent binding partner. This rationale
was used by Burz and Shekhtman to detect the phospho-
dependent intracellular interaction between ubiquitin and two
proteins containing ubiquitin-binding domains, namely STAM2
(Signal-transducing adaptor molecule) and Hrs (Hepatocyte
growth factor regulated substrate): i) they transformed E. coli cells
with plasmids encoding for STAM2, Hrs, ubiquitin, and the consti-
tutively active tyrosine kinase Fyn, ii) they coexpressed STAM2 or
Hrs (or chimera including both) and, optionally, Fyn in a natural
abundance medium (99.6% N, 0.4% '°N) and later expressed ubiq-
uitin in a ’N-labeled medium (the opposite scenario is also possi-
ble, see Section 3.5.4.); iii) they acquired 'H-">N NMR spectra of
ubiquitin in the presence of unphospho- or phospho- STAM2 and
Hrs (with or without Fyn expression). Chemical shift perturbations
in the ubiquitin spectrum upon interaction revealed how the inter-
action surface is affected by the substrate phosphorylation state,
and notably that one of the two binding patches was lost upon
STAM2 phosphorylation [1274]. A similarly indirect observation
of the consequences of phosphorylation on protein interactions
was provided by the Doétsch group [1275]. They investigated the
intracellular behavior of the peptidyl-prolyl isomerase Pin1 in X.
laevis oocytes as a function of its phosphorylation state: while
the active, non-phosphorylated form of the WW domain of Pin1
generates very poor in-cell NMR spectra, the PKA-phosphorylated
Pin1 or the WW domain in complex with a SMAD3-peptide per-
mitted acquisition of good quality spectra with resolved signals
after injection in oocytes. Hence, the authors concluded that in-
cell NMR spectra of the active Pin1 suffered from the additive
effects of enhanced conformational flexibility and multiple interac-
tions with cellular components.

A change in the cysteine redox state may not be strictly speak-
ing a post-translational modification, but it has similar conse-
quences in terms of changes in chemical environments and thus
chemical shifts. Hence, in-cell NMR has found a very interesting
application in monitoring protein redox states in live cells, which
is hardly achievable with any other technique. Moreover, NMR per-
mits monitoring of the glutathione redox equilibrium in parallel.
The equilibrium between the basic two cysteine forms, thiol or
disulfide bond, is often accompanied by the proper folding of the
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studied protein. In this case, not only do cysteines have different
chemical shifts in their two forms, but large chemical shifts are
also observed for all the amino acids from the domain folding upon
cysteine oxidation. This has been observed using in-cell NMR for
Miad40 [1276,1277], Cox17 [1278] and SOD1 [867,1279-1285].
Hence, two sets of resonances, i.e. those from the unfolded and
those from the folded conformations, can emerge in the same spec-
trum, and their relative peak intensities give access to the quantifi-
cation of the equilibrium. This showed that the intracellular redox
potential, measured according to the GSH/GSSG equilibrium, is not
strictly linked to the redox states of proteins as measured on
Cox17, Mia40 and SOD1 in E. coli and human cells [1278], or on
thioredoxin in human cells [475]. Chaperones are of course at least
partially responsible for this discrepancy between thermodynam-
ics and kinetic regulation. For example, the reduced, unfolded state
of Mia40, which must be maintained in the cytosol before being
directed to the mitochondria, is favored by an increased expression
of the redox-regulating proteins Grx1 or Trx1. Other cysteine reac-
tions can be monitored in cells, like the appearance of sulfinic acid
upon H,0, treatment [1286] or the formation of covalent bonds
with drugs [1284].

Metal ion binding also affects protein chemical shifts. Similar to
the changes associated with cysteine disulfide bonds, metal bind-
ing is often necessary for adopting the native, folded conforma-
tions, which results in extensive chemical shift perturbations for
most amino acids in the domain of interest. Although in-cell
NMR studies focused on the chelation of paramagnetic metals by
proteins are technically feasible [1287], paramagnetic metals pro-
voke fast NMR relaxation and thus low signal intensities in their
vicinity, so that to the best of our knowledge no such studies have
been carried out (not counting the in-cell NMR of hemoglobin in
erythrocytes, whose NMR signals disappear upon deoxygenation
but not because of the chelated metal itself [1288]). Nevertheless,
Banci, Luchinat and colleagues provided a very interesting example
of the importance of studying metal binding by proteins in cells:
the metalloprotein copper, zinc superoxide dismutase (Cu,Zn-
SOD or SOD1), whose mutant variants in humans are linked to
the onset of familial Amyotrophic Lateral Sclerosis (fALS) [1289].
In order to adopt its mature, enzymatically active conformation,
SOD1 must dimerize, bind one Zn?* and one Cu*/?* per protomer
and establish an intramolecular disulfide bond [1290]. SOD1 is
thus quite complex to study because of these multiple layers of
maturation steps. Notably, while SOD1 readily binds two Zn**
per protomer in the absence of copper ions in vitro, this does not
occur in cells according to in-cell spectra: SOD1 remains in a E-
Zn-SOD1%! (one metal-chelating site empty, the other one Zn-
loaded) form in cells not supplemented with copper, thanks to
the cellular homeostasis of zinc [1279,1280]. The full maturation
of SOD1 requires the presence of higher levels of the Copper Chap-
erone for SOD (CCS), which is necessary for Cu” insertion and is also
capable of favoring the intramolecular SOD1 cysteine oxidation
[1280]. In-cell NMR also allowed it to be proved that some fALS-
linked SOD1 mutations, which do not perturb the structure of
the final mature protein in vitro, prevented Zn?* binding in cells
and caused the formation of unstructured species [1282].
Furthermore, CCS coexpression can stabilize the correct fold of
these SOD1 mutants, avoiding the formation of aggregation-
prone species, thereby revealing that CCS is active as a molecular
chaperone in addition to its known metallochaperone activity
[1282,1283]. The same authors have also used in-cell NMR to
investigate the binding of Cd?* to intracellular SOD1 [1285], and
that of copper and zinc to the putative deglycase protein DJ-1
[1286]: although it readily occurs in vitro, no sign of any such metal
binding could be detected in cells, according to the absence of any
chemical shift perturbations in the in-cell 'H-'>N NMR spectra of
the two proteins.
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Altogether, in-cell NMR offers good capabilities to investigate
redox reactions and ion binding, which can be greatly perturbed
in vitro or upon cell lysis. Hence, in-cell NMR may be quite helpful
and complementary in the pharmacological pipeline to study the
impact of cellular stress or drug exposure on the proper folding
and redox state of some pathogenic protein targets [867].

2.4.5. Nucleic acids

DNA and RNA are difficult polymers to study by NMR because of
their large size, their relatively low chemical diversity (as com-
pared to proteins) and the difficulties of producing isotopically
labeled samples. Nonetheless, NMR spectroscopy is clearly a key
approach for describing a method of choice to describe their
dynamic structural ensembles, and has provided invaluable infor-
mation in the field [1291,1292]. The influences of the intracellular
milieu on nucleic acids are many: crowding and ion binding have
drastic effects on the adoption of canonical and non-canonical
structures [1293,1294].

Early studies took advantage of the 100% natural abundance of
the NMR-visible 3'P isotope present in nucleic acids in many
viruses, which in the early 1980’s notably allowed exploration of
DNA and RNA dynamics in viruses. >'P has large chemical shift ani-
sotropy values, which produce ~200 ppm wide 3'P NMR signals
with powder patterns for 3P nuclei of limited mobility. At the
opposite extreme, isotropic motion progressively sharpens these
signals. This typical broad, powder pattern 3'P NMR spectra
revealed immobilized nucleic acids in a single-stranded RNA plant
virus (Tomato bushy stunt virus, tobacco mosaic virus)
[1295,1296] and in the single-stranded DNA (ssDNA) filamentous
bacteriophages fd, Pf1 and M13 [1296-1299]. Relative restriction
was also reported from other RNA plant viruses (southern bean
mosaic virus, beladonna mottle virus, turnip yellow virus, cowpea
mosaic virus, alfafa mosaic virus), but internal, low-amplitude
motions of the RNA phosphates were detected on the nanosecond
timescale, yielding ~20 ppm wide 3'P-NMR signals [1300-1304].
Pf1 DNA was found to be well-organized and uniformly oriented,
while fd DNA was not [1305]. Precise structural information
required '°N- and '3C-labeling of viruses, and their analysis by
magic-angle spinning and solid-state NMR. In the late 2000’s,
15N-31p distance measurements could be realized for T4 bacterio-
phage (containing double-stranded DNA) and revealed a B-DNA
conformation [1306]. *C/'N chemical shift assignments for T7
bacteriophage were also consistent with a highly ordered B-DNA
conformation with a C2’-endo sugar conformation, according to
the previously deposited chemical shifts for B-DNA structures
[1307]. Since the early 2010’s, DNA conformations of ssDNA fd
and Pf1 bacteriophages have also been characterized using '>C-
chemical shift assignments, which were also consistent with B-
DNA, C2’-endo conformations, and an anti conformation of the gly-
cosidic bond, but a with a higher tendency for base-pairing in fd
[1308-1312]. Important proximities between lysine side chains
and DNA phosphate groups were also demonstrated in T4 and fd
phages but not in Pf1 [1306,1308-1312].

Nucleic acids structure has also been studied in eukaryotic cells
from the late 2000’s onwards. Concentrated '°N-labeled DNA
oligonucleotides that can form G-quadruplexes were injected into
X. laevis oocytes and their 'H-'°N spectra provided direct proof that
G-quadruplex structures were stable in a cellular environment
[1313-1315]. Similar experiments were carried out using
19F-NMR on RNA or DNA oligonucleotides containing a fluorinated
moiety : '°F chemical shifts were sufficiently sensitive to distin-
guish the G-quadruplex structures and yielded background-free
NMR spectra from frog oocytes [1316-1319]. The first observations
of DNA in human cells came only in 2018, using improved pore-
forming streptolysin O (SLO) [1320] or electroporation
[1321,1322] methods for intracellular delivery. SLO pore sealing
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appears to suffer some leakage that makes cells that have been
treated in this way more delicate to handle [1320,1323]. These
advances have apparently unblocked the situation: in the last three
years, there have been NMR studies in mammalian cells, which i)
proved the stability of the DNA i-motif [1321,1324], ii) monitored
DNA-ligand interactions [1325,1326], iii) showed the stability of a
DNA-RNA hybrid G-quadruplex structure [1327], iv) investigated
the Z-DNA conformation [1328], or v) detected the binding of a
RNA riboswitch aptamer to ligands [1329]. Using DNP-enhanced
MAS solid-state NMR on frozen cells, Petzold and colleagues could
also observe an antisense oligonucleotide that had previously been
electroporated into human cells, and whose phosphorothioate
backbone shows peaks at chemical shifts that differ from the nat-
ural cellular DNA [1330]. Hence, even though these DNA oligonu-
cleotides are not integrated in the native context of chromatin,
their NMR characterization in cells is full of promise. NMR spec-
troscopy can report RNA chemical modifications at an atomic scale
in cell extracts [1331]. Fluorination schemes for nucleic acids are
regularly proposed that would facilitate in-cell NMR [1332,1333],
also by allowing '3C-'°F TROSY NMR of larger objects [1334].
Improved production protocols have emerged [1335] and Covid-
19-linked research on ssRNA coronaviruses or on RNA-based vacci-
nes will probably fuel further innovation in the field. Notably,
methods to characterize cellular uptake and processing of RNA
are needed [1336], among which NMR spectroscopy offers the
usual advantages: it can be non-destructive and provides an
atomic-scale information.

2.4.6. Protein folding, quinary structure and large assemblies

Cellular environments can affect protein folding in multiple
ways. At the outset, we want to stress the fact that folding free
energy or folding thermodynamics are meaningful terms only for
experiments on isolated systems at equilibrium. Hence, the con-
cept of folding free energy applies usually to an isolated system
[comprising a set of purified proteins and buffer] under constant
solvent conditions. In living cells, one should rather limit the anal-
ysis to the simple concept of folded/unfolded populations.
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Macromolecular crowding causes excluded volume effects that
can promote folding stabilization, while attractive and repulsive
interactions between the crowding agents and a given protein
can reinforce or weaken a protein fold [1337-1340]. Hence, a fifth
level of protein structure emerges from its interactions with the
ensemble of cellular species, which is bona fide a structural organi-
zation category, a “quinary structure” [1341], in addition to being a
driving force of proteins’ structural behavior (Fig. 21). In-cell NMR
clearly has a role to play in studying this integrative phenomenon.

Early observations had shown that different proteins can estab-
lish what could be called different densities of intracellular interac-
tions, as revealed by the variable NMR-detectability of intracellular
proteins. In the late 1990’s, Brindle and colleagues reported that
two yeast enzymes showed NMR spectra consistent with a ~2
times higher viscosity in yeast cells than in buffer, while two other
proteins were not NMR visible at all in intact cells, although they
became detectable upon cell lysis [1179,1343]. The broadening
beyond detection in the latter two cases revealed lower average
molecular tumbling rates, which in turn showed that the apparent
local viscosity measured for the two NMR-visible enzymes was not
universal. This information was obtained by recording '°F-NMR
spectra of yeast cells supplemented with 5-fluorotryptophan and
overexpressing the proteins of interest. Overall, this revealed dif-
ferential intracellular motional restrictions. In the early 2010’s,
several studies attempted to understand this effect. Gierasch and
colleagues measured the intracellular 'H-'>N TROSY effect on over-
expressed GB1 in live E. coli to extrapolate an intracellular viscos-
ity, which was only 2-3 times higher than that of aqueous buffers
[1191]. '®F-labeling strategies were used by Pielak, Li and col-
leagues to deconvolute viscosity and cellular interactions in
E. coli expressing recombinant GB1 and ubiquitin. While GB1 was
only weakly involved in cellular interactions, ubiquitin experi-
enced important transient, unspecific binding in the heterologous
bacterial cytosol [1344]. Using '>N-edited NMR, Gierasch and col-
leagues reported the same cellular interactions on small model
proteins NmerA and ubiquitin expressed in E. coli, and could show
that a triple mutant ubiquitin-L8A-144A-V70A provided much bet-

Current Opinion in Structural Biology

Fig. 21. Representation of the impact of quinary interactions, i.e. the interactions of a protein with its native cellular environment, which are proposed to create a fifth level of
protein structure. This scheme represents the possible phenomena specific to the intracellular milieu that may affect protein stability. Unlike purified proteins in aqueous
buffers (shown in a), high macromolecular concentrations as shown in b) can produce crowding, which may favor protein compactness and folding, while both specific and
non-specific interactions with other cellular components may either stabilize or destabilize a protein’s fold, or provoke phase separation, oligomerization or even aggregation.

Adapted from Gopan et al. 2021 [1342].
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ter spectra in cell lysates [1191]. Hydrophobic patches at the sur-
face appeared to favor unspecific interactions in cells.

Hence, intermolecular interactions were mainly responsible for
a certain motional restriction in cells, which provoked the broad-
ening beyond detection of some globular proteins. The impact of
these cellular interactions on protein stability had to be
investigated.

Let us first extend the picture by considering also intracellular
electrostatic interactions. In parallel, Crowley et al. employed a
combination of in-cell NMR spectroscopy and SEC analysis to
determine the origin of the diffuse interactions of cytochrome c
in bacterial cells, which prevented NMR detection [1345]. By ana-
lyzing the SEC elution profile of CytC in crude cell lysates, in the
presence of increasing amounts of salt, CytC was shown to interact
electrostatically with negatively charged components, through a
positively charged Lys/Arg-rich area on the protein surface. With
the same approach, the Crowley group showed that electrostatic
interactions mediated by the Lys/Arg-rich HIV-1 Tat peptide fused
to GB1 induced ‘stickiness’ in cells and in lysates [1346], and later
showed by 'H-'°N and '°F in-cell NMR that these electrostatic
interactions increased gradually as a function of the length of a
poly-Arg tail fused to GB1 [1347], thereby suggesting a general,
non-specific interaction with negatively charged cellular compo-
nents. The Banci group showed that proteins undergo both diffuse
and partner-mediated interactions, depending on the composition
of the cellular environment. Barbieri et al. analyzed a series of sur-
face mutants of human profilin in the cytosol of bacterial and
human cells [1348]. Profilin is a small soluble actin-binding protein
that is also involved in several functional interactions with pro-
teins harboring poly-proline regions, and with phosphoinositides.
In bacteria, which lack the functional partners of profilin, a
freely-tumbling protein could be obtained by mutating just the
surface Lys/Arg residues, which were responsible for the diffuse
electrostatic interactions, whereas in human cells the free protein
was observed only after all three functional interactions were abol-
ished by introducing mutations on specific surface residues. Both
Tat-GB1 and profilin also experienced interactions in the bacterial
lysate and, remarkably, it was observed that treatment with Mg?*
and RNase abolished the interactions, suggesting that a common
cause of NMR line broadening was the interaction with bacterial
RNA [1346,1348].

In the mid-2010’s, Danielsson, Oliveberg and colleagues exam-
ined the effects of both hydrophobic and electrostatic quinary
interactions on the NMR spectral features in the cytoplasm of
E. coli. Mu et al. applied in-cell NMR to estimate the intracellular
rotational diffusion of three evolutionarily unrelated proteins, bac-
terial TTHA, human HAH1, and human SOD1 B-barrel [1349]. Sur-
face mutations were introduced on each protein to evaluate the
electrostatic dependence of rotational diffusion in cells. While
the WT proteins had different rotational diffusion rates, analysis
of the mutants revealed that all three proteins showed a common
diffusion dependence on net charge density, surface hydrophobic-
ity and electric dipole moment, suggesting that intracellular
macromolecular interactions follow a simple set of physicochemi-
cal rules. To decode these rules, Leeb et al. analyzed the intracellu-
lar T; and T, relaxation measured for the above set of proteins and
charge mutants introduced in the cytoplasm of human cells, and
found that they are inconsistent both with a simplistic ‘increased
viscosity’ model [1350] and with simple exchange broadening.
Instead, it fits within a theoretical framework where the anoma-
lous T; increase and T, decrease arise from the formation of tran-
sient complexes with intracellular macromolecules, in fast
exchange with the free protein. Good agreement with the experi-
mental data was obtained when considering a proteome-like dis-
tribution of particle sizes. Fitting of relaxation data with the
above model allowed estimation of the fractional population of
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the bound state of each protein. Proteins with a less negative net
charge were found to have a higher bound state fraction, while a
plot of the bound population as a function of net charge revealed
the ‘basal’ interaction propensity of each protein, independent of
its net charge.

Complementary observations have been reported by the
Shekhtman group. When they first applied in-cell NMR to observe
a protein overexpressed in P. pastoris, they observed that different
metabolic states triggered a change in localization of overex-
pressed yeast ubiquitin [1192]. When methanol was used as the
carbon source, ubiquitin was uniformly distributed in the cytosol
and was detected by 'H-'°N in-cell NMR, whereas when a mixture
of dextrose/methanol was used ubiquitin was mainly localized in
intracellular vesicles or granules, and was undetectable by in-cell
NMR. That finding pointed to a strong connection between cellular
metabolism and quinary interactions. The same group further
investigated the molecular origins of quinary interactions. Majum-
der et al. showed that RNAs are an important component of protein
quinary interactions both in bacteria and eukaryotic cells by mea-
suring the efficiency of cross-correlated relaxation-induced polar-
ization transfer in 'H-'">N CRINEPT-HMQC-TROSY spectra [1351].
This approach allowed an estimation of the average size of the
complexes occurring between a set of globular proteins and intra-
cellular components. By comparing the intracellular behavior with
proteins alone or in the presence of RNA in vitro, the authors con-
cluded that RNA is a key component of quinary interactions. The
group further investigated the metabolic dependence of quinary
interactions previously observed in yeast [1192] and observed by
confocal microscopy an increased colocalization between ubiquitin
and RNA when P. pastoris was grown in a mixed dextrose/methanol
medium, together with a change in the total cellular RNA content
and its size distribution [1352]. In later works, Shekhtman and
coworkers showed that proteins can interact with ribosomes.
DeMott et al. investigated such interactions in vitro and in cells
and observed that the enzymes adenylate kinase, dihydrofolate
reductase and thymidylate synthase could bind intact ribosomes
with micromolar affinity, and that such interactions modulated
their enzymatic activity [1353]. GFP also interacted with ribo-
somes, leading to decreased translational diffusion. In later work,
the group developed an NMR bioreactor and applied it to monitor
in real time the behavior of intracellular thioredoxin in response to
cell treatment with antibiotics binding to the small ribosomal sub-
unit [1354]. Treatment with these antibiotics resulted in an
increase of quinary interactions between thioredoxin and mRNA,
further strengthening the notion that, for some proteins, quinary
interactions are strongly modulated by the intracellular content
of mRNA, rRNA and by the assembly state of ribosomes. Such inter-
actions could explain the dependence of protein rotational diffu-
sion on the intracellular metabolic state previously observed in
yeast by Bertrand et al. when changing growth media [1192]. Con-
sistently, Sugiki et al. observed a marked change in protein rota-
tional diffusion in bacteria when inducing GB1 expression for
different times and at different optical densities [1355], suggesting
that metabolic changes affect the extent of quinary interactions
also in E. coli, possibly through a change in RNA and ribosome con-
tent. Other hypotheses might also be appropriate, such as the
metabolite content, the metabolic state and the capacities of the
chaperone ensemble to bind to the folded and unfolded forms of
the overexpressed protein, or even to catalyze their proper folding.

What is the impact of all these intracellular interactions on pro-
tein stability? The Pielak group has extensively studied the effect
of crowding agents on protein folding, and turned to in-cell mea-
surement in the early 2010’s. In 2011, they observed that the bac-
terial cytosol could not force the folding of a protein carrying
mutations, destabilizing it by only 1 kcal/mol [1356]. This implied
that the stabilizing effect of volume exclusion was compensated by
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destabilizing interactions with the crowding agents. To quantify
these effects at the residue level, Monteith & Pielak investigated
the effects of transient opening of the folded structure in the small
model protein GB1 in bacteria, which system is well-suited to H/D
exchange measurements by NMR. By placing bacteria overexpress-
ing GB1 in D,0 over periods of hours, and by measuring H-amide
peak intensities after quenching the exchange (at low pH/Temp)
they could quantify H/D exchange in a residue-specific manner.
They analyzed the impact of the cellular milieu on the free energy
of fold opening and concluded that GB1 is stabilized in bacteria by
about 0.75 kcal/mol, whereas crowding agents in vitro may have
the opposite effect [1357]. However, after realizing that the intra-
cellular pH was much lower than expected, they concluded in a
correction that GB1 was actually destabilized by about 1 kcal/mol
[1358]. Using 'F-labeling and !°F-detected NMR, they observed
similar destabilization for a GB1 mutant in a later paper [470],
and almost no effect on a small SH3 domain [1359], always in
E. coli. In the next paper, using measurements of H/D exchange
in bacteria, they showed that surface mutations of GB1 were more
stabilizing in cells than in buffer [1360]. They noticed that this cel-
lular stabilization was comparable to that from a classical protein-
protein interaction, thereby putting at the same level functional
interactions with specific partners and the non-specific cytosolic
interactions. Again using H/D exchange in bacteria placed in D,0,
Pielak and colleagues explored the effect of intracellular pH
[470,1361] and observed stronger destabilization of GB1 in acidic
conditions. This led them to the conclusion that low pH would
cause an accumulation of positive charges on cellular proteins,
which, in turn, would exert increased numbers of destabilizing
interactions with the negatively charged GB1. Finally, they
observed a destabilization of '°F-labeled SH3 in bacteria submitted
to osmotic shock, which could be compensated by addition of gly-
cine betaine [1362]. We must acknowledge the fact that there are
daunting questions in characterizing quinary interactions of
heterologous proteins in variable bacterial environments. It is dif-
ficult to know whether the bacterial proteome, the metabolome,
chaperone activity, the amount of unfolded cellular species, etc...
are constant after the cells have been transferred from H,O into
D,0 for periods of hours. It is still more difficult to think that it
is the case in low pH or high salt conditions. All of these conditions
might stabilize/destabilize the unfolded/folded states of the pro-
tein of interest.

The contribution of electrostatic interactions to folding stability
and quinary structure in living cells was also investigated using
solution NMR by the Oliveberg group. Danielsson et al. investi-
gated the thermal unfolding of the SOD1 B-barrel, a synthetic
model protein showing a simple two-state unfolding equilibrium
in vitro [1363], which is amenable to intracellular delivery
[1364,1365]. By integrating the volume of the crosspeaks corre-
sponding either to the folded or to the unfolded species, the
authors compared the temperature dependence of the “folding free
energy” of SOD1 B-barrel purified in vitro, overexpressed in E. coli
and delivered by electroporation in human adenocarcinoma cells
[1365]. The concept of folding free energy should be taken with
caution here, as discussed below at the end of this section. Consis-
tent with what has been observed for other globular proteins in
bacteria, SOD1 B-barrel was markedly destabilized in the cytosol
of both bacteria and human cells, leading to a decreased melting
temperature and, notably, moving both cold and heat unfolding
into the physiological regime. Also in this case, the effect was
attributed to interactions with cellular components that stabilize
the denatured state of the protein. In most organisms, the intracel-
lular environment behaves like a polyanionic system due to the
average net-charge of the macromolecules being negative [1366].
Based on this assumption, Sorensen et al. investigated in vitro the
destabilization of SOD1 p-barrel using polyacetate ions and

40

Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

observed that, similar to what is observed in cells, the apparent
SOD1 destabilization originated from favorable interactions
between polyacetate and the unfolded state of the protein
[1367]. More recently, Iwakawa et al. studied the effect of a nega-
tively charged crowding agent, lysozyme, on SOD1 B-barrel struc-
ture and oligomerization. Lysozyme slowed down the protein
oligomerization, while NMR analysis of the monomer revealed that
the interactions between lysozyme and SOD1 stabilized the latter
in alternative excited state [1368].

Overall, we have seen that the intracellular environment can
have disruptive effects on the NMR spectrum of a macromolecule.
Indeed, the increased viscosity of the cytosol, the interactions with
other cellular components and the possible alteration of the fold-
ing/unfolding equilibria result in signal broadening. This broaden-
ing commonly renders many signals undetectable when studying
macromolecules by solution in-cell NMR. We discuss this more
thoroughly and provide orders of magnitude concerning protein
size, viscosity, multiple interactions and relaxation effects in
Section 3.

We want to give a quick cautious note to conclude: varying
temperature, pH or salt concentrations can have strong effects on
cells, their native contents, and their capacity to maintain home-
ostasis, and all these can affect the studied protein. As far as in-
cell studies are concerned, we recommend care using the term
“folding free energy”. If they are healthy, living cells are anyway
not systems that let their components evolve towards thermody-
namic equilibria. Examples have been reported showing that cellu-
lar stress or cell growth phase can have an impact on intracellular
NMR spectra [1355,1369]. The same comments apply to other
methods using thermal profiling followed by mass-spectrometry
[1370-1375] or in-cell FRET readouts [1342,1375-1378]. Nonethe-
less, NMR experiments can reveal crowding and viscosity effects,
intracellular interactions and their impact on folding and binding
populations. Such knowledge will certainly help refine perceptions
of protein structure and therapeutic strategies.

2.5. Cellular drug assays

Drug research pipelines have incorporated NMR spectroscopy
fruitfully at several steps of drug development [1379-1381]. Here
again, the versatility of NMR permits a broad range of applications,
including fragment-based approaches [1382,1383], competition or
affinity assays [1384], structure-based design [1385,1386], enzy-
matic reaction monitoring [1387], metabolic footprinting
[40,1388], among others. All these possibilities have also been
applied in cells [19,22]. The benefits of studying drug:target inter-
actions directly in cells are evident: the simultaneous assessment
of drug membrane permeability, cellular availability, drug:protein
binding and eventually dose-dependent binding curves in situ is
clearly appealing. Moreover, the experiments are not necessarily
costly or convoluted, they are even quite simple in some cases as
we show below.

More common approaches than in-cell NMR techniques exist to
monitor ligand impact on cellular activities. These are discussed in
Section 4.

2.5.1. In-cell drug screening through binding

Different strategies have been used to develop in-cell NMR drug
screening protocols. We distinguish three categories: observing
either the target, the candidate drug compounds, or a reporter of
the target activity.

Shekhtman and colleagues have used the selective observation
of a '>N-labeled protein target, focusing on the inhibition of het-
erodimeric protein:protein interactions [1389]. We discuss details
of the corresponding protocols for sequential protein expression in
Section 3 (subsection “Protein:protein interactions”). The protein
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target is observed using a '’N-editing pulse sequence, so that the
14N cellular content is rendered “NMR-invisible”. The NMR spectra
(usually 2D 'H-15N correlation spectra) or the protein of interest
are different in the presence and absence of the interaction with
the protein partner. Hence, drug screens have been performed to
identify inhibitors of the interactions between i) FKBP and FRB,
two components of the mTOR pathway controlling notably T-cell
activation [1390], and ii) the mycobacterial ATPase MPa and the
ubiquitin-like protein Pup [1391]. The compounds identified later
showed inhibiting activities in yeast and mycobacteria. Luchinat,
Banci and their coworkers also recently carried out an in-cell
screen on human carbonic anhydrases CA1 and CA2 in cultured
human HEK293T cells [1392]. The study was facilitated by the fact
that CA1/CA2 histidine side chain amide protons yield NMR signal
in a remote, usually empty region of '"H-NMR spectra, between 11
and 16 ppm. Drug binding was detected by CA1/CA2-histidine peak
shifting in one-dimensional 'H-NMR spectra. In principle, about
100 compounds may be screened per week using such a setup, in
combination with the matrix approach employed by Shekhtman.
Although it requires prior cell transfection and overexpression of
the target protein, this approach permits detection of the binding
of a compound to the enzymatic site of a human protein target
in a human cellular background. Even better, it can report the dis-
sociation of a compound from its target, revealing possible engage-
ments with off-target cellular entities [1393].

Enzyme activity reporters have been shown to be promising
instruments for in-cell NMR drug screening. Breeze, Hu and their
coworkers have for example used meropenem, an antibiotic
degraded by the New Delhi metallo-B-lactamase subclass 1
(NDM-1), an infamous bacterial drug resistance enzyme. They first
established real-time monitoring of meropenem hydrolysis by
NDM-1 overexpressed in live E.coli: methyl NMR signals of intact
and degraded meropenem are not the same (Fig. 22), and can be
used as reporters of progress of the reaction using one-
dimensional "H-NMR spectroscopy [1394]. Next, these cells were
grown in 96-well plates, exposed to a collection of compounds
and NDM-1 inhibition assessed by integrating NMR signals of
intact and decomposed meropenem after quenching the reaction
[1395]. The authors calculated that their protocol would permit
screening of about 10,000 compounds per week. Garau, Dalvit
and their coworkers used a similar approach, but this time by
recording '°F-NMR one-dimensional spectra of ARN1203, a fluori-
nated analog of the cannabinoid neurotransmitter anandamine. Its
19F_moiety has different chemical shifts before and after ARN1203
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degradation by the fatty acid amide hydrolase (FAAH). The corre-
sponding NMR peaks proved to be valuable probes of FAAH activity
in situ, as shown using membrane extracts of HeLa cells overex-
pressing this protein [1396]. HEK293 cells overexpressing FAAH
in 24-well plates were later used to screen compounds [1397]. This
approach is appealing: it relies on simple, sensitive, background
free 'F-NMR spectroscopy [1387,1398] of the supernatant pipet-
ted from the culture plates. Moreover, it allows an approximate
cell toxicity assay by using "H-NMR for the quantification of lactate
production [1397].

As shown in subsection 2.3. “Metabolic activities” (see above), a
number of molecules probing specific cellular activities using an
NMR-readout have been developed. Many of them may be useful
instruments for in-cell NMR drug screening. In particular, other
cleavable '°F-reporters have been published to detect specific
enzyme activities in cells [1399,1400]. MRI '°F-reporters for
detecting enzymatic activities have also been developed: they con-
tain a paramagnetic moiety, which destroys the NMR signal of the
9F moiety as long as the reporter is intact; upon cleavage by the
enzyme of interest, the two moieties are separated and the '°F
NMR signal becomes observable [137,1401,1402]. These have often
been tested in cells [1403-1407] and some of them may be used for
drug screening. Other '°F-, '3C- or '°N-labeled reporters of kinase
activity [1408,1409] or methionine sulfoxide reductase [1410]
may also be useful for example.

To the best of our knowledge, ligand-based NMR detection has
not been used to achieve drug screening in live cells. The most
closely-related study that we found was a Saturation Transfer Dif-
ference (STD-NMR) screening study of Rademacher and Peters on
norovirus virus-like particles (VLPs, auto-assembled particles
made of viral capsid proteins) [1411]. The usual NMR screening
methods, like STD-NMR, waterLOGSY, or relaxation weighted spec-
troscopy detect weak interactions showing affinities in the micro-
to milli-molar range and fast association/dissociation [1386,1412].
Hence, they are likely to generate high rates of false positives, even
when recording experiments with and without expression of the
protein target: weak interactions can be detected with cellular
content, which itself is not perfectly reproducible and constant.
Nikolaev, Allain and their coworkers have for example detected
significant numbers of weak interactions between metabolites (no-
tably those containing aromatic rings) and common E. coli proteins
[1413,1414]. This implies that the metabolic states should be very
similar between cell aliquots to avoid different competition levels
between screened drugs and metabolites. These ligand-based NMR

Meropenem Meropenem Meropenem Antibiotics
+ NDM-1 enzyme +E. coli + E. coli expressing NDM-1 + E. coli expressing NDM-1
100 000"000 e ® o0 o0
A M | A ‘ﬁ\ A s e et ig i iz p S-S =Y
JV\eomin SV L\ 30h J\_ _AM\21min _ A\ =
i 3 i
A | \ \ < 80 < & Cefotaxime
j‘v\;, min ‘Af\r o J\ Vzr.sr,br;/f\,‘, | '\ 18 min ,ff'\\ N 8 ®— Ceftazidime
A !\ | ﬁ‘ ] % » X —&— Tigecycline
J\ 42 min / e L )”&_E?ﬂ( ,J‘ — s FUIN 15min__ . \\; N E 60 - —v— Aztreonam
} \ )l | ‘. 5 b <— Imipenem
/‘/ 33min _JW\ N ashe | AM\azmin A\ 5 \ »— Meropenem
f‘ '\ J\ ‘l\ | E « L
JA 24min )W\ JL 20hr J\ M\_9min M\ € i
| A \ )ﬁ A A € 2 " <
L / A_15 min /A J\._05hr _J\ N\ _smin M\ o "o e
| » N
U emin JU | | L %,vvgln,,rﬁ\m M 3min M__ 0 i SN & S S
295 290 285 ppm 295 290 285 ppm 295 290 285 ;;pm 0 10 20 30 40 50 60
H H H Time / min

Fig. 22. '"H-NMR analysis of antibiotic degradation by living bacteria: times series of spectra can be recorded, which report notably the evolution of antibiotics in the
supernatant in real-time. A) One-dimensional 'H spectra showing the progressive hydrolysis of Meropenem by purified NDM-1 drug-resistance enzyme, B) in presence of
living cells of a standard E. coli strain and C) in presence of an E. coli strain expressing NDM-1. D) Time-dependent evolution 'H-NMR signal intensities of various antibiotics in

presence of E. coli cells expressing NDM-1.
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detection methods (STD-NMR, TRNOE, waterLOGSY,..) are thus
more adapted to “on-cell NMR” studies, which we detail below.

Other methods using paramagnetic tagging of protein targets
[1415,1416] may be better adapted to these kind of assays: they
may permit a more specific signal broadening of compounds bind-
ing to a defined protein carrying a paramagnetic center. We would
not be surprised to see such approaches being developed in the
coming years.

2.5.2. Drug modes of action and cell penetrance

The present subsection presents two aspects of drug treatment,
which relate to i) the effects of drugs on the overall profiling of cel-
lular composition, and ii) the detection of NMR signals revealing
intracellular drug molecules, hence drug penetrance in cells. To
some extent, this subsection covers studies that were also pre-
sented in Section 2.2.2., which treated the characterization of pep-
tidoglycan and its interaction with antibiotics, and Section 2.3.,
which focused on monitoring metabolism, sometimes in presence
of drugs. Hence, we will not repeat here explanation of the princi-
ples of NMR readout used in these studies.

The mechanisms of action of antibiotics have been studied on
intact cell walls from the early days of NMR in biology, and on
whole cells from the 2000’s. Early solution NMR observations
had revealed that the peptidoglycan (PG) residue '>N-D-Ala of
the Gram-positive B. licheniformis became more mobile upon expo-
sure to vancomycin [582]. Lower cross-linking in PG was later
observed in the presence of penicillin G or benzylpenicillin, using
15N CPMAS solid state NMR of the isolated cell walls of A. viridans
labeled with '’N-Lys [584,1417]. Because the PG of B. subtilis does
not contain any lysine, the incorporation of L-[2-!3C-'>N]-Asp was
used to record '>N-REDOR-filtered 3C-solid state NMR spectra and
to evaluate the decrease of PG cross-linking index upon cephalos-
porin treatment [595,596]. In the 2000’s and 2010’s, combinations
of 13C- and '>N-amino acid supplementation were used to execute
isotopic 'C or 'N-REDOR-filters followed by !°N- or '>C-NMR

I
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detection, which allowed quantification of PG cross-links on bacte-
rial cells exposed to various antibiotics (notably vancomycin,
amphomycin, plusbacin, oritavancin on S. aureus and E. faecium)
(Fig. 23) [578,597-601,610,615,619]. The effects of antibiotics on
D-Ala incorporation in the surface teichoic acid polymer have also
been scrutinized by solid state NMR of Gram-positive bacteria
[589,598,599,615,620,621]. Lately, Cegelski and coworkers have
also reported solid-state NMR 3C and '°N spectral signatures of
whole bacterial cells at natural abundance, which allow the rela-
tive quantification of PG and WTA, thus permitting a rapid evalua-
tion of the mechanism of action of antibiotics [579,1418]. Similar
applications may emerge for the analysis of bacterial or fungal
extracellular matrices [1419,1420] or mammalian cells, whose
whole-cell solid-state NMR spectra show visible changes depend-
ing on their metabolic state [1421,1422] or upon protein synthesis
inhibition for example [1423]. The level of accuracy on the meta-
bolic state provided by ssNMR is however rather limited and prob-
ably less adapted to the characterization of minute metabolic
changes in mammalian cells. HR-MAS NMR is more likely to pro-
vide useful insights in such situations (see Sections 2.3.5. and
3.3.4.). It has indeed been used to study the effects of cell exposure
to various compounds like chemotherapeutic agents [1008-1014]
or pathway activators [990,1015,1016]. Unless it is performed at
low spinning rate, HR-MAS does affect cell viability and does not
permit real-time NMR monitoring of cells upon drug treatment.
The drug mechanisms can also be characterized on a structural
level. We described in-cell studies aiming at mapping drug candi-
date epitopes in Section 2.6. Concerning proven drugs and their
tridimensional structures in situ, we found mostly reports on
antibiotics. Since the 2000’s, using similar solid-state REDOR
NMR spectroscopy, Schaefer and his coworkers progressively
revealed the structural details of drug binding in bacterial cell
walls. The presence of '°F nuclei in antibiotic molecules has been
helpful, because it allows '>C-'°F or '°>N-°F REDOR measurements
for example. Hence, coupled with '3C- or '>N-amino acid specific
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Fig. 23. Example of an application of solid-state NMR (ssNMR) to whole bacterial cells (S. aureus) to characterize the effects of antibiotics: here, vancomycin and oritavancin
inhibit the incorporation of D-Ala in wall teichoic acid (WTA). A) The cells are grown in a medium supplemented with L-[1-'>C]Lys and L,D['°N]-Ala, which are incorporated
in the peptidoglycan (PG) and wall teichoic acid; only the >N-NMR signals of constrained species are visible using solid-state NMR techniques. B) >C-ssNMR spectra using
REDOR methods showing either (lower) *C-labeled species, here mostly L-[1-'3C]Lys, or (upper) >C-labeled species bound to '°N-labeled species, i.e. L-[1-'3C]Lys-{D['°N]-
Ala}. C) Close-up view of ">N-NMR spectra of whole S. aureus treated either with no antibiotic, with vancomycin or with oritavancin. D) '>N-ssNMR spectra obtained using
REDOR methods showing either (lower) '>N-labeled species, here mostly ['>N]Ala, or (upper) '’N-labeled species bound to >C-labeled species, i.e. D-['°N]Ala-{L-[1-'3C]-Lys}.

Adapted from Singh et al. 2017 [621].
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labeling, this allows combined isotope editing and internuclear dis-
tance measurements for those rare events where antibiotic mole-
cules bind to PG precursors [578,589,597,600,607-609,619,1424].
Other ssNMR studies have been carried out to solve the structures
of nisin or teixobactins binding to the bacterial Lipid-II in native
membranes, using recently developed 'H-detected ssNMR tech-
niques and equipment (see Section 2.4.2.) [577,625,626].

An important aspect of drug activity is the ability to penetrate
cells. In many cases, the process starts with entry of a cell-
penetrant pro-drug followed by its intracellular chemical modifica-
tion to generate the final active compound. NMR spectroscopy has
interesting capabilities in this regard, because of its atomic scale
resolution combined with real-time measurements. These were
explored by Lippens and colleagues in the early 2000’s, to monitor
the pro-drug ethionamide penetration and activation in mycobac-
teria using HR-MAS NMR [1023,1024]. We have seen earlier that
NMR is very well suited to characterize diffusion coefficients, and
Lippens and coworkers used this ability to distinguish intracellular
from extracellular molecules by employing diffusion filters within
pulse sequences to separate signals. This provided a definitive
proof and time-monitoring of the localization of the prodrug. More
recently, Luchinat, Banci and their coworkers tracked drug pene-
trance by observing the NMR signal displacements of a protein tar-
get, the human carbonic anhydrase 2 (CA2) [867,1392,1393]. After
its overexpression in cultured, transfected cells, this protein pro-
vides 'H-NMR signals in empty windows of the spectrum, because
of its catalytic histidines, whose side chain imidazoles generate
slowly exchanging NH resonances at 11-16 ppm. These resonances
shift upon binding to drugs, thus reporting notably drug cell pene-
trance. This approach may be adapted to a number of protein tar-
gets, but it requires of course finding convenient, well-observable
NMR signals that report drug-protein binding. Hence, it will prob-
ably require finding a specific amino acid isotope labeling adapted
for every novel target.

2.6. Epitope mapping, structure-activity relationship

Structure-activity relationship (SAR) studies refer to hit or lead
compound optimization, which has been a recognized application
of NMR to structural biology for about 25 years [1425-1427].
Extensive details about the typical methods dedicated to SAR by
NMR (STD-NMR, TRNOE, waterLOGSY, and others) can be found
in these latter citations, and will not be discussed further here;
specific examples of applications to cellular samples were dis-
cussed in Sections 3.4.2 and 3.4.3.

2.6.1. Virus receptors

We will first mention NMR studies of virus:ligand interactions.
We will not take part in the debate of whether viruses are really
cells or live organisms, which probably depends very much on
the chosen definition of life [1428,1429]. However, virus:ligand
NMR investigations are included here, because they represent an
important body of work in the development of on-cell NMR stud-
ies. NMR spectroscopy can indeed help to map the epitopes of
ligands binding surface proteins of viruses. This is of interest
because many viruses attach to cellular surface glycans to favor
their entry into appropriate host cells, which also often implies
the existence of a glycan-cleaving enzyme for the later release of
replicated virus particles [1430-1432]. Hence, characterizing these
recognition events can help to understand viral infection mecha-
nisms, including possible inter-species or inter-individual trans-
mission, and to design antiviral therapeutics [1433-1437].

In 1992, the first publication that we found in this field reported
the use of intact H3N2 influenza virus at 2-4 g/L and the observa-
tion of 'H-NMR signals of sialoside oligosaccharides upon titration
from 1 to 20 g/L [1438]. Binding affinities in the millimolar range
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were extracted and the virus preferences for the various surface
oligosaccharides were discussed. This approach required high
quantities of virus and of glycans and was likely to provide infor-
mation only on weak affinity interactions. The situation was
improved by the exploitation of Saturation-Transfer Difference
NMR (STD-NMR) spectroscopy, a concept already exploited in the
late 1970s’ [1439-1441] that can provide a spectroscopic footprint
of binding epitopes (a number of dedicated reviews have been
published on this subject, see [1384,1442,1443]). Soon after being
recognized as an efficient drug discovery method in the late 1990’s
[1412], STD-NMR was used to map the epitope of an antiviral com-
pound binding to human rhinovirus particles [1444]. These results
were obtained using a virus concentration of 20 nM, i.e. 170 mg|/L,
and antiviral compounds at 120 pM. Similar STD-NMR studies
described glycan preferences of virus-like particles, i.e. assemblies
of viral structural proteins that do not contain any viral genetic
material. The molecular basis of glycan epitope recognition was
described at the atomic-scale for various influenza serotypes
[1445-1447], rabbit hemorrhagic disease virus [1448], bovine nor-
ovirus [1449], rhesus rotavirus [1450], and human norovirus
[1411,1451,1452].

Virus-like particles have also been used to detail the interaction
between peptide inhibitors and hepatitis B virus [1453], and
between fusion inhibitors and influenza hemagglutinin [1454]. In
the last 5 years, investigators reported studies using whole virus
particles to understand the adaptation of various influenza sero-
types to different glycans and thus different species [1455,1456],
to verify the proper binding of fluorescent probes to enteroviruses
binding [1457], and to map the epitopes of compounds inhibiting
the entry of the enterovirus EV71 [1458].

Recently, Vasile and colleagues published STD-NMR studies
using transfected mammalian cell lines stably expressing func-
tional influenza hemagglutinin on their membranes: using 10’
cells and avoiding purification steps, they could achieve a rapid
epitope mapping of various ligands [1459,1460]. The wealth of
structural information from all these STD studies would be difficult
to describe fully. The corresponding results may be seen as over-
lapping with those of mass-spectrometry, glycan arrays or crystal-
lography. However, results from isolated viral receptors can often
be unreliable [1461,1462], crystal structures of protein:glycan
complexes are often limited to the resolved description of very
few glycan residues, and studies on viral particles clearly provide
a useful support to the in vitro toolbox [1463].

2.6.2. Mammalian membrane proteins

Mammalian cell transfection has also been useful to character-
ize the binding epitopes of drug candidates targeting membrane
proteins by NMR spectroscopy in situ. Membrane proteins repre-
sent an abundant reservoir of drug targets [1464], but difficulties
with their purification and stability for in vitro studies often make
their study extremely problematic.

In this context, STD-NMR has the capacity to provide ligand
mapping without the classical purification steps. Jimenez-Barbero
and colleagues published a proof of concept in 2005, where they
showed that mannan STD-NMR signals were detected in the pres-
ence of K562 cells transfected with the immune system lectin-like
receptor DC-SIGN, but not with mock-transfected cells [1465]. This
approach was applied to a human Golgi resident nucleotide sugar
transporter (called CST) expressed in Pichia pastoris: STD signals of
CMP-sialic acid were recorded in the presence of Golgi-enriched
fractions of cells either expressing CST or not [1466], and, in a sub-
sequent study, expressing CST mutants that affect binding or satu-
ration transfer [1467]. In the absence of 3D structural data, this
provided a primary mapping of the interaction both on the ligand
and on the membrane-protein. Similar experiments were carried
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out on GDP-mannose and the GDP-mannose transporter of Asper-
gillus niger [1468].

The extremely important drug-target family of G-Protein Cou-
pled Receptors (GPCRs) has also been studied by on-cell STD-
NMR spectroscopy, confirming in situ binding of ligands on i) insect
cells expressing and exposing human cannabinoid receptors (the
NMR samples containing 5.10° cells/mL exposing the receptor at
about 100 nM) [1469]; ii) membrane fractions of mammalian cells
expressing the human sweet receptor and an inactive mutant
[1470,1471], the chemokine receptor CXCR4 [1472], and the thiol
odorant receptors MOR244-3 [1473] and OR2T11 [1474] (the
NMR samples containing about 10 nM of the relevant GPCRs).
These studies often report STD signals even without expression
of the receptor, probably because of unspecific interactions of the
tested hydrophobic ligands. Spectroscopists have thus used Satura-
tion Transfer Double-Difference (STDD-NMR) by subtracting the
STD signals obtained in presence and absence of receptor expres-
sion. Naturally, this compromises sensitivity. However, such
experiments provided direct evidence of GPCR binding, and led
to an epitope mapping. This approach is highly complementary
to the more common luciferase GloSensor assays, which report
end-point, indirect evaluations of GPCR activation through cAMP
production [1472,1474].

Another issue comes from the tendency of adherent mam-
malian cell lines to aggregate and settle, which often forces the
use of suspension cells or membrane fractions. Jimenez-Barbero
and colleagues proposed a solution: they introduced 1 million cells
in a 4 mm diameter cylindrical sample container, conventionally
called a “rotor”, and spun them between 1 and 4 kHz using a
HR-MAS probe (see Sections 2.2.3. on LPS, 2.3.5. on lipids and
3.4.3. for specific discussion of HR-MAS). This caused cell sedimen-
tation and the formation of a homogeneous layer on the rotor
walls, which permitted STDD-NMR measurements for a glucose
co-transporter and some ligands [1475].

This sedimentation issue is one of the reasons that pushed spec-
troscopists to use slow-settling platelets for a number of early on-
cell STDD studies. Another convenient aspect when using platelets
is their very high content of integrin ot;B5 (1-5.10% per cell, about
50% of membrane proteins [1476]), which is required for platelet
aggregation. Combined with a low cytoplasmic volume, platelets
were thus ideal for early characterizations of ligand binding to
intact mammalian cells by NMR (integrin oy, was at a concentra-
tion of about 600 nM in the NMR samples) [1476]). Because native
ligands of integrins are short peptides containing an RGD motif,
resolving their receptor-bound conformations was of considerable
interest. Another NMR method known for a long time, named
TRNOE, had been developed for such applications: it detects the
large negative NOE of slow tumbling species, which reveals a foot-
print of the bound-ligand conformation (via interatomic distances)
even though it is detected on the free ligand population
[1412,1477). Applied to platelets, the measured TRNOE allowed
the bound conformations of two cyclic RGD-containing peptides
to be solved [1478]. TRNOE spectroscopy was later used to charac-
terize the interaction between RGD-containing peptides and the
integrin o, B3 expressed at high levels by certain cancer cell lines
(generating nM range concentrations in the NMR samples)
[1479-1484], or with the integrin o, f; [1485,1486]. These studies
led to design of RGD-containing peptidomimetics showing
improved affinity and specificity for the studied integrins.
Recently, STD epitope mapping was carried out for the large pro-
tein osteopontin binding to integrins, using mammalian cells
entrapped in a methylcellulose hydrogel [1487], which seems to
us a promising approach.

In the last 5 years, two remarkable on-cell STD-NMR studies led
to the progressive design of high-affinity ligands of the B-cell
receptor Siglec-2 [1488] and of CXCR4 [1489]. STD-NMR or TRNOEs
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also confirmed the binding of some peptides to the vascular
endothelial growth factor receptors VEGFRs [1490,1491] or the
angiogenesis associated CD13 [1492], and permitted mapping at
a residue-scale of the Bombesin peptide interaction with the GPCR
Gastrin Releasing Peptide Receptor (GRP-R) [1493].

Finally, another interesting approach was explored by Izadi-
Pruneyre and colleagues, aimed at providing direct experimental
evidence of drug binding to a putative membrane protein target
[1494]. A series of candidate drugs against Mycobacterium tubercu-
losis had been discovered, and the QcrB subunit of the cytochrome
bc-aas complex had been identified as its target from spontaneous
mutant strains. STD-NMR experiments were performed on live
bacteria cells, expressing either the wild type or the resistant
mutant of the QcrB subunit, exposed to one of these new drugs:
i) STD signals from the drug were observed only in the presence
of the wild-type QcrB, therefore confirming the identity of the drug
target; ii) the relative intensities of the STD signals gave clues
about the chemical moieties that were the most engaged in bind-
ing pockets. This method is perfectly complementary to the chem-
ical and genetic approaches that led to discovery of the drug series,
and thus sets a stronger basis for the future drug developments.

3. In-cell NMR theoretical and practical considerations
3.1. A historical aside: the beginnings of NMR of biological material

In this section, we sketch a brief historical summary of early
NMR work on biological tissues and cells. Many initial misinterpre-
tations were resolved only later as the subject progressed. We have
included a discussion of these here, in part because we feel they
have historical interest, but also because some of the incorrect the-
ories described below were still cited and re-employed by non-
specialists after they had been disproved.

3.1.1. Early controversies in NMR studies of water (1950-70’s), and
what can be learned from them

As early as 1950, Shaw, Palmer and Elsken carried out NMR
studies on water in biological material such as apple, potato and
maple wood to establish a method for water content quantification
[1495]. The NMR signal was measured by low resolution nuclear
magnetic absorption at that time, and the authors soon discovered
that the correlation between measured intensities and water con-
tent was not perfect [1496]. They realized for instance that “sol-
uble solids” such as carbohydrates, proteins or fatty acids were
contributing to the NMR signal from apple tissues or in milk,
whereas starch in potato tissues made negligible contributions
[1497-1500]. Hence, to be accurate, NMR quantification of water
required a prior estimation of these soluble species. They noticed
however that these solutes were causing broader linewidths for
the observed signal, and suggested that characterizing these line-
widths might provide a method to investigate the interaction
between water and the non-aqueous species [1495-1497]. They
also pointed out that T1 relaxation became faster as the viscosity
increased in sucrose and gelatin solutions [1499], in agreement
with earlier results from Bloembergen, Purcell and Pound [1501].
Faster T1 relaxation had also been reported in various rabbit tis-
sues and in yeast cells by Odeblad and Lindstrém in 1955 [1502].
These T1 rates would later be connected explicitly to molecular
correlation times and the nature of the surrounding spin lattice.
Odeblad and Lindstrém also quantified the water exchange rate
in red blood cells by measuring their remaining water 'H signal
after incubation in D,0. The authors acknowledged however the
progressive appearance of deoxygenated hemoglobin, whose para-
magnetism would cause faster relaxation times and lower appar-
ent signal strength, as shown earlier independently by Bloch,
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Bloembergen et al., and Odeblad et al. [1503-1505]. Hence, in 1956,
these first studies had already established the observables and the
parameters that would be scrutinized in cellular studies in the dec-
ades that followed: signal intensity, linewidth and relaxation times
could be related to molecular composition, chemical exchange, vis-
cosity, chemical environment and the effects of paramagnetic
species.

The next two decades of NMR research on water in living sam-
ples were nevertheless controversial, at least in part because all of
these parameters can influence all of these NMR observables. Dif-
ferent interpretations as to what was the dominant parameter
causing intensities to be missing could easily emerge and be
argued. Hence, the field became involved in two major controver-
sies. The first one has its origin in a model, that in retrospect seems
surprising, from Gilbert Ling, who disputed the existence of cellu-
lar cation pumps and their function in regulating transmembrane
cation concentration gradients: these would have cost too much
energy to the cell in his view. Instead, he had proposed since the
1950’s an “association-induction hypothesis” leading to the model
of a “polarized-oriented multilayer” of structured cellular water
and Na*/K" ions in cells [1506-1508]. This sounds strange now that
cation pumps are well-established, that venom and drugs targeting
them are known, and that several Nobel prizes have been awarded
to researchers in the field. In fact, it did already sound awkward to
a number of contemporaries, but during the 1960’s some experi-
mental results were published that were consistent with this con-
troversial theory [74,1509-1515]. These papers reported line
broadening and relaxation rates of the water NMR signal in animal
tissues, notably upon muscle or nerve excitation. The results were
interpreted in the framework of a two-phase model, with one
minor “liquid” population and one major “solid” or “ice-like state”
population of water molecules. These interpretations were also
supported by other NMR experiments on Na* and K*, but, as dis-
cussed in a later section, these latter experiments proved to have
an incorrect interpretation of “invisible” signal. Among others,
Cope, Hazlewood and Damadian became involved in the debate
[1516], which became more complex once Damadian and others
reported variations of T1 relaxation rates in tumors and in normal
tissues in the 1970’s, again in highly influential journals [1517-
1520]. Damadian adopted the model of Ling [1517,1521], which
provided a framework to describe the loss of water structure as a
hallmark of cancer cells, and his findings led him to promote
NMR as a method to detect tumors. While his support of the model
of Ling proved to be mistaken, Damadian’s recognition of the pos-
sibility of using relaxation properties to distinguish tumors from
healthy tissue encouraged the development of MRI (see [1522]
for review). Another positive outcome was that the controversies,
which were hotly debated (see [1521]), pushed the community
to propose better explanations during the 1970’s. To summarize
these results briefly, with hindsight the incorrect interpretations
proved to arise from i) an inability to detect the early, rapidly
relaxing components of NMR signals, which in turn resulted from
using materials and equipment that required delays between exci-
tation and acquisition, and/or ii) the use of imperfect models
[197,272].

Indeed, physicists working in the field determined several pos-
sible mechanisms that would affect T1 and T2 relaxation rates of
water. Water T1 relaxation rates in cells and tissues were found
to be correlated with water content [1523-1526], which varies,
for example, between different organs. Thus, water T1 and T2
appeared to be an ambiguous parameter for diagnosis in the
mid-1970’s (a good review appears in [1526]). Intracellular T2
relaxation could be interpreted in terms of multiexponential
regimes, and accelerated notably i) by chemical exchange between
bulk water and water molecules in the hydration layer of macro-
molecules, ii) by the diffusion of water molecules in magnetic field

45

Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

gradients generated by heterogeneous magnetic susceptibility, iii)
by the exchange between intracellular and extracellular media, iv)
by the progressive appearance of paramagnetic species due to
hemoglobin deoxygenation and the release of reactive oxygen spe-
cies in tissue samples [73,1527-1534]. The physics of these interac-
tions was not straightforward, and the quantification of their
effects remains an active subject for study, notably to achieve a
good understanding of Blood Oxygenation Level Dependent (BOLD)
MRI (see Section 3.2. and the following references [79,1535-1537]).
Fortunately, the introduction of injectable paramagnetic agents
contributed substantially to the success of MRI, by strongly affect-
ing water NMR relaxation rates and thus generating simpler T1- or
T2-weighted imaging contrast.

3.1.2. The case of quadrupolar nuclei

Quadrupolar nuclei require careful manipulation during NMR
experiments. Their fast relaxation is accelerated by dense and
heterogeneous cellular environments. We will not discuss the the-
oretical background to this, which would be well beyond the scope
of this review (see for instance [263,1538,1539]). Instead, we pre-
sent this as a historical discussion, complementary to the previous
subsection on water.

We start by discussing the impact that 3°K NMR studies made
on the understanding of intracellular K* dynamics. Similarly to
what happened with 23Na, 3°K NMR spectroscopy started with
the observation by Cope and Damadian in 1970 of limited “NMR-
visibility” of the intracellular pool of 3°K*: only 30-40% of the
expected signal could be observed in cells by NMR [269]. In the late
1960’s, a fundamental debate on the nature of the cellular solvent
took place: this low signal was interpreted as an argument in favor
of limited 3°K dynamics in cells, and thus in favor of the existence
of an organized, semi-crystalline intracellular solvent. The tenacity
(see [1521]) of its champions had long-lasting effects on the debate
in the literature. This model was however not compatible with dif-
fusion and electrical conductivity measurements [270]. This moti-
vated some NMR spectroscopists to try to better understand and
characterize ionic dynamics, which in turn implies trying to better
understand and characterize quadrupolar relaxation, since these
ions are quadrupolar. As a result, 3K NMR signal intensity and
relaxation were thus quantified in multiple systems and correlated
with the relaxation theory of quadrupolar nuclei. 3°K studies
showed that K" was freely mobile in vacuoles of pea stem, which
are very aqueous in character [193,194]; low percentages of immo-
bilized K* were estimated in frog muscle [271] and halobacteria
[1540]; 100% 3°K signal, i.e. 100% free K*, was observed in duck ery-
throcytes, which contain nuclei and mitochondria, and in mam-
malian erythrocytes, which do not [218].

Theoretical frameworks had been provided as early as 1970,
and through the 1970’s by multiple groups: in a cellular environ-
ment where 2>Na* and 3°K" interact even very weakly with macro-
molecular assemblies, their spin 3/2 and quadrupolar nature would
result in the appearance of a fast-relaxing component affecting 60%
of the total expected NMR signal [196,270,1541-1545]. This fast-
relaxing signal could be detected only with advanced equipment.
Consistent with this, Shporer and Civan had shown experimentally
from 1972 that 2>Na* and 3°K* showed multiple T2 relaxation com-
ponents in non-homogeneous samples where these ions could
interact transiently, including frog muscles and halobacteria
[195,196,271,1540]. Although this framework became consistent
and had good predictive power [202,336,1546], the controversy
continued during the 1980’s, and different groups regularly
reported low 3°K* intensities equivalent to ~40% of the expected
signal in yeast [200], in rat hearts [225,1547], and in E. coli [276].
The experimental proofs were broadly agreed only in the 1990’s,
showing that the observation of the fast and slow components of
the intracellular 3°K signal required a number of advances in
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Fig. 24. Schematic representation of an erythrocyte in a By magnetic field, and of
the phenomena influencing NMR relaxation of water. The gray lines indicate the
magnetic field lines generated by the difference between the magnetic suscepti-
bilities of the intra- and extra-cellular media. These magnetic field gradients are
intrinsically lower inside the cells, but cause basal peak broadening. Signal
linewidth is also affected by faster relaxation due to i) diffusion of water molecules
through magnetic field gradients (the resonance frequency of every molecule varies
during acquisition, yielding coherence losses), ii) interactions with diamagnetic
proteins (albumin or oxygenated hemoglobin), iii) proximity with paramagnetic
compounds (like deoxy-hemoglobin), and iv) exchange between sample compart-
ments (intra- and extra-cellular). All these phenomena can affect every molecule
observable by NMR in cellular samples. Adapted from Li & van Zijl 2020 NMR
Biomed [1536].

equipment: advanced probes and sensitivity, magnetic field homo-
geneity, faster electronics to record the NMR signal with the short-
est delays after pulses and improved baseline correction so as not
to cancel the broad, fast relaxing component of >°K even in the
presence of significant baseline roll [272,273]. The different mito-
chondrial content in tissues, and later the ribosome content in
E. coli [1548] were established as important contributors to 3°K
interactions and thus of cellular 3°K NMR relaxation.

An interesting note: in cells, both T1 and T2 are bi-exponential,
having a fast-relaxing component, while the extracellular 3°K is
likely to show a mono-exponential slow-relaxing relaxation in
absence of transient interactions with ~macromolecules
[278,280,1549]. When this slow component of T1 is known, the
extracellular signal can be removed using an inversion-recovery
block of the appropriate duration (~-In(0.5*T1)). The fast-
relaxing component can then be selectively excited and observed
as has been shown in some 39K studies [278,280,1549].

3.2. Line-broadening and observability

NMR signals are broadened in living samples. It is worthwhile
detailing the sources of this line-broadening if we want to under-
stand how to counteract them. We discuss the main contributions
below, i.e. viscosity effects, heterogeneous magnetic susceptibility,
compartmental exchange, and multiple interactions (see Fig. 24).
These take place in spatial dimensions in the range of 1 to 20
micrometers for prokaryotes to mammalian cells, respectively.
For each, the subcellular compartments are at least 10 times smal-
ler. The most studied system has been erythrocytes (red blood
cells), which can be schematized as disks of 4 um radius and 2
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pm thickness. Mammalian erythrocytes are enucleated, while
avian erythrocytes do have a nucleus and functional mitochondria,
which has been useful for comparisons in NMR studies. Larger cells
exist, such as frog oocytes that are about 1 millimeter across and
also have internal subcellular compartments of exceptional sizes,
up to hundreds of micrometers.

In this section, we will try to provide helpful numbers and con-
cepts to understand qualitatively the driving forces of NMR line-
broadening in samples containing cells. This is necessary for
understanding the current limits of the technique, and thus pre-
dicting windows of opportunities in terms of applications, as well
as imagining solutions to overcome these limitations.

3.2.1. Intra- and extra-cellular mobilities of molecules

Before evaluating the NMR-related phenomena that affect line-
broadening in samples containing living cells, we have to deter-
mine an important driving factor, namely intra- and extra-
cellular apparent viscosities. This is of course more a matter of con-
cern for solution NMR than solid-state NMR. Another difficulty is to
determine the molecular diffusion regimes, at the NMR T2 time-
scale, i.e. in the timeframe between 1 to 10 milliseconds: are we
dealing with free diffusion or restricted molecular motion? In this
paragraph, we consider the ideal situation where i) only inter-
molecular steric repulsion affects intra- and extra-cellular molecu-
lar mobilities, and ii) translocation is negligible in comparison to
intra- and extra-cellular diffusion. The average membrane perme-
ability for small compounds is indeed low [1550] (Fig. 25). Our
assumption is thus somehow realistic in most cases, although it
suffers plenty of exceptions: the translocation of various small
molecular species is of course accelerated by many dedicated
membrane channel proteins.

Water self-diffusion coefficients are about 1.5x10™ and 3x10°
mZ2.s!at 283 K and 310 K, respectively [ 1551], while diffusion coef-
ficients of small metabolites in pure water are of the same order of
magnitude, e.g. 1.05,0.91 and 0.67 x10° m2.s™! at 298 K for glycine,
alanine and glucose, respectively [1552]. If we neglect the fraction
of water molecules and metabolites that solvate or interact with
macromolecules, small molecules (<1 nm diameter) experience
intracellular viscosities about 1.5 times that of pure water
[1553]. Hence, in one millisecond the Brownian motion of water
and glucose would lead to a three-dimensional mean-square dis-
placement of about 3.5 and 2 micrometers, respectively (11 and
6 pm after 10 ms). We can thus consider that small molecules
undergo restricted motions in bacteria, and in mammalian cells
too, if we take into account the meshwork of subcellular orga-
nelles. It is less evident for the extracellular medium, depending
on cell density: a packed cell pellet will exert a certain restriction
of the mobility of small molecules, whereas cell at densities below
~5% v[v may not.

Concerning larger molecules such as proteins, intracellular vis-
cosity depends on molecular weight, but also on the diffusion time
scale. Regular size proteins (hydrodynamic radius < 5 nm or molec-
ular weight below 200 kDa) experience local viscosities in mam-
malian cells of about 1.5 to 5 times that in water, and in E. coli
about 8 to 30 times that in water [1553]. To give some orders of
magnitudes, GFP;, GFP; and GFPs (28, 84 and 140 kDa) have imme-
diate diffusion coefficients of 0.09, 0.05 and 0.0035 x10° m2.s! in
water, and 0.07, 0.03 and 0.015 x10° m2s™! in cultured human
cells, respectively [1554]. These coefficients hold true for a few
milliseconds, but, on a timescale of about 100 ms, decrease to
0.03, 0.01 and 0.005 x10° m%s! in the same cells. Intracellular
obstacles such as organelles, cytoskeleton and macromolecules
are responsible for such anomalous diffusion. Hence, GFP; follow-
ing a Brownian motion in mammalian cultured cells will show a
mean square displacement of about 0.6 pm in 1 ms. In E. coli, the
same GFP; can move about 0.3 pum in 1 ms. The cytosol of E. coli
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Fig. 25. Indicative, average membrane permeability (P, vertical axis) of small
substances (listed according to their molecular weight and electric charge) for
model lipid bilayers. Straight lines link the substances to their Pp,. Py, corresponds
to the membrane permeability in a model of passive membrane diffusion where J =
-Pm X Ac, with J the transmembrane flux density, and Ac the transmembrane
concentration gradient. Adapted from Hannesschlaeger et al. Chem Rev 2019
[1550].

also has an equal impact on non-folded, disordered proteins. Using
NMR, Waudby et al. reported interesting numbers for non-folded
o-synuclein (radius of gyration ~4 nm [1555]) recombinantly
expressed in E. coli cells: a-synuclein motion is strongly restricted
in the millisecond timescale, its root mean square displacement
being constant at about 0.35 pm for any evolution time between
10 and 20 ms, close to the 0.5 pum in width of an E. coli cell [104].

Local nanoscale viscosities are similar among cultured mam-
malian cell lines [1556] and through the cell cycle [1557], except
of course for proteins engaged in complexes that vary with the
phases of the cell cycle [1558]. Local viscosities are similar in the
cytosol and in the nucleus for proteins of average size
[1559,1560]. However, important differences have been measured
recently at the sub-micrometer scale: a single protein of 28 kDa
can show diffusion coefficients of 0.025 x10° m?.s! in the cytosol
except in the few hundreds of nanometers close to actin cytoskele-
ton bundles, where its diffusion drops by a factor two; moreover,
its diffusion coefficients in the nucleus were measured to be about
0.02 and 0.007 x10° m2s™! outside and inside nucleoli, respec-
tively [1561]. The same study revealed an intriguing feature: by
adding positive net charges to the tracked fluorescent protein, dif-
fusion coefficients dropped progressively to zero. Similar observa-
tions have been reported in E. coli, where protein-protein and
protein-lipid but not protein-nucleic acid interactions play signifi-
cant roles [1562]. As for small molecules, the apparent extracellu-
lar viscosity for proteins is not much affected by the presence of
serum or even by the extracellular matrix (ECM) in the case of
mammalian multicellular spheroids and tumors: it has been mea-
sured recently to be 1.2 to 2 times larger than in pure water for
proteins below 200 kDa, depending on the cell line [1563]. How-
ever, in this last case, the ECM shows typical correlation lengths
of about 20-40 nm that to some extent restrict extracellular pro-
tein diffusion.

Altogether, the intracellular and extracellular environment of
mammalian cells exert a 1- to 5-fold increase in apparent local vis-
cosity for both small and large molecules. Bacterial cells have more
impact on macromolecules, up to 20-30 fold. These reported local
viscosities have roughly proportional consequences on transla-
tional and rotational diffusion (anomalous effects can appear at
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the micrometer scale for translational diffusion, and the effects
on rotational diffusion are thus theoretically always a bit smaller
than the local viscosity measured by translational diffusion)
[1553,1564]. We can translate these increases in viscosity into cor-
relation times or apparent molecular weights: the latter would be
proportional to viscosity, using the Stokes law and homogeneous
spheres as a model for proteins [1565]. Hence, the experimental,
apparent viscosities can already be helpful for the NMR spectro-
scopist: as far as solution NMR is concerned, rapid calculations
show that, based on predicted correlation times, folded proteins
of over 25 kDa will always be difficult to observe in E. coli, while
those below 50 kDa in mammalian cells may be within range for
producing useful spectra. Once more, this corresponds to the theo-
retical case of molecules that do not interact with any cellular
component.

Finally, organelles and cytoskeleton establish a sub-micrometer
meshwork, where small molecules as well as proteins experience
somehow an intracellular restricted motion on the NMR T2 time-
scale of one millisecond. Extracellular metabolites also experience
restricted motion in cell pellets. This will be of importance for the
next section.

3.2.2. Inhomogeneous magnetic susceptibility

Living material is organized into spatial structures, which
causes sample inhomogeneity. This has consequences at different
levels, the first being in terms of local magnetic susceptibilities
Xioc- Chemical shifts are proportional to the local magnetic suscep-
tibility Bjococpo(1+%10c)Ho (Where Hp the spectrometer magnetic
field strength), provided we consider the ideal situation where a
molecule does not diffuse during the NMR measurement. Magnetic
susceptibilities of cells and subcellular components have been
reported, but information about this is relatively scarce in the liter-
ature, to the best of our knowledge. We have gathered the experi-
mental numbers that we could find in Table 1.

The most studied cells are erythrocytes (red blood cells), which
are mostly filled with hemoglobin at about 5 mM. Hence, erythro-
cytes show magnetic susceptibility variations due to dia- and para-
magnetism of oxygenated and deoxygenated hemoglobin, respec-
tively. Their contribution to NMR signal broadening is difficult to
disentangle from those due to intracellular interactions and the
chemical environment. The only clear reports -to the best of our
knowledge- used variable angle spinning to separate them: mag-
netic susceptibility differences between the buffer and the cytosol
of CO-treated (to generate stable paramagnetic hemoglobin), pel-
leted erythrocytes (mammalian, i.e. enucleated) generate chemical
shift differences of 0.1-0.2 ppm (Fig. 26) [1566-1568] that vary in a
linear fashion with the intracellular hemoglobin concentration.

When they do not contain any paramagnetic center, proteins
seem to have a common average magnetic susceptibility, which
is about 1 ppm more diamagnetic than that of water
[1569,1570]. Fatty acids are about 1 ppm less diamagnetic than
water, and we can expect similar values for tri-acylglycerides pre-
sent in intracellular lipid droplets. Cholesterol is also found in lipid
droplets, and in contrast is more diamagnetic than water. Among
phospholipids, we found experimental information only for
dipalmitoyphosphatidylcholine (DPPC), for which susceptibility
values surprisingly different from those of fatty acids were
reported [1571]. Phospholipids are mainly present in mono- or
bilayers such as those in bicelles, whose anisotropy of magnetic
susceptibility is on the order of magnitude of 0.5 ppm [1571-
1574]. The information on DNA magnetic susceptibility may be
interpreted with caution: it appears to depend on the degree of sol-
vation and on the interactions with metals or ammonium groups
[1575-1579], to comprise dia- and para-magnetic components
over multiple scales and thus to vary with the magnetic field
[1580]. In our view, the intracellular magnetic susceptibility of
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the cell nucleus is thus quite uncertain. Its measurement has been
recently reported by Tao and colleagues in a study that resulted in
surprising values, also revealing the cytosol to be paramagnetic
[1581]. The authors argue that the cytosol hosts organelles that
generate paramagnetic reactive oxygen species such as perox-
ysomes and mitochondria (whose integrity should probably be
verified). These results should be carefully considered: the pres-
ence of paramagnetic metal ions in cell culture media and cytosol
has been regularly reported by EPR [1582].

Overall, cells and their culture medium represent inhomoge-
neous samples containing compartments, whose intrinsic mag-
netic susceptibilities vary in the range of 1 ppm. There is no
direct correspondence between local magnetic susceptibility and
local chemical shifts: the local magnetic fields are continuous func-
tions of space, and the local susceptibilities have non-negligible
impacts on magnetic field gradients on a micrometer scale.

Every local magnetic field generates a local chemical shift. In
the case of living samples, the sum of all the local environments
generates chemical shift distributions. It is however not straight-
forward to predict local susceptibility values. Magnetic susceptibil-
ity variations cause perturbations of the local magnetic field and
Larmor frequency, which is a continuous function of space. Hence,
calculating the local chemical shifts in heterogenous samples has
long been a matter of concern. Using a model of theoretical round
avian erythrocyte cells (Ynucieus=-8-9X10®, Ycytoplasm=-8-86x107°,
Amedium=-8.82x107%), Kuchel and colleagues calculated that mag-
netic field gradients could reach about 2 G/cm (at a spectrometer
field of 9.4 T) in the micrometer surrounding the nuclear and
plasma membrane, i.e. about 1-2 Hz between molecules at the sur-
face of the nucleus and far away in the cytosol [1594,1595]. The
consequences were about 20 times larger for erythrocytes that
would contain paramagnetic deoxyhemoglobin (¥ nucleus=-8.9x10"
8 Yeytoplasm=-7-9X10%, Y medium=-8-82x10°°). Later calculations by
Gillis et al. gave about 2-3-fold larger values using more realistic
shapes for mammalian paramagnetic erythrocytes (Fig. 27)
[1596]. Based on experimental reports, Jensen and Chandra calcu-
lated root mean square magnitudes of field inhomogeneity of 0.5
ppm in erythrocyte suspensions and 0.2 ppm in grey matter
[1597]. These field variations clearly depend on cell geometry
and are half as large for spherical cells [1596,1598]. Given the sus-
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ceptibility values reported from cells or cell extracts (Table 1), the
chemical shift distribution in the cytosol of a round cell is expected
to be similar to that in deoxy-erythrocytes, i.e. 0.1-0.2 ppm. This
corresponds to the chemical shift distribution due to the presence
of nucleus, cytosol and extracellular medium that have susceptibil-
ity differences of about 1 ppm.

The variations of local magnetic fields are intrinsically larger
outside of the considered compartment, e.g. the nucleus, the inter-
nal organelles or the cell. However, the local fields s a few percent
(Fig. 27). For large magnetic susceptibility differences between
intra- and extra-cellular media (e.g. for paramagnetic deoxy-
genated erythrocytes), the resulting heterogeneity in magnetic
susceptibility can grow until a certain cell density and then pro-
gressively decrease for packed cell samples [1536,1599]. Alto-
gether, we can consider that intra- and extra-cellular molecules
are equally affected by the resulting chemical shift variations of
0.1-0.2 ppm.

At a more local level, we can also take into account the magnetic
susceptibility differences imposed by the sharp transition between
aqueous intra- and extra-cellular media and lipids in membranes
or droplets. Using a simplistic model of a magnetic dipole moment
and its associated magnetic field imposed by a spherical cell, Wind
and Hu calculated that chemical shift distributions of lipids (or
other molecules) in membranes may be as much as 0.6 ppm due
to their variable orientations in the field and the local differences
in magnetic susceptibility [636]. Lipid 'H line-widths in cellular
samples are usually 0.1-0.2 ppm. A large fraction of these lipids
is contained in lipid droplets, which are approximately round
objects: spheres generate a homogeneous internal magnetic field,
but also local inhomogeneities at their external surface. Frog
oocytes show large experimental lipid linewidths of about 0.3
ppm, which may be due to their large asymmetric protein/lipopro-
tein (yolk) or lipid compartments, but also to the adsorbed micro-
scopic air bubbles that are commonly found on the oocyte surface.

In addition, we can consider the chemical shift averaging that
molecular diffusion would cause, which may act to reduce the
apparent chemical shift distributions described above. We have
seen that metabolites diffuse at rates that would allow them to
move micrometers per millisecond, i.e. more than a whole E. coli
cell length, or a tenth of a mammalian cultured cell. Proteins move

Table 1
Volume magnetic susceptibility at room temperature (SI, dimensionless; divide by 47 for converting to the CGS system); d: density.
Material %.106 (SI units, references Material %.106 (SI units, Reference
dimensionless) dimensionless)
H,0 -9.05 [1583] Deoxygenated erythrocytes -6.1 [1584]
D,0 -8.8 (-9.0 in [1552] CO-treated RBC (intracellular -9.25/-9.4 [1566,1584]
[1585]) diamagnetic hemoglobin ~5 mM
~ 350 g/L)
H,0+[NaCl]=150 mM (d=1.05 g/mL) -8.95 Calculated based Hela 12 to 20 mm diameter -6.45 to -6.5 [1587]
on [1586]

culture medium (mammalian cells, -7.5 [1587] lymphocyte -9.1 [1587]

classical medium 199 [1588])
“Pure protein”(d=1.38 g/mL) -10.5 [1569,1570] Frog oocyte -8.7 [1589]
100 g/L BSA in water -9.1 Calculated based Pellet/yolk (proteins and -8.0 [1589]

on [1570] lipoproteins)
DNA (d=1.7 g/mL)y(diamagnetic) -12.8 [1575,1590] Cytosolic -8.8 [1589]
Fatty acids (d=0.85 g/mL) -84 [1552,1591,1592]  Lipid fraction -8.1 [1589]
Cholesterol -9.7 [1552] Phospholipids (DPPC) (d=0.94 g/ -9.4 [1571]
mL)

Glycerol -9.8 [1552] Glucose -10.9 [1552]
Oxygenated hemoglobin -9.2 [1584,1587] Starch granules -10.9 [1593]

(diamagnetic)
Deoxygenated hemoglobin -5.8 to -6.7 [1537,1584] CNE-2Z carcinoma cell line Nucleus: -6.8 [1581] Should be interpreted

(paramagnetic) human(for d=1 g/mL) Cytosol: 9.9 cautiously, in regards to all other

reported values
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Fig. 26. One-dimensional '"H NMR spectra of an erythrocyte suspension in a rotor spinning at varying angles 6 with respect to the spectrometer field: close up views of the
water peaks: A) Magic-Angle Spinning, which cancels the effects of varying magnetic susceptibilities in the sample, B) 0° spinning and C) 90° spinning. The labels “Extra.” and
“Intra.” indicate the peaks from water molecules in the supernatant and inside the cells, respectively. The spectrum at the magic-angle reveals the isotropic chemical shifts
due to the different chemical environments inside and outside the cells. The difference of magnetic susceptibility between inside and outside the cells is given by Ay =2(Avo-
Avgo)/Avo, with Avg and Avgg the intervals in Hz between the “Intra.” and “Extra.” peaks when spinning at 0° and 90° with respect to the spectrometer field. Here, Ay was
measured to be -2.18x1077 (SI units, dimensionless). The rotor was spun at 250 Hz, spectra were recorded at 9.4 T (400 MHz). Adapted from Kuchel et al. Prog NMR Spec 2018
[1566].

Fig. 27. Schematic representations of A) the relative magnetic field variation induced by Ay, the difference of magnetic susceptibility inside and outside an idealized
mammalian erythrocyte (4 pm of diameter): if Ay = 1 ppm, molecules in contact with the erythrocyte membrane can resonate 0.5 ppm away from their remote counterparts
(adapted from Gillis et al. 1995 [1596]); B) a sample of cells in suspensions (white) with a volume fraction of 0.46, whose intracellular magnetic susceptibility (white) is
different from the extracellular medium (black), and C) the corresponding magnetic fields (or Larmor frequencies) induced by a field applied vertically, represented using
shades of grey. Every intracellular magnetic field is influenced by the presence of neighboring cells and magnetic susceptibility inhomogeneities. Adapted from Novikov and
Kiselev 2008 ] Magn Reson [1600].

about 0.1-0.5 micrometer per millisecond, which is enough to tion [68]. This effect has been fruitfully used for about 50 years to
explore intracellular spaces comprising multiple subcellular com- measure diffusion rates by solution NMR spectroscopy. In the con-
partments. Lipids are on average much less mobile and are thus text of cellular samples, we face not only the difficulty that magni-
not considered here. Let us first focus on chemical shifts. Recently, tudes of the local gradient fields are unknown, but so are the
Kiselev and colleagues calculated the frequency shifts of molecules diffusion coefficients and diffusion regimes of the observed mole-
freely diffusing in a medium containing spheroid inclusions: what- cules. In the case of free diffusion in a steady and linear magnetic

ever the diffusion rates and cell shapes, chemical shift variations field gradient G, the signals attenuate in time (t) proportionally
are predicted to be limited to a few hundredths of the difference to exp(-y?D?Gt3/12), where v is the gyromagnetic ratio and D is
between magnetic susceptibilities of the solvent and of the inclu- the diffusion coefficient [71]. We have discussed in 3.2.1 the fact
sions [1601,1602]. We can model cells in their surrounding med- that molecular diffusion can be considered to be restricted in the
ium, as well as organelles in the cytosol, in the same way as such millisecond timescale. This leads to signal attenuation regimes that
diamagnetic inclusions. Hence, as compared to chemical shifts of can be very different from those observed for free diffusion in

purified molecules measured in aqueous buffers, we expect chem- steady magnetic fields. There is a wealth of literature on NMR mea-
ical shift changes of about 0.1 ppm for both intra- and extra- surement of diffusion in heterogeneous media, and the number
cellular molecules in samples containing cells. Again, this discus- and sophistication of the physical models in use makes it impossi-

sion applies for a model of extracellular molecules that do not ble to present them here in a few lines [69,71,1535,1597,1603-
interact with cells, or of intracellular molecules that do not interact 1609]. Rather, we can just keep in mind that diffusion-related

with organelle membranes. transverse signal loss is very dependent on diffusion coefficients

As a final point concerning the effects of magnetic susceptibility and the length and shape of the relevant compartment. Indeed,
on NMR line-broadening in cell samples, we must discuss an addi- we did not succeed in finding simple analytical equations in the lit-
tional effect that is associated with diffusion in an inhomogeneous erature that could be used as simple guides for transverse signal
field. In the presence of magnetic field gradients, diffusion gener- loss in cell samples. The proposed attenuation regimes are quite
ates a specific increase in the rate of loss of transverse magnetiza- complex, depending on the starting assumptions, and we would

49



Francois-Xavier Theillet and E. Luchinat

only be able to provide a long list of possible situations together
with impractical equations containing large exponents for every
term, given the heterogeneity of magnetic susceptibilities and
shapes of cells and subcellular compartments, as well as the
variability of cell packing and molecular diffusion coefficients. A
phenomenon that is close to this topic is water relaxation in
blood, which has been much studied using CMPG sequences and
diffusion NMR experiments. The measured diffusion-related 'H
relaxation due to susceptibility heterogeneity is dominant from
1.5 T upwards, proportional to Ax? v?> and B3, and shows
dispersion when varying the inter-echo spacing in CPMG
experiments because of various exchange mechanisms
[933,1536,1584,1596,1597,1599,1603,1610-1612].  Interestingly,
if we focus on signal broadening, the diffusion of water molecules
in the cellular field gradients has a stronger impact on attenuation
of the FID than on CPMG relaxation [1604,1606,1613,1614]. As an
extreme example, at a spectrometer field of 300 MHz, the specific
FID R2 (1/T2) of intracellular water due to diffusion ranges from
~60 Hz to ~700 Hz for paramagnetic erythrocytes at ~100% and
40% hematocrit (volume percentage of the pelleted cells), respec-
tively [1599]. Fully oxygenated, diamagnetic erythrocytes show
diffusion-related water line-broadening below 0.1 ppm. These
numbers will hold true for small molecules. As far as macro-
molecules are concerned, we can mention the fact that, up to 1.2
GHz, a-synuclein linewidth did not increase with the square of
the magnetic field in cultured mammalian cells [1615]. This may
show that diffusion in cellular samples makes only weak contribu-
tions to protein relaxation. Finally, the effects of compartmental
exchange between intra- and extra-cellular media are about 5-
fold lower for water relaxation in erythrocytes, where water has
a lifetime of about 10 ms [1536]. We can expect the effects to be
smaller for most metabolites because of their slower exchange
kinetics through the plasma membrane.
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As a last, speculative point we should also consider
membrane-less organelles produced by liquid-liquid phase separa-
tion, which can contain high concentrations of proteins and/or
nucleic acids [1616,1617]. These may also be treated as examples
of diamagnetic inclusions, although this possibility has not been
thoroughly discussed in the literature to the best of our knowledge
[1618].

To summarize, according to theoretical calculations on local
magnetic field susceptibilities, cellular samples can generate
chemical shift distributions, whose width is in the order of 0.1-
0.2 ppm for a single molecular species localized either inside or
outside cells. These distributions can even be asymmetric if cells
are not spherical and molecular diffusion is sufficiently slow
(Fig. 28). Larger cells such as oocytes and pluricellular organisms
that include large non-spherical portions can provoke larger
spreads in the 0.3 ppm range.

3.2.3. Multiple interactions. A warning concerning quantification and
referencing.

Interactions with cellular entities are very unpredictable phe-
nomena for any molecule in a cell, yet they are at the core of the
in-cell NMR approach, for which the aim is to find information
on what happens in the presence of native partners in a native con-
text. They are also possibly the most damaging for NMR investiga-
tions, because they can cause signal disappearance. NMR
spectroscopists are used to dealing with this possibility in vitro,
where causes and consequences are well-known: in the case of
solution NMR they comprise interactions in the intermediate
regime (pus-ms) or with large macromolecular assemblies; in the
case of solid-state NMR, multiple interactions and multiple chem-
ical environments or inappropriate conformational dynamics at
room temperature. We highlight here some considerations of
broad interest.
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Fig. 28. A) Representation of the magnetic flux induced by ellipsoid cells of homogeneous magnetic susceptibility y; in a medium of susceptibility y. > x; and a horizontal
magnetic field By; B) Because randomly oriented cells more often adopt an orientation perpendicular to By, the chemical shift distribution of intracellular molecules
corresponds to that seen in an NMR powder pattern; C) Illustration of the path of a water molecule during a 60 ms long Monte Carlo simulation in a medium where ellipsoid
cells (shown semi-transparent red) are randomly oriented and occupy 38% of the volume; through the course of the simulation parts of the pathway shown in blue are
extracellular, while the three green sections correspond to cell penetrations; D) Calculated frequency shift at every step of the Monte Carlo simulation presented above, using
realistic parameters corresponding to diamagnetic erythrocytes at 3T mixed with an external medium containing 8 mM of Gd>*-contrast agent. Adapted from Wilson et al.

2017 [1619].
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An important aspect is the lower availability of water for
hydrogen-bonding in cells. Cells contain high concentrations of
molecules that establish hydrogen bonds with water, e.g. metabo-
lites, proteins or nucleic acids. Hence, water is on average less
available for each of these hydrogen bonding events than it would
be in dilute systems containing a single solute. Once the effects of
magnetic susceptibility on chemical shifts have been removed (us-
ing HR-MAS for example), chemical shift differences between
intra- and extra-cellular species are reminiscent of those observed
between protic and aprotic solvents. This solvent effect makes an
important contribution to the NMR split peak effect observed
between intra- and extra-cellular populations of small molecules
in cell suspensions. It has been extremely well presented by Kuchel
and colleagues in a recent review [1568]. All hydrogen bonding
metabolites or drugs are affected, notably 3!P- or '°F-bearing
molecules.

Turning to consideration of the water, protein solvation has con-
sequences on water chemical shift and relaxation. The contribution
of water-protein exchange has been measured to be about 0.2
parts-per-billion (ppb) per g/L of protein [1567,1570,1620,1621].
To calculate the effective water frequency in protein solution, this
exchange contribution has to be combined with the effects of pro-
tein magnetic susceptibility, which is of the opposite sign and about
twice as large. These two contributions are very variable among
small molecules, and, unfortunately, standard NMR referencing
molecules like DSS, TSP, or MDPA interact with proteins at high con-
centration, which can affect internal chemical shift and quantifica-
tion referencing [1570,1620,1622]. Although they do not interact
with proteins, other referencing molecules, like dioxane, can be
affected by the solvent-induced shift presented above [1620]. Con-
sidering metabolite quantification, amino acids and important
metabolites, e.g. pyruvate or creatine, also interact with proteins
[1413,1414,1623]. These interactions depend naturally on the pro-
tein, and the binding kinetics vary from slow to fast exchange in the
NMR timescale, giving rise to variable changes in signal intensity
and chemical shift.

Proteins also have an impact on water relaxation, which is dom-
inated at high field by chemical exchange between protein
exchangeable protons, the water molecules from the hydration
shell of proteins, and the bulk water molecules [1536,1612,1624-
1626]. This exchange shows a strong dispersion at short CPMG
inter-echo spacing, and can be modeled in different ways, but we
can keep in mind that albumin and diamagnetic hemoglobin have
relaxivities of about 10-15 Hz per millimolar of protein (70 Hz/mM
for paramagnetic deoxy-hemoglobin) at 500-700 MHz and 310K.
These values are naturally very dependent on molecular weight
and the folding status of proteins. Nonetheless, one can still extrap-
olate rough relaxivity values of about 25 Hz at these fields, yielding
a water line-broadening value of about 0.1 ppm. This increases
with the square of the magnetic field, and is comparable to line-
broadenings due to magnetic susceptibility heterogeneity dis-
cussed above. The impact of other macromolecular constituents
like lipids [1627] or nucleic acids have been less thoroughly char-
acterized, to the best of our knowledge. However, relaxivity effects
of glucose and maltose on water can reach 0.1 Hz/mM at 500 MHz,
a number that is probably close to those for other carbohydrates
[1628-1631]. Glutamate and glutamine also show 0.1 Hz/mM
relaxivities (at 400 MHz) [1632]. Overall, these cellular compo-
nents probably yield water signal line-broadenings of about 0.2-
0.4 ppm at high fields. Consequences in terms of water-
suppression, cross-relaxation mechanisms and signal intensities
of water-exchangeable protons may be non-negligible.

Concerning intracellular interactions and their consequences
for proteins and in-cell NMR, we selected below a few striking
observations from the literature. The first measurements of pro-
tein tumbling features in cells were reported 45 years ago using
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13C-histidine labeling of mice (fed with [2-'3C]-histidine) and
their hemoglobin in erythrocytes [1178]. The intracellular correla-
tion time was consistent with an intracellular viscosity only twice
as large as than that of an aqueous buffer. Twenty years later,
using 5-fluorotryptophan incorporation and '°F-NMR T1/T2 relax-
ation measurements, Brindle and colleagues reported similar
increases of correlation times for two enzymes overexpressed in
yeast [1179]. They noticed however that two other enzymes were
not observable in intact cells, whereas they recovered their '°F
signals upon cell lysis [1179,1343]. We recall briefly here the
strong size-dependency of apparent viscosity experienced by pro-
teins (see Section 3.2.1.). Besides these effects, we meet here the
multiple weak interactions that proteins can establish in cells, and
their deleterious consequences for NMR signals. The use of !°F-
amino acids was later fruitfully exploited by Pielak, Li and their
coworkers: T1 and T2 relaxation were very differently affected
by the effective local viscosity and transient interactions with
other macromolecules [1344]. Hence, by measuring T1 and T2
rates in water-glycerol solutions, diluted E. coli extracts and intact
E. coli cells, they could show that for ubiquitin and GB1 tumbling
was similarly affected by a 2-3-fold change in intracellular viscos-
ity, but that ubiquitin was involved in substantial transient inter-
actions in cells while GB1 was almost not. Consequently, the °F-
line-widths of intracellular ubiquitin (8.6 kDa) and GB1 (6.2 kDa)
corresponded to those of ~200 kDa and ~50 kDa proteins in buf-
fer, respectively. Similar observations had been previously
reported by Gierasch and her coworkers, using an ingenious
approach: they measured linewidths of both TROSY and anti-
TROSY peaks in 'H-'°N spectra, their difference being determined
by local dynamics and not by chemical exchange or magnetic field
inhomogeneity [1191]. They could show that about 30% of the
intracellular GB1 'Hy line-width was due to transient interac-
tions. As a consequence, GB1 yielded good quality NMR spectra
in cells, while ubiquitin did not. A triple mutation of hydrophobic
amino acids at the surface of ubiquitin (L8A-144A-V70A) suffi-
ciently reduced the unspecific interactions to result in NMR signal
recovery in cell lysate, but not in cells. More generally, hydropho-
bic residues on protein surfaces, a net-positive charge and also a
large dipole moment have been described to negatively affect in-
cell NMR signal [1345,1349,1633]. Molecules present in high con-
centrations, such as ribosomes, may play a role in enhancing
transverse relaxation of proteins in cells [1351,1354]. Burmann
et al. have shown that for a-synuclein in mammalian cells, chap-
erone silencing reduced transverse relaxation of the hydrophobic
patches involved in loose interactions verified in vitro. [1250].
This suggests a more global binding of exposed hydrophobic
patches by chaperones. It is well-known by NMR spectroscopists
that transient interactions engaging even low populations can
cause considerable transverse relaxation. The differential impact
of viscosity and transient interactions on 'H-'>N T1 and T2 relax-
ations holds true in cells and may carry information on the size
distribution of interacting partners, as proposed recently by
Danielsson and colleagues [1350]. Based on their characterization
of relevant parameters (namely et charge, surface hydrophobicity
and dipolar moment), they also used mutations to greatly
improve in-cell NMR spectra of their proteins by removing
unspecific transient interactions that spontaneously occur in the
cellular environment [1349,1350]. This strategy may be fruitful
in the future, even though its use should presumably be limited
to specific questions that do not require maintenance of the
whole set of native interactions; this, in turn, raises the question
of how to know in advance whether the whole set of native inter-
actions is to be maintained. A less-questionable strategy consists
in avoiding positively charged peptide tags, which have undesir-
able effects on intracellular tumbling and on the NMR signal
[1190,1347,1561,1562].
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3.3. Observation of ions and metabolites

This section mostly focusses on in-cell studies by solution and
HR-MAS NMR spectroscopy. We aim to provide information com-
plementary to that presented in the applications Section 2. Because
we will be discussing spin-echoes and T2/T1rho filters, we briefly
mention the potential sample heating due to the applied RF.

3.3.1. Metal ions

Many metal ions have been used for direct NMR detection in
cells: °Li and “Li (s=3/2 and s=3/2, natural abundance of 7.6 and
92.4 %, respectively), '°B and ''B (s=3 and s=5/2, n.a. 19.9 and
80.1%, respectively), 2>Na (s=5/2, n.a. 100%), 2’Al (s=5/2, n.a.
100%), 3K (s=3/2, n.a. 93.3%), 3°Rb and ®’Rb (s=5/2 and s=3/2, n.a.
72.2 and 27.8%), 113Cd (s=1/2, n.a. 12.2%), >3Cs (s=7/2, n.a. 100%).
Unfortunately, for many important metals their only NMR-active
isotope has low abundance, which precludes sensitive direct
NMR detection: 2°Mg (s=5/2 n.a. 10.1%), 3Ca (s=7/2, n.a. 0.14%),
57Fe (n.a. 2.1 %), ¥7Zn (s=5/2, n.a. 4.1%), ”’Se (s=1/2, n.a. 7.6%). More-
over, paramagnetic states prevent direct NMR detection of, e.g., Mn
(I1), Mn(III), Cu(II), Co(Il): >>Mn (s=5/2, n.a. 100%), >°Co (s=7/2, n.a.
100%), %3Cu and ®°Cu (s=3/2 and s=3/2, n.a. 69.2 and 30.8%,
respectively).

Metal ions often show broad, overlapping signals from outside
and inside cells [202]. Membrane-impermeable molecules, so-
called “shift reagents”, have thus been developed from the early
1980’s to generate exploitable chemical shift changes for extracel-
lular nuclei. The rationale for this was presented in Section 2.1.2.
These “shift reagents” are commonly chelated lanthanides, notably
dysprosium or thulium [131,198,199,201,202,225,242,1634-1636],
whose paramagnetic properties yield significant frequency shifts
and little signal broadening [133]. These reagents have their
“signal-broadening only” counterparts in gadolinium-complexes
MRI contrast agents, which can effectively shut off NMR signals
in their vicinity [1637]. It was soon realized that some of the “shift
reagents” could be unstable [216,238,1638], toxic [239,240,1639],
could modify Li*/Na* transport rates and membrane potential in
red blood cells [1640,1641], and were dependent on pH or Ca®*
concentrations [1638,1641,1642]. Although not perfect, a more
harmless Tm-DOTP complex “shift reagent” has been regularly
used later for cellular studies [1643,1644]. Advanced versions of
“shift reagents” are still being developed for MRI purposes [130].

Most of these NMR-observable isotopes are quadrupolar, mak-
ing them more challenging for NMR measurements. Interestingly,
increases in their relaxation rates can also reveal intracellular
interactions in a sensitive fashion (see Sections 2.1.3., 2.1.4, 2.1.5.
and 3.1.2.). Double- and Triple-Quantum Filtered experiments
allow attenuation of the signals from extracellular quadrupolar
nuclei that do not interact with macromolecular assemblies (see
Section 2.1.4.).

3.3.2. Spin-echo as an editing strategy

Various versions of spin-echoes have been used in the past to
edit certain resonances from cellular samples, and were important
in early NMR studies of metabolites. These are now most often
substituted by T2/T1rho filters to purge out signals from fast relax-
ing species, or by 3C/">N-editing pulse blocks such as INEPT to
remove signals from non-labeled species. We earlier described a
number of studies using spin-echoes in the 1970’s-1980’s (partic-
ularly in Section 2.3.4.), where we described the concept of spin-
echo only in brief terms. Here we provide more detailed
descriptions.

Spin-echo pulse sequences rely on the following principle:
instead of recording '"H-NMR signals immediately after the appli-
cation of a 90° pulse, one can wait for a few tens of milliseconds,
then refocus the spin magnetization (using a 180° pulse), wait
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for the same amount of time and record the remaining “echoing”
signals, those that relax slowly enough to have persisted through
the delays (Fig. 15). This purges out the resonances of protons of
slow tumbling species from the observable pool of signals, like
those of proteins, nucleic acids polymers, and fatty acids from lipid
droplets and membranes to some extent. Hence, this spin-echo
method provokes a loss of information on slow-tumbling species,
while it reveals the available information on fast-tumbling
metabolites. Modern variants of this method are called T2- or
T1rho-filters.

Scalar couplings can evolve during spin-echoes. This has been
exploited notably in the case of "H-'H and 'H-'3C scalar couplings.
Indeed, peak inversion can help to assign peaks in 'H-detected
spectra, to monitor proton-deuterium exchange or 'C incorpora-
tion, as exemplified in Section 2.3.4. Interestingly, '*C metabolic
insertion causes the appearance of characteristic splittings in 'H-
peaks due to scalar coupling, which coalesce back at the central
resonance if >C-decoupling is applied during acquisition. Hence,
it is possible to choose to acquire FIDs after spin echoes that either
do or do not allow scalar couplings to evolve, and to combine them
by addition or subtraction to select either the '3>C- or '2C-
containing species in the final 'H-detected spectra, while exploit-
ing 'H sensitivity.

The basic observation of 'H-peak splitting due to 3C incorpora-
tion was first exploited in spectra from in living cells by Shulman
and his coworkers: by measuring one-dimensional '"H-NMR spec-
tra with or without '*C-decoupling, and subtracting one from the
other, they quantified '>C-incorporation from [2-13C]-acetate into
glutamate or aspartate by S. cerevisiae [948] (Fig. 29). A more
sophisticated '*C-modulated 'H spin-echo was exploited by Brin-
dle and colleagues: they combined 'H-coupling and '*C-coupling
evolution during spin echoes with *C-decoupling during acquisi-
tion. Addition and subtraction of the FIDs obtained allowed moni-
toring of the '2C- and 3*C-methyl content in the separated spectra.
They could quantify '?C- and '3C-labeled alanine and pyruvate in
real-time, and thus determine the activity of alanine aminotrans-
ferase in erythrocytes [949]. This approach produced spectra in
which peak intensities were easier to analyze than those obtained
by Shulman previously, by separating the protons bound to '3C
from those bound to 'C nuclei into separate spectra.

There is a clear connection to the more standard non-in-cell
NMR applications and the vast possibilities of spin-echo derived
strategies. A great number of them have been proposed since the
1960’s, amongst the most famous being probably the INEPT trans-
fer and BIRD filter for editing '3C/'>N-bound protons [1043-1047,
1050,1051,1645,1646], and the TANGO filter for editing '*C-
bound protons [1647,1648]. The field would be impossible to cover
entirely and is well beyond our scope. The common INEPT has been
the most widely used by the in-cell NMR community, but recent
applications of BIRD or TANGO on live material show that these
can also yield interesting information [1066,1649].

3.3.3. T2, T1-rho filters and other filtering/editing methods for signals
from mobile species

As mentioned earlier, spin-echoes are nowadays substituted by
T2 or T1-rho filters to relax away the magnetization from slow-
tumbling molecules before acquisition, and thus simplify the
NMR spectra from complex samples. These filters are notably sup-
posed to suppress scalar coupling evolution of the small molecules
of interest, though they do not always do so perfectly. It is recom-
mended to use the improved CPMG scheme proposed by Morris,
Bodenhausen and their colleagues, which includes J-refocusing
[1650]. Using an adiabatic spinlock offers superior results for the
long T2-filters (>400 ms) necessary to remove signals from cellular
lipids (they reduce the power deposition and thus sample heating)
[1039,1651]. T2-filters can also be combined with diffusion filters
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Fig. 29. Spin-echoes and '*C-decoupling allow multiple editing/filtering strategies. A) One dimensional 'H-NMR spectra or '2C- or '>C-labeled molecules can be distinguished
by the large scalar coupling 'J('H-'3C), which generates typical doublets. However, 'H-spectra are often sufficiently crowded to make analysis of both '?C- and '*C-bound
proton signals difficult. B) A spin echo with t=1/2J("H-'H) will invert signals both from '?C- and from *C-bound protons, whereas C) a supplementary 180° pulse on >C will
result in positive signals of '*C-bound protons if t=n/!J('H-'3C). D) *C-decoupling during 'H-acquisition does not affect '2C-bound protons, but causes peak coalescence of
13C-bound proton signals. E) Applying '*C-decoupling during acquisition causes overlap and addition of signals from '?C- and '*C-linked protons, but F) the addition of a 180°
pulse on '*C modulates the sign of '*C-linked protons in the sum. Hence, adding or subtracting spectra E and F permits monitoring of '2C- or '*C-labeled molecules,
respectively.

(a) Lipid signal
suppression in

‘ (b) Difference spectra

N
: Aia |
at various mixing I
|

hemp seed (| times [ | spin-lock time
extract (in 5 -mm [ \ (ms)
b [ BN VNGV
[
(1) Conventional ' ‘\ 3 100
spectrum \ . \
A I\ g | ‘l‘ '. AN Jj\ IJ\L . ! . lf\ 200
n 1 ) J \
| \ /) | ]\ / 4\ m
J MV VI \_ I ' BT .
(1) Relaxation \ 30 26 22 18 14 10 06
filtered spectrum ) ppm
\
N L\/ \ (c) Assignments Acetic
N \ uw/Pro| acid
(Ill)ReIaxatio#& Diffusion |G © '
filtered spectrum Pro La;hc ' Leu
ipi ac I
(lipids only) A ‘ - e \f.
WM
(Iv)Difference ks ) ‘ AT Leu 1 k L “
spectrum (lipids ' NI ALY AP
SUDPfeSSfK?)v B A \ !\M\ . | # ) hf, ":'o'"z'a'"z's"'z'i"z'z'"zg"’g"(s'"(i"n'z"'{d'i
29 27 25 23 21 19 17 15 13 11 09 07
ppm
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to select signals from molecules with relatively fast correlation
times but slow translational diffusion coefficients (e.g. lipids)
(Fig. 30) [1006,1039,1056,1651].

Simpson and colleagues have recently proposed using 2H-
detected NMR to detect the incorporation of >H-labeled nutrients
in fresh water shrimp and fleas: the quadrupolar nature of 2H
ensures that only very mobile 2H-labeled species are observable,
but it presupposes the joint use of low-speed HR-MAS [1038]. They
also proposed to adapt typical protein NMR pulse schemes to mon-
itor '3C-labeled levels of amino acids in water fleas [1065]: these
sequences transfer magnetization through '3C-labeled amino-
acid side chains and backbone, using 3C- selective pulses and long
magnetization transfers that filter out non-peptidic and large
molecules. They also applied a data-processing approach that acts
like a relaxation filter: the window function is shifted to suppress
early points of the FID (Fig. 31).

Another strategy has sometimes been to record one-
dimensional '"H-NMR spectra of similar cell samples, e.g. undiffer-
entiated neuroblastoma/glioma cells and their differentiated coun-
terparts. After normalization of the two spectra according to their
global profile intensities, the second spectrum was subtracted from
the first: NMR signals from metabolites showing varying levels in
the two cell lines, like glutamine and glutamate, could be observed
in the difference spectrum [1652]. We did not meet this method
very often in the literature, even though a similar approach has
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been applied recently to remove the cellular background in studies
focusing on overexpressed proteins [9,1251,1280].

3.3.4. High-Resolution Magic-Angle Spinning (HR-MAS) to alleviate
sample heterogeneity: advantages, drawbacks and late developments
Cells cause intrinsic heterogeneity in magnetic susceptibility
(see Section 3.2.2.) and limit the mobility of a number of mole-
cules. Even though cellular samples do not behave like solid mat-
ter, they partially lose some of the solution character that
facilitates solution NMR. This leads to NMR line-broadening
because of dipolar fields due to magnetic susceptibility hetero-
geneities, and restricted motions increase the negative impacts of
dipole-dipole interactions, of chemical shift anisotropy, and of first
order quadrupole interactions. All these terms show a dependence
on the second-order Legendre polynomial, proportional to 3cos?(6)
-1, with 6 the angle between the field By and the interaction vectors
or anisotropy tensors. Magic-Angle Spinning has the capacity to
average out these deleterious effects if the rotation rate is faster
than the strength of the above mentioned phenomena (Fig. 32)
[631,641,1653-1657]. MAS in liquid-like and heterogeneous sys-
tems was proposed in the 1970’s [627-629,1658-1660], and
became progressively more popular in the 1990’s under the
name HR-MAS to study the mobile fraction in liquid-phase of
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Fig. 31. A shifted sine-squared bell window function can act as a potent relaxation filter. These spectra were obtained from a 2D (H)CbCa(COCa)Ha pulse sequence applied to

a *C-enriched D. magna extract. Adapted from Lane et al. 2019 [1065].
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Fig. 32. A) Schematic representation of a MAS probe, where the rotor containing the sample is inserted in a MAS stator; B) HR-MAS one-dimensional 'H NMR spectrum of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles in D,0 acquired with MAS and C) without MAS. Adapted from Vermathen et al. 2017 [970].
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[630,636,641,974,1024,1068,1661 . Very good guidelines for sam-
ple preparation have been published elsewhere [972,1068,1662].

Carbohydrates and lipids represent a class of molecules that can
clearly benefit from the line-narrowing effects of HR-MAS. Carbo-
hydrates are notoriously difficult to study because of the limited
dispersion of their NMR signals [1663-1666]. Moreover, in living
cells, polysaccharides are often found in the neighborhood of cell
membranes where magnetic susceptibility effects due to hetero-
geneity are particularly strong, and molecular mobility can be
severely hampered. Typical examples include bacterial
lipopolysaccharides or capsular polysaccharides, or N-
glycosylation of eukaryotic membrane proteins. Hence, HR-MAS
NMR spectroscopy has been instrumental for their NMR character-
ization in living cells (see Sections 2.2.3. and 2.3.5. for applica-
tions). The available carbohydrate databases will certainly
facilitate spectral assignment and glycan studies in cells in the near
future [634,1667]. Small molecules such as metabolites can also
greatly benefit from HR-MAS, and the applications explored in
the metabolomics field have been numerous (see Sections 2.4.5.
and 2.4.6.).

There are nonetheless some shortcomings of HR-MAS on living
samples. First, cells suffer if subjected to hours-long MAS at rates
above ~500 Hz, which packs them tightly on the 4 mm diameter
rotor walls and possibly damages their viability. The centrifugal
forces generated by MAS are clearly problematic: using disposable
4mm diameter rotors, 1-4 kHz spinning rates translate into forces
of 8,000-100,000 g, which rapidly affects the integrity of mam-
malian cells [67]. These spinning rates are necessary to avoid signal
artefacts known as “spinning sidebands”. Samples can thus not be
recovered after NMR experiments for a continuous survey. These
samples are commonly snap-frozen and later thawed just before
the NMR acquisition, causing cell damage and lysis that are often
not reproducible. Then, ongoing enzymatic activity and metabo-
lome evolution continues to be observed upon cell lysis and during
NMR acquisition, so that additional heat-inactivation has recently
been proposed for accurate measurements [1668], similar to ear-
lier strategies using microwave irradiation of biopsy samples
before analyzing them with HR-MAS [1669]. The delay between
harvesting cells and freezing or analysis can also affect repro-
ducibility. All these issues are also met with HR-MAS metabolomic
analysis of tissues [972,1622,1670], and have probably hampered
its adoption among conventional diagnostic approaches
[971,974,1068].

The appealing aspects of HR-MAS have nevertheless motivated
improvements in different directions. First, efforts have been made
to find pulse sequences and sample preparation protocols that
decrease MAS rates without resulting in spinning sidebands. Pulse
sequences suitable for slow-spinning rates have been adapted to
HR-MAS conditions, and can provide exploitable 'H spectra using
MAS rates as low as ~40 Hz (PASS) [1031,1032] and even 1 Hz
(PHORMAT) as shown for rat liver tissue [1033]. However, these
techniques achieve these outcomes at the expense of NMR ease-
of-use and can even cause ~10x sensitivity losses in the case of
PHORMAT [636,1671], which probably explains why their use
has rarely been reported in the last 20 years, to the best of our
knowledge. Techniques have been proposed that recombine spec-
tra obtained at various MAS rates of about 300-700 Hz, which per-
mits localization and removal of spinning sidebands [1672,1673].

In the last 10 years, more attention has been paid to sample
preparation: reducing the sample size to a few microliters, shaping
it as a sphere, or carefully removing air bubbles from the rotor lim-
its the appearance of spinning sideband artefacts at MAS frequen-
cies of ~400 Hz [1030,1662,1674]. This rules out any renewal of
oxygen in the sample. These conditions generate forces of only
1,000 g at which lumpfish eggs, for example, remained intact. Also
because of its favorable, spherical shape minimizing the adverse
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consequences of field heterogeneity, one single egg (~1 mm diam-
eter) provided excellent NMR resolution using HR-MAS at 400 Hz
[1030].

At such spinning rates, attention must be paid to J-coupling
modulation during spin echoes, which can greatly alter signal qual-
ity [1030]. The non-J-modulated spin echo PROJECT [1650]| has
been usefully adapted in HR-MAS experiments by Caldarelli and
Vermathen and their coworkers [1022,1028,1030]. Simpson and
colleagues have also proposed the use of a low power adiabatic
spin lock to filter out fast-relaxing species [1039], an approach that
is further improved by diffusion-filtering [1006,1039]. A proper
water suppression scheme is very helpful in clearly removing spin-
ning side-bands, as shown again by Simpson and colleagues
[929,1039].

Sakelariou, Wong and colleagues have designed inserts that
integrate a rotating coil, enabling analysis of 100-500 nL samples
by HR-MAS [1662,1675-1678]. Combined with NMR pulse
sequences suitable for low spinning rates, these micro-HR-MAS
systems provided a sufficient signal-to-noise ratio for metabolic
analysis on a single C. elegans worm at a spectrometer field of 1
GHz with 300 Hz MAS [1041,1679,1680].

The development of slow (300 Hz) micro-HR-MAS systems by
Wong and colleagues has even permitted analysis of samples con-
taining only ~19 million yeast cells (~250 nL) and enabled their
metabolome to be distinguished at various stages of growth or in
osmotic stress [1042].

It is also important to emphasize the fact that HR-MAS rotors
are hermetically closed before being inserted in the spectrometer,
which prevents air exchange and brings about anaerobic condi-
tions. Simpson and colleagues have shown that a “simple” hole
drilled in the rotor cap allowed sufficient renewal of oxygen to
keep fresh-water shrimps alive in the rotor [1006,1007]. According
to the authors, the rotor spinning creates a vortex, which favors air
exchange without buffer spilling or rotor instabilities. This rotor
cap customization was also used to ensure aerobic conditions in
a study on the fungus N. crassa [474].

Overall, problems arise from the centrifugal forces exerted on
cells in HR-MAS NMR spectroscopy. These are not so problematic
for microbial organisms, and novel techniques are being developed
to achieve HR-MAS experiments at lower spinning rates. The
resulting improved experimental conditions make it possible to
study small animals, and, perhaps, organoid metabolism may also
be monitored in the future using HR-MAS.

3.3.5. Other solutions to sample heterogeneity, molecular diffusion
heterogeneity and sample evolution

We have seen in previous sections that sample heterogeneity
causes peak broadening, which greatly hampers NMR analysis.
We limit our discussion here to bulk magnetic susceptibility inho-
mogeneities, because in-cell experiments are usually performed in
a constant, locked and shimmed magnetic field. Deleterious effects
of such inhomogeneities are particularly problematic for 'H-
detected NMR, supposedly the most sensitive and versatile spec-
troscopy, because of the high gyromagnetic ratio of 'H and its ubiq-
uitous presence in biological samples. As described above, HR-MAS
can eliminate some of the negative effects of sample heterogeneity,
but it requires high spinning rates that can damage live cells and
tissues. Other approaches have been applied to biological samples.

First, when the problem arises from the existence of different
intra- and extra-cellular magnetic susceptibilities, it is possible to
compensate using paramagnetic, or shift agents. This approach
has been used notably in the 1980’s to study erythrocytes: these
contain high concentrations of hemoglobin, which can be param-
agnetic in its deoxygenated form. Extracellular paramagnetic spe-
cies can be wused to match the intracellular magnetic
susceptibility [1610,1681,1682]. This ensures lower intracellular
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field gradients, and thus slower transverse relaxation times (see
3.2.2.). Whether this approach can be useful for cellular systems
other than erythrocytes is questionable, but recent studies
reported experimental values of mammalian cells magnetic sus-
ceptibility that suggest it may be [1581,1587,1589].

Pulse sequences exist that provide high-resolution spectra in
inhomogeneous fields. Interesting research has been achieved
using intermolecular zero-, single- or multiple-quantum coher-
ences. In its later forms, this approach relies on establishing
long-range dipolar couplings between protons of water and those
of solute species [1683,1684]. In a rough simplification, this per-
mits the correlation between local water chemical shifts in the
indirect dimension (hence encoding the magnetic susceptibility
variations) and local solutes chemical shifts in the direct dimension
of 2D spectra. Post-processing treatment of 2D spectra can shear
them back to corrected “inhomogeneity-free” spectra (Fig. 33)
and yield high-resolution 1D projections. This has been used suc-
cessfully on very inhomogeneous samples such as fish eggs
[1685], grapes [1069], earthworms or water fleas [1686]. It has
been combined with a supplementary J-resolved dimension on
intact fish or on pig brain tissues [1687-1689]. At its current best,
this approach suffers a 90% loss in S/N ratio per unit or time in 1D
spectra [1686]. Arguably, a new type of quality criterion may be
introduced, which would be the S/N per line-width ratio per unit
of time.

Spatially encoded NMR spectroscopy, notably pulse sequences
related to the Zanger-Sterk method for obtaining pure shifts, is also
capable of removing field inhomogeneities. These rely on slice-by-
slice resonance-selective excitation, decoupling and detection
along the z-axis, and specific acquisition of chunks of the FID
where the J-coupling evolution is negligible. This approach has
been very well described recently in a didactic review by Dumez
[1690]. To the best of our knowledge, it has been applied recently
and only once to a heterogeneous biological sample, namely grape
[1691]. This approach also suffers from low S/N and does not
address the inhomogeneity in the x-y plane, although spinning
the NMR tube can help with this. Above all, such spatially selective
strategies cannot cancel the effect of sub-millimeter field
inhomogeneities.

Temporal evolution of a living sample is the source of another
type of inhomogeneity. This is commonly met when chemical reac-
tions take place (e.g. metabolism, protein post-translational modi-
fications) or when environmental conditions vary (e.g. exposure to
chemicals). A classical approach to solve this problem relies on the
successive recording of time series of NMR spectra. This implies a
prior knowledge of the evolution timeframe to choose an appropri-
ate acquisition time. ULTRAFAST approaches [1690,1692,1693] are
rarely expected to be helpful for examining living samples, because
the molecules to be detected are often at low concentrations. Time-
resolved non-uniform sampling (TR-NUS) has been developed in
the last years as a very specific approach to solve the issues related
to temporal evolution. This method relies on the following princi-
ple: the NMR signal is acquired using a single uninterrupted exper-
iment, during which the increments in the indirect dimension are
allowed to vary in a randomized fashion. Sets of data points can be
later extracted, which correspond to a limited experimental time
window: even though they only partially sample the indirect
dimensions, they permit reconstruction of the 2D or 3D spectra
using dedicated NUS algorithms [1694]. This approach has been
developed notably by Orekhov, Kazimierczuk and colleagues, and
applied to characterize protein phosphorylation reactions in vitro
[1695], bacterial metabolism [1061] and the metabolic response
to growing toxin concentrations of water fleas [1066]. TR-NUS
offers the appealing possibility to choose the experimental time
windows in a post-acquisition fashion, and to use overlapping sub-
sets of data or moving time-windows. The most suitable balance
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between S/N, resolution and time-frame can thus be found. The
available software to process TR-NUS data should help in making
this approach popular [1696].

3.3.6. Hyperpolarized metabolites for live-cell studies: 10,000 times
more signal, but how many constraints?

Sensitivity is a perennial concern for NMR applications. It is set
primarily by poor overall nuclear magnetization under usual
experimental conditions, i.e. room temperature and a 1-10 T mag-
netic field: at equilibrium, it does not reach more than ~0.01% for
H, the highest vy nucleus. This starting magnetization limits the
finally detected signal level. Enhancing nuclear magnetic polariza-
tion has been one of the most sought-after goals for NMR spectro-
scopists. For the purposes of achieving this goal, only “dissolution-
Dynamic Polarization Enhancement” (d-DNP) has been consis-
tently used for cellular metabolism studies, although para-
Hydrogen induced hyperpolarization (PHIP) shows interesting
capabilities too.

We have described applications of d-DNP and PHIP for real-time
metabolic studies in live cells in Section 2. Although substantial,
these achievements have not yet resulted in d-DNP becoming
widely adopted as a regular approach for characterizing metabo-
lism. In the following paragraphs, we highlight some key pieces
of information on d-DNP, in an attempt to popularize its capabili-
ties (and shortcomings) for non-specialists. Dedicated experimen-
tal designs and NMR pulse sequences have been developed to
exploit these dissolved hyperpolarized species, and have been
reviewed recently [1697,1698].

To increase the starting equilibrium nuclear magnetization,
temperature is a possible parameter to tune that could bring great
benefits theoretically: adopting a Boltzmann equilibrium, the use-
ful magnetization of dipolar nuclei like 'H, 'C or N is propor-
tional to tanh(-yhBo/2kgT), where 7y is the gyromagnetic ratio of
the considered nucleus, h and kg are the Planck and Boltzmann
constants respectively, By is the polarizing magnetic field and T is
the absolute temperature. Reaching sub-Kelvin temperatures
would theoretically allow nuclear polarization to reach over 1%
[1699]. Moreover, polarizing agents carrying free electrons can
transfer the high electron polarization (y..~660Y1y, ~2600713c)
to the nuclear spins upon microwave irradiation at appropriate fre-
quencies, a strategy commonly called Dynamic Nuclear Polariza-
tion (DNP). This theoretically permits one to reach 10-50%
polarization at temperatures below 50 K. DNP-enhanced NMR is
a very active field, which has recently gained strong interest and
support, but its fundamentals and developments are beyond the
scope of this review (see [1073,1074]). For fruitful use in metabo-
lism analysis, it is necessary to implement i) fast dilution as a
means to quickly thaw samples hyperpolarized at cryogenic tem-
peratures, and ii) fast transfer to the analyzing magnet. Since the
pioneering studies by Ardenkjaer-Larsen and colleagues in the
early 2000’s [1070], the promising 10,000- to 50,000 fold signal
enhancements have been regularly achieved and d-DNP investiga-
tions have flourished [1071,1072].

Para-hydrogen induced hyperpolarization (PHIP) has recently
been explored as a source of hyperpolarization for metabolism
studies on living cells [1138-1140]. It relies on dihydrogen hyper-
polarization at ~30-70K, and gives access to high magnetizations
at lower cost than d-DNP

PHIP is however much less versatile than d-DNP if we consider
the number of metabolites that can be polarized, even though great
advances have been achieved showing the possibility to hyperpo-
larize pyruvate, fumarate, acetate, carbohydrates or amino acids
[1700-1707]. Several methods exist to use para-hydrogen hyper-
polarization [1708], which we will not discuss here given that
there have been only a handful of applications with cells. We
expect however that these will multiply in the future, notably
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Fig. 33. A) Operating principle of intermolecular single-quantum correlation spectroscopy (iSQC), which correlates solute and water local resonance frequencies resonances
and therefore allows a post-acquisition correction yielding an “inhomogeneity-free” final spectrum; 'H-NMR spectra were recorded with a de-shimmed sample containing
Tyrosine and Arginine; B) "TH-NMR spectra of a live earthworm E. fetida recorded with a standard presaturation W5-WATERGATE pulse sequence (upper panel), and the IP-

iSQC pulse sequence (lower panel) [1686]. Adapted from [1686].

thanks to the efforts being spent in improving the biocompatibility
and purification of catalysts and products [1707-1710].

D-DNP and PHIP have however been used for real-time moni-
toring of metabolites that occur only at relatively high concentra-
tions, i.e. in the millimolar range. This is because the technique
currently has a number of limitations. First, the initial magnetiza-
tion cannot be replenished once the experiment starts, whereas
monitoring chemical reactions in real-time requires recording of
a time-series of NMR spectra. This means a series of spectra can
only be obtained by using small flip-angle pulses: a pulse with a
flip angle of only ~1-15° leaves more than 95% of the magnetiza-
tion available for subsequent scans [1072]. However, the cost of
using this approach is that the sensitivity of each spectrum is
decreased substantially relative to the full intensity for a single
spectrum obtained after a 90° pulse.

A still worse problem is that in solution, the T1 relaxation of the
studied '3C nuclei ranges from 1 to 50 s for most metabolites at
commonly used magnetic field strengths. This means that the
hyperpolarization has to be used within minutes of its creation
at best, before the global '*C-magnetization has relaxed back to
its thermal equilibrium value in the order of ~0.001%. Fortunately,
a number of important metabolic reactions are fast enough to meet
this constraint. [1-'3C]pyruvate is often used because of its “long”
hyperpolarization half-life, c.a. ~30 s, compared to about 10 s for
[U-2H,U-'3C]glucose and just one second for protonated '3C-
glucose [1079,1112]. Intracellular 3C-T1 relaxation has even been
shown to be about 3 times faster than extracellular for hyperpolar-
ized [1-'3C]pyruvate, [1-'3C]ketoisocaproate, [1-!>C]acetate and
[1-13C]butyrate [1711]; moreover, '>C-T1s of such molecules are
pH-dependent [1712]. This must be taken into account for the
analysis of the reaction kinetics, together with an evaluation of
the intra- and extra-cellular pools of observed molecules [1095-
11011105,1106].

In complete contrast, DNP hyperpolarization build-up itself
takes about an hour (even without including the manipulation
time for preparing and properly freezing the DNP mixture). More-
over, it requires expensive polarizers and consumes significant
quantities of liquid helium [1071]. Finally, DNP requires mixing
the metabolites of interest with polarizing agents carrying
unpaired electrons, which themselves greatly enhance T1 relax-
ation in the frozen state once microwave irradiation stops. Hence,
the hyperpolarization vanishes within a few tens of minutes when
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using classical DNP conditions (glassy frozen solution in presence
of “DNP-juice”) even in the frozen state [1071,1698,1713,1714].

A number of possible solutions to improve the approach are
currently being explored. Many strategies are being developed
aiming at storing hyperpolarized metabolites in their frozen state,
which would be useful for clinical applications. First, the so-called
“brute force hyperpolarization” method has been tested, which
relies on i) sustained 'H polarization for ~24 hours at ~1 K and
Bo> 10 T, ii) magnetization transfer from 'H to '>C nuclei at low
field (Bo < 0.1 T) to reach a '>C-polarization of about 0.1% and iii)
storage at cryogenic temperature (a few hours at T~30 K and
Bo~2 T) or dissolution-thawing  before  acquisition
[1699,1715,1716]. In these conditions, carrying out deoxygenation
and a slow-freezing annealing have a beneficial impact on hyper-
polarization lifetime [1715,1716]. However, it is not clear that it
will prove sufficiently competitive with respect to DNP. Second,
hyperpolarization can be maintained for hours by improved prepa-
ration schemes that introduce enough distance between the polar-
izing agents (that would otherwise enhance T1 relaxation due to
their free electrons) and the metabolite of interest [1713], and it
can be further enhanced by storing in a high magnetic field at cryo-
genic temperature [1717]. Third, radical precursors (notably pyru-
vate derivatives) have been developed in which unpaired electrons
are generated upon UV-irradiation at ~80 K, hence turning them
into DNP polarizing agents, but which readopt their non-radical
form at ~200 K. Such molecules permit efficient DNP at ~5 K in
their radical form, before being quenched at ~200 K, leaving
hyperpolarized molecules in a favorable environment for their
storage where they have relatively slow T1 relaxation during stor-
age [1714,1718-1721].

Once in the solution state, hyperpolarization should be main-
tained for as long as possible. Quaternary 3C nuclei are those likely
to show the slowest T1 relaxation, because they have only weak
dipolar interactions with other '*C nuclei. For the same reason,
deuteration of other '>C nuclei drastically lengthens their T1 relax-
ation times. Importantly, the quadrupolar nature of '“N has a neg-
ative impact on T2 relaxation of nitrogen-linked '3C nuclei, which
makes '>N-labeling useful as a T2/signal-enhancing strategy
[1125,1722]. >N nuclei themselves can be hyperpolarized and
show longer T1 values because of the lower gyromagnetic ratio
of 1N than 'H, '3C or N, which may makes '°N an interesting
nucleus for d-DNP studies [1135]. Hyperpolarization can also be
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maintained using so-called “long-lived states” (LLS) for certain
molecules, recently reviewed in [1723-1725]; however this topic
is out of the scope of this review. Although this approach has
allowed spin order lifetimes of minutes to be reached, metabolites
of interest have not yet been found that could support LLS for cel-
lular studies at high magnetic fields. The common large chemical
shift differences between 3C nuclei prevented the use of LLS as a
means of detecting, for example, conversion of pyruvate to lactate
[1726]. LLS have been generated mostly on 'H nuclei couples and
do not outcompete 3C T1 relaxation times under usual experimen-
tal conditions [1702,1725,1727,1728], notably because of the neg-
ative impact of dissolved oxygen [1702,1729]. Hence, LLS
applications for cellular studies have yet to appear.

Solutions to decrease the cost of d-DNP are being explored, such
as the use of a cryogen-free polarizer that would save about 100 L
of He per week [1071]. It has been also proposed to analyze simul-
taneously multiple samples in parallel, or in series, by mixing them
with a single split preparation d-DNP hyperpolarized stock
[1109,1730]. Altogether, hyperpolarization may hold great promise
for studies monitoring real-time metabolism in live-cells, but d-
DNP methods are still costly and PHIP approaches remain to be fur-
ther established. We repeat the attractive ability of NMR to evalu-
ate the metabolic status of cells or of organoids over long periods of
time in a non-destructive manner. This would also be of interest as
a complement to studies focusing on the intracellular behavior of
proteins.

3.4. Observation of ligands

3.4.1. Technical recommendations for ligand observed NMR in
presence of cells

The observation of small compounds by NMR can be facilitated
by the use of T2/T1rho filters, as described in Sections 3.3.2. and
3.3.3. The removal of background signals arising from macromolec-
ular cellular species is typically achieved using a short T1rho filter
[1476] combined with the STD/TRNOE pulse sequences, which has
also become normal practice for in vitro applications. The large sig-
nals from lipids can be removed using long adiabatic spinlock fil-
ters, as discussed in Section 3.3.3.

3.4.2. Technical recommendations for STD experiments in presence of
cells

We want here to underline some technical aspects of STD
experiments on cellular samples. STD-NMR experiments rely on
the transfer of magnetization from the target protein to the
observed ligand, more precisely on the transfer of magnetization
saturation, i.e. null magnetization. Saturation reduces or eliminates
signal intensity by driving the spin-state populations towards
equality. It is produced by repeated, selective pulses (or alterna-
tively very low-power continuous irradiation) at a 'H-frequency
where some protons of the studied protein resonate. Starting from
the initially targeted protons, the saturation spreads initially to
neighboring protons via the same processes of longitudinal relax-
ation as drive the NOE; then, via spin-diffusion (which is essen-
tially just a process of many successively repeated NOE transfer
steps), it spreads progressively throughout the whole macro-
molecule, as well as to ligand protons that contact the macro-
molecule during binding events. This saturation must be applied
selectively at a frequency where only protein nuclei resonate to
avoid any direct saturation of the ligand, an absolute requirement.
Hence, the on-resonance saturation pulses must be applied at a
resonance frequency distant enough from the ligand resonances,
and simultaneously excite a sufficiently broad resonance window
to maximize the saturation of the target protein [1731,1732]. A
careful, case-dependent evaluation should probably be carried
out systematically. Applying on-resonance pulses at very distant
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frequencies is feasible on cells, because their very long correlation
time and heterogeneous environment cause very broad linewidths.
On-resonance saturation at -4 ppm from the closest ligand reso-
nance is very effective for virus like particles for example, as shown
by Peters and colleagues [1448]. Saturation spreads rapidly in cel-
lular macromolecules because of fast longitudinal relaxation asso-
ciated with long correlation times. Two to four seconds-long
saturation pulse-trains are usually applied to build a consistent
saturation transfer through a maximal accumulation of binding
events. However, a clean epitope mapping requires saturation
times shorter than the T1 relaxation times of the observed ligand
nuclei, otherwise saturation will spread into the rest of the ligand
beyond the epitope [1448,1733,1734].

The transfer of saturation from the protein occurs while the
ligand is bound, and acts to partially decrease the signal intensities
of ligand nuclei that contact the saturated protein. To observe these
intensity losses in the saturation spectrum, it is subtracted from a
reference spectrum. This reference spectrum is acquired with the
same pulse sequence, but the saturation pulses are applied at an
“off-resonance” frequency that is sufficiently far removed from the
protein spectrum that no protein resonances will be affected at all,
even notwithstanding the very broad protein signal linewidths.
Peters and colleagues have shown for virus-like particles that even
off-resonance 'H irradiation at -80 or +80 ppm (at 500 MHz) still
exerted observable saturation for these large objects [1448]. They
recommended using an off-resonance saturation frequency of -300
or +300 ppm for STD studies on cellular systems. We will not list
all the later publications that reported off-resonance irradiation at
only +/-20 or 30 ppm and probably therefore obtained unreliable
results, but we note that such issues are not rare.

Another issue is the slow T1-relaxation of cellular species, nota-
bly that of surface proteins. Again while studying virus-like parti-
cles (estimated correlation time of 75 ps), Peters and
Rademacher have shown that interscan delays of 25 seconds were
necessary to avoid significant unwanted effects due to residual
protein saturation during the off-resonance experiment (in
schemes using interleaved on/off experiments) [1735]. This results
in a clean epitope mapping, but reduced interscan delays may be
more efficient in terms of S/N per unit time, while still delivering
STD levels that are sufficiently contrasted to distinguish between
ligand protons contacting or not-contacting the studied target.

STD-NMR has often been shown to be more sensitive in D,0
buffers [1731,1736]: these reduce saturation transfers between
the protein and bulk water, hence maximizing the transfer of pro-
tein saturation directly to the protonated ligand, even though it
slows down the longitudinal relaxation and increases the required
length of interscan delays. Working in deuterated buffers is accept-
able for viruses or isolated membrane fractions, but cells rapidly
deteriorate in these conditions and caution is recommended.

Concerning sample preparation, Caffrey and coworkers have
shown that serum proteins can establish weak interactions with
the observed compounds, which are typically those detected by
STD-NMR [1454]. STD pulse sequences in normal use cannot satu-
rate selectively cellular species as opposed to serum species.
Advanced saturation schemes using isotope-filtering exist
[1737,1738] that would allow a selective saturation of cells, but
this would require prior cellular 3C/'>N isotopic labeling. One
can also consider using '3C/!>N labeled antibodies to transfer the
magnetization saturation [1739]. Martinek and colleagues have
shown that this approach works in cell extracts, but there would
likely be a number of complications in the context of living cells.
Moreover, it is probable that these strategies would severely com-
plicate the quantitative interpretation of STD results. Of course, the
simplest option is the use of serum-free medium during the NMR
experiments, which is acceptable for limited measurement times
of a few hours.
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As mentioned in Section 2, STD-NMR experiments on cells are
most often performed in a STD-Difference (STDD) mode: two STD
spectra are recorded, for example in the presence of mock-
transfected cells (i.e. expressing only native cellular material) and
in the presence of cells expressing the protein of interest. This is
for two reasons. First, it would not be possible to use the choice
of saturation frequency to select between the macromolecule of
interest and the cellular background, as all signals of the macro-
molecule would inevitably be overlapped with signals from the
cellular background. Second, saturation is anyway rapidly trans-
mitted to the surrounding cellular species. Hence, compounds that
only bind transiently with cellular membranes would show STD
signals, but these should not be interpreted as an interaction with
the membrane protein of interest. Moreover, a compound can also
bind another endogenous receptor and consequently build-up STD
signals. Finally, it is also important (and sometimes difficult) to be
aware of the potential effects of variations in cellular metabolism
and composition: the states of cells during NMR acquisition should
still be as similar as possible to avoid any bias (e.g. binding to novel
lipids, or phase-separated stalled mRNAs, etc...).

Finally, corrupted results may emerge from experiments using
cells that progressively settle towards the base of the NMR tube.
An elegant solution for this has been proposed by Jimenez-
Barbero and his coworkers, that employs disposable rotor inserts
designed for HRMAS [1475]: rotors can be filled with cell suspen-
sion and spun at a few kHz, which did not compromise cell viabil-
ity according to the authors. Cells are thereby homogeneously
sedimented on the rotor walls and STD experiments can be carried
out. This approach was proposed almost 10 years ago, but we did
not find any other later study in which it was used. The recent pro-
tocol by Konrat and colleagues may be easier to implement: cells
are embedded in methylcellulose hydrogels to maintain a homoge-
neous dispersion, and settling in the NMR tube does not occur
[1487].

3.4.3. On the use and present limits of on-cell NMR and the use of STD/
TRNOE

As mentioned in Section 2, in the last 20 years ligand-observed
NMR methods (STD-NMR, waterLogsy, T1rho/T2 relaxation) have
been have been widely and successfully used for fragment-based
drug design in vitro. The same has not been true for in-cell studies.
Ligand-oriented NMR screening methods are valuable specifically
because they detect weak affinity interactions [1386,1412], but
these may often be uninterpretable in complex media: abundant
metabolites also establish weak interactions [1413,1414], and reli-
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ably identifying interesting hits would require highly reproducible
metabolic states that current bioreactors can hardly generate.

Instead, in-cell NMR studies using ligand-based NMR detection
have been focused on epitope mapping and structure-activity rela-
tionships: STD-NMR and TRNOE approaches have been favored due
to their ability to deliver atomic-scale information on the interact-
ing moieties of ligands and on their bound conformations.
Although other ligand-observed NMR methods, such as water-
LOGSY or T1rho relaxation enhancement, would presumably also
work in complex media, they have not been extensively used for
cellular NMR studies of drugs, probably because they do not pro-
vide structural information. However, waterLOGSY and Tl1rho
relaxation enhancement have been shown to offer better sensitiv-
ity to binding events [1379,1413,1736,1740]. They may find
increased application in the future.

Indeed, we feel that the capabilities of in-cell/on-cell STD/
TRNOE/waterLOGSY/T1rho approaches may be exploited more
broadly. On paper, their attractions are clear: it would be conve-
nient and useful to observe direct contacts between a ligand and
its membrane receptor in a native environment, without having
to establish difficult purification and solubilization strategies.
Defining standardized protocols for in-cell epitope mapping would
promote trust and reproducibility. The use of isolated membrane
fractions is likely to give access to simple protocols. However, we
feel that avoiding membrane separation would be more convincing
for biologists. Generating stable transfected cell lines for every pro-
tein target would thus be a prerequisite: it would yield repro-
ducible expression of target proteins in the long term. Moreover,
to permit the use of intact cells, experimental designs that avoid
cell sedimentation are probably key success factors, as has recently
been proposed [1487]. Applying automated procedures developed
for background noise removal in metabolomics spectra may also be
helpful to simplify the analysis of NMR cellular drug screening
[1741,1742].

One reason why these epitope mapping approaches are not that
popular for infon-cell NMR studies may be the nature of the targets
chosen to date: almost all publications of cellular experiments
based on STD and TRNOE measurements have concerned surface
proteins, mostly GPCRs [1469-1474,1489,1493]| and integrins
[1476,1479-1487] (see Section 2). Ligands of GPCRs commonly
have long residence times with off-rates of 1 to 0.01 min’!, as char-
acterized by radioligand assays [1743]. Similar orders of magni-
tude have been reported for FDA-approved kinase inhibitors
in vitro [ 1744]. Unfortunately, STD and TRNOE have the same limits
with cells as they do with purified proteins: they can report on
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interactions showing relatively weak affinities and fast on/off rates
(Kd~1077-10" mol/L, kor~102-10% 571 [1379,1412]). STD-NMR frag-
ment screening on a solubilized GPCR has been recently proved to
be feasible in vitro [1745], and, more generally, NMR has made rec-
ognized inputs in membrane protein drug research [1746]. Novel
NMR approaches will have to be found for sensitive, ligand-
observed studies of interactions with slow on- and off-rates, as
has been discussed elsewhere [1379]. Such methods would find
immediate applications for in- and on-cell studies. Alternatively,
detecting ligand:protein interactions by the observation of the pro-
tein is a possible solution (see Sections 2.5.1. and 3.5.4.).

3.5. Cellular structural biology

3.5.1. How relevant is the intracellular concentration of the studied
species?

If we had to select the single most crucial question concerning
in-cell structural biology, that would be the issue of concentration.
Conventional NMR structural biology studies use highly purified
nucleic acids or proteins at high concentrations, i.e. in the 0.1-1
mM range, orders of magnitude above cellular concentrations.
Exceptions exist, such as hemoglobin in erythrocytes (~5 mM).
We know the protein copy numbers in many mammalian cells,
which are the best characterized cells in this regard. Such cells
are about 20 pm across, contain about 200 g/L of proteins (~4%
from ribosomal proteins, ~4% from histone proteins) and contain
an average of ~5.10% copies per cell of every single protein species
[1175-1177], which corresponds to a concentration of 1 pM. How-
ever, the distribution is broad: copy numbers span a wide range of
values from 102 to 107 per cell. In addition, all these numbers vary
between cell lines and through the cell cycle [1747]. An interesting
anti-correlation between protein size and copy number has been
reported (Fig. 34). Moreover, many proteins of particular interest
show high expression levels, e.g. oncogenes in cancer.

These micromolar concentrations are not generally suitable for
acquisition of 3D NMR spectra, but they are compatible with 1D
and 2D spectra. However, even when they are packed in wet pel-
lets, cells cannot in practice comprise more than ~20-40% of the
volume of an NMR sample, according to our tests (the actual vol-
ume of a cell is very difficult to quantify accurately [1175]). This
unavoidably reduces the maximum number of molecules from
which an NMR signal can be observed, which forces investigators
to use unnaturally high intracellular concentrations of the macro-
molecule(s) of interest, i.e. above 10 uM and often above 100 pM
(up to millimolar concentrations for structure determination in
cells).

Daunting questions remain moreover concerning protein local-
ization and NMR-detectability. In-cell protein NMR yields averaged
signals from all the species that i) tumble sufficiently fast (solution
NMR), ii) do not interact with too many partners, each one of these
interactions generating a new fractional population in a distinct
chemical environment, and thus a supplementary dispersion of
the resonances (solution and solid-state NMR) and iii) do not bind
their partners with on/off rates in the intermediate exchange time-
scale (solution NMR). Among other issues, high concentrations of a
macromolecule of interest can have saturating effects on the pool
of native binding partners: if the total population of binding part-
ners is engaged in interactions with the studied species, supple-
mented or overexpressed in excess, it can leave a population of
molecules free and well-observable by NMR. Hence, situations
can be generated where the NMR-detected population is no longer
biologically relevant. These aspects should not be forgotten when
reaching conclusions for in-cell NMR studies.

Hence, in-cell NMR-assisted structural studies are most often
not likely to deliver results directly related to functional biology.
Rather, such investigations explore the consequences of the cellu-
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lar milieux on the structural behavior of macromolecules, which is
nonetheless of fundamental importance. It would thus also be
unfair to describe them as irrelevant simply because of concentra-
tion issues. These concentrations delimit the degree of generaliza-
tion that can be claimed.

In any event, it is clear that an important goal for improving iso-
topic labeling schemes and NMR methods should be to help facil-
itate in-cell NMR studies at lower concentrations.

3.5.2. Sample preparation

Sample preparation for in-cell protein NMR has been reviewed
multiple times. We discuss studies focusing on nucleic acids sepa-
rately (see Section 3.5.6.). Detailed protocols exist for all sorts of
samples in prokaryotic or eukaryotic systems, generated from
in situ recombinant expression or from protein delivery in cells
[4,9,25,1186,1236,1748-1753]. Here, we will simply recommend
to check cell viability, protein integrity (by western-blot for exam-
ple) and protein leakage. Quantifying the intracellular quantity of a
protein of interest allows comparison of expected and experimen-
tal NMR signal intensities. This requires a good estimation of the
signal losses due to 'H/'3C/'>N T2 relaxation during the pulse
sequence: these are rather different in a dilute reference sample
than they are in the cellular environment. Such quantification is
highly relevant for evaluating the percentage of detectable protein.
None of these quality controls is individually perfect, but all of
them should reinforce each other.

3.5.3. Protein structure determination

In the following, we discuss studies and methods using solution
NMR. Although many solid-state NMR studies have reported struc-
tural information in cellular environments, these were not used for
solving structures.

A normal protein structure determination procedure by NMR
starts with the assignment of resonances, which classically
requires at least a set of 3-dimensional spectra. Assignment proce-
dures of NOE peaks are most often intertwined with structure cal-
culation within recursive algorithms. This subject is well
established from the field of protein NMR and is out of scope for
this review. We will only mention that, as far as solution NMR is
concerned, NMR assignment will always be hampered in cells,
because of faster T2 relaxation (see Section 3.2.) and because 3D
spectra necessitate long acquisition times that are not compatible
with the lifetime of cellular samples. In this regard, using bioreac-
tors helps to maintain cells viable across extended periods [1188].
Improved strategies have been proposed, notably by Ito and col-
leagues, to adapt the usual in vitro approaches to the constraints
generated by cellular samples. These aim at shortening the acqui-
sition time of 3D spectra by using sampling schemes that reduce
the number of increments required [1184-1188,1754]. They also
use amino acid specific labeling to decongest the spectra. It is rec-
ommended to use 3D pulse sequences that are intrinsically less
vulnerable to T2 relaxation losses, such as HNCA, HN(CO)CA,
CBCA(CO)NH or NOESY-HSQC.

Another approach relies on the use of lanthanide tags: linking
these at multiple selected positions (in separate samples) permits
measurement of pseudo-contact shifts (PCS), which provide a very
powerful NMR restraint for structure calculation [1755-1757].
Structural models were obtained from tagged proteins delivered
in frog oocytes or mammalian cells [1193-1195]. The PCS can be
analyzed by the GPS Rosetta algorithm [1758]. This strategy proved
to be efficient to solve the structure of small model proteins in
cells, using ~50 puM intracellular concentrations. It has been used
mostly to obtain backbone restraints, and is probably not likely
to provide high resolution structures. Moreover, lanthanide tags
can cause protein alignment in the magnetic field, which may be
sufficient to measure residual dipolar couplings (RDCs). Although
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RDCs have not been as useful as PCSs in the studies mentioned
above, some amide 'H-'>N RDCs were measured to be as strong
as 25 Hz at 600 MHz. They could possibly provide valuable infor-
mation in future structural/dynamics studies at higher fields. PCSs
can provide information up to ~4-5 nm away from the lanthanide
tag, while RDCs do not depend on the distance to the tag. As in
classical studies on purified proteins, both PCSs and RDCs are of
course complementary to NOE-derived structural restraints.

3.5.4. Protein:protein interactions and protein:ligand binding

Questions related to intracellular protein diffusion and multi-
ple, transient interactions with cellular constituents have been dis-
cussed in Sections 3.2.1. and 3.2.3.

Strategies to characterize protein:protein interactions by NMR
in cells have been developed, notably by Shekhtman and col-
leagues: E. coli cells are i) transformed to carry two plasmids cod-
ing for the inducible expression of the two protein partners of
interest, ii) grown in Luria Bertani (LB) medium containing a natu-
ral abundance isotopic distribution (i.e. 1.1.% of 3C and 0.4% of
I5N), iii) transferred into a minimal medium containing '>NH} as
sole source of nitrogen, in which recombinant expression of the
protein target is triggered for a few hours, iv) re-transferred into
an LB medium where the recombinant expression of the second
protein is triggered [1232,1233,1274]. Hence, the first recombinant
protein (but not the second) is '°N-labeled in a mostly '*N cellular
background. Long-lived molecules produced during the incubation
in the minimal medium are also '’N-labeled, but represent gener-
ally a heterogeneous pool of species, whose spectroscopic signa-
ture is sufficiently diffuse to not perturb selective NMR
observation of the protein of interest. Protein:protein interactions
are thus revealed by the '>N-protein signals that shift or disappear
upon expression of the second recombinant (**N-labeled) protein.
This approach has been used to screen inhibitors or stabilizers in
cells, in an attempt to find a complementarity using high-
throughput screening approaches [1390,1391].

Luchinat, Banci and their coworkers reported an approach to
express and isotope-label target proteins sequentially in mam-
malian cells [1759]: i) a stable cell line overexpressing a first pro-
tein is established and grown on a natural abundance medium; ii)
cells are transfected concomitantly with a plasmid encoding for a
second protein and silencing siRNA for the first protein; iii) cells
are later transferred into a medium supplemented with °N-
labeled amino acids. The precise timing between steps ii and iii
is critical to restrict 1°N-labeling of the first protein and of the cel-
lular background, while maximizing that of the second protein. A
more classical co-transfection and overexpression of two protein
partners requires finding the best proportions of the corresponding
plasmids and of the transfection reagent. This strategy has been
used by Luchinat, Banci and their coworkers, notably to co-
transfect and co-overexpress a protein and its chaperones in
appropriate proportions [9,1280,1283]. However, this strategy
results in an identical isotope-labeling of both proteins.

Protein-observed ligand binding assays have been carried out in
cells based on single overexpressed proteins, either in prokaryotic
or eukaryotic systems [867,1392,1393,1760,1761]. After overex-
pression in an isotope-labeling medium, cells can be exposed to
the ligand, which provides simultaneously several pieces of infor-
mation: i) does the ligand bind the protein target in cells and if
so with what apparent Kd?; ii) does the ligand penetrate the cells
and if so at what rate?; iii) does ligand binding have an impact on
the protein target conformation or post-translational-modifica
tions? Naturally, as discussed in Section 3.2.1., the usefulness of
the experiment depends on the protein concentration, its cellular
localization and its NMR-detectability in cells (is the whole popu-
lation detected or only a limited proportion?). This approach is
nevertheless very promising. It could be further improved by
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designing experimental procedures i) to obtain valuable NMR
spectra using lower and better controlled protein concentrations;
ii) to establish reproducible conditions using more standardized
bioreactors but also more biologically relevant cell lines.

3.5.5. In-cell solid-state NMR and the road to DNP-enhanced in-cell
NMR

Solid-state NMR (ssNMR) using Magic-Angle Spinning (MAS)
potentially has a great advantage over solution NMR in that it
can acquire signals from proteins immobilized in membranes or
in large macromolecular assemblies. As briefly explained in Sec-
tion 3.3.4., MAS can suppress the effects of magnetic susceptibility
inhomogeneities or unfavorable line-broadening due to slow
molecular tumbling, which causes large dipole-dipole interactions,
chemical shift anisotropy, or first order quadrupolar interactions.

ssNMR has consistently provided useful information on pro-
teins and peptides in native membranes, starting with the work
of Schaefer and colleagues on antibacterial peptidoglycan-binding
drugs in the 1990’s (see Section 2.2.2.). There is currently a grow-
ing number of ssNMR studies on transmembrane proteins in native
membranes. To the best of our knowledge, only a few solid-state
NMR investigations have reported de novo assignment in a native
environment  (bacterial membranes in  most cases)
[1173,1199,1752,1762-1764]. The many other ssNMR studies in
the literature successfully transferred assignments made in vitro,
in a similar fashion to what has been seen with in-cell solution
NMR. ssNMR requires high MAS frequencies, which would affect
cellular viability in physiological conditions (see Section 3.3.4).
Frozen samples can preserve cell integrity during the ssNIMR mea-
surements, but they also suffer from peak broadening, notably also
resulting from freezing heterogeneous ensembles of conformations
and interactions with the cellular milieu. These studies often rely
on carefully designed amino acid specific labeling to compensate
their common poor resolution.

Most of the ssSNMR structural characterizations in “native” con-
ditions concern membrane proteins: the cellular membranes rep-
resent good ‘native environments’ and the removal of cytosol
increases the proportion of useful sample in the rotor. A number
of publications describe the isolation and packing of cellular mem-
branes in ssNMR rotors following various protocols [1173,1197-1
200,1203,12041207121012111752]. Until recently, (DNP-) ssNMR
studies on membrane proteins in native membranes relied on
13C-detected experiments. In principle, 'H-detected spectroscopy
could offer higher sensitivity. However, it requires either MAS
above 60 kHz [1765] or extensive deuteration of the sample matrix
to suppress dipolar 'H-'H relaxation, which makes it difficult to
use this approach for complex biological samples. Medeiros-Silva
et al. proposed a novel labeling scheme, namely inverse fractional
deuteration, to obtain high resolution 'H-detected ssNMR spectra
of the K" channel KcsA in liposomes and in native membranes
[1209]. This approach improved the detection of water-
inaccessible protons and enabled backbone assignment in vitro
through a ‘classical’ strategy using triple resonance 3D spectra.
These assignments were transferred to signals of the sample
in situ via 2D 'H-'>N spectra, thereby permitting the characteriza-
tion of as few as 3 nanomoles of TM domain in native membranes;
in addition the authors carried out a detailed analysis of its
motions in vitro through '°N relaxation experiments.

The first application of ssNMR to investigate a soluble protein in
intact cells was published by the Détsch group in 2012, in which
Reckel et al. analyzed bacterial cells under freezing conditions
using '3C-detected ssNMR [1212]. Bacterial thioredoxin and
human FK506-binding protein (FKBP) were chosen because both
proteins interact diffusely with the cellular environment: this
causes extensive signal broadening at physiological temperatures,
and prevents detection by solution NMR. In that work, freezing
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temperatures were necessary to preserve cellular integrity. Also,
13C-depleted glucose had to be employed in the culture medium
before protein expression, in order to suppress the unwanted sig-
nals arising from natural abundance 'C. In their concluding
remarks, the authors noted that DNP would likely become an indis-
pensable tool to increase the sensitivity of the method. Since then,
DNP-ssNMR has been applied to study proteins in quasi-
physiological samples such as cellular lysates and, more recently,
directly in intact human cells. Frederick et al. investigated the fold-
ing and aggregation of the yeast prion protein NM (i.e. the prion
domain of Sup35) in frozen yeast cell lysates using DNP-ssNMR
[1172]. When pure NM was added at 1 pM to lysates already con-
taining the prion form of Sup35, it adopted an amyloid form, which
was more structured than the amyloid fibrils formed in vitro.
Deuterated lysates were employed to render the cellular milieu
NMR-invisible and to increase polarization efficiency [1170]. Vien-
net et al. used Bcl-x; as a model protein to assess the DNP enhance-
ment selectivity in bacterial cell lysates, using a radical-labeled
binding partner to selectively enhance the protein signals with
respect to the background caused by other labeled cellular compo-
nents [1766].

The first test of the application of DNP-ssNMR to intact human
cells was published by the group of Barnes [1767]. Using biradicals
and sterically shielded radicals as polarizing agents, DNP enhance-
ments of ~50 were obtained at temperatures ranging from 6 to 90
K. A novel fluorophore-containing polarizing agent was introduced,
which allowed simultaneous subcellular localization studies
through fluorescence microscopy on the same cellular samples.
The approach was recently combined with cell sorting through
flow-cytometry to investigate the endogenous activation of the
HIV virus by correlating GFP expression with increased '°N-
amide resonance intensities in highly homogenous cell popula-
tions [1768]. The same research group further explored the effects
of electron decoupling on cellular DNP-ssNMR spectra, reporting
sensitivity improvements at cryogenic temperatures [1769].

A DNP approach to investigate intracellular proteins in frozen
human cells was reported recently by Baldus and coworkers
[1213]. They delivered isotopically-labeled ubiquitin to cells using
electroporation. Then, they proved notably that their DNP polariz-
ing agent diffused within cells using a fluorophore-tagged DNP-
biradical: they observed a uniform fluorescence distribution 15
minutes after exposing the cells before filling the rotor with these
cells. The preparation of cells for DNP measurement is still not a
routine procedure: the mixing of the “DNP-juice”, the timing,
freezing method, etc.. can all benefit from optimization. The Fred-
erick group has recently addressed these aspects: they reported a
detailed workflow for the correct cryopreservation of human cells
prior to DNP analysis, which is crucial for preserving high cell
integrity and viability [1770].

3.5.6. Nucleic acids

Successful NMR studies of nucleic acids in mammalian cells
became frequent only in the last 2-3 years, so that systematic
guidelines are difficult to define as yet. Previous studies have been
mostly performed in microinjected frog oocytes, and have been
reviewed multiple times [4,5,1323,1771]. Using current methods,
the concentrations of the nucleic acid of interest can reach ~15
UM in mammalian cells, and ~100 puM in oocytes [1322,1329]. Just
as for in-cell studies of proteins, checking viability, leakage and
localization of the studied nucleic acids is mandatory, especially
in cases where they have been delivered into the cells using mem-
brane destabilizing methods.

Detailed protocols exist for sample preparation of phages and
NMR analysis of their DNA content [1307,1311,1312,1772]. Such
studies benefit from the rather standard and economical '>C/!°N
labeling procedures of bacteria. It is worth mentioning that supple-
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menting the culture minimal medium with unlabeled amino acids
together with '3C-glucose and '’N-ammonium helps to obtain
NMR spectra showing almost only ribose signals; supplementing
with unlabeled Phe, Tyr Trp, Tyr removes side chain resonances
of these residues from '3C/'°N-edited spectra, while retaining
13C/'5N labeling of DNA bases [1310,1312]. '*C/’>N labeling of
nucleic acids is extremely helpful to characterize structural ensem-
bles of nucleic acids, which commonly explore different conforma-
tions in dynamic equilibria occurring over a broad range of
timescales [1291,1292,1294,1773]. Such labelling also helps to
define any chemical modifications they may have [1331].

Unfortunately, there is a high financial cost for the methods
used to date for preparing '>C/'N labeled nucleic acids, before
delivering them in mammalian cells using the published methods,
electroporation and pore-forming toxins (electroporation perform-
ing better in terms of cell viability and leakage according to the lit-
erature [1320,1322,1323,1326,1329]). Hence, the studies have
mostly been restricted to observation of H-signals from the imino
groups, which are largely free of interference from cellular back-
ground signals [1321,1324-1326,1329]. '°F-labeled nucleic acids
have been also tested recently, which have the advantage that
I9F NMR has no cellular background signal, but these molecules
could also modify the conformational ensemble being investigated
[1326-1328]. In both cases, the stability [1329] and the multiple
conformations and/or interactions [1326] of nucleic acids in cells
can be a severe obstacle. As discussed for proteins in Section 3.2.3.,
multiple transient interactions in cells have consequences for the
NMR detectability of nucleic acids. Interestingly, Trantirek and col-
leagues showed recently how G-quadruplexes of similar size can
adopt very different structural dynamics, how these fluctuate in
presence of G-quadruplex ligands, and how the corresponding
NMR spectral fingerprints allow or prevent in-cell NMR studies
[1326]; this group has provided some very useful detailed accounts
of work in this field. The current in-cell NMR techniques are thus
limited in the quality of structural information they can offer and
in the number of nucleic acids that can be studied. Even though
multidimensional NMR of nucleic acids seems often to be imprac-
tical in cells [1329], '3C/"®N labeling and NMR-editing of single
bases in the nucleic acids of interest might be used in the future
to help elucidate conformations or interactions with ligands. Alter-
natively, monitoring the NMR signals of a ligand can sometimes be
sufficiently informative [1329].

3.6. Whole cell analysis

3.6.1. Solid-state NMR analysis of cellular content, molecular
proximities and chemical bonds

As mentioned earlier, solid-state NMR coupled to magic-angle
spinning permits the detection of the whole set of molecules carry-
ing a specific isotope labeling when edited by a chosen pulse
sequence (see Section 3.3.4.). This capability has been extensively
exploited by Schaefer and colleagues to characterize a number of
connections in bacterial cell walls and to determine the position
of some antibiotics in the bacterial cell walls (see Sections 2.2.2.
and 2.5.2). It has also been used to quantify the cellular content
of certain molecular species upon exposure to chemicals. These
techniques are appealing particularly because they do not require
prior extraction steps before the NMR analysis.

In the early 1980’s, authors used the so-called Double Cross-
Polarization (DCP) [1774] from 'H to '3C and then to '°N to enable
selective observation of branched '°N-Lys and '3C-D-Ala [584-
586]. However, these experiments suffered from weak signal
intensities, and moreover were contaminated by signals from cel-
lular components containing '°N at natural abundance (these were
removed during processing by spectral subtraction). From the late
1980’s, Schaefer and coworkers started i) to remove cellular back-
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ground using '3C-'3C connectivity filters (DARR), which they
demonstrated for the selective observation of [1,2-13C,]-Gly in
Klebsiella pneumoniae [592] and ii) to improve the sensitivity of
13C-15N proximity filtering using the recently invented REDOR
[593] and TEDOR [1775] techniques. The combination of DARR
13C-13C and REDOR 3C-1°N or 3C-'°F was indeed found to be effec-
tive. Importantly, the REDOR approach depends on dipolar cou-
plings, which are distance dependent: distance measurements
became possible between 3C and '°N nuclei [606], and later
between °N and 3'P (for the analysis of DNA in phages [1306]),
or 13C and '°F (for analyzing '°F-containing molecules inserted into
cells). Hence, the studies described in Sections 2.2.2. and 2.5.2 rely
substantially on REDOR or TEDOR. We thought it would not be
appropriate to present them extensively here, instead citing rele-
vant publications [570,587-591].

3.6.2. The case of hyperpolarized '**Xe, a multitask MRI-oriented
reporter

Hyperpolarized 2°Xe detection represents a peculiar case in the
zoo of observable species that have been used for NMR cellular
studies. We mentioned '>°Xe-based sensors in different sections
for various applications. These have been developed for the pur-
pose of designing new sensitive probes for MRI, e.g. to detect cell
surface proteins [1776-1779], or to probe pH [1780,1781] and
intracellular chemical entities like thiols or ribose [1782,1783],
without any fundamental interest for cellular processes them-
selves. This topic will not be covered further here, but some excel-
lent reviews on '?°Xe based sensors have been published
[1784,1785].

3.7. The quest for a bioreactor

3.7.1. A re-emerging necessity

Keeping cells healthy in the spectrometer has been a long-term
goal in the field. It is necessary for real-time monitoring of meta-
bolic changes or molecular interactions, or to maintain cells in
well-defined conditions when long acquisitions are required. We
found about 200 reports using or presenting the design of an
intra-spectrometer flow-probe bioreactor since the 1970’s. The
NMR-compatible bioreactor has been re-invented dozens of times,
but the individual experimental designs apparently were not
widely taken up beyond the labs where they had been developed.
Although not fully exhaustive, our statistics show two main peri-
ods of activity (Fig. 35). Between the 1970’s and the year 2000, a
first period started with experiments on perfused animal organs,
progressing later to home-made systems for metabolic studies.
Since the 2000’s, a second period saw in particular the emergence
of low-diameter cryoprobes, whose higher intrinsic sensitivity is
offset here by their small diameter (< 10 mm), close design and
lower flexibility. Those familiar with standardized commercial sys-
tems are probably less tolerant of setting up and tuning home-built
probes.

Initially, systems to perfuse organs were used in the 1970-80’s,
mostly to monitor ion equilibria or metabolism in rat or rabbit
hearts [277,378,807,812,818,856-859,861,1786-1789],  livers
[725-727,809,814,1790-1794] and kidneys [808,819], using 3'P-,
23Na- 3C- or 'H-detected NMR [1795-1797]. Perfusion systems
for NMR spectroscopy of living plants were also proposed [884-
886,900,1798]. We will not cover this field further.

In the vast majority of cases, bioreactors were designed in the
context of studies on cell metabolism. As discussed in Section 2.3.1.,
in-cell NMR studies of metabolic activities are more suitable for
high concentration metabolites. Hence, NMR spectroscopy of
extracted and isolated material became dominant in the study of
metabolic pathways in the 1990’s, in combination with Gas- and
Liquid-Chromatography  coupled to Mass Spectrometry
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[39,762,798-800]. Although they require tedious extraction and
calibration procedures, these approaches allow the application of
reproducible, systematic protocols. In the 2010’s, bioreactors re-
appeared in the literature as appealing devices for i) in-cell struc-
tural biology (see Section 2.4.), ii) metabolism studies using '*C-
hyperpolarized metabolites; iii) longitudinal metabolism and toxi-
cology studies on cells (including for online monitoring of external,
large-scale reactors), iv) and also on small animals like worms or
water fleas [930,1057,1066].

Many NMR-bioreactors were proposed in the 1980-90’s for
studying cell metabolism. They all involve pumping systems of cul-
ture media equilibrated with the appropriate CO,/0, gas ratios. A
description of these home-made designs would be quite repetitive
and not very informative. Equivalent commercial devices have
been proposed in the last ten years, which are compatible with
the actual (cryo)probes now present in most laboratories.

3.7.2. Cell immobilization strategies

With regard to the conditions in which cells are maintained in
the measurement volume, several options have been explored.
First, cells can be kept in suspension in the NMR tube: There has
been a long and varied history of many stirring or bubbling devices
designed through the years, which avoid settling and clumping and
ensure (an)aerobic conditions (see [783,838,841,1802-1819]).
These designs are often not compatible with recent, narrow probe
designs, where keeping cells inside the active volume of the tube
despite the flow of medium has been a long-term challenge. A
number of strategies have been proposed.

Flow-probes for suspension cells were initially developed that
used dialysis fibers for the circulation of the fresh medium
[1820]. Soon afterwards in the mid-1980’s, an advanced version
of this principle was proposed to provide rapid flow of medium
and high O, delivery for aerobic cells [1821,1822]. A similar
approach involved circulating the fresh fluids through the lumen
of hollow fibers, whose polymer porous walls permit nutrient dif-
fusion to the interspace of the fibers, where suspension cells are
maintained [771,797,1823]. Adherent cells can also attach on the
hollow-fibers walls, either inside [1824] or outside [789,791,
797,1823,1825-1830]. Good results have also been obtained with
a recent simplified version using a 1 MDa dialysis membrane, in
which fresh medium flows continuously [1761]. The most popular
approach has been to immobilize cells in beads [1811,1831-1833]
or threads made of agarose [167,179,765,777,780-782,786-788,7
95,796,852,866,867,1354,1801,1834-1850], alginate beads [784,
785,790,869,1103,1105,1369,1804-1806,1840,1851-1858],  car-
rageenan gels [1859,1860], or low-temperature melting
PNIPAAmM-PEG gels [475,868,1861]. Other designs took advantage
of improved matrices composed of methylcellulose [1487], poly-
L-Lysine containing alginate [1862,1863] or biological material
composing extracellular matrices like collagen or Matrigel, which
are better adapted to cell proliferation [167,387,785,789,
794,1799,1849,1853,1864-1867]. The diameter and composition
of gel threads or beads has of course an impact on diffusion of ions
[167]. Adherent cells can be grown on micro-carrier polymer beads
[167,778,779,792,793,1093,1099,1100,1112,1800,1865,1868-1874
|, on fibers [1800] or even on polyethylene terephthalate (PET)
scaffolds [1875]. Cell spheroids and plant cells or root nodules have
convenient characteristics: unlike single bacterial or mammalian
cells, they do not require any immobilization to be retained in
the NMR tube, and simple perfusion systems can be used
[882,964,1876,1877], possibly equipped with loose nets and com-
pleted by stirring devices [1878]. Remarkably, insect cells were
also maintained viable in suspension at the bottom of the NMR
tube while using a low flow rate of culture medium (2 mL/h)
[1188].



Francois-Xavier Theillet and E. Luchinat

A

Number of publications

0

2000 2016
Years
Bioreactors/flow-probes for:

[ Perfused organs

|:| Yeast, bacteria,
mammalian cells

1984

Worms, fresh water
fleas or shrimps..

Agarose-polyacrolein  Non-woven polyester ~ Agarose gel
microcarrier beads filter threads
100 um B (¥ 100 um
90 um Fse R 100 u

Z@n

Progress in Nuclear Magnetic Resonance Spectroscopy 132-133 (2022) 1-112

Agarose beads

Gel threads

Sealing Inlet

Fig. 35. A) Primary publications of studies (those known to the authors) reporting the design or use of intra-spectrometer bioreactors and flow-probes; B) Scheme of a typical
NMR bioreactor, using a well-defined gas mixture bubbled into the culture medium, as well as culture medium heating and pumping into the spectrometer using inlet and
outlet tubing to deliver fresh nutrients in a NMR tube (typically 5 mm diameter and 0.5 mL for recent probes) (adapted from Hertig et al. 2021 [1799]); C) Electron microscopy
of anchorage-dependent human breast cancer cells attached to agarose polyacrolein microcarrier beads, polyester or embedded in agarose gel threads (adapted from Neeman
et al. 1988 [1800]); D) Example of an empty flow unit showing the NMR tube and the inlet tubing (adapted from Luchinat et al. 2020 [867]); E) Examples of 5 mm NMR tubes
filled with culture medium (its pink color indicates a pH ~7, while it turns yellow when it becomes acidic because of cell metabolism in absence of medium replenishment)
and gel threads or agarose beads (adapted from Carvalho et al. 2019 [1801], Kubo et al. 2013 [868], and Inomata et al. 2017 [1369]).

Each of these immobilization methods has advantages and
drawbacks. Gel encapsulation is very well suited to studies of sus-
pension cells, while micro-carriers represent an appropriate tech-
nique for preserving adherent cell integrity and immediate
accessibility of nutrients [167]. Cell density is higher with gel
encapsulation methods (up to ~2.10%8 mammalian cells per mL)
than with adherent systems (up to ~1.107 cells per mlL)
[768,1864]. Agarose is not electrically charged, while alginate geli-
fication relies on ionic interactions that require Ca?* (or Ba®*) sup-
plementation and low EDTA or phosphate concentrations. Hence,
the two gels interfere differently with the diffusion of charged
metabolites and O, [1840]. The low melting point agarose that is
commonly used has a low mechanical strength and large pores;
in contrast, alginate beads have a higher mechanical resistance
and a finer meshwork [1840]. Alginate has been well characterized
as a viable tridimensional culturing system for multiple purposes
and cell types [1879,1880]: among others, it produces beads of uni-
form, tunable size, showing possibly hypoxic cores, which can be
very useful, e.g. for radiobiological studies of cancer cells [1879].
Cells may have difficulties multiplying in dense agarose or alginate.
In this regard, gels made of components of extracellular matrices
such as Matrigel are better mimics of native environments, and
allow cells to attach, grow and function in a more satisfactory fash-
ion. They were also reported to interfere less than agarose with
ionic diffusion [1849]. Methylcellulose also has superior character-
istics to those of agarose, by allowing cells to adhere to its three-
dimensional meshwork and ensuring improved cell viability
[969,1487]. “Normal” cell growth is also possible on micro-
carriers, but attached cells are subject to shear stress. Such stress
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is absent for cells grown on hollow fibers, but these occupy the lar-
gest fraction of the effective volume. Moreover, hollow-fibers
require the application of high fluid pressures to exchange nutri-
ents through the fiber walls. Finally, adherent cells that are only
able to grow as a monolayer may provide low signal, both with
micro-carrier beads and hollow-fibers [1864]. Spheroids can suffer
from necrosis at their center [768,964,1876,1878].

3.7.3. Particular problems for consideration

To be effective and notably to achieve sufficient SNR, in-cell
NMR often requires high cell densities. This makes nutrient or oxy-
gen diffusion and delivery difficult, although these are essential for
maintaining a constant “normal” cell metabolism [1881-1883].
Studies have been reported that attempt to define the best
balance between cell density, flow rates and O, concentration in
the perfused medium [1823,1828,1884,1885]. Non-invasive
measurement of dissolved O, over time in the bioreactor is
accessible, using perfluorocarbons entrapped in the gel matrices,
whose T1 relaxation depends on O, partial pressure [1799,
1853,1873,1886,1887].

Naturally, cellular composition and metabolic state vary over
time. Notably, the compositions of lipids and their glycerol precur-
sors are not the same depending on cell density on carriers or in
threads [1800,1839,1864]. It is clearly important to perform con-
trol experiments to verify that cells are kept healthy: 3C- and
3TP_.NMR monitoring of metabolite consumption and ATP levels
are good indicators, complementary to cell viability assays [867-
869,1105,1761,1888].
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Finally, as far as quantification is concerned, it is important to
consider the fact that effective T1 relaxation can be affected by
the flow rate and the resulting renewal rate of extracellular spe-
cies: molecules freshly inserted in the tube are not perturbed by
previous radiofrequency pulses and therefore provide more signal
per mole than molecules that remain within the tube and do not
attain their equilibrium magnetization between pulses. For exam-
ple, the use of a long-T1 species such as inorganic phosphate as a
concentration reference was shown to be potentially misleading
because its signal intensity was dependent on the flow rate [1889].

3.7.4. Past and recent applications

Bioreactors have been used to characterize cell metabolism in
real-time with '3C- and 3'P-NMR. A broad variety of studies using
NMR-bioreactors have been concerned with the effects of drug-
exposure and irradiation on mammalian cancer cell metabolism
[768,777-794,1093,1094,1099,1100,1103,1858,1866,1890], the
impact of ethanol and chemicals on hepatocytes [795,796], meta-
bolism in hybridoma [771,797] and bacteria [1819,1883,1891-
1894], comparisons of the metabolism of cells in suspension or
embedded in gels, which has industrial applications for yeast
metabolism [1804-1806,1811,1831,1832,1859], and antibody
secretion of hybridoma [866]. They also served in the study of
intra- extra-cellular 2>Na* or ’Li* fluxes in mammalian cells
[167,179,1844,1849]. Real-time monitoring has its advantages, by
permitting the longitudinal observation of a single sample without
repeated quenching and extraction of solutes. It can provide very
well defined kinetics with dense timeframes, thus allowing
advanced modeling of metabolism, as shown recently for mela-
noma cells [1874]. However, it requires the establishment of pecu-
liar arrangements, and more classical metabolomics methods that
employ solute extraction and high-resolution NMR and mass-
spectrometry are more popular currently.

Hyperpolarization methods hold the promise of providing large
sensitivity enhancements (see Sections 2.3.7. and 3.3.6.), and ded-
icated bioreactors have been proposed since the late 2000’s. Cells
can be steadily supplied with nutrients and possibly with drugs
of interest, and can be exposed at controlled times to hyperpolar-
ized metabolites (mostly 3C-pyruvate). The evolution of their
NMR signal and those of their cellular byproducts reveals the
metabolic states of the cells. The short half-life of metabolite
hyperpolarization limits the application of this approach to fast
enzymatic reactions that can be monitored within a few tens of
seconds. As was the case in the 1980-90's, 3C-NMR of
hyperpolarized metabolites has been studied in bioreactors to
establish good references for future MRI/MRS applications
[1093,1100,1103,1112,1867,1890], or to examine the effects of
various drugs on various cancer cells [1093,1099,1100]. Classical
immobilization methods were adopted, using alginate beads
[1094,1103,1105,1850,1890] or cell attachment to polymer beads
[1093,1099,1100,1112]. Original designs were also proposed: cells
were grown on 3D scaffolds through which culture medium and
hyperpolarized metabolites were perfused [1895], or embedded
in a 3D collagen matrix placed in a 3D-printed bioreactor designed
for allowing both NMR spectroscopy and optical Fluorescence Life-
time Imaging Microscopy (FLIM) [1867].

Real-time monitoring of cellular metabolism has also been car-
ried out to characterize the evolution of large, external bioreactors.
Continuous “online” monitoring can be achieved by circulating the
culture broth through the spectrometer using a bypass tube
[739,962,963,1611,1859,1883,1891-1894,1896-1899]: this
approach gives access to scale-up studies of potential industrial
applications in a non-invasive fashion, and is well suited to use
with low-field magnets [962,963,1898,1899]. Using similar
designs, circulating the supernatant medium of an external biore-
actor into the magnet gives access to indirect monitoring of cell
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metabolism that can be applied to organoids or microbial biofilms
[1813,1900,1901].

Bioreactors are now becoming more mainstream for in-cell
structural biology studies. They are clearly necessary to maintain
cells in relevant physiological states during the required hours-
long acquisition times [867-869,1761,1888]. Evidence exists that
the studied proteins can have different folding states or interac-
tions depending on the cellular metabolic state [1355,1369]. Now
that early proofs of principle have been realized, which show that
observing proteins and nucleic acids in living cells is possible, the
field will have to move towards wider adoption of bioreactors in
the future.

Overall, it appears that NMR spectroscopists have been very
inventive in developing home-made designs to maintain cells in
a healthy state in the spectrometer. These designs have a broad
variety of applications, from the monitoring of industrial microbial
bioreactors to the simple preservation of steady conditions for in-
cell structural biology studies. This profusion of systems is a bless-
ing and a curse at the same time. Most of the proposed home-built
designs were somehow lost and not transferred from lab to lab,
and more standard systems would probably have helped in devel-
oping in-cell NMR applications. Commercial solutions proposed
recently are derived from devices dedicated to the online-
monitoring of external chemical reactors, and are not fully satisfac-
tory when it comes to nutrient delivery. We speculate that solu-
tions will be found to this problem. Online-monitoring of
external reactors has a promising future, notably thanks to the
recent availability of benchtop, permanent magnets (operating at
~1 T): these are more easily adapted to conditions in the field at
reasonable costs, and they should make non-invasive, real-time
NMR analysis possible more widely [47,962,963,1899,1901].
Finally, we can hope that the efforts of many groups to miniaturize
their designs will succeed and have interesting applications. The
integration of micro-fluidics and alternative micro-coil systems
may push the capability of NMR to become a non-invasive
approach for the characterization of nano- to micro-meter size tis-
sues, egg cells, animals or organoids for therapeutic or toxicologic
studies [964,1066,1109,1902-1904].

4. Where next?

NMR spectroscopy is extremely versatile, and the variety of
types of information that it has provided from cellular samples is
astonishing. The main applications of in-cell NMR have varied
through time. The original investigations on cellular water, salts
and basic metabolic reactions provided a good basis for clinical
developments, notably for MRI, MRS and metabolomics. Unique
contributions are regularly delivered by in-cell NMR studies in var-
ious fields as shown throughout this review, from the in-situ char-
acterization of cell-walls, of protein folding and drug binding, to
non-invasive toxicology studies in small living organisms. How-
ever, the latest technological developments have oriented modern
biological applications towards high-throughput or single-
molecule/single-cell analysis, as discussed below. NMR spec-
troscopy is not a method of choice in this regard and is thus not
among the most fashionable methods for cellular analysis cur-
rently. The particular capabilities of NMR remain intact, however:
the ability to observe multiple nuclei, to provide atomic-scale
information in a non-invasive fashion. Hence, even though the
designs used in the past for in-cell NMR studies can now appear
outdated (using outdated cell strains and culture conditions), we
believe a number of strategies may be readapted to more contem-
porary contexts. This requires identification of complementarity
with the most popular current techniques for cellular analysis,
the systems that would benefit from non-invasive NMR observa-
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tion, the new technologies that would empower the NMR capaci-
ties, and those recent NMR developments that may find their use
in the analysis of cellular samples.

4.1. Comparison and complementarity with other spectroscopies,
spectrometries and microscopies

Many other techniques can provide molecular information from
intact cells. Focusing on the fields where NMR can contribute to
establishing knowledge on cellular processes, we can distinguish
two broad fields: in-cell structural biology, and live-cell enzymatic
activities. Although they are likely to evolve rapidly, the specific
advantages and drawbacks of other spectroscopies must be consid-
ered in order to understand how NMR may be useful, complemen-
tary or even unique. We will not give any technical details here,
but only mention the present capabilities and applications of the
major “in-cell techniques”.

4.1.1. In-cell structural biology

We start this section by considering a technique that is partic-
ularly closely related to in-cell NMR, namely in-cell EPR. This tech-
nique can provide two types of information in particular [1905-
1908]: i) the local structural dynamics of a paramagnetic tag on
a protein at room temperature, ii) the evaluation of distance distri-
butions between two paramagnetic tags attached on the nucleic
acid or protein(s) of interest at cryogenic temperature. In-cell
EPR is well-suited to distance measurements in the ~2.5-6 nm
range using fairly small amounts of material (down to submicro-
molar protein concentrations in ~5-10 million cells, as reported
recently [1582]), which can be either nucleic acids or proteins,
doubly tagged with nitroxides [1909-1914], trityl groups [1915-
1917], or Gd**-based labels [1582,1918-1924]. They yield informa-
tion on frozen distance distributions measured at cryogenic tem-
peratures, which are commonly reached by using significant
quantities of liquid helium. In-cell EPR is an expanding field and
may represent an interesting method in the toolbox in the coming
years.

Forster Resonance Energy Transfer (FRET)-based methods deli-
ver similar tag-to-tag distance measurements in the ~3-8 nm
range, but in this case between two fluorescent labels [1925]. This
approach gives access to the subcellular localization of the charac-
terized proteins in single cells, and has been used to study protein
thermal stability [1377,1926-1930] and protein:protein interac-
tions [1931,1932]. Single-molecule (or single-particle) FRET
(smFRET) approaches allow measurements in live-cells not only
of intra- and inter-molecular distance distributions, but also of
conformational or binding exchange dynamics [1933-1938],
including for membrane proteins [1939]. In combination with Flu-
orescence Correlation Spectroscopy (FCS), structural dynamics on
timescales between ~10 ns and ~1 ms can be observed
[1940,1941]. smFRET might soon be effective for in-cell structural
modeling [1942] and probably will be an important source of in-
cell structural information in the coming years. Similarly to the
labels used in EPR, the labels used in such fluorescence studies
have sizes in the approximate range 1-2 nm but their flexibility,
their potential interference with the studied structural properties,
their (photo)stability and the necessity to deliver the labeled pro-
teins in cells (for the non-GFP fluorophores) are current limiting
factors [1939,1940,1943].

It is well known that cryogenic electron microscopy (cryo-EM)
has become a dominant technique in the field of structural biology
during the past several years. In parallel, cryo-electron tomography
(cryo-ET) has permitted very considerable advances in the obser-
vation of macromolecules in situ, i.e. in plunge-frozen cells or even
small organisms [1944-1946]. The latest technical developments
make it feasible to obtain tomograms of ~100-200-nm-thin cell
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slices at ~3-4 nm resolution [1945,1947,1948]. At the molecular
level, this has already permitted characterization of amyloid aggre-
gates [1949-1951], tubulin- or actin-associated proteins [1952-
1954], and membrane protein complexes [1955-1960] at nanome-
ter and subnanometer resolutions using sub-tomogram accumula-
tion and averaging. Recent improvements in data acquisition and
computational treatment make cryo-ET capable of reaching resolu-
tions of 3-4 A [1961-1965], including in cells for ribosomal parti-
cles [1965]. Information on “invisible” parts of the complexes can
be obtained by complementary analysis from in-cell cross-linking
mass-spectrometry [1966]. In-cell cryo-ET structure determination
is clearly better suited to large, abundant macromolecular com-
plexes above ~500 kDa like ribosomes and proteasomes, this limit
being reportedly set by the cell slices thickness [1945,1964,1967].

The number of reports using the techniques discussed above
has grown exponentially in the last 5 years. They have already pro-
vided descriptions of fundamental cellular processes and macro-
molecular assemblies, and provided important data on
macromolecular conformational equilibria and dynamics. NMR
spectroscopy is certainly not likely to solve intracellular structures
of high-molecular weight assemblies, or determine nanometer-
scale distances (such measurements are accessible using paramag-
netic relaxation enhancement and pseudo-contact shifts, but these
are not commonly useable in cells as yet). Nonetheless, NMR has
complementary capabilities. Among others, these include: i)
solution- and solid-state NMR can deliver atomic-scale informa-
tion on small and large molecules at the same time; ii) solution
NMR can also deliver this atomic-scale information on very flexible
regions; iii) solid-state NMR can also deliver this atomic-scale
information on the complete ensemble of cellular molecules of
interest (targeted and observed via isotopic labeling); iv)
solution- and solid-state NMR do not require fluorescent dyes or
paramagnetic labels to provide a structural information; v) solu-
tion NMR can monitor structural evolution in living cells and in
real-time. Ideally, one should keep in mind the actual weak points
of NMR (the necessity for high concentrations, the absence of infor-
mation on subcellular localization and the possibility that only a
subpopulation of the molecule of interest gives rise to the signal)
and countervail them with one of the potentially complementary
techniques cited above.

4.1.2. Live-cell enzymatic activities and drug binding

A tremendous number of biosensors have been designed to
report on enzyme activities or molecular interactions/proximities
using various bioluminescence and fluorescence phenomena, nota-
bly FRET and Bioluminescence Resonance Energy Transfer (BRET)
[1968-1971]. It need hardly be said that such light-based
approaches are more sensitive and better suited to high-
throughput drug screening than is NMR. Moreover, they can often
give real-time, spatially resolved information, sometimes even in
living animals. Many commercial kits exist requiring minimal
equipment for quantifying the cell signaling activities being stud-
ied. However, all these methods use either i) competition assays
detecting the binding of generic fluorescent probes to the protein
of interest [1972,1973], or ii) downstream/secondary reactions
triggered by the activity or the proximity of the protein of interest,
which can bias the interpretation of the results [1968-1971,1974-
1976]. In the context of drug screening, this is of considerable con-
cern because the targeted signaling proteins are often pleiotropic.
Consequently, they are prone to generate unreliable downstream
outcomes upon activation or inhibition: i) the drug target can have
multiple activities and a binding compound may impact only one
of these, ii) feedback loops are often activated. Deeper discussions
about so-called “biased signaling” have been published elsewhere
[1977,1978]. The diversity of reporters is already large, and one can
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assume that it will become broader and that multiplexing capabil-
ities will be improved [1979].

High-throughput screening methods using mass-spectrometry
(MS) analysis can draw the interaction maps of large compounds
libraries at the proteome scale in cells or cell extracts [1980-
1982], or identify drug targets even in tissues [1373,1983,1984].
These MS studies do not report direct target binding, but rely on
either i) compound functionalization and covalent attachment to
their target [1985-1987], or ii) the consequences of drug binding
on proteins thermal stabilities or sensitivity to protease treatments
[1371]. The thermal stability shifts measured in the presence of
ligands are not always sensitive enough to detect weak binders,
and such assays are not always able to distinguish between bind-
ing to active and unactive forms of the protein target. MS analysis
moreover is a destructive method, which does not allow the longi-
tudinal monitoring of a single sample.

In comparison, in-cell NMR drug studies have only low sensitiv-
ity and low throughput capabilities, but they deliver direct infor-
mation on drug:target interactions at the atomic scale: i) The
protein target or the screened compounds can be observed directly
by NMR, and ii) enzymatic activities can be monitored using the
NMR signals of substrates and of their products. In this last case,
tailored reporters can be designed to provide NMR exploitable sig-
nals, which allows NMR drug:protein studies a great deal of flexi-
bility and adaptability.

4.2. Where to go — what to improve

Prediction is a fool’s game, and we do not claim in any way to be
able to mentor the community. We thought nevertheless that it
would be worthwhile to mention a few directions that we consider
to be important and promising for in-cell NMR. We cannot be com-
prehensive, of course: NMR spectroscopy is far too versatile to
guess all its future applications.

4.2.1. Integrating advanced methods

We feel that combining some recent biotechnologies would
make in-cell NMR investigations more attractive. We limit our list
to a handful of techniques. First, in-cell NMR approaches could be
applied to the so-called organoids and organs-on-a-chip, which the
literature suggests require supplementary readouts [1988-1992]. A
significant proportion of the studies described in the present
review have been carried out on living tissues or cultured cells to
prepare in vivo imaging and metabolic analysis (MRI/MRS) applica-
tions. They were often not intended to provide information of great
biological relevance, but rather to show the feasibility of such NMR
studies on live material. However, many of the approaches
described could now find direct applications in longitudinal stud-
ies of organoids: NMR spectroscopy is capable of reporting in real
time and non-invasively on the organoid’s metabolism, drug pene-
tration, its cellular processing or its binding to cellular targets, or
its toxic effects, for example. Second, a number of NMR studies
on eukaryotic cells would be facilitated by expert handling of the
inducible expression or degradation of proteins in eukaryotic cells.
That would permit carrying out experiments in cleaner conditions,
with and without the nucleic acid or the protein of interest, in clo-
sely similar cellular backgrounds. This would be helpful for several
types of investigations, from metabolism monitoring, to drug phar-
macology, drug binding assays, or protein:protein interactions
studies. Among other applications, it could also help in structural
biological studies to achieve specific isotope labeling in situ: by
triggering the expression of the protein of interest concomitantly
with the supplementation of the chosen isotopically labeled amino
acids, one could limit the NMR signal from the cellular background.
Third, integrating genetic code expansion techniques [1993-1995]
could permit one to incorporate paramagnetic tags or chemical
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functions that would provide high NMR sensitivity, and which
could help to report on ligand binding or protein conformational
changes, as recently exemplified in in vitro studies [1996].
CRISPR-Cas9 genome editing techniques may also be useful to con-
trol the expression of target proteins, which would be of particular
interest for in/on-cell drug binding assays and structural biology.
However, for most NMR labs, it would probably be as efficient to
rely on the many commercial stable cell lines or the help of dedi-
cated biology labs.

Beyond this, one could think about advanced NMR methods
that could profitably be implemented for in-cell studies. Here
again, we can only include a few thoughts in a list that is necessar-
ily far from comprehensive. In no particular order: applying pure-
shift methods [1646,1649,1690,1691] or implementing post-
acquisition data treatment [1741], notably deep-learning analysis
[1997,1998], would certainly help to exploit NMR spectra from cel-
lular samples; continuous readout using time-resolved non-
uniform sampling could probably become a standard approach,
as mentioned in Section 3.3.5. [1061,1066,1694-1696]; recent
DNP-agents showing improved persistence in water and signal-
enhancement at high magnetic fields will certainly help in/on-
cell solid-state NMR approaches [1999-2002]. Methods developed
for other spectroscopies might usefully be adapted also. Flash-
freezing methods have been developed to improve the vitrification
quality of cryo-EM/ET samples and to avoid the dissociation or
denaturation of macromolecular complexes [2003,2004]: the slow
freezing conditions used in solid-state NMR studies may bias
observations and adapting fast freezing techniques may help to
capture and analyze the actual cellular state at a precise timepoint.
In-cell NMR protein observation will benefit from supplementary
schemes of amino acid isotope labeling and combinations thereof,
notably to generate NMR spectra with isolated signals and less
noise from cellular background [1173,1211,1280,1392,1861] (see
also Sections 2.2.2 or 2.5.2 for cell-wall analysis): protocols might
be adapted from quantitative proteomics using stable-isotope
labeling with amino acids in cell culture (SILAC) [2005-2007]. We
can also suggest the future promise of nitrogen-vacancy (NV) cen-
ters in diamond and optically detected magnetic resonance: large
species with highly restricted motion in cells could favor nano-
NMR, but the expertise and the actual experimental designs are
not yet sufficiently accessible to allow their application to in-cell
studies [2008-2011].

Finally, a few technical aspects should probably be tackled in
the future to make in-cell NMR more appealing. First, we already
enjoy using commercial cryoprobes with up to five channels ('H,
2H, 3¢, N, '°F/*'P) for studies using samples in conventional 5
mm NMR tubes. As shown in Section 2.1., a broad diversity of
nuclei is observable by NMR, and their parallel monitoring would
be highly valuable in a number of other situations. Let us imagine
a study testing a drug candidate against high blood-pressure on a
mini-brain or a mini-heart: biologists would doubtless appreciate
a continuous readout of the levels of metabolites ('H and
13C/15N), of 3'P-phosphate-containing species and of 2>Na or 3°K,
for example. Hence, we feel that a greater number of RF channels
for different nuclei (possibly including tunable broad-band chan-
nels) would be highly desirable. Second, solution- and solid-state
NMR approaches should be more often combined, which would
bring about a more complete representation of the studied sys-
tems. Solution NMR can provide information only on fast-
tumbling species, but it does so non-invasively in their native state
and in real-time; solid-state NMR can report on the complete
ensemble of labeled molecules, but only on frozen cells where
dynamics cannot be characterized and where conformations and
interactions can be influenced by the freezing techniques. Studying
in-cell samples might well promote productive collaborations
between labs with expertise in solution- and solid-state NMR.
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Third, the field should work to establish common standards to val-
idate cell viability and ensure better reproducibility of acquisition
conditions. Unfortunately, these requirements will probably neces-
sitate using bioreactors and probes permitting 3'P-acquisition to
monitor cellular phosphate-containing species, both of which
would further stretch budgets. Finally, as explained in Sec-
tion 3.4.3., NMR spectroscopy has remarkable capabilities in defin-
ing weak interactions (Kd~107-10" mol/L, Kko~10%-10° s™! using
STD-NMR or WaterLOGSY for example [1379,1412]), but approved
drugs on the market generally show much slower off-rates (1 to
0.01 min™', see for example [1743,1744]). To be able to participate
in the drug research pipeline, it would be desirable to establish in-
cell NMR methods that apply to these slower types of binding
kinetics.

4.2.2. Specific strengths of NMR that complement other techniques

Once more, the versatility of NMR spectroscopy is too broad to
include all the possible subjects that could be tackled on cellular
samples. In more concrete terms than in Section 1.2., we want here
to put together some of the specific capabilities (and shortcomings)
of NMR relevant for in-cell studies.

NMR spectroscopy permits the direct, atomic-scale observation
of the studied object itself, rather than of a bound fluorophore or of
a reaction product. NMR spectroscopy can report simultaneously
on a broad variety of nuclei and of molecules, from ions and
metabolites to proteins and membranes, in an isotope-selective
fashion. NMR spectroscopy can trace the conformational and
chemical environment of nuclei non-invasively and in real-time,
and it allows the application of light and of chemical additives.

As far as in-cell studies are concerned, the main drawbacks of
NMR are i) its poor sensitivity, ii) its inability to localize the
detected species at submicrometer scale, iii) its slow measurement
speed and consequent low-throughput. Also, practitioners of NMR
spectroscopy require long years of training, and spectroscopists are
most often specialized either in small or in large molecules, either
in the solution- or in the solid-state.

Altogether, there are particular fields where in-cell NMR can be
highly valuable: e.g. the monitoring of redox states, of metal chela-
tion, of light-induced reactions, the characterization of flexible
and/or middle-size (1-50 kDa) objects for which cryo-ET is so far
“blind”, studies where the simultaneous observation of small and
large molecular species is required (such as an enzyme and its
substrates/products/cofactors, or a ligand and the conformational
state of its protein target), the longitudinal monitoring of large
panels of metabolites or of protein targets in cells/organs/small
animals upon drug exposure, etc. In-cell NMR will inevitably ben-
efit from complementary techniques, especially from microscopies
providing information on subcellular localization. By providing
experimental evidence on virtually any chosen molecule in live
material, in-cell NMR can complement high-throughput methods
in the drug research pipeline, in a world where large-scale cell-
based or virtual screenings have gained interest and trust (see for
example [2012-2015]). Indeed, in-cell NMR delivers information
at the atomic scale, which will always be invaluable.
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