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In-cell structural biology by NMR: the benefits of the atomic-scale.

Francois-Xavier Theillet*

Université Paris-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC), 91198, Gif-sur-Yvette, France.

ABSTRACT: In-cell structural biology aims at extracting structural information about proteins or nucleic acids in their native,
cellular environment. This emerging field holds great promises and is already providing new facts and outlooks of interest at both
fundamental and applied levels. NMR spectroscopy has important contributions on this stage: it brings information on a broad
variety of nuclei at the atomic scale, which ensures its great versatility and uniqueness. Here, we detail the methods, the fundamen-
tal knowledge and the applications in biomedical engineering related to in-cell NMR. We finally propose a brief overview of the
main other techniques in the field (EPR, smFRET, cryo-ET...) to draw some advisable developments for in-cell NMR. In the era of
large-scale screenings and deep learning, both accurate and qualitative experimental evidences are as essential as ever to understand
the interior life of cells. In-cell structural biology by NMR spectroscopy can generate such a knowledge, and it does so at the atom-
ic scale. This review is meant to deliver comprehensive but accessible information, with advanced technical details and reflections
on the methods, the nature of the results and the future of the field.
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1. INTRODUCTION

Almost twenty years ago, the last special issue of Chemical
Reviews about Biological NMR dedicated 5 out of 9 articles to
structure determination of proteins or nucleic acids.' In the
meantime, the field of structural biology has experienced at
least two revolutions: the advent of cryo-EM** and deep-
learning assisted prediction*® as effective and dominant tech-
niques. More silent revolutions had also profound impacts,
like the ~7,000 structures per year that X-ray crystallography
released since 2001. NMR spectroscopy was probably less
adapted to such an industrialization and its volume production
in the field of structure resolution declined.” It supported in-
stead another ground swell in structural biology: the growing
awareness about the importance of protein regions lacking a
stable fold (the so-called Intrinsically Disordered Proteins,
IDPs).% 1 Altogether, these advances set a new scene, which
calls for the next important leap in the field: structural biology
shall focus on macromolecules in their cellular environ-
ment.'"!?

Let us consider the average cytoplasmic composition (Fig-
ure 1): inorganic ions at about 300 mM,'>!* total metabolites
concentration at 200-300 mM,'>'¢ ~200 to 300 g/L of proteins
and ~20 to 100 g/L of RNAs (eukaryotic vs bacterial cells),'”
22 ~4 membrane proteins per 100 nm?” representing ~30% of
surface occupancy and mass for the average membranes,>** a
phosphorylation site detected on nearly every protein in hu-
man cells (4 sites per phosphoprotein on average, most of
them at high stoichiometry),>* all these values being natural-
ly cell-, phase-cycle- and organelle-dependent,!325-2729-35
These must have an impact on the conformational behavior of
macromolecules, on their accessibility, hence on their binding
capacities.*** While in vitro studies using purified material
will always be necessary for an accurate knowledge, a more
advanced depiction in the cellular milieu is desirable and,
fortunately, attainable now. A number of techniques were
adapted or designed with the purpose of achieving structural
biology studies on whole cells, among which in-cell structural
biology by NMR spectroscopy.

NMR spectroscopy has already had unique contributions
that shape our mental representations of biological objects:
among others, it permits to characterize the structural dynam-
ics and weak interactions of molecules of (nearly) all sizes in

solution; it does so from the picosecond to the hour timescales,
in a non-destructive fashion, and reports for information raised
directly from atom nuclei, hence at the atomic scale.*>> These
capacities are transposable to studies in complex media like
whole cells. NMR spectroscopy was thus meant to produce
valuable knowledge in in-cell structural biology.

In-cell structural biology by NMR emerged in the last 20
years,” >’ building on the long-term practice of NMR spec-
troscopists, who manipulate and characterize live cells, tissues
and animals in their spectrometers for 70 years already.*® ' 6
Nuclei with a non-zero spin magnetic moment are indeed
detectable using NMR spectroscopy in almost every material,
in a non-destructive fashion and with a very good penetrance
(see MRI for example). The cellular context has nevertheless
some inconvenient consequences for the manipulation and
detection of nuclear spins.

In-cell NMR has thus its own constraints, methods and ca-
pacities, which we will detail in the present review. We will
start with a Methods section, where i) we give basic infor-
mation for non-NMR spectroscopists, and ii) we switch pro-
gressively to the core technical details that make studies feasi-
ble and valuable or not. Then, we will show that in-cell NMR
does not only produce fundamental knowledge, but also has
interesting potential in drug research. We will also sketch
briefly the current landscape of the emerging field of in-cell
structural biology. We tried to deliver beneficial perspectives
for in-cell structural biology by NMR spectroscopy.

o

Figure 1: Model of a bacterial cytoplasm matching experimental
concentrations. Macromolecules are shown with a cartoon repre-
sentation in the foreground, and with a surface representation in
the background; metabolites and ions are shown with stick and
ball representations, respectively. Adapted from ref 63. Copyright
2016, Yu et al. under the terms of a Creative Commons CC BY
license https://creativecommons.org/licenses/by/4.0/.
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To be comprehensive and accessible to the broadest audi-
ence, we have to provide some explanations about the theoret-
ical and practical backgrounds of in-cell structural biology by
NMR. In-cell NMR inherits of the characteristics of the more
standard NMR spectroscopy. Still, in-cell NMR spectroscopy
has specific constraints and limits.

We decided to limit ourselves to solution-NMR approaches.
Solid-state NMR (ssNMR) provided interesting structural
descriptions using native membranes, e.g. on the interfering
modes of antibiotics in bacterial membranes,**°® or on the
structure of prokaryotic and eukaryotic membrane pro-
teins.®” % In-cell ssNMR is somehow in its infancy and will
certainly be fueled by 'H-detection and Dynamic-Nuclear
Polarization (DNP) in the coming years.”””® Describing the
methods associated to in-cell ssNMR would thus be a more
prospective exercise. Importantly, ssNMR is limited to the
characterization of frozen cells: it ensures cellular integrity
during ssNMR measurements, which require fast Magic-Angle
Spinning (MAS, about 10 to 100 kHz) to obtain atomic-scale
information on macromolecules. Solution- and ss-NMR report
therefore results of different natures.

2.1. Simplified theoretical basis of in-cell NMR.
2.1.1. What type of information.

We must start with some quick reminders for the non-NMR
specialists. The basic principles of NMR spectroscopy hold
true when applied to cellular samples. In very simplified,
rough terms, in-cell NMR spectroscopy can provide infor-
mation on a population of nuclei i) via the chemical shifts: on
the chemical context, i.e. the covalent bonds and non-covalent
interactions, either intra- or inter-molecular, and more general-
ly on the surrounding chemical structures; ii) via the chemical
shifts and the dipolar interactions: on the local conformations
and the intra- or inter-molecular distances between nuclei; iii)
via the chemical shifts, the dipolar interactions and the mag-
netization relaxation: on the local conformational dynamics,
on the molecular tumbling and the diffusion coefficients, and
on interaction kinetics. The readers can find more background
information in the attached references.’’*"

The common NMR techniques can report for structural and
interaction dynamics ranging from the nanosecond to the
second time scales; Recording time series of NMR spectra
permits to monitor events occurring in the minute to hour time
scales. Hence, it is probably difficult to make a comprehensive
list of phenomena that in-cell NMR can help to investigate.
We can cite conformational dynamics, folding/unfolding equi-
libria, intermolecular interactions, chemical modifications,
intracellular mobility, membrane permeability (Figure 2).

Small and large molecules can both be investigated, even
though their intrinsic tumbling times provoke very different
relaxation rates, hence different signal intensities per molecule
(the larger the molecule, the lower the signal).

2.1.2. The isotope filter.

NMR spectroscopy permits the selective observation of a
chosen type of isotope in a sample, which we call the isotope
filter for convenience in this article. Let us give an explanation
in three sentences for the non-NMR experts: NMR spectros-
copy detects the precession of nuclear magnetic moments,
which adopts their resonance frequency according to the Lar-
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Figure 2: Timescales of i) cellular events and dynamics for pro-
teins/nucleic acids (named “Macromol.”) in grey; ii) cell delivery
of drugs or macromolecules to generate in-cell NMR samples
(CPP: cell-penetrating peptides; PFTs: pore-forming toxins) in
orange; iii) structural information that in-cell NMR observables
report (conf.: conformation) in green; iv) structural information
that other in-cell techniques can provide in blue. Circles indicate
the current freezing timescales for cryo-electron tomography
(cryoET) and Electron-Paramagnetic Resonance (EPR), or the
heating/proteolysis/cross-linking procedures used for later analy-
sis by Mass-Spectrometry. We distinguished atomic/residue-scale
structural information (structure) from nanometer scale conforma-
tional analysis (conf.). The typical cell dimensions range from 1
to ~40 pM for bacterial and mammalian cells, respectively. Frog
and zebrafish oocytes are ~1 mm large.

mor equation ® = -Ynuer* Bioe, With Ynua. the gyromagnetic
ratio of the observed nucleus, and B, the local magnetic field.
Every isotope has a unique ynu1, Which provokes its precession
in a defined range of frequencies modulated by the variations
of Bioc felt by the nucleus, usually in the p.p.m. range. Hence,
one can manipulate and observe a certain isotope selectively,
by tuning the probe circuitry to its corresponding NMR fre-
quency window -the rationale is actually the same than pick-
ing a radio station by its frequency.

However, to be NMR-visible, an isotope has to have a non-
zero spin magnetic moment. At first glance, this could ruin the
enthusiasm about in-cell NMR: the most abundant isotopes of
carbon ('*C, natural abundance 98.9%), oxygen ('°O, 99.8%)
or sulfur (**S, 95%) have a null spin. Moreover, N (99.6% of
nitrogen) has unfavorable spin and quadrupolar moment val-
ues, which makes it poorly detectable with the current NMR
techniques (N.B.: Except for the small, symmetric molecules
NH;" and NO;5™ or using ssNMR approaches still far from
routine and from relevant cellular concentration ranges)®®'.
In-cell NMR spectroscopists turned this drawback into a bless-
ing: by delivering in cells molecules enriched in '*C and "N,
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two isotopes with NMR friendly characteristics, they can
execute *C- or “N-editing NMR techniques in an almost
blank cellular background (Figure 3). In this regard, non-
natural '’F-containing amino acids or nucleic acids can also be
convenient, because cells do not contain any fluorine.

Finally, it is still possible to detect selectively a molecule of
interest without any fancy isotopic labeling: protons can be
directly observed by "H-NMR and specific molecules can be
nailed and characterized if their signals surpass those of the
cellular background. This works either for i) small ligands,
whose sharp, intense signals are straightforward to recognize;
il) proteins containing chemical functions showing very pecu-
liar chemical shifts out of the standard amide, aromatic and

alkyl regions.

1 Magnetic ﬁ
p! ‘§' field~1-20 T

@(23C) C;{D o(13) Natural abundance
14 cellular content:
‘\@' lq,L:;c‘-edited 2H:100%
C:98.9%
o(H) o(H) 19N: 99.6%
F: 0%

o S
wo(i&(( 2 Dw(“N) 13

H F
w ’%f&edited wo(”w %"K
p(*H) o(1H) o(19F)

Excitation Acquisition

Figure 3: Operating principle of the NMR isotope filter. Under
strong magnetic fields, electromagnetic pulses (sinusoidal arrows)
excite populations of isotopes selectively according to their re-
spective NMR frequency wo. 'H and '°F are excited and detected
in preference, because their high gyromagnetic ratio ensures the
best sensitivity. Subsequent 'H/'3C/'N pulses provoke i) the
magnetization transfers through covalent bonds, ii) the sampling
of the residue-specific o(**C/'*N), and iii) the back-transfer to 'H
nuclei for the final '3C/"*N-edited "H-NMR acquisition (decaying
sinusoidal). Broadband wo-pulses permits the excitation of large
populations of the chosen isotope nuclei. The acquired signals is a
sum of resonances at residue-specific w-frequencies, which are
deconvoluted via Fourier transformation. An in-cell NMR sample
is generated from '3C/'*N/"F-labeled macromolecules either 1)
delivered in cells grown in natural abundance culture media, or ii)
overexpressed in presence of '3C/'">N/!°F-labeled amino ac-
ids/nucleotide precursors.

2.1.3. Which nuclei and molecules do we observe? We
have to introduce a number of principles to explain the
(un)capacities of in-cell NMR.

First, the higher the gyromagnetic ratio, the better is the po-
tential sensitivity: if we neglect the relaxation effects, S/N o
Yexcitation ™ Ydetection” > The nuclei of interest for in-cell structural
biology line up in this order: y('H) ~ y(*F) ~ 2.5%y(*'P) ~
4*y(13C) ~ 10*y('>N). This is the reason why 3C- or ""N-
editing NMR techniques start preferably by exciting protons
and then transfer the magnetization to vicinal *C or N nu-
clei. In solution NMR, transferring back the magnetization to
protons yields the best sensitivity in most cases. In sSNMR,
protons build up strong dipolar interactions, which are difficult

to cancel; protons’ ssSNMR is thus unpractical, unless very fast
Magic-Angle Spinning (MAS) (>60 kHz, >100 kHz for fully-
protonated samples) is used.®* This requires pieces of equip-
ment that are not yet widespread, and in-cell ssNMR studies is
thus carried out using '*C-detection so far.

Second, the slower the tumbling time, the faster is the loss
of magnetization coherence (measured as the T2 relaxation)
and thus the weaker is the observed signal (Figure 4). This
phenomenon affects to higher extents the high gyromagnetic
ratio nuclei. The cellular milieu tends to slow down molecular
tumbling, because of multiple specific and unspecific interac-
tions. Hence, in-cell solution NMR has allowed the observa-
tion of globular proteins below 30 kDa, and the in-cell NMR
methods used currently will hardly permit the observation of
species above 50 kDa. Advanced strategies exist for in vitro
investigations of large complexes up to MDa sizes though,
which are made possible notably by protein deuteration.33-%
The NMR effective size is that of the molecular complex,
except for IDPs, whose non-binding regions remain highly
mobile. In contrast, ssNMR is theoretically less limited by
size, because MAS cancels out the effects of slow tumbling to
a large extent. However, peak linewidths are traditionally large
in ssNMR, and larger molecular sizes come with more nuclei:
this yields crowded spectra with overlapping signals. Thus, in-
cell ssNMR requires to achieve selective isotope labeling
schemes (e.g. amino acid specific labeling), and/or multiple
magnetization transfers between *C- and '“N-labeled amino
acids to edit very well-defined spin systems.

Folded proteins: *H, NMR signal @ 600 MHz/298K (dilute solution)
Int. (A.U.)

12 kDa Tc=7 ns
T2=35ms

(e
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8 kDa

[uy
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Figure 4: T2 relaxation of folded proteins depends on molecular
tumbling, or on the related correlation time tc (the time necessary
to rotate through an angle of one radian), which is commonly
quantified via the T1 and T2 NMR relaxation times. In the present
model situation, two proteins are mixed at a 1:1 ratio, which
yields an NMR signal (FID: Free Induction Decay) equal to the
sum of both signals. This is deconvoluted via Fourier Transform
(FT) to extract the resonance frequencies. A slow-tumbling mole-
cule has a fast T2 relaxation, which yields broad, low intensity
peaks upon FT. The FT process generates indeed Full Width at
Half Maximum (FWHM) inversely proportional to the T2 relaxa-
tion, but the integral of the peak is proportional to the quantity of
molecule. This simple situation corresponds to a single pulse
experiment, followed by the FID acquisition. Two-dimensional
'H-N or 'H-3C NMR experiments use multiple pulses and
delays during the pulse sequences, which last ~20-100 ms: only a
few percent of the starting coherent magnetization is left for the
FID acquisition. We present here the ideal NMR signals of folded
proteins in absence of any sample inhomogeneity, any binding or
conformational exchange, or any water/amide proton exchange.
Importantly, protein deuteration slows down T2 relaxation.
Adapted from ref 8. Copyright 2011 Elsevier.



Third, interactions with on/off rates in the ps/ms time scale
can provoke important loss of magnetization coherence and
thus drastic signal losses, even if only a low proportion (5-
10%) of the molecule is in interaction at a given time point
(Figure 5). This effect depends on a number of parameters (the
on/off rates, the free and bound populations, the chemical shift
changes upon binding, the size of the complex). Conforma-
tional exchange can have the same effects if it occurs at the
same time scale. These phenomena are subjects of very inter-
esting NMR investigations in vitro, but these are operated at
millimolar concentrations of the observed molecules, which is
not compatible with in-cell studies.’'¥"-* In-cell ssNMR is not
concerned by these considerations, because it is usually per-
formed at freezing temperature.

Binding/conformational exchange

kAB k
- A= k iAk kex=kAB+kBA
Kea At Kga
Example: Aw=100 Hz
—>
Ppr=75% Pg=25%

Slow
exchange Key
kex <<|A®| 1Hz
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ke SlA0] AT AN L 10%Hz
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Wy O
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Figure 5: Effects of binding exchange or conformational ex-
change on NMR signals. Here, we present a simple two-state
equilibrium, where A and B are i) either the free and bound states
of a molecule, ii) or two conformations of the same molecule; we
fixed the chemical shift difference between these two states at 100
Hz and the population PA:Pg=0.75:0.25. If the exchange between
A and B is slow (1 s timescale), two peaks are observed: the two
populations generate two resonances that are deconvoluted by
Fourier Transform (see Figure 4). If the exchange is fast (sub-ps
timescale), the resonances of the two states are averaged during
the acquisition. If exchange occurs in the chemical shift timescale
(ps-ms), it provokes line-broadening and lower peak intensities; it
also manifests itself as a supplementary apparent T2 relaxation.
This line-broadening is modulated by the chemical shift differ-
ence between the two states, the populations of the two states, the
exchange rate, and the intrinsic T2 relaxation of the two states.
Techniques exist to quantify all these parameters from T2 meas-
urements at different spin-echo frequencies (see chapters 2.3.10.
and 3.1.2.). Adapted from ref 7. Copyright 2009 Elsevier.

Fourth, NMR spectroscopy reports signals from a popula-
tion of equivalent nuclei. The peak linewidths depend on the
relaxation that we evoked above, but also more simply on the
homogeneity of the observed population. Hence, only very

broad peaks would emerge from equivalent nuclei, whose
population would experience too many diverse chemical envi-
ronments, e.g. steady interactions with too many partners, or
too many conformations. The signal intensity of a population
of equivalent nuclei is proportional to the inverse of the peak
linewidth: broadening due to multiple interactions of confor-
mations can ultimately result in peak disappearance. This is
more likely to occur for ssNMR because of the many states
that can be trapped in a frozen state.

Fifth, NMR spectroscopy reports the addition of signals
from all the nuclei inserted in the probe, and cannot inform
about their localization at the submicrometer scale, i.e. the
subcellular scale. We have seen above that signals from cer-
tain populations of nuclei can be lost, often because of interac-
tions. If a subpopulation of the molecules of interest sticks to a
membrane for example, it does not contribute to the observed
signal in solution NMR. More generally, if populations of the
molecules of interest behave differently in the many subcellu-
lar compartments, NMR spectroscopy will provide averaged
information.

Altogether, the integral of the observed NMR signals are
proportional to the corresponding populations of nuclei. This
makes NMR spectroscopy a quantitative technique. However,
a number of cellular events can affect the emerging NMR
signal intensities. Hence, the risk is high that in-cell NMR
spectra report only for a “NMR-visible” subset of the whole
intracellular population of the studied molecule. Hence, proper
conclusions require verifications from orthogonal techniques i)
to quantify the total number of observed molecules (e.g. west-
ern-blots, quantitative mass-spectrometry) and ii) to localize
the observed molecules (e.g. fluorescent microscopy). It is
also advisable to record NMR spectra from broken cells,
where inhomogeneities are removed and molecules are dilut-
ed: this permits to recover relaxation behaviors close to the in
vitro ones obtained using purified, dilute material. Ideally, the
quantification of the detected nuclei would also require the
measurement of their NMR relaxation rates, in order to evalu-
ate the lost magnetization through the pulse sequences.

We enumerated a number of constraints and possible bias of
in-cell NMR observation. These can hamper certainly the
investigation of a number of molecules. We want to stress also
the positive aspects: these restraints leave an immense field of
possible investigations, as we shall see in the rest of the manu-
script.

2.2. Sample production
2.2.1. Strategies and isotope labeling

We discuss in the following the first steps of in-cell struc-
tural biology investigations executed by NMR spectroscopy,
i.e. the production of samples designed for the observation of
either ligands or of macromolecules. Cells are eventually
entrapped in gel matrices and supplied with a constant flow of
fresh medium (see chapter 2.2.11.). The ligand-oriented NMR
studies use cells grown in standard conditions. At the opposite,
macromolecule-oriented studies rely often on the observation
of isotope-labeled material in a non-labeled or poorly labeled
cellular background, which is much less standard. This can be
achieved in two ways (Figure 6).

The first possibility it to perform the direct production of
the molecule of interest in the studied cells, which we call “in
situ production” for convenience. The second strategy follows
a two-step rationale: the initial production is obtained from
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recombinant expression or synthesis, and the purified material
is later injected into the chosen cells grown on natural abun-
dance media. We can call it the “delivery approach”. A better
NMR contrast is to be expected from this second approach:
natural abundance cellular content yields little background
noise once the NMR isotope-filter is executed. At the oppo-
site, in situ recombinant production of the protein(s) of interest
implies the simultaneous incorporation of the chosen isotope-
labeling into the whole cellular content; this calls for robust
expression of the studied protein to surpass endogenous NMR
signals, or to limit the production of endogenous proteins. This
approach has the enormous advantage to avoid purification
steps and the unfortunate, but common troubles met with
purified proteins’ stability and solubility.

A 13¢/15N/19F-labeled protein/nucleic acid Q

-
in situ production cDNA plasmid/bacmid

-~
ransformation Induction

I

E. coli
1um uwm
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UO —r

N

10 um

\

9

Insect or
mammaliancells
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Figure 6: Cartoon representation of the two types of in-cell NMR
samples. A) In the “in situ production” approach, cells are trans-
fected with plasmids encoding for the protein(s) of interest, and
the expression of the protein of interest is achieved in a medium
supplemented with '3C/"*N/!’F-labeled amino acids or nucleo-
tides, or precursors thereof; in the case of E. coli cells, protein
production is induced at a chosen timepoint; in the case of insect
cells, the bacmid transfection leads to baculovirus assisted protein
production; in the case of mammalian cells, transient transfection
was used in most cases, but permanent transfection is also possi-
ble (eventually with inducible expression); B) In the “delivery
approaches”, *C/!5N/"F-labeled, purified proteins are transduced
in cells, either using microinjection for oocytes, either using cell-
penetrating peptides (CPPs), the pore-forming toxin Streptolysin
O (SLO), or electroporation; CPPs can included in chimera con-
structs together with ubiquitin and separated by deubiquitinases
(DUBs); SLO pores are “resealed” by short exposure to Ca”".
Adapted from ref °°. Copyright 2020 Elsevier.

In both cases, the production of the protein or nucleic acid
of interest is carried out with the supplementary purpose of
isotope-labeling. Presenting all the refined aspects of this topic
is beyond the scope of our review. Still, we can mention some
recent references focusing on the recombinant production of
proteins dedicated to NMR analysis: i) for a uniform *H-,"*C
and/or "*N-labeling in E. coli,”"** yeast,*®" insect cells,”®'"!
or mammalian cells,'"*'® ii) for '*C-methyl-labeling in E.
coli, 9435105 yeast!06-1%8 or insect cells,'®!!! iii) for amino acid
specific labeling in E. coli,''*""* insect cells,'" iv) for unnatu-
ral amino acids labeling containing '"F-moieites '*!'? or other
non-natural chemical functions.''*!?* The so-called cell-free
approaches also offer a range of isotope labeling possibili-
ties.”?'> Concerning the production of nucleic acids for
NMR, methods exist and are continuously being developed,
using enzymatic reactions for uniformly or nucleic acid-
specific ?H-,*C and/or "“N-labeled nucleic acids,'?*"' or
solid-phase  synthesis allowing position-specific label-
ing, 261281317133 o the insertion of non-natural bases like those
incorporating '’F-moieties.'**'** The '*C-methyl-labeling of
DNA has also been proposed recently.'® The field is vast
though, and we guess that many of the non-cited labeling
schemes would find interesting applications for in-cell NMR
studies. We elude the questions related to NMR signal as-
signment.

2.2.2. In situ recombinant production in E. coli.

The first in-cell structural biology studies by NMR were
driven using recombinant, overexpression of labeled proteins
and subsequent observation of the whole cells. This corre-
sponds to the core expertise of most of the structural biology
laboratories, and it was the natural entry to in-cell studies.

To start with, we must mention a pioneering report in the
mid-1990’s from Gronenborn and Clore, who noticed that '"N-
labeled proteins overexpressed in E. coli (grown in a minimal
medium supplemented with 'N-ammonium) could generate
decent “N-edited spectra in crude cell extracts. Next, Brindle
and colleagues incorporated 5-fluorotryptophan in auxotrophic
strains of Saccharomyces cerevisiae transformed to overex-
press enzymes, among which two were detected by F-NMR
of the whole cells, while two others became detectable only
after cell lysis.'#"14?

From 2001, Détsch and colleagues were the first to exploit
the recombinant overexpression in E. coli in the context of a
structural analysis in cells.'"* We assume that recombinant
expression in E. coli is well-known from the reader: it is the
expression organism of >75% of the protein structures in the
PDB. Dedicated reviews exist on the subject.'**'*> Among all
their practical aspects, E. coli strains dedicated to protein
expression allow cost-effective isotope-labeling (see the cited
protocols above). The most popular strains (e.g. BL21-(DE3)
strains) express the phage T7 polymerase. It permits high and
inducible expression of plasmid coding regions under control
of the T7 promoter, yielding up to 50% of the final cellular
protein content.'*!4> Détsch and colleagues recorded exploit-
able '"N-edited solution-NMR spectra using a E. coli cell
slurry obtained from 50 mL of isotope-labeled culture that
expressed a protein of interest.!*® They estimated that this
protein had to represent more than ~5% of the total soluble
proteins to provide useful NMR signal, well-above the cellular
background.'*” This corresponds to 0.15 to 1 mM intracellular
concentrations.'*® This is fortunately the order of magnitude
reached in E. coli overexpression systems, i.e. 0.1-10 mM of
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intracellular recombinant protein, depending on the plasmid,
the encoded protein, the temperature during expression and the
E. coli strain.'*>'** However, such an in-cell solution-NMR
visibility rule holds true only in cases where the protein tum-
bling is poorly affected by the cellular environment (see Chap-
ters 2.1.3. and 2.3.7.). Détsch and colleagues explored the
possible schemes and timing of cell growth and expression to
obtain the highest NMR signal of interest and the lowest signal
from the cellular background. Expression was induced in a
medium supplemented with "'NH," as sole source of nitrogen,
while the cells were in exponential growth phase. It appeared
that growing cells in natural abundance Luria-Bertani (LB)
medium before expression in the '"N-medium did not change
drastically the background signal, neither did the supplementa-
tion with rifampicin that inhibits the transcription of endoge-
nous proteins.'” In contrast, Baldus and colleagues have
shown recently how rifampicin supplementation is important
to clear the spectra recorded using in-cell ssNMR spectra, ™!
which detects all the large and abundant, endogenous macro-
molecules that in-cell solution-NMR miss (e.g. chaperones,
ribosomes, membrane proteins, peptidoglycans, ...). Détsch
and colleagues removed also convincingly the cellular signal
background by using '*C-depleted glucose (99.9% '2C) as sole
source of carbon during E. coli growth before inducing protein
expression;'> they also advocated and exemplified the bene-
fits of combining amino acid specific labeling schemes that
permit *C/"N editing, e.g. [1-"*C]-isoleucine and '“N-labeled
amino acids.

In-cell solution NMR protocols from Ddtsch and colleagues
were reused by the solution-NMR groups of Pielak,!s*-1%4,
Hubbard,'% Alexandrescu,'* Ito,'67-169 Crowley,!”
Banci,!""!>  Gierasch,!” Christodoulou and Waudby,!"*!7
Selenko,'”®!”7 Felli and Pierattelli,'”® Cowburn,'” Pastore,'’
and Yao.'"®! Shekhtman and colleagues proposed to upgrade
this approach with the purpose of allowing the characterization
of protein:protein interactions.'**!®? They established protocols
to overexpress sequentially two proteins encoded in plasmids
with orthogonal antibiotic resistances and induction triggers:
the first protein expression was induced in a "N-labeled medi-
um under the control of a first gene repressor; the second was
expressed in a '“N-containing natural abundance medium
under the control of the T7 polymerase system, while repress-
ing the first gene.'* Hence, only the first protein was '“N-
labeled and detectable in *N-edited spectra, which simplified
the analysis and avoided mislead interpretation of NMR peaks
shifting.'*'¥2 Shekhtman and colleagues reused and eventual-
ly complexified their approach with a third plasmid coding for
a third protein.'$'%7

In all these “in-E. coli” solution-NMR studies cited above,
'>N-labeling has been preferred because it generates much less
cellular background in “N-edited spectra than '*C-labeling in
BC-edited spectra.'**1*7 However, specific labeling by 'H/"*C-
isoleucines,'™ or '"H/'*C-methionines -and to a lesser extent,
'H/"C-alanines-'** was shown to produce isolated signals in
relatively empty regions of 2D 'H-">C NMR spectra, provided
that the examined cells had grown in D,O."® They also
showed the feasibility and usefulness of '“N-lysine or 'SN-
histidine labeling for in-cell studies.'**'*"!8% Combined *N-
13C-labeling were carried out for in-cell NMR assignment and
structural analysis,'7!'67-16%178175 a]g0 accompanied with deu-
teration and methyl labeling for in-cell structure determination
by Ito and colleagues.'”"'® Not surprisingly, deuteration

diminished the linewidth of in-cell NMR signals (Figure
7)_147,149,189,190

NmerA overexpressed in E. coli cells
grown in 1H/15N grown in 2D/15N
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Figure 7: Effects of deuteration on in-cell samples produced via
recombinant overexpression in E. coli. A) 2D 'H-'SN spectrum of
the model protein NmerA expressed in '*N-labeled and B) in 2D-
and ""N-labeled culture media. Adapted from ref '7. Copyright
2001 American Chemical Society.

The incorporation of '"F-containing unnatural amino acids
has also been carried out with success for in-cell solution
NMR studies. Mehl and colleagues proposed initially to incor-
porate trifluoromethyl-phenylalanine via amber recoding in a
position-specific fashion.'”! Since 2010, Li, Pielak and their
colleagues have used simpler approaches by expressing pro-
teins in a medium supplemented with 3-fluoro-tyrosine, '**~',
and 6-fluoro-tryptophan'®>'*or 5-fluoro-indole,'”’ " which
are integrated by E. coli cells in proteins as tyrosine or trypto-
phan, respectively. Crowley and colleagues have indeed
shown that 5-fluoro-indole are readily utilized by E. coli cells
as a precursor of tryptophan.'!62!

Importantly, Pielak and colleagues have recently used the
Tuner™ E. coli strain, because it permits a homogeneous,
IPTG-concentration dependent expression in the cell popula-
tion.'*"2%2 The lactose permease has been deleted in Tuner™
cells, which makes the whole population equally permeable to
IPTG. At the opposite, IPTG penetrates the more classical
BL21(DE3) in a cell-specific fashion. Hence, at [[PTG]<0.25
mM, the induction is stochastic and binary, yielding cell popu-
lations, among which individuals either overexpress the re-
combinant protein of interest, either not at all.*** Future studies
focusing on protein intracellular interactions should exclusive-
ly use E. coli strains like Tuner™, whose recombinant expres-
sion is tunable, but more importantly homogeneous.

To finish with E. coli samples, we must give a few im-
portant comments. First of all, when settled as a cell slurry in a
NMR tube, they have a limited lifetime of about 4-6 hours:**®
Lysis and leakage occur soon and a number of early contribu-
tions were biased by the measurement of proteins leaked in the
supernatant.’**?% It is also important not to store and freeze
E.coli cells before solution NMR measurements to avoid cell
lysis.'*® In-cell solution NMR analysis of E. coli samples has
been popular because of its straightforward accessibility, but
its attractivity declined because of the common low-quality of
the obtained spectra: E. coli cells provoke important signal
broadening, often beyond detection. This is notably due to
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high intracellular density associated to high viscosity and
countless unspecific interactions. In this regard, some practical
observations should be reminded: 1) thicker cell slurries gener-
ate broader linewidth, notably because of lock and shim trou-
bles linked to *H-water detection; '*¢!472% ii) protein induction
at different cell stages yields spectra of astonishing different
qualities.?® In our opinion, this probably means that a number
of key aspects might have been overlooked. NMR spectrosco-
pists tend to apply systematic protocols for overexpression
using the T7 system, but E. coli cells reacts in many different
ways to heterologous protein production.?’” The T7 polymer-
ase system and its induction by IPTG are known to provoke
stress and metabolic burden,?®?!° which materialize at the
proteomic,*!! transcriptomic,”'®?!! and even genomic levels.?'
E.coli cells content does of course vary at different growth
phases, but it is probably as important to realize that the cell
population is neither homogeneous nor constant upon IPTG
induction: i) expression upon IPTG induction is highly hetero-
geneous in a population of (DE3) E. coli cells;">*?*212 ij) some
cells survive to the heterologous expression, whereas some
other cells do not, which gives rise to important natural selec-
tion effects upon incubation with IPTG.*'*> It would thus be
advisable to use strains that permit tunable control of protein
expression in the future (more formally: protein expression
should be a continuous function of the inducer concentration
in every cell). It will also be important to pay attention to the
growth phase, the metabolic state and the population homoge-
neity of the cells, both for spectroscopic purposes and for the
biological interpretation.

2.2.3. In situ recombinant production in yeast.

Heterologous expression in E. coli is of course limited in
terms of biological relevance for the analysis of eukaryotic
proteins (e.g. native chaperones, transcription machinery and
co-translational processing, cellular organization, metabolites,
etc...). Eukaryotic systems have also been tested for in-cell
structural biology by NMR spectroscopy.

We mentioned earlier (chapter 2.2.1.) already the first re-
ports from Brindle and colleagues using heterologous expres-
sion and '“F-tryptophan incorporation in S. cerevisiae.'*"'*
Recombinant expression in E. coli took over in the years
2000’s (Chapter 2.2.1.), before yeasts were reused for in-cell
structural NMR purposes a few years ago. These present inter-
esting features: i) their ease of genetic manipulation, ii) their
importance in biopharmaceutical protein production,**>'* iii)
their capacity to integrate the cost-effective ammonium and
various carbohydrates as sole source of nitrogen and carbon
for isotope labeling, iv) their numerous amino acid auxotroph
strains, v) their established impact in the field of pro-
tein:protein interactions discovery, with the so-called yeast
two hybrid technique.?'® In-cell NMR could provide the atom-
ic-scale description counterpart of the protein:protein binding
revealed by yeast two hybrid. Shekhtman and colleagues test-
ed Pichia pastoris to carry out in-cell NMR studies, and have
shown that heterologous expression must be carried out using
a medium supplemented with methanol and not with dextrose:
the second situation provokes the sequestration of the proteins
of interest in vesicles, where they become undetectable by
solution NMR.?"7 The authors claimed that the association
with cellular RNA was responsible of NMR disappearance.!’
Wall and Hough managed to record well-behaved spectra of a
disordered protein at an intracellular concentration of ~175
uM in S. cerevisiae, expressed in a medium supplemented

with SNH,;" and 3C-galactose. Interestingly, these cells were
very stable and no leakage was observed in more than 50
hours. To the best of our knowledge, these are the only three
reports of in-cell NMR in yeast. This is probably linked to the
fact that only few NMR laboratories use yeast for standard
recombinant protein production, which requires equipment
and a certain expertise. Moreover, quiescent yeast tend to
reorganize their cytosol and to produce phase-separated stor-
age organelles.?'®2! The heterologous protein of interest might
shuttle in an out of these compartments, which would result in
an important heterogeneity of cellular environments: this is not
compatible with a proper NMR analysis, which reports aver-
aged signals (see Chapter 2.1.3.).

2.2.4. In situ recombinant production in insect cells.

Like yeast systems, insect cells have not been extensively
used for in-cell NMR studies. The necessary set up and exper-
tise are not widespread in the NMR community, except for
laboratories working on GPCRs dynamics (see for example
220223111y " Moreover, the metabolic capacities of insect cells
are limited and this implies the use of culture media supple-
mented with amino acids, whose 2H/**C/"*N versions are cost-
ly. Hence, isotope labeling of recombinant proteins in insect
cells has been traditionally expensive, even though cost-
effective solutions have been proposed lately.’-101 109-111 115
Insect cells are nevertheless the second production organism
quantitatively in the PDB, notably for multiple protein com-
plexes and human therapeutic targets (e.g. ~85% and 50% of
GPCRs and Ser/Thr/Tyr kinases structures in the PDB, respec-
tively)**?%, Ito and colleagues have expressed five proteins in
insect cells using the baculovirus approach, and showed that
they obtained samples amenable for in-cell solution NMR
analysis.”**??’ In this system, the cytosolic proteins of interest
reach intracellular concentrations of ~100-200 uM, and 2.107
cells are enough for one in-cell sample, which require only 5-
10 mL of culture medium. This made it accessible to charac-
terize proteins in cells using various isotope labeling schemes,
either uniform or amino acid specific (A/I/L/V/T/F/W/Y),?*
although these would have frightening prices per liter, be-
tween 1000 and 4000 euros per liter.”®'°11%115 These can be
achieved using depleted culture media supplemented with
isotope-labeled amino acids. Similar to what has been ob-
served in E. coli cells, "N-labeling generates less cellular
background signal in '“N-edited spectra than '*C-labeling in
BC-edited spectra. 2%*? Insect cells remain >90% viable 8
and 24 hours without and with constant medium replenish-
ment, respectively.””’ The current cell lines have indeed been
engineered to stand the baculovirus infection and not trigger-
ing apoptosis.”?®*** However, the infection has profound con-
sequences on insect cells, affecting their metabolism, shutting
off their endogenous protein synthesis (except that of chaper-
ones), rearranging their cytoskeleton, and stopping the cell
cycle in G2/M phase.”**?! The viral infection is moreover
intrinsically not extremely reproducible. Transient transection
systems have been proposed, which may preserve more “nor-
mal” cellular states that would better fit to the ambition of
characterizing proteins in the native environment.”*

2.2.5. In situ recombinant production in mammalian

cells.

A majority of structural biology studies by NMR focuses on
mammalian proteins.”*® Hence, NMR investigators would

naturally prefer to execute their studies in mammalian cells.
Such studies exist, but most of them have been carried out
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from samples generated upon cell delivery of isotope-labeled
proteins (see chapter 2.2.3.).

To be exhaustive, we shall mention the very first in-cell
studies of proteins, published in 1975, which actually did not
require recombinant, overexpression: erythrocytes and a con-
tain hemoglobin at ~5 mM (~350 g/L), which was labeled by
feeding mice with L-[2-*C]-histidine. Because hemoglobin is
by much more abundant than any other histidine-containing
cellular molecule, NMR analysis of erythrocyte suspension
provided direct information on hemoglobin and its intracellu-
lar tumbling time.** Similarly, '’N-edited spectra of hemoglo-
bin in cells were obtained in 1976 using cancer cells from
erythrocyte precursors (namely Friend leukemia cells)®®
grown on a medium supplemented with *N-glycine. >

The Banci group undertook the challenge to express their
proteins of interest in situ. With the help of cell biology ex-
perts, they established a set up to produce isotope-labeled
proteins using transient transfection of the widespread
HEK?293 cells.””?3® The high expression vector pHLsec from
the Aricescu 1ab’® was instrumental in their success: this
plasmid includes a so-called “CAG promoter” ensuring high
levels of protein production; its secretion sequence was re-
moved during the cloning steps.*® HEK293 cells are common-
ly used in laboratories because of their ease of manipulation
and transfection, their high capacities in protein production
associated with human glycosylation patterns.?***** Transfect-
ed HEK293 cells do not permit the industrial months-long
cultures and the yields obtained with monoclonal Chinese
Hamster Ovary (CHO) cell lines, up to several grams per liter
of fed-batch culture for secreted antibodies.’*>2*¢ However,
HEK293 cells produce commonly about 1-10 mg of recombi-
nant protein per liter of culture in the 48-96 hours following
their transfection,4%?3*24720 wwhich was instrumental in the
rapid description of the SARS-CoV2 spike protein and its
recognition by antibodies for example.”*'>* This is in the
order of magnitude reached by Banci and colleagues, who
reported intracellular concentrations between 50 and 300 uM
for various proteins,'’>?37238:255-261 48 hours after transfection:
this corresponds to a few mg per liter of culture, knowing that
they incubate ~10-30 million adherent cells (1-2 pL per cell)
in 20 mL of culture medium.?*”*® Because wet pellets of cells
are poorly compact, this number of cells is enough to fill a 3
mm tube (~130 pL). Hence, although the commercial
(1*C/)>N-isotope labeled media cost up to 10,000 euros per
liter, in-cell NMR samples made of uniformly “N-labeled, or
’N-labeled cysteine HEK293 cells are still affordable (NB:
Banci et al. used polyethylenimine, PEI, a costless transfecting
agent). A home-made algal autolysate medium was proposed
for uniform '*N-labeling, which reduced the costs by a factor
3, but also the protein yields by a factor 2.'* Because cultured
mammalian cells are not capable of synthesizing a number of
essential amino acid must, other amino acid specific isotope
labeling could be tested with profit.?®**> The protein concen-
tration can be tuned by varying the transfected plasmid carry-
ing the coding DNA, and the combined transient transfection
of two plasmids has been used successfully to express two
proteins concomitantly.””**® This is notably useful when the
protein of interest requires the expression of a cognate partner
or chaperone at equivalent levels.'”>7238:255257 Thig results
however in the expression of two isotope labeled proteins, and
thus in the addition of NMR signals from the two proteins in
congested spectra. To avoid it, Banci and colleagues have
generated stable transfected cells expressing a first protein in a

natural abundance medium, which can be silenced by shRNA
treatment while transfecting a plasmid encoding a second
protein expressed in an isotope-labeled medium.**® Finally,
when settled as a pellet in a NMR tube, the common cultured
mammalian cells exhaust their ATP in only 1-2 hours and
remain viable >90% for 2-3 hours, but they do not leak for 12-
20 hours at low temperature (<283K); alternatively, these cells
can be kept viable for days under constant medium replenish-
ment using a flow-probe bioreactor, which is closer to native
cellular conditions.*”267-269

We shall finish this section with three remarks. First, pro-
teins expressed in situ can also be observed without isotope
labeling if they can be detected by intense NMR signals in
singular, background-free spectral windows. This has been
exploited by Banci and colleagues: 'H-NMR signals from
histidine side chains of the enzymatic center of carbonic anhy-
drase 2 (CA2) resonate between 11 and 16 ppm in a very
favorable fashion.?6%¢!26% A high intracellular concentration is
here sufficient for being detected by in-cell NMR (they used
~150 pM, but ~20 uM would be enough). Katahira and Tranti-
rek groups have used a similar approach to detect the in-cell
'H-NMR signals of nucleic acids (10-20 uM intracellular
concentrations using cell delivery, see below).
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Figure 8: Subtraction of the cellular background NMR signal.
HEK293T cells were cultured in a medium containing '*N amino
acids after transfection by an expression plasmid pHL containing
A) a DNA insert encoding SOD1 or B) no DNA insert. The result-
ing samples generate two in-cell spectra, which can be subtracted
to obtain a “background-free” spectrum (C). Both samples have to
be cultured in the exact same culture conditions and incubation
times, to avoid differences in ’N-labeled metabolites contents. If
different amounts of cells are used to record the two spectra, it is
necessary to multiply the global intensity of the spectrum B ac-
cordingly before subtraction. Adapted from ref 23, Copyright
2016 Springer Nature.



Second, in-cell NMR samples produced using in situ re-
combinant production generate spectra with important cellular
background signals. It is possible to remove this background
by subtracting NMR spectra recorded with mock-transfected
cells grown in the same culture medium, and supplemented
with the same labeled amino acids (Figure 8). This strategy
has been used efficiently by Banci, Ito and their colleagues
through the last 10 years,226:227:237.238.270

Third, it is important to notice that the evoked recombinant
expression systems do not generate homogeneous populations:
1) mammalian cells are not all transfected equally, and indi-
vidual insect cells are not infected by the baculovirus at the
same time point; ii) the genetic and phenotypic profiles of
these cells is heterogeneous. Hence, some cells can express
high quantities of the heterologous protein, while some other
do not produce it at all. The homogeneity of the subcellular
localization represents a supplementary layer of potential
complexity. Most of the in-cell NMR studies using in situ
expression have reported average intracellular protein concen-
trations, notably using semi-quantitative western-blots and
NMR signal intensities. However, information from flow
cytometry and/or fluorescence microscopy is scarce in these
reports, to the best of our knowledge. It would be necessary to
evaluate the homogeneity of the analyzed cell population, a
key aspect for data interpretation. The studies using cellular
delivery (see below) provide this information in most cases,
probably because this latter approach is more controversial
and calls for multiple checks.

2.2.6. Protein/nucleic acid delivery in cells: a brief
overview

Instead of the “in situ strategy”, a second approach consists
in delivering in cells an isotope labeled protein/nucleic acid
that was previously produced and purified, either recombinant-
ly or synthetically. Several methods have been proposed.
These are naturally different depending on the type of cells.
We discuss them extensively in the following subchapter, but
we delineate a brief landscape first.

Microinjection of millimeter large single-cell oocytes has
been the first technique employed to translocate isotope-
labeled proteins in the cytosol of live cells. In-cell NMR in
bacterial or mammalian cells requires at least a few millions of
them: microinjecting these one by one is no longer an option.
Other delivery methods have been explored, focusing mostly
on cultured mammalian cells. Three of them have been suc-
cessfully applied, relying on the use of cell-penetrating pep-
tides (CPPs), pore-forming toxins (PFTs) or electroporation.
Here again, detailed protocols exist in the literature.'327!-27
Every approach has its intrinsic capacities and limits. We
attempted to draw a comparative analysis below.

It is clear that the efficiency of all these methods vary great-
ly depending on the protein to internalize. PFTs represent
probably an easier and less demanding framework than CPPs
and electroporation; as a price to pay, PFTs have also been
associated with increased cell instability and leakage until
now. PFT-treatment and electroporation have in common to be
very demanding in terms of starting material: they require
some 108 cells and milliliters of cargo at millimolar concentra-
tions to produce an in-cell NMR sample. They ensure a direct
delivery without any necessity of endosomal escape, which is
a severe obstacle to face with CPPs. Technical advances have
been proposed in the recent years for all these methods, which
would probably improve the situation.

We shall mention the recent use of heat shock to translocate
proteins carrying EPR-dedicated spin labels.”™ Using this
approach, proteins of various sizes were internalized, starting
with extracellular concentrations of 1 mM and ending with
delivered intracellular concentrations between 1 and 7 uM in
E. coli, and between 0.5 and 1.5 pM in Pichia pastoris. Other
recent delivery methods might be explored, which take ad-
vantage of the many developments in microfluidics: among
others, rapid cell squeezing and swelling through microfluidic
constriction, possibly combined with microscale electro-
poration, appear to be sufficiently robust and high-throughput
methods for NMR purposes.?’>2"¢

2.2.7. Protein/nucleic acid delivery in large oocytes

Purified protein/nucleic acid can be microinjected in milli-
meter large single-cell oocytes like those of Xenopus laevis or
Danio rerio. The latter ones have been utilized only very
recently.?’*’® We focus on the better established X. laevis
oocytes below. These are quite appealing systems for in-cell
NMR studies: i) only a ~170 of them are necessary to fill a 5
mm NMR tube; ii) they can be manipulated and microinjected
cell by cell in about one hour; iii) they do not require a specif-
ic wet-lab, even though a source of oocytes has to be found
(commercial companies sell them at ~1-2 $ a piece); iv) they
can stand the injection of about 20-50 nL of high-
concentration material, which generates ~20-50-fold intracel-
lular dilutions; v) they can survive and maintain their integrity
about 18 hours in the NMR tube without any medium replen-
ishment; vi) they are very-well known model systems in biol-
ogy.?” This strategy has been used for in-cell NMR investiga-
tions of both proteing30-286.192.287.288,197.19 and nucleic acids.?-
2 We encourage the reader to refer to the published, detailed
protocols.?+!146295297 'We will not present them extensively
once again, but we must give a few words of caution: i) be-
cause of the cylindrical shape of NMR tubes, hundreds of
oocytes must be stacked on each other and thus require high-
density outer solvent (e.g. a buffer containing 20% w/w Ficoll)
to not crush within a few hours;?®? ii) their cell-cycle stage is
well-defined, which comes with certain advantages when
studying cell-signaling and post-translational modifica-
tions,?822852% but it leaves little room for modifications of the
cellular conditions; iii) their high-lipid yolk compartment is
problematic for molecules that would preferentially bind to
lipids; iv) they generate important peak broadening due to
sample inhomogeneities (settled oocytes leave large intercellu-
lar spaces, and the intracellular compartments are also diverse
enough to present distinct magnetic susceptibilities);**¢ 2 v)
their cellular organization is clearly not that of more standard
prokaryotic or eukaryotic cells. Oocyte cytosolic extracts
represent a good proxy in many regards, e.g. to test the cellular
stability, the NMR detectability or even to investigate post-
translational modifications (PTMs).?842%82% Extracts are also
easier to handle, allow a better control of concentrations, of
the time origin for time-resolved NMR monitoring, and better
NMR resolution,?86:134294179.297 Hence, while they enabled
many seminal contributions in the field, oocytes tend to lose
their attractivity in the very last years.

2.2.8. Protein/nucleic
penetrating peptides

acid delivery using cell-

First, let us focus on cell-penetrating peptides (CPPs). These
represent a scientific field of its own, focusing mostly on
eukaryotic cells,*®* although some efforts are also being
dedicated to bacterial cells.’* Their expected role is to enable
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the translocation of a cargo protein to which they are linked.
CPPs can also help in nucleic acid transduction,*®” which we
will not discuss because it has not been used for in-cell NMR
purposes, to the best of our knowledge. CPPs penetrate cells
via multiple, simultaneous mechanisms including energy-
dependent endocytosis and micropinocytosis and energy-
independent passive diffusion and direct translocation, which
are dominant at low (<5 pM) and high (> 10 uM) CPP con-
centrations, respectively.*®®2%*3% This means that a good
proportion of the incorporated CPP-cargo population goes to
endosomes, from which it is difficult to escape (Figure 9).3%7
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Figure 9: Cell-penetrating peptides penetrate cells via a combina-
tion of multiple mechanisms, among which endocytosis is domi-
nant in most cases. A) Live-cell fluorescence microscopy of HeLa
cells exposed to a FITC-labeled CPP (in green) showing high
endosomal escape properties, adapted from ref 3%, copyright 2016
American Chemical Society; B) Cartoon representation of CPP-
cargo penetration in cells via endocytosis; this energy-dependent
process involves a number of endogenous proteins, which are not
represented here; endosomal escape is variable and can be im-
proved by a number of strategies, but is hardly 100% efficient;
adapted from ref 32, Copyright 2018 John Wiley and Sons.

Optimizing endosomal escape efficiency is useful for drug-
delivery, and absolutely necessary for in-cell NMR: if a signif-
icant proportion of CPP-cargo molecules remains in endo-
somes and the rest is released in the cytosol, how do we ana-
lyze the resulting average NMR signal? The pitfall here comes
from the fact that fixation methods for immunofluorescence
tend to permeabilize membranes and provoke the cytosolic
redistribution of CPP-cargos trapped in endosomes!30!:303:307:309
At the opposite, fluorescent markers can drive CPP-cargo to
unwanted subcompartments. As far as in-cell NMR is con-
cerned, another requirement is to cleave CPPs from their car-

gos. Concretely, Shirakawa and colleagues adopted two strat-
egies: i) binding their CPP and their cargo via a disulfide
bond, which got reduced once their CPP-cargo chimera was
released in the cytosol; ii) designing a CPP-ubiquitin-cargo
chimera, which got cleaved at the ubiquitin C-terminal by
undetermined deubiquitinating enzymes ubiquitin.*'*>'? They
used the popular CPP sequence from the HIVirus-derived
TAT peptide. One should notice that Shirakawa and col-
leagues needed to repeat four exposure+recovery steps (10+40
minutes), cells being incubated with the CPP-cargo constructs
at 250 uM during the exposure phase. The obtained intracellu-
lar concentrations of the proteins of interest varied between 3
and 100 uM, consistently with the known dependence on the
global charge of the CPP-cargo.’'*>'? Importantly, they bene-
fited from the help of CPP-expert colleagues, who discovered
the synergistic effects of pyrenebutyrate in enhancing direct
translocation of CPPs.>%3%3!13 Ag confessed by Shirakawa and
colleagues, the process of designing and producing the CPP-
cargo is tedious.*'* To the best of our knowledge, it was not
adopted by other labs. In the meantime, the field of CPPs
raised considerable hopes for therapeutics and has grown
consequently. We guess that some of the latest improvements
would find applications in the field of in-cell NMR: cultured
cells incubated with 1 uM CPP-cargo can internalize it at a
final concentration of ~50 pM with satisfying endosomal
escape.’'>?® However, the capacity of CPP approaches to
deliver the CPP-cargo population with a good synchronicity is
not warrantied, although advisable for NMR purposes.

2.2.9. Protein/nucleic acid delivery using pore-
forming toxins.

As a second favorite approach, NMR spectroscopists have
used pore-forming toxins, more precisely the bacterial Strep-
tolysin O (SLO), to deliver proteins or nucleic acids in mam-
malian cells. SLO belongs to a family of cholesterol-
dependent cytolysins (CDC), which oligomerize to form 20 to
50 nm large pores depending on the CDC and the number of
CDC monomers incorporated in the final assembly (Figure
10).317318 These pores are removed within minutes upon buffer
supplementation with Ca?": the native intracellular concentra-
tion of free [Ca*"] is ~100 nM, and a slight Ca*" influx pro-
vokes membrane repair by endocytosis or exocytosis (budding
and shedding) of membranes regions surrounding pores.*'*32
However, a number of cells do not reseal properly or fast
enough, and intracellular [Ca®>"]> 10 uM drives them to apop-
tosis.*>! SLO permeabilization can also provoke, among oth-
ers, K+ and ATP effluxes, or swelling, which trigger cell death
t00.27>3? Hence, special care must be paid to the buffer com-
position during SLO-supported delivery. Endocytosis of CDC
pores provokes itself the release of endosomes proteases and
Ca?" in the cytoplasm.**? Altogether, resealing upon Ca>*
exposure is never uniform in a population of cells, many of
them experiencing oscillation or prolonged plateaus of intra-
cellular [Ca®"] leading to delayed cell death and burst.>** SLO-
supported delivery is thus often linked to long-term cellular
instability and leakage, as reported by the groups of Shimada
or Katahira 3432

To improve the sample quality, Shimada, Nishida and col-
leagues 1) use centrifugation in presence of Percoll to remove
dead cells, and ii) evacuate the leaking material using a con-
stant flux of fresh medium in the NMR spectrometer, which
they apply on immobilized gel-encapsulated cells.?67-326:327
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Figure 10: Structural characterization of cholesterol-dependent
cytolysins (CDCs), the pore-forming toxin family of Streptolysin
0. A) CryoEM structure of the pore complex formed by pneumo-
lysin from Streptococcus pneumoniae; the electrostatic surface
shows the even distribution of positive (blue) and negative (red)
patches on the inner surface of the pore complex; adapted from ref
318 copyright 2017 from van Pee et al. under the terms of a Crea-
tive Commons CC BY license. B) Atomic-Force Microscopy
image of the perfringolysin O from Clostridium perfringens;
adapted from ref 273, copyright 2018 American Chemical Society.

They reported ~20-30% cell death after 7 to 15 hours of
NMR measurements though.”¢”*263?” They reported also deliv-
ery efficiencies between 60 and 85% of cells incorporating the
protein of interest. Finding the best balance between SLO
concentration, incubation times, cell death and delivery effi-
ciency requires some tests naturally. To give an idea of the
protocols and their yields, Shimada and colleagues incubated
cells 30-45 minutes in presence of SLO and of their proteins
of interest at 1-2 mM concentrations, which yielded intracellu-
lar concentrations varying between ~50 and 180 uM depend-
ing on the protein.?”324326 Katahira and colleagues used simi-
lar protocols for translocating nucleic acids but reported lower
final intracellular concentrations of ~5-20 uM, associated to
50% delivery efficiency among the 60% surviving cells.**2
Xu and colleagues estimated that they inserted their fluorinat-
ed DNA quadruplex at an intracellular concentration of 150
uM, starting from an incubation in presence of DNA at 3
mM.3?? An advantage of SLO is their ease of use, as compared
to the other delivery methods. However, one can notice they
require high concentrations (and thus high amounts) of the
protein to deliver, which comes with a number of possible
troubles. Like for CPPs, the use of SLOs has not been trans-
ferred to many laboratories, to the best of our knowledge. It is
still attractive in our opinion, but it would require the addition
of a resting step of a few hours between resealing and the
NMR measurements, to remove cells that are meant to col-
lapse even though they do not immediately.

2.2.10. Protein/nucleic acid delivery using electro-
poration

A third method gained interest in the last years: electro-
poration. This concept is well-known and used since the
1980’s by biologists and biochemists, who need to transfect
cells with coding DNA to trigger recombinant expres-
sion.””>* The fact that electroporation is also capable of pro-
voking the translocation of all sorts of molecules, including
proteins. The group of Selenko took advantage of it a few
years ago,'”®3! and the method seems to be more and more
popular in the community, both for proteins and nucleic acids
delivery. Electroporation methods for plasma membrane per-
meabilization rely on the application of voltage pulses of
about 1 kV/cm during a few hundreds of microseconds in 1-2
mm wide cuvettes (Figure 11). They provoke the appearance
of membranes pores that can have broad distributions of diam-
eter, between 1 and 50 nm, which reseal spontaneously within
seconds to minutes. The window of useful electric field values
is limited, because cell death occurs soon for values above 3
kV/cm. The mechanisms of pore formation have been studied,
and the literature shows that many parameters (cell type, puls-
es duration, strength and number, extracellular medium, actin
cytoskeleton status, temperature, cargo size, ...)**>**’?% and a
broad range of timescales (pores reseal within seconds, but
cells remain permeable to small molecules during hours after
the pulses)**¢338-340 myst be considered.

We can keep in mind a few key aspects of electroporation-
assisted delivery: 1) threshold values (in the order of magni-
tude of 1 kV/cm) and non-linear behaviors exist for pore for-
mation, pore diameter populations and cell survival in reaction
to electric field intensity;*”>**! ii) 10 to 1000 ns long pulses
generate small pores (< 1 nm), while millisecond long pulses
favor larger pores and macromolecules penetration in cells
within the next few seconds;***336342 iii) extracellular proteins
and small DNA/RNA (below 20 bp) diffuse inside the cell
while pores are open, while large DNA associate with the
plasma membrane and are integrated via endocytosis;** iv)
electroporation-assisted delivery increases with tempera-
ture; 273344337 v) cell permeabilization and intracellular content
efflux correlate with long-term (hours) cell death, most pores
resealing immediately (50 ms to 10 s for cells) but the proper
barrier functions towards ions and small molecules taking up
to 20 hours;?’3337:338:342345 yi) electroporation provokes the
appearance of reactive oxygen species and notably lipid perox-
idation, which might be correlated to long-term membrane
permeabilization;?>3¢34234  yij) mitochondrial and nuclear
ultrastructures, cell homeostasis, and ATP levels take two to
five hours to recover their native levels.””>**” These considera-
tions show that electroporation calls for a case-by-case optimi-
zation of the extracellular buffer (e.g. conductivity, ATP sup-
plementation, ...),?”>3#83% of cell density, of the number, dura-
tion and strength of pulses, of the resting conditions. A bal-
ance shall always be foundbetween delivery efficiency and
cell survival rate. Importantly, optimal delivery can be
achieved by applying tailored sequences of one intense, short
and one weaker but longer pulse consecutively, the second
leaving pores open with a reduced power deposition.****! We
should also add some prosaic observations: the application of
electric pulses provokes temperature jumps in the sample (up
to 10-20 degrees depending on the extracellular medium)*¥*>3
and the apparition of foam (partly due to water electrolysis),***
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Figure 11: A) Cartoon representation of the conventional electroporation approach, where cells in suspension are placed in an electro-
poration cuvette and exposed to an electric field; this provokes pore formation that are unequally distributed on cell membrane, whose size
and resealing time depend on the strength and duration of the pulse (and on the type of cells of course, typically on the ratio between cell
diameter and membrane thickness); adapted from ref 2°, copyright 2018 American Chemical Society; B) Microscope view of a spherical
CHO cell exposed (left) and transport of propidium iodide 200 ms after applying an electroporation pulse of 1.5 ms/650 V/ecm (bar= 5 pum);
adapted from ref 3%, copyright 2010 Springer Nature; C) Cartoon representation of cell penetration by 1-10 nm large molecules, adapted
from Stewart et al. Chem Rev 2018 27°; D) Schematic diagrams of the effects of electroporation pulses, depending and their strength and
length (left), and of the distribution of these effects among a cell population for a 1 ms long pulse (right), adapted from ref 3%, copyright

2015 Elsevier.

which are both unfavorable for cell survival and protein
stability. Moreover, local pH changes in the close vicinity of
the electrodes (up to 5 units of pH) have also harmful ef-
fects.™® Altogether, optimizing these multiple parameters
becomes soon time-consuming. Moreover, many commer-
cialized electroporation devices do not communicate their
proprietary pulse sequences, which makes the optimization
difficult to rationalize. These “black box electroporators”
have been used by the groups of Selenko,!76331:357358 fo]-
lowed by those of Shekhtman, Riek and Hiller, Baldus, and
Petzold 3336071361 Better controlled systems have been used
by the groups of Ito,****® followed by those of Tranti-
rek, 4364365 QOliveberg and Danielsson,*®® and Liu*®": those
working on proteins applied a first intense pulse (~100 V, 15
ms) followed by milder but longer pulses (~20 V, 50 ms*2);
Trantirek and colleagues, working on nucleic acids, applied a
stronger first pulse (1000 V, 100 ps) and a second milder one
after a delay of 5 s (350 V, 30 ms). All these groups used
low-potassium, high-magnesium electroporation media,
often supplemented with ATP and glutathione. Electro-
poration was executed on cells at densities varying between
10 and 20 million cells per mL, mixed with the protein or
nucleic acids of interest at millimolar concentrations (from
0.35 to 2.5 mM, depending on the study). The common used
cell lines were HeLa, HEK293 or A2780, but electroporation
proved to work efficiently on other cell lines considered to
be more sensitive (RCSN-3, SH-SY5Y).!76331357 Cells were
allowed to rest 3 to 5 hours on plates in most cases, which

permit also to discard cells that do not attach and float.
Overall, these protocols yield intracellular concentrations of
proteins between 3 and 50 uM and of nucleic acids between
10 and 20 pM.

An important concern has been a recurrent subject of in-
formal discussions through the years: electroporation might
unfold the protein of interest. A number of in-cell studies
were soon considered to come to a dead end after observing
awkward in-cell spectra showing broad, poorly informative
NMR signals in the regions where unfolded peptides reso-
nate. Many causes can lead to such spectra. One of them
could be unfolding provoked by electroporation. Theoretical-
ly, the orders of magnitudes do not fit: according to a num-
ber of simulations, protein unfolding by an electric field
requires intensities of 10%-107 V/em,*®~7> much higher than
the ~10° V/cm commonly used for electroporation delivery.
Quantum mechanics calculations predict that a polyalanine
helix would be disrupted from 2.5x10° V/cm. Applying 10°
V/em on a protein crystal results in faint structural chang-
es.’’® However, experimentally, lower electric fields can
have deleterious consequences on protein structure or activi-
ty, either fields of 5-50x10* V/cm applied during a few mi-
croseconds,””7 38108381 o 50500 V/em applied through
minutes to hours.*¥23 Frictional forces due to electrophoret-
ic motion of the corresponding purified proteins might be the
cause of these observations.*®? These scenarios do not corre-
spond to the common pulsing protocols used for electro-
poration delivery. Hence, we tend to think that electro-
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poration-provoked unfolding might be an exception but not a
rule. Interestingly, antibodies***>* and kinetochore compo-
nents®® have been successfully “electroporated” in cells,
where they displayed functional behaviors. Moreover, in-cell
EPR studies did not report any protein unfolding upon elec-
troporation yet.**3** (N.B.: It is always possible to verify
that a protein kept its proper fold upon electroporation in
absence of cells. However, the result will not rule out the
possibility that destabilized conformations might refold
correctly in vitro, while they might be trapped upon binding
to cellular constituents once they have penetrated cells.)

2.2.11. Flow-probe bioreactors and gel encapsula-
tion.

A recurrent concern in in-cell NMR studies is the health
status of cells in the NMR tube. A high cell density is often
necessary to reach sufficient S/N, which leads to rapid nutri-
ent exhaustion in absence of replenishment of the culture
medium. Among others, intracellular ATP exhaustion occurs
in a couple of hours in mammalian cell pellets (Figure 12),
which had to be used to carry out the pioneering studies.?¢”
269395 Some studies reported experimental evidences of the
impact of the cellular metabolic state on protein confor-
mations and cellular interactions.'9*2%363 It would be advisa-
ble to set up flow-probe bioreactors allowing steady condi-
tions: these would ensure constant fluxes of fresh nutrients
and withdrawal of metabolic end-products.

"mo’ HEK293 cells
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Figure 12: Left: Schematic presentation of a flow-probe biore-
actor, where a constant flow of fresh medium (50-100 pL/min)
is maintained in the NMR tube during the NMR acquisition;
Right: ATP levels (as measured by *'P-NMR) in the NMR tube
through extended periods of time in presence of a constant
medium flow (black), a flow interrupted after 24 hours (magen-
ta), or in absence of any medium replenishment (red), the sam-
ple being composed of ~3.107 HEK293T cells in agarose
threads; adapted from ref 2%°. Copyright 2020 American Chemi-
cal Society.

In a recent inventory, we counted about 200 publications
reporting the use of NMR-compatible flow-probe bioreac-
tors.®> Most of them were actually proposed before the year
2000, in times where large diameter NMR probes were used
to monitor organs and cells metabolism. We refer the reader
to our detailed inventory spanning this wider range of in-cell
NMR studies.®? Sadly enough, these flow-probe systems
were developed in-house and were not transferred from lab
to lab. The modern 3-5 mm narrow (cryo)probes offer much
better sensitivity, but less flexibility to plug additional acces-
sories. In-house and commercial devices were adapted to
these up-to-date NMR probes, with the purpose of maintain-
ing cells healthy for in-cell structural biology studies. These
systems require most often to encapsulated cells in gel matri-

ces to avoid them to drain off with the outgoing medium.
Only few structural biology NMR groups had time and man-
power to establish them though.

In 2010, Pielak and colleagues proposed a flow-probe bio-
reactor, which permitted alternated spikes of fresh nutrients,
cells settling, and NMR measurements of aSynuclein over-
expressed in E. coli.'> Their system was adapted to a 8 mm
diameter tube and probe, an unconventional system that does
not favor sensitivity and magnetic field homogeneity. They
encapsulated cells in 1 mm large alginate beads, which ap-
parently affected further the magnetic field homogeneity and
yielded broader NMR peaks.

In 2013, Shimada, Nishida and colleagues reported the use
of a home-made system adapted to commercial 5 mm cry-
oprobes.?” A syringe pump delivered fresh DMEM medium
at a flow rate of 50 uL/min, through a 1 mm polymer tubing
inserted in the 5 mm NMR tube. DMEM was degassed and
buffered with HEPES instead of the more common HCO;™ to
avoid air bubbles. The excess liquid was removed via anoth-
er polymer tube connected to an aspirator. 3.10” HeLa S3
mammalian cells were sequestered in threads of matrix “geli-
fying” above 25 °C (a thermoreversible hydrogel so-called
Mebiol gel), and maintained viable at 37 °C: 80 % viability
was reported after 15 hours, instead of 20% in a cell pellet
without medium replenishment.?” The deuterium lock was
ensured by the D,O used to dissolve the hydrogel. The au-
thors reemployed the same system in two recent studies.*?63%’
Interestingly, they showed that they could control the redox
conditions in the flow-probe, adding tert-butyl hydroperox-
ide in DMEM to generate oxidative stress.’*® Katahira used
the same flow-probe system to record NMR spectra of DNA
oligonucleotides in cells embedded in agarose threads.*?

Shekthman and colleagues proposed another home-made
set up, which uses a gravity siphon to supply fresh medium
at a flow ratee of 100 pL/min in the NMR tube via a 0.5 mm
PTFE tubing, in which 50 um holes were drilled at its ex-
tremity.*” They improved recently the medium delivery by
using an ultrahigh molecular weight microporous polyeth-
ylene diffuser tubing and a peristaltic pump to control the
medium waste output.**® They initially used agarose threads
to maintain E. coli and 4.10” HeLa cells in a 5 mm NMR
tube at 25 °C, allowing 99% viability of HeLa cells after 24
hours. Agarose threads formed in 100% D>O were added in
the NMR tube enable the lock. In their second report, they
used 1 mm large alginate beads to encapsulated E. coli cells,
because these beads can expand and permit cell growth.**

From 2019, Banci, Luchinat and colleagues have adopted
a commercial flow-probe bioreactor designed to deliver an
input flow via an inlet polymer tubing and withdraw the
excess liquid via a coaxial outlet tubing. Initially, they
plugged a cylindrical 1 MDa cut-off dialysis membrane to
this coaxial system and plugged it into the 5 mm NMR tube.
They used a flow rate of 50 pL/min in a mammalian cell
suspension hold in 30% Percoll to avoid sedimentation.?® A
glass capillary containing 100% D,O was inserted for the
deuterium lock. This system did not ensure a homogeneous
cell survival (Luchinat, personal communication). In their
more recent publications, the authors encapsulated 3.10’
cells in agarose threads and delivered fresh medium (sup-
plemented with 2% D,0) in the NMR tube without capping
the coaxial inlet/outlet tubing with a dialysis membrane.2%**%7
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Interestingly, Ito and colleagues also used a flow-probe to
maintain insect cells viable in a NMR tube through extended
periods of times, but they did not have to encapsulate these
cells: they delivered fresh medium at flow rate of 2 mL/hour,
which simply kept cells in suspension.??” Adherent cells have
still to be entrapped in hydrogels. In this regard, methyl
cellulose has been shown to have improved impact on cell
viability in two recent live-cell NMR studies.**®**° An im-
portant aspect here is to avoid to entrap any air bubble in the
hydrogel: this would provoke important magnetic suscepti-
bility inhomogeneities, which drastically affect NMR lin-
ewidth.®

2.3. Solution NMR techniques.

2.3.1. Chemical shifts report for structure, post-
translational modifications and interactions

We shall first recall that NMR chemical shifts are exquis-
ite reporters of the chemical environment, i.e. of the struc-
ture, of the potential chemical modifications, and of the
intra- or inter-molecular interactions.***!° Hence, chemical
shift perturbations reveal structural or chemical changes in
the vicinity of the observed nuclei. These chemical shifts are
necessarily recorded and correspond to the primary infor-
mation extracted from NMR spectra.

Spectroscopists use somehow standard NMR pulse se-
quences for in-cell NMR studies, but they have to pay atten-
tion to the deleterious effects of cellular viscosity and of
multiple interactions with cellular components: these pro-
voke slower tumbling and chemical exchange, hence faster
T2 relaxation and lower NMR signal (see chapter 2.1.3.). As
a rough simplification, a trade-off is often to be found be-
tween the intensity and the informative capacity of in-cell
NMR signals. One-dimensional '"F-NMR spectra generate
sometimes a single, broad signal, which can be more useful
than a 2D 'H-N spectrum where hundreds of residue-
specific peaks are broadened beyond detection in cellular
conditions. We explain in the following which pulse se-
quences have been used to carry out in-cell structural biology
by solution NMR, and we give some elements to understand
the rationale behind.

2.3.2. Which pulse sequences to use for 2D 'H-'5N
correlation spectra?

5N-editing coupled to 'H-detection has been the work-
horse of in-cell structural biology by NMR, notably because
it can generate spectra with low cellular background in com-
parison to '*C-edited spectra.'4147-226227 Thig strategy is often
used to acquire well-dispersed two-dimensional spectra,
where every 'H-'""N NMR correlation peak correspond to one
amide function, hence eventually to one amino acid. A num-
ber of pulse sequences can execute such 'H-'>N correlation
spectroscopy, which we can split in two families, namely the
HMQC and HSQC schemes (Heteronuclear Multiple/Single
Quantum Correlation). The fine description of these se-
quences is beyond the scope of this review, and we refer the
reader to dedicated publications.*''™*'7 For the following
discussion, we must explain that: i) these pulse sequences
have been modified to speed up the scanning pace (by en-
hancing the T1 relaxation), and thus to increase the signal-to-
noise ratio per unit of time (S/N-PUT), and named 'H-"*N
SOFAST-HMQC*'"#12 and BEST-HSQC*¢ (or LHSQC)*'%;
i) versions of the HSQC pulse sequences exist that are

adapted to large proteins, called 'H-""N HSQC-TROSY**#17
and the combination BEST-TROSY (or LTROSY).#16418

Spectroscopists have to decide between these different
pulse sequences, which all have advantages and drawbacks,
particularly in the cellular context. Let us give a rough sum-
mary: i) in the case of a fast-tumbling protein (~5-10 kDa, or
IDPs), the S/N-PUT is as follows 'H-'>’N SOFAST-HMQC >
BEST-HSQC > HSQC > BEST-TROSY > HSQC-TROSY;
ii) in terms of peak linewidth, hence of potential resolution,
the order is strictly the opposite; iii) the relative S/N-PUT of
pulse sequences is progressively inverted for proteins of
growing size (i.e. slower tumbling-time), so that only 'H-"*N
TROSY pulse sequences can help to detect proteins above
100 kDa for example.

Which ""N-editing pulse sequences were thus used for in-
cell studies? Dotsch and colleagues pioneered the field using
'H-""N HSQC, at a time where BEST updates had not been
designed yet.!*!4%147 This pulse sequence was good enough
for detecting the small model protein NmerA (7 kDa) in E.
coli, and even better for another small model protein, GB1 (6
kDa). Indeed, GBI experienced only limited interactions
with cellular components, so that its tumbling was ~8-fold
slower (i.e. like a protein of ~50-60 kDa in vitro) in E. coli
than in vitro, which yields still relatively favorable NMR
relaxation properties and signal intensities.'”? Two-
dimensional 'H-"’N HSQC was thus used through the 2000’s
by various group to detect well-behaved folded proteins like
GBI and some IDPs in E. coli, X. laevis oocytes, yeast,
insect and mammalian cells, 149153,165-168,182-
184.217.226.282.283.324419 However, it was soon recognized that
some small proteins did not yield any detectable signal in
cells, the best example being ubiquitin,'#5:153:156.170.173.280420
Multiple interactions with cellular components were respon-
sible of this peak disappearance: these provoke slower tum-
bling but also chemical exchange relaxation, which, alto-
gether, cannot be solved by the sole use of TROSY pulse
sequences, '46-148.189.283421 The physiological state of bacterial
cells plays a role in presenting variable quantities of sticking
RNAs or chaperones and in producing eventually misfolded
populations of the protein of interest: here again, TROSY
sequences find their limits and cannot help to detect any
useful signal.?***>* Small folded (10-25 kDa), promiscuous-
interacting proteins, like ubiquitin or thioredoxin, appear to
tumble as if they were ~1 Mda large in E. coli.*® Hence,
only deuteration of these latter proteins is likely to make
them NMR detectable, in association with dedicated TROSY
experiments. 190,286,359,395,422

In 2009, Shirakawa and colleagues were the first to use the
'H-">N SOFAST-HMQC to acquire 2D NMR spectra of 6-12
kDa large proteins in mammalian cells.’' Because of its
superior S/N-PUT, Banci and colleagues followed this 'H-
N SOFAST-HMQC approach for studying a 7 kDa large
protein and the 32 kDa large SODI1 homodimer in E.
coli.'""#? They used it later for characterizing proteins of
various weights in mammalian cells, including the SODI
homodimer.172’237‘238’255’256’259'260’269 Then, the lH_ISN SO'
FAST-HMQC pulse sequence became the first choice of a
number of groups for characterizing folded proteins in
mammalian cells in the
20107s'285,311,312,33l,357,358,360,362,363,366,396,424,425 The mammalian
cytosol is less crowded and viscous than the bacterial one, so
that the studied small proteins (< 20 kDa) have generally
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intracellular tumbling times about twice slower than in their
purified, dilute form. Hence, mammalian cells do often not
provoke the great intensity losses that 2D 'H-'"N SOFAST-
HMQC suffers with large proteins (> 50-60 kDa). At the
opposite, some groups kept using the 'H-'*N HSQC when
working in E. coli or frog/fish oocytes, where higher viscosi-
ty provokes faster relaxation that is more deleterious to 2D
'H-"N SOFAST-HMQC than to 'H-"N HSQC acquisi-

tion. 180,185-187,201,278,287,288,426,427

We must mention the specific case of IDPs: although the
'H-'>N SOFAST-HMQC approach was initially tailored for
globular proteins, it can yield 4-20-fold S/N enhancements
for IDPs’ detection in vitro, notably because of a favorable
side-effect of the water-amide proton exchange.*® It has thus
been used for in-cell NMR studies of IDPs,!76:177:331.357.360
However, here again, the higher intracellular viscosity and
the multiple transient interactions provoke a fast relaxation
in the "N-dimension and thus a rather poor resolution, even
at very high field.””° Unfortunately, IDPs generate poorly
dispersed NMR spectra, which calls for highly resolved
spectra if residue-specific information is expected. Hence, a
number of groups preferred to acquire 2D 'H-SN HSQC
spectra of IDPs in cells when their concentration was high
enough,?84360367426  or even better to use BEST-HSQC
(LHSQC).'”

in live cells

To the best of our knowledge, nucleic acids have not been
studied in cells using 'H-'>’N NMR correlation spectroscopy.
Pulse sequences dedicated to nucleic acids exist, which are
relatively equivalent to those developed for proteins.*'®

To finish with 'H-"*N pulse sequences for in-cell NMR,
we must discuss their field dependency. The NMR spectros-
copists know that the performances of TROSY sequences do
highly depend on the magnetic field. If we consider an ideal,
deuterated ~30 kDa protein (without any conformational or
binding exchange), theoretical calculations indicate that 'H-
>N non-TROSY and TROSY peak intensities should be ~2-
fold and ~4-5 fold larger at 1.2 GHz than at 500 MHz, re-
spectively.*”? For such a protein, TROSY schemes become
more sensitive than regular HSQC sequences only at ~1 GHz
fields. The efficiency of 'H-"N SOFAST-HMQC and
BEST-HSQC (LHSQC) experiments depends on field too:
higher fields permit to excite more selectively the HN amide
resonances, and thus to maintain the magnetization of water
and alkyl protons along +z to a better extent, both popula-
tions accelerating the HN T1 relaxation and its S/N-
PUT.*"**® Hence, using the current commercial equipment
and pulses, these pulse sequences start to provide their best
yields at fields above 700-800 MHz, according to our practi-
cal experience. What can we expect from higher magnetic
fields for in-cell NMR investigations? The first reports are

in cell lysates
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Figure 13: In-cell 'H-'’N SOFAST-HMQC and BEST-TROSY spectra of the model disordered protein o-synuclein, and of the folded
CA2 (~30 kDa), recorded in HEK293T cells (after transient transfection and in situ expression in a medium supplemented with '*N-labeled
amino acids).?’ Intracellular concentration of CA2 was ~150 pM, according to previous reports (unknown for a-synuclein).?6! The lowest
contour levels were set to 4x the average noise intensity. All SOFAST-HMQC experiments were recorded in ~30 minutes, except that of
a-synuclein in live cells in ~1 hour; all BEST-TROSY were recorded in ~1 hour. The evolution times were set to different values depend-
ing on the expected relaxation times and linewidths, but were kept constant for every comparative couples 900MHz-1.2GHz. This means
more points in the N dimensions and compensating adjustments of the number of scans at 1.2 GHz, in order to keep similar acquisition
times. While the higher field brings some improvements in lysates, methods remain to be found to make it profitable for in-cell samples.
Adapted from ref 2’° Copyright 2021 from Luchinat et al. under the terms of a Creative Commons CC BY license.

only being released on the brand-new 1.2 GHz spectrome-
ters. Banci and coworkers showed that S/N-PUT of 'H-"N

SOFAST-HMQC

and

'H-"N  BEST-TROSY

experi-

mentswere about 75% more sensitive at 1.2 GHz (3-mm
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probe) than at 900 MHz (5-mm probe) for the model IDP o.-
synuclein in mammalian HEK293 cells (up to ~130% in
cellular extracts); the same pulse sequences were approxi-
mately as sensitive at both fields for the ~30 kDa enzyme
carbonic anhydrase 2 in the same cells (CA2).2”° These num-
bers come from only 3 selected peaks in the acquired spectra.
Moreover, they were biased by the fact that they compared
samples in 3-mm diameter tubes, but recorded using 5- and
3-mm diameter probes at 900 MHz and 1.2 GHz, respective-
ly: S/N-PUT at 900 MHz might be increased by ~30% to
account for the lower filling factor of the 5 mm probes. The
'H and "N NMR peak linewidths were 10-20% thinner (in
ppm) at 1.2 GHz. Altogether, in-cell solution NMR samples
may benefit of “ultra-high” fields only at the margins, know-
ing that these two model proteins are well-behaved for our
purposes, i.e. they do not interact too promiscuously in cells
and they do not show ps-ms conformational dynamics. It
seems that we observe the typical compensation between the
beneficial (a higher starting magnetization) and adverse
(faster T2 relaxation, and also slower T1 relaxation) effects
of increasing magnetic fields on protein NMR signals. The
ultra-high field might be more advantageous for '*C/"*N-
direct detection.

2.3.3. BC-edited spectra

As mentioned several times in chapter 2.2., 2D "H-"*C cor-
relation spectra contain more signals from the cellular back-
ground than 'H-"*N spectra. However, 'H-"C NMR spec-
troscopy of methyls has advantages that made it instrumental
for characterizing large proteins in vitro: i) methyls are rather
mobile moieties, ii) they carry 3 equivalent protons, iii)
dedicated pulse sequences for high molecular weight pro-
teins are relatively straightforward to use, and iv) a number
of metabolic precursors and labeling protocols exist to inte-
grate well-defined 'H-"*C-methyls in a deuterated back-
ground.®>!* Of note, the SOFAST-methyl-TROSY is the
recommended pulse sequence in all situations and its per-
formances are relatively field-independent.®>*° All these
combine to make 2D 'H-"*C NMR of methyls a sensitive and
convenient approach. However, it generates spectra that are
intrinsically less dispersed than 2D 'H-"N spectra. Thus, 2D
'H-"*C NMR helps only for folded proteins and not for IDPs.
Moreover, the cellular background is quite profuse in the
spectral regions of Ala, Leu, Thr and Val.!#6:148267 It prohibits
most probably studies in X. laevis, due to their high lipid
content.’® In 2004, Détsch and colleagues showed that [me-
thyl-'*C]-methionine labeling could be helpful to detect
proteins in E. coli. They were using a 'H-C HSQC pulse
sequence, which is nowadays obsolete (but also used by
Banci and colleagues in 2016).5523%

The next in-cell 'H-C spectra came only in 2012 by
Waudby and colleagues, who reported methyl-TROSY spec-
tra of ['*C8]-lle of the model protein TTHA in E. coli; the
peaks were rather broad.'” Shimada and colleagues pro-
duced '"H-C SOFAST-methyl-TROSY of a 9 kDa protein
delivered in mammalian cells. The protein was uniformly
deuterated except the 'H-">C-labeled methyls on Ile-81, Leu-
61/2 and Val-y1/2 positions, which permitted to recorded
high resolution spectra in cells.”*” They noticed moreover
that mammalian cells viability was not affected if maintained
in 60% D,O, which helped to record higher quality spectra.
Similar to in vitro,* protein deuteration appears to be key to
obtain good resolution and signal intensity. The same authors

recorded good-looking in-cell 'H-'C SOFAST-methyl-
TROSY spectra from [u-*H, Ala-'*CHs]-thioredoxin,®*® and
[u-H, Ile-(81-'3CH;)]-RAS (20 kDa). In the first case, they
monitored the residue A29 of thioredoxin: it had indeed
unusual resonance frequencies, out of the spectral regions
where most cellular background signals are found. In the
second case, lle-(51-">CH;) labeling provided very satisfying
spectra in a region where the cellular background is scarce
(Figure 14). Moreover, Ile residues are satisfyingly abundant
and dispersed in proteins, and Ile-(81-'*CH3) provides gener-
ally more precise structural information than Met-("*CHs).
This strategy looks promising. However, 'H-*C SOFAST-
methyl-TROSY does not solve all the intracellular, broaden-
ing effects. In particular, it failed to detect proteins that expe-
rience multiple, transient interactions with cellular compo-
nents in the more crowded cytosol of E. coli cells (even
though it appears to perform a bit better than 'H-'"N BEST-
TROSY experiments).'®

cellular
background [u.2H, lle(31-13CH3)]-RAS
region | ®signals
aq===P» in-cell Osignals
—A in vitro
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Figure 14: 2D 'H-3C SOFAST-methyl-TROSY spectra of [u-
2H, Tle-(51-'*CH3)]-RAS (20 kDa) in cultured mammalian cells
(3.107 HeLa S3) (black and blue for positive and negative sig-
nals), and in dilute solution (red for positive signals). The acqui-
sition time is 30 minutes for an intracellular concentration at
~50-70 uM. The binding of GTP or GTP to RAS generates two
well-separated NMR peaks for Ile21. All Ile signals are ob-
served in cells, except that of Ile139 because it overlaps with
cellular background signals. Adapted from ref 327. Copyright
from Zhao et al. nder the terms of a Creative Commons CC BY
license https://creativecommons.org/licenses/by/4.0/.

Tridimensional 'H/"*C/'*N experiments are another com-
mon family of *C-edited spectra, which have been recorded
using in-cell NMR samples. These spectra are usually rec-
orded for protein resonance assignments, and eventually for
structure determination (see chapter 2.3.5.). Their detailed
description is far beyond the scope of this review, and we
refer the reader to dedicated publications.*'*** These exper-
iments are even more sensitive to the adverse effects of
cellular interactions and viscosity, because they rely on
multiple magnetization transfers during which fast T2 relaxa-
tion is extremely deleterious. Moreover, n-dimensional spec-
tra correspond to a geometric increase in data points to rec-
ord, which translates into days-long acquisition times for
many 3D 'H/"*C/"*N experiments. Sub-sampling and recon-
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struction methods have been developed,**** which decrease
acquisition times to a few hours. These proved to be instru-
mental for in-cell samples. Hence, using radial projection
and reconstruction, the first in-cell 3D spectra (HNCA in 2
hours, HNCO in 1 hour, and HA(CA)NH in 3 hours) were
recorded in 2005 on GBI in E. coli. We have seen previously
that the 6 kDa model protein is not too affected by the bacte-
rial cytosol, where it tumbles like a ~50-60 kDa proteins.
The authors did not provide the protein concentration, but
GB1 overexpression can yield intracellular concentrations
about ~250-1500 pM.'"*!'" Then Ito and colleagues used
non-uniform sampling (NUS) to record 3D spectra of the
model protein TTHA1718 at 3-4 mM in E. coli.'™'® Ac-
cording to their relaxation measurements, TTHA1718 was
tumbling like a ~40 kDa protein at 37°C in cells. They rec-
orded twelve 3D spectra for backbone- and side-chain as-
signment as well as distance measurements (see the list in
168), sampling between 12.5 and 25% of the data points.
These spectra could not be all recorded on the same sample,
because cells start to leak after 5-6 hours.

Ito and colleagues managed to improve their approach by
reconstructing their 3D spectra using Quantitative Maximum
Entropy algorithms, which shows improved reliability in-
cluding for NOESY spectra.**® This permitted to record the
same set of 3D spectra of GB1 at only ~250 uM in E. coli, at
22°C, using 140 minutes long acquisition times.'® Ito and
colleagues had previously used this reconstruction method to
obtain 3D spectra of GB1 in insect cells, but the lower con-
centration (~130 pM) permitted only the backbone-
assignment and distance measurements. Indeed, the authors
failed to obtain exploitable spectra for side-chain assign-
ment, because of the fast T2 relaxation provoked by intracel-
lular viscosity and transient interactions.””® They fixed this
problem by implementing a flow-probe bioreactor supplying
fresh medium to the cells, which maintained their viability
for 24 hours and more (instead of < 8 hours previously).?’
Hence, they could record the whole set of 3D spectra for five
different model proteins (MW ranging from 7 to 19 kDa) in
insect cells at 28°C. All these acquisitions were performed
on bacterial and insect cells resuspended in 100% D>O me-
dia. The in-cell spectra of GB1 were good enough to assign
unambiguously 98% of backbone resonances and more than
70% of side chain resonances. It is important to notice that
all these spectra were recorded at 600 MHz, a standard and
widespread magnetic field, which is however limited in its
resolution capacities. Ito and colleagues used standard 3D
pulse sequences, without using band-selective excitation
methods (so-called BEST), which might nevertheless signifi-
cantly improve the S/N-PUT at higher fields.*'®

IDPs have also been studied in cells using *C-edited ex-
periments. Waudby and colleagues have recorded 3D BEST-
HNCO and BEST-HNCOCACB spectra of a-synuclein at ~
1.7 mM in E. coli at 4°C and 700 MHz (~2.5 hours of acqui-
sition time for each spectrum). Interestingly, they used a
deconvolution algorithm to compensate the broadening ef-
fects of field inhomogeneity, which yielded much improved
peak linewidth and resolution. '*C-direct detection NMR
spectroscopy was also proposed by Felli and Pierattelli: they
showed the feasibility of recording 2D (H-flip)"*CO'*N and
(‘H-flip)"*Ca.*CO spectra on a-synuclein at ~ 0.2 mM in E.
coli (at 700 MHz, using a carbon-detection optimized
probe).!” Even though less sensitive than 'H-'"N HSQC

experiments, these '*C-detection experiments provided much
improved spectral dispersion. Moreover, the *Ca*CO ex-
periments can produce spectra of IDPs in all conditions of
pH and temperature, which is not completely the case for
BCON spectra, and not the case at all for 'H-'>N schemes,
because of the water-amide proton exchange.*® Recent
BCa!*CO pulse sequences were proposed, which can pro-
duce exploitable 2D spectra of proteins at ~20 uM in ~1
hour. #6437 BCO-direct detection approaches are however not
likely to be efficient for globular proteins in cells, because of
the large chemical shift anisotropy of peptide *CO.

Altogether, "*C-edited experiments might have been un-
derexploited for in-cell structural biology by NMR. '*C-
labeling is most often more expensive than '“N-labeling, but
the advantages of 2D 'H-'*C correlation spectra show prom-
ising results, which could be further improved by some re-
cent isotope labeling methods and pulse sequences.*%4?

2.3.4. YF-NMR spectroscopy

Because fluorine is almost absent from the biological
realm,* in-cell '°F NMR is naturally free from any cellular
background signal. For the same reason, it is also not
straightforward to produce samples generating '"F-NMR
signals of interest. As mentioned earlier, these can be gener-
ated by incorporating non-natural amino acids or nucleic
bases, either using recombinant production or chemical
reactions or synthesis (see chapter 2.2.1.). "YF-NMR has two
important advantages: i) '°F has a high gyromagnetic ratio,
which ensures high sensitivity a priori; ii) the magnetic
resonances of '’F nuclei are extremely sensitive to any subtle
changes in their local environment, which produces a chemi-
cal shift range ~100-fold broader than that of 'H.''740244!
Hence, '"F-NMR investigations can be executed by record-
ing simple one-dimensional spectra, which favors sensitivity.
(see chapter 2.1.3.). This makes '°F an appealing probe for
nailing structural changes or dynamics of macromolecules
with multiple stable conformations,****? as shown by a
number of recent important reports on GPCRs for exam-
ple.*3*7 However, ’F-NMR has its Achille’s heal: the high
chemical shift anisotropy (CSA) of °F nucleus provokes fast
T2 relaxation, hence broad linewidth and reduced signal
intensities, a problem that worsens as tumbling time and/or
magnetic field increase.!'*>#! As mentioned earlier, pro-
teins/nucleic acids tumble slower in cells, due to cellular
viscosity and multiple interactions. '"F-NMR has had inter-
esting contributions though, and we provide below some
technical details about their spectroscopic aspects.

The first in-cell '’F-NMR spectra were recorded by Brin-
dle and colleagues in the late 2000’s.!*""14> Four different
enzymes were tested, the samples being generated from
overexpression in  yeast strains incorporating  5-
fluorotryptophane (SF-Trp). Two of them (45 and 104 kDa)
kept sufficient intracellular mobility to be observable by '°F-
NMR, while the remaining two enzymes (a 210 kDa homo-
tetramer and a 98 kDa dimer) were apparently immobilized
and not observable by solution NMR. Even for the observa-
ble enzymes, one-dimensional in-cell '"F-spectra required
2000 scans to yield sufficient S/N at 400 MHz (‘H-NMR
frequencies) although they reached 0.4-1 mM intracellular
concentrations. This was due to faster T2 relaxation in cells,
provoking also a ~4-fold increase in linewidth as compared
to in vitro spectra. Brindle and colleagues used a “Ernst-
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angle” to improve the S/N-PUT; acquisition times were
about 20 minutes.

More than ten years later, Li, Pielak and their colleagues
reported their first in-cell '’F-NMR investigation,'*® starting
a series of studies constituting the main body of knowledge
established on this approach. Overall, they carried out their
works using: i) '?F-dedicated (cryo)probes at 500-600 MHz;
ii) one-dimensional '"F-NMR spectroscopy accumulating
~2000 (room temperature probes) or ~500 (cryoprobes)
scans in about one hour or 15 minutes, respectively, using
90° pulses; iii) 'H-optimized (cryo)probes at similar magnetic
fields to compare or complement '°F-spectra with 2D 'H-""N
HSQC or TROSY spectra using similar acquisition times
(see chapter 2.3.2.). Their in-cell samples were either E. coli
cells incorporating fluoro-Phe/Tyr/Trp and overexpressing a
protein of interest, either X. laevis oocytes microinjected
with a recombinant purified fluoro-Phe/Tyr/Trp-protein.
These present intracellular concentrations of ~0.5-1 mM or
~0.1 mM, respectively. The fluoro-amino acid incorporation
during recombinant production was not necessarily stoichi-
ometric though.*#®

Importantly, the incorporation of fluoro-amino acids per-
mitted the '°F-detection of small (~10 kDa) proteins like
ubiquitin and calmodulin in cells, which did not yield any
'H-"*N signals because of the many transient, unspecific
interactions with cellular components.'*>'*> Li, Pielak and
their colleagues showed convincingly that '"F-NMR was
capable of detecting a panel of fluoro-proteins previoulsy not
observable using the more standard 'H-""N or 'H-"*C NMR
spectroscopy, both in E. coli'® and X. laevis oocytes.”
Nevertheless, some correlation exists between 'H-"N detect-
ability and '’F-signal linewidth,'8%192-195.197.199.201.286

Indeed, Li, Pielak and colleagues reported systematically
broad '"F-signal linewidths from fluoro-proteins in cells:
these are soon > 0.5-1 ppm large, even for <10 kDa proteins
when they experience abundant intracellular interactions.'®*
195 Consequently, in-cell '’F-NMR peaks overlap very often,
even though fluoro-Phe/Tyr/Trp resonance are naturally
well-dispersed.'”*™'* This depends on the intracellular T2
relaxation, which is linked to tumbling times and interac-
tions: ""F-NMR is very much affected by the interactions
with cellular components, like "H-detected/"*C- or '“N-edited
NMR (chapters 2.3.2. and 2.3.3.).!> Sample homogeneity is
not an important factor for '"F-linewidth in E. coli sam-
ples,' at the opposite of what was observed in oocytes.'?>2%
However, the more crowded E. coli cytosol provokes higher
viscosity and more abundant interactions than in frog oo-
cytes, so that similar '’F-linewidths are measured for small
proteins in these two cell types (Figure 15).2%

Hence, broad in-cell '"F-linewidths call for a cautious
choice between fluoro-Phe, -Tyr, or -Trp: it is notably dictat-
ed by their number in the protein of interest, and by the
dispersion of the corresponding '°F-peaks, in order to avoid
peak overlaps and the acquisition of pointless spectra. The
fluoro-amino acids used for in-cell NMR studies were 3-
fluoro-tyrosine (3F-Tyr),!8192-197:28  3_flyoro-phenylanaline
(3F-Phe),'® 6-fluoro-tryptophane (6F-Trp),'**!962%2 5-fluoro-
tryptophane (5F-Trp)!3197-199.201.278286 (Rigyre 16). Crowley
and colleagues made the use of SF-Trp labeling popular in
the last years, notably because it is naturally produced by E.
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Figure 15: One-dimensional '°F-spectra of SF-Trp-labeled and
3F-Tyr-labeled GBI in E. coli (red) and in oocytes (black). The
Full Width at Half Maximum (FHWM) is indicated for every
peak. The contribution of sample inhomogeneity to peak broad-
ening is indicated in blue (1/(m*T2iphom.), as measured from the
difference between the 'F-linewidth and the measured "F-T2.
Stars indicate the fluorinated metabolites remaining in E. coli
cells (5F-Trp and 5F-Indole). Adapted from ref 2%, Copyright
from 2015 John Wiley and Sons.

coli cells from the inexpensive 5F-indole precursor; 5F-
Trp is then readily incorporated in the overexpressed, re-
combinant proteins.''®

Among the unnatural fluoro-amino acids used for in-cell
NMR, the trifluoromethyl-phenylalanine (tfm-Phe) can gen-
erate the sharpest signals because of the higher mobility and
reduced CSA of the trifluoromethyl function.'”***° To the
best of our knowledge, it was not used anymore for in-cell
NMR after 2010, probably because its insertion using amber-
codon recoding is more tedious and provides lower yields. It
had nevertheless the great advantage of incorporating a '°F
probe at a single, well-defined position, and allowed the
detection of large proteins in E. coli (up to 100 kDa), which
were otherwise invisible using 'H-'"N NMR spectroscopy.'”

In-cell "F-NMR looks rather useless for IDPs: the chemi-
cal shift dispersion is poor, and the peak broadening in cells
is such that they readily overlap, as shown with the model
IDP a-synuclein,'®2%

F-NMR provided promising results for studying nucleic
acids in cells recently. Xu and colleagues introduced a 3,5-
bis(trifluoromethyl)benzene moiety at the 5 termini of DNA
oligonucleotides, which were later delivered in X. laevis
oocytes or in HeLa cells.'**22343% They yielded broad, but
detectable signals in 1 hour for intracellular concentrations
of about 150 uM, at 400 MHz using a room-temperature
probe. Srivatan and colleagues incorporated a 5-
fluorobenzofuran-2’-deoxyuridine in their oligonucleotide,
which is much less mobile, and thus suffers of very fast T2
relaxation in cells: it required 8-10 hours of acquisition times
to detect very broad 'F-signals of their oligonucleotides at
~180 uM in X. laevis oocytes, using a 600 MHz spectrome-
ter equipped with a room temperature probe.?”

Potential issues are often hypothesized about the impact of
unnatural fluoro-amino acids or -nucleic acids on pro-
teins/nucleic acids conformation and stability. On average,
they tend to faintly stabilize protein folds, but this depends
naturally on the type of fluoro-amino acid.**! As far as in-cell
NMR is concerned, only aromatic fluoro-amino acids have
been used. These have been shown to be capable to estab-
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lished new hydrogen bonds through the fluorine atom, and to
affect the structure in some cases.*®#!%!453 Consequences
on enzymatic capacities have been reported, notably because
fluorination affects tyrosine pKa.**' Some other proteins are
not perturbed by the incorporation of fluorinated aromatic
amino acids.*'**#56 The accumulation of numerous fluori-
nated amino acids in hydrophobic cores appears to have
destabilizing consequences, and it is advisable to dilute
fluorine incorporation, notably for the more abundant phe-
nylalanines. 24445143 Most of mono-fluorinated nucleotides
are thought to have only minor consequences on nucleic
acids thermodynamic stability, whereas tri-fluorination
might be more deleterious, 135136138457

Altogether, in-cell YF-NMR permitted the detection of
proteins, whose 'H-'*C/"*N signals were broadened beyond

(5F-Trp)-GB1  (3F-Tyr)-Ubq
6.3 kDa 8.5 kDa

In buffer l )

(3F-Tyr)-CaM
16.8 kDa

detection. It has been however limited to the study of rather
small proteins, because of the rapid intensity losses suffered
at higher molecular weights. Hence, we have seen that the
large '"F CSA provokes fast T2 relaxation and very broad
signals of larger proteins and nucleic acids in cells (Figure
16). All these observations were reported from studies using
conventional one-dimensional 'F-NMR pulse sequences.
Recent reports have shown that this large CSA can be used
advantageously if '"F-"*C spin pairs are created, both in
aromatic amino acids and nucleotides:'!®!!%137:139410 thege
pairs permit the selection of so-called TROSY components
of the '"F/3C resonances, which have slow relaxation and
narrow linewidths even for high molecular weight species.
This approach might have interesting applications for in-cell
NMR studies in our opinion, especially for nucleic acids.
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54.4 kDa 14.4 kDa/"1DP"

| N WA A

5F-Trp %

3F-Tyr *5F-Ind
In E. coli 5F- Trp
In oocytes A K 1 pf-ind M N\ h
-120 124 131 135 -133 137 120 -124 134 -138

19F chemical shift (ppm)

Figure 16: '°F NMR spectra of recombinant proteins incorporating either 3F-Tyr or 5F-Trp. Spectra recorded in vitro show the progressive
broadening accompanying the increase in molecular weight and tumbling time. Proteins were injected in oocytes at final concentrations of
100-200 pM; intracellular concentrations in E. coli are less precisely characterized, in the millimolar range. Spectra were acquired at 600
MHz on a !°F-optimized cryoprobe in ~45 minutes for GB1 and a-synuclein (aSyn), 1.5 hour for ubiquitin (Ubq), 3 hours for calmodulin
(CaM) and protein disulfide isomerase (PDI). Spectra recorded in X. laevis oocytes and E. coli are in black and red, respectively. In E. coli
spectra, peaks of free metabolites SF-tryptophane (5F-Trp) and its precursor 5F-indole (5F-Ind) yield sharp peaks highlighted by stars.

Adapted from ref 26, Copyright 2015 John Wiley and Sons.

2.3.5. Distance measurement and structure determi-
nation

Two types of distances have been measured using in-cell
NMR spectroscopy: 1) the internuclei distances via the nu-
clear Overhauser effects (NOEs); ii) the distance between a
nucleus and a paramagnetic center via the pseudo-contact
shifts (PCS).*®* A third type of information for structural
calculation comes from backbone chemical shifts and their
correspondence with backbone torsion angles. Ito, Giintert
and colleagues included these angles as restraints in structur-
al calculation, as predicted from chemical shifts by TALOS-
N.168.169.227.310459 WwWaydby and colleagues have also used
backbone chemical shifts to quantify the secondary structure
propensities of the model IDP a-synuclein in E. coli.'” We
will not develop further this aspect, which is not specific to
in-cell NMR.

NOEs reveal their close distance in space between nuclei
(~5-6 A in most cases). They are traditionally detected by
crosspeaks in 2D or 3D NMR spectra, whose intensities are
correlated to 1/d°, with d the distance between two nuclei.
In-cell NOEs have been measured and exploited by Ito,
Giintert and their colleagues. We presented the experimental
details of their 3D 'H/"*C/"*N spectra acquisitions in 2.3.3.
The analysis and exploitation of the recorded datasets re-
quires also some adaptations, which benefited from the most
advanced techniques for i) combined automated NOEs as-

signment and structure calculation and ii) structure refine-
ment, as developed by Giintert, Ikeya and their col-
leagues.**4! Indeed, 3D spectra in a cellular background
produces i) broader peaks than their in vitro counterparts,
and ii) peaks from cellular components that should not be
integrated in the later structure calculation. These aspects
had already been recognized in 2006 by Wiithrich and col-
leagues, who attempted to determine a structure in cell ex-
tracts.*®> Broad peak linewidths are deleterious for NOE-
based structure determination.*3#%* Overlapping peaks are
either useless or even misleading; broad peaks generate
important assignment difficulties, ambiguities and possibly
erroneous distance constraints. Moreover, the 3D spectra
used for side-chain resonance assignment
(HBHA(CBCACO)NH, H(CCCO)NH, and (H)CC(CO)NH)
are affected by the faster T2 relaxation in cells. Consequent-
ly, a number of expected magnetization transfers and their
resulting peaks could not be detected in the 5-6 hours allo-
cated before cell leakage, and the corresponding assignments
could not be achieved.'*** Tto and colleagues proceeded in
two different ways: i) from 2016, they used an automatic
peak assignment procedure in the NOESY spectra, where the
expected intra-residue crosspeaks appear;'® ii) in 2019, they
prolonged cell viability by using a flow-probe bioreactor,
which permitted longer acquisition times and improved
detection of crosspeaks in 3D spectra.”*’ Moreover, they
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produced a number of samples with various amino acid
selective *C-labeling (AILVTFWY) and assigned manually
side chain resonances from '"N- and '*C- separated NOESY
spectra (they used this second strategy also in 2009-10, but
on  deuterated  proteins  incorporating  'H-"*C-
Ala/Val/Leu)."*"'227 Importantly, the authors deplored a
considerable number of nOe crosspeaks from the cellular
background. This forced them to treat separately the isolated
and overlapping peaks, the intensities of the latter class being
measured only after background subtraction.”?” Finally, the
last steps of structure determination by NMR include re-
finement calculation driven by physical force fields: in the
case of in-cell samples, the sparse and ambiguous data pro-
duce models that require algorithms with larger radius of
convergence and conformational search than those used for
in vitro data. Ikeya, Giintert and their colleagues implement-
ed a Bayesian inference-assisted calculation integrating
experimental NMR data and torsion angle, replica exchange
molecular dynamics. Altogether, these methods permitted to
extract as much information as currently possible from the
intrinsically mediocre NMR distance measurements in cells.
It yielded well-converged structure ensembles (average
backbone RMSD ~0.5-0.8 A for three 7 kDa proteins) (Fig-
ure 17). In-cell NOE-derived structures can thus be derived
for 10 kDa proteins, and probably up to 15 kDa at least.

TTHA1718 (7 kDa) - Structure in E.coli
2009 . 1) 2016

3D spectra by Bayesian
Quant. Max. refinement

Entropy (CYBAY)

¢ Suppl. automatic
# peak assignment
(FLYA)

Figure 17: Successive structural ensembles obtained by inte-
grating advanced data treatment, from 3D spectra reconstruction
of sparsely sampled datasets by Quantitative Maximum Entropy
algorithms, to automatic assignment of side chain resonances by
the FLYA algorithm, and to inferential structure determination
by the CIBAY module of CYANA. The depicted structures
were obtained without the hydrogen bond restraints, which had
been used initially in 2009: the authors argued that these re-
straints impose secondary structure hydrogen bonds from in
vitro standards, which might not hold true in cells. Adapted
from ref '°. Copyright 2016 from Ikeya et al. under the terms of
a Creative Commons CC BY license.

2.3.6. Paramagnetic centers for distance and orien-
tation measurements, and structure determination

Pseudo-contact shifts (PCSs) are present in molecules che-
lating a paramagnetic moiety, whose unpaired electrons
distort the local magnetic field in an anisotropic fashion
(typically lanthanide ions). This provokes chemical shift
perturbations, the PCSs, of the surrounding nuclei of the

same molecule. Remarkably, these perturbations depend on
both distance (1/r’) and orientation between the paramagnet-
ic center and the observed nuclei. Dedicated publications
explain theoretical and practical aspects of this phenome-
non.*>#7' PCSs are thus a rich source of structural infor-
mation, with two highly attractive strengths: i) they can
provide long-distance information, commonly up to 5-6 nm,
provided that the chelated center mobility is constrained
enough in the studied molecules (recent, improved lantha-
nide cages might give access to distance measurements up to
20 nm!);*>*7 ii) they can be measured from 1D or 2D spec-
tra, whose acquisition are much faster and more sensitive
than those of the 3D spectra necessary for determining NOEs
(Figure 18A-B). This makes PCSs very appealing for in-cell
NMR studies. However, most proteins are not natively che-
lating lanthanides. A regular strategy consists in attaching a
lanthanide-cages to the macromolecule of interest. Establish-
ing disulfide bonds between a single cysteine and a lantha-
nide-chelating moiety is a popular method, but it is not ap-
propriate the reducing intracellular environment.**#’® In
2016, three independent groups sought to use nonreducible
thioether bonds to link '"N-labeled, small model proteins
(GBI and ubiquitin) and their home-developed lanthanide-
chelating moieties, which made it possible to measure PCSs
in live cells (Fig 18).28728362 Two of them delivered the
resulting constructs in X. laevis oocytes, the third one in
HeLa mammalian cells, at final intracellular concentrations
of 50 uM. PCSs were readily measured in 'H-'*N HSQC
(oocytes, at 600 MHz) or SOFAST-HMQC (HeLa cells, at
900 MHz) spectra in 2-5 hours and 30 minutes, respectively.
PCSs were highly similar to those measured in vitro, which
was expected from proteins that have very stable folds.
These PCSs were even used for structure calculation, using
the program GPS-Rosetta, which integrates backbone chemi-
cal shifts and PCSs as structural constraints to generate mod-
els.*"477 Using PCS from 9 samples (3 cysteine mutants, and
3 lanthanides, namely Tm and Tb, plus Lu for the diamag-
netic reference, chelated by the DOTA-MPy7 tag), Theillet,
Héussinger and colleagues found out that the 100 lowest
energy models (among 10,000) of GB1 in cells had an aver-
age Ca. RMSD of 1.04 and 1.85 A when incorporating or not
PCSs constraints, respectively.”®” Su, Huber, Li and col-
leagues came to similar conclusions using 8 samples (2
cysteine mutants and 4 lanthanides).”®® GB1 is of course a
small model protein, whose ab initio structural prediction
was already satisfying (in times where deep-learning meth-
ods were not even existing...).

To the best of our knowledge, no other in-cell NMR stud-
ies were carried out using PCSs, except a short report of
PCSs provoked by Tb** complexation of F-labeled cal-
modulin in X. laevis oocytes.'”” The ligation of these first
thioether lanthanide tags required rather harsh conditions, i.e.
24 hours long incubation times at 35-40 °C or one week at
room temperature. This was feasible with GB1 or ubiquitin
but clearly problematic for most proteins of interest. Recent-
ly, Haussinger and colleagues designed advanced tags, which
react on cysteines at room temperature and in 30
minutes.*>#”® They combine all the expected qualities: i)
their DOTA scaffold ensures good stability and no leakage in
cells; ii) their scaffold is conformationally rigid but not too
hydrophobic; iii) their linker is also very rigid. Hence, they
can create large anisotropic tensors, i.e. large PCSs at long
distances. These will certainly have applications in the fu-
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ture. It is noteworthy to mention that PCSs have proven to be
also useful with "*C-methyl labeling schemes,**#% 13C-
labeled backbone carbons,*®' or '"F-amino acids, and that

recent softwares have been released for improved structure
479,482,483

determination using PCS restraints.
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Figure 18: Operating principles of PCSs and RDCs measure-
ment. A) Representation of a lanthanide-chelator DOTA-M7Py,
which is attached to a cysteine side chain of the studied protein;
this figure shows the example of the single point cysteine mu-
tant GB1-E19C- DOTA-M7Py[Lu/Tm]; Lu(Ill) serves as the
reference diamagnetic lanthanide; Tm(III) is paramagnetic with
a strong anisotropic tensor; B) PCSs are extracted from the
difference of chemical shifts observed in the dia- and para-
magnetic situations, using classical 'H->N SOFAST-HMQC or
HSQC experiments; C) RDCs are extracted from the difference
of scalar coupling measured in the dia- and paramagnetic situa-

tions, using 'H-'N IPAP-HSQC spectra; D) PCSs and RDCs
can be measured in cells, here in microinjected X. laevis oo-
cytes, using the same "N-filtered experiments; E) PCSs and
RDCs were very similar in vitro and in cells for GB1. Adapted
from ref 2¥7. Copyright 2016 American Chem Society.

Moreover, rigid lanthanide-chelators can provoke a partial
alignment of the protein they are linked to, which permits the
measurement of residual dipolar couplings (RDCs) (Figure
18C-D).*"*4* These are also a source of structural infor-
mation: they report on the orientation and conformational
dynamics of "H-""N amide bonds, with no distance limits.*
The DOTA-MPy7 tag was actually good enough to provoke
a sufficient alignment of GB1 and give rise to RDCs in X.
laevis oocytes, measured using a RDC-dedicated version of
'H-""N HSQC.** These were again similar to those measured
in vitro, reaching impressive values ranging from -15 to +25
Hz at 600 MHz. As structural constraints, RDCs are less
potent than PCSs, so that their addition did not have a strong
impact on PCSs-assisted structural calculation.®” RDCs due
to paramagnetism scales with the square of the magnetic
field.*6646°473 RDCs might thus be an important source of
information on structure and dynamics of proteins in cells
when measured at higher fields, say 900 MHz for example.

Paramagnetic centers can also be used to measure intra-
and inter-molecular distances via the paramagnetic relaxa-
tion enhancements (PREs). These are generated by a para-
magnetic moiety attached to the protein/nucleic acid of inter-
est: unpaired electrons provoke a <1/d*> distance-dependent
dipolar relaxation with the observed nuclei in the ~1.5-3 nm
range.***” These can be measured from 2D spectra, and
represent interesting restraints for structure calculation or to
detect low-populated conformations.**” ¥ To the best of our
knowledge, PREs have been used only once to characterize
in-cell distances on the model IDP aSyn in mammalian cells
by Theillet and colleagues.'’® At the opposite of PCSs-tags,
PRE-dedicated paramagnetic species have preferably iso-
tropic magnetic susceptibility tensors, like Gd(I1I), Mn(II) or
nitroxide functions. These must be attached at a precise
localization on the protein to obtain PRE-derived average
distances between the paramagnetic center and every ob-
served nuclei. The typical strategy for in vitro studies is to
create disulfide bonds between a cysteine side chain and a
lanthanide-chelator or a chemical function carrying a nitrox-
ide radical. In-cell studies necessitate non-reducible linkage,
like thioether bonds, and the most common nitroxides have
limited intracellular lifetimes, even though improved probes
have been designed.***' Theillet and colleagues have at-
tached a DOTA-derived cage chelating Gd(III) (paramagnet-
ic) or Lu(Ill) (diamagnetic) on cysteine side chains via a
thioether bond using a maleimide conjugation. The product
proved to be extremely stable in cells, with no leakage ob-
served after 24 hours.'” Peak intensities were measured in
2D 'H-N L-HSQC recorded on a:Syn carrying para- or dia-
magnetic tags at ~100 mM (tacqusiion~7-8 hours); the peak
intensity ratios gave access to residue specific PRE values,
using the treatment proposed by Wagner and colleagues.**
Proteins carrying both dia- and para-magnetic tags were
simultaneously delivered in cells, which permitted to derive
internal intensity references: the 6-10 residues neighboring
the cysteine-DOTA[GA(III)] are broadened beyond detec-
tion, so that the detected peaks of these residues correspond
to the diamagnetic counterpart and help to normalize the
delivered intracellular concentrations and NMR intensities.
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The following calculation of average PRE-derived distances
requires several input parameters: i) the PRESs; ii) the "N-T2
and 'Hn-T2 in the diamagnetic form; iii) the correlation time
of the couple {unpaired electron — observed 'Hy}. The latter
values were approximated by assuming that i) DO-
TA[Gd(IIT)] and the residue-specific had non-correlated
intramolecular motions (aSyn is an IDP); ii) the intracellular
viscosity was linearly slowing down the reference correlation
time of the DOTA[GA(III)] cage; iii) the intracellular 'Hy
correlation time was calculated from the measured N
T1/T2/het-nOes (see chapter 2.3.8.). The interpretation of the
PRE-derived average distance is still controversial: i) it relies
on many experimental parameters; ii) it uses on a simplified
model adapted to simplified Solomon-Bloembergen equa-
tions; iii) most importantly, PREs report distances according
to a biased average <1/d*>, which overweighs the compact
states in the conformational ensemble.*”**4%* Solving struc-
tures using in-cell PREs would clearly require more ad-
vanced data analysis.**?4°>%% PREs have a last important
application though: they can inform on intermolecular prox-
imities. For example, Theillet and colleagues attached a
DOTA[GA(III)] tag on “N-aSyn cysteine mutants and ob-
served the variations in peak intensities on the population of
WT '*N-labeled aSyn: lower intensities in some regions
revealed transient intracellular “N-aSyn:'*N-aSyn interac-
tions.'”

We must mention the fact that choosing appropriate lan-
thanide-tags is a trial-and-error process. Similar problems are
met when searching proper positions for attaching fluoro-
phores. Cysteines have to be solvent-accessible of course,
which does not warrant their equal reactivity though. At
some positions, the tags may destabilize the protein fold, or
hinder important interactions with cellular binding partners.
Moreover, lanthanide-tags can be more or less mobile de-
pending on their position, and consequently, more or less
capable to yield measurable PCSs and RDCs. Once more, the
preliminary in vitro characterization of purified material is a
prerequisite.

Altogether, the feasibility and usefulness of paramagnetic
probes are clear for in-cell structural studies. They confer the
ability to produce information on tridimensional structures
using fast and sensitive 2D NMR spectra. They may have
applications to derive structural information from pro-
teins/nucleic acids showing multiple stable conformations
and to investigate allosteric mechanisms in cells. They may
also contribute to intracellular studies of multiple domain
proteins or protein:RNA complexes, as shown in studies on
purified material in vitro.*"*”

2.3.7. Intracellular mobility

Cellular environments alter the rotational and translational
motion of molecules. These two mobilities are similarly
affected at the nanometer/nanosecond scales, but translation-
al diffusion is restrained by cellular macromolecules and
organelles at the micrometer/millisecond scale.!* The tum-
bling time of a given molecule can also be different at the
nano and at the milli-second timescales, in function of the
(un)specific and transient interactions that it experiences in
cells. Rotational and translational correlation times are thus
often decorrelated at the millisecond time scale. NMR spec-
troscopy can inform on both phenomena independently.

NMR spectroscopy has very interesting capacities in
measuring translational diffusion coefficients, thanks to

Pulsed Field-Gradient (PFG) NMR. We refer the reader to
dedicated reviews on PFG NMR theory and its numerous
applications.’*>? [t relies on the application of strong mag-
netic field gradient pulses before and after a chosen diffusion
delay: this results in a final NMR signal attenuation, which is
correlated to the mean distance covered by the population of
the observed molecule during the diffusion delay. PFG NMR
permits to measure molecular displacements from 10 nm to
100 pm occurring in a few dozens of milliseconds, i.e. the
chosen diffusion delay. *C- or ""N-filters can be added to
PFG-NMR pulse sequences, which was first used to measure
"N-labeled GB1 diffusion in E. coli cell lysates.’”® To the
best of our knowledge, PFG-NMR has been used for in-cell
studies only by Waudby and colleagues.'™!'” Their priority
was actually not to measure protein diffusion in cells, but to
establish a method to filter out the molecules that translated
too fast, i.e. those that had leaked from cells and were not
restrained in their diffusion by the cell dimensions anymore.
They used pulse sequences named 'H-"*"N HSQC- or BEST-
XSTE,*™ and 'H-"C HMQC-STE (also called "H-"C me-
thyl-TROSY HMQC-STE 3D DOSY-TROSY)*”. They 300
ms diffusion delays and PFGs at the maximum accessible
strength (11.7 T/m) to keep only the signals from proteins
entrapped in the micrometer-scale E. coli cells. They also
measured the diffusion coefficients of aSyn in E. coli cells
using diffusion times between 11 and 20 ms. PFG-NMR
pulse sequences exist that are adapted to large, slow tum-
bling *N-labeled macromolecules ('"H-'N TROSY-STE),*%
or to *C-""N-labeled disordered proteins that experience fast
water-amide proton exchange at physiological temperature
and pH  ('Ho-DOSY—'H/"N-HSQC  and  'Ho-
DOSY-3C'/"*N-HSQC)?". These have their own advantages
that may be useful for in-cell studies.

Rotational diffusion coefficients (also evoked with the re-
lated concepts of rotational correlation times, or tumbling
times) have drawn more attention in the in-cell NMR com-
munity, because it is linked to T2 relaxation time and thus to
signal intensity and linewidth. Proteins/nucleic acids tum-
bling time occurs at the 5-100 ns time scale, and determines
T1 and T2 relaxation of 'H/"3C/N/YF nuclei to a good
extent.¥>864025%8 However, T1 and T2 are also affected by ps-
ns internal mobility of the observed nuclei, and by ps-ms
conformational exchange or interactions. For the nuclei and
the NMR frequencies usually probed, T1 is more affected by
the ps-ns phenomena, and T2 by the ps-ms ones. The stand-
ard approach uses '"N-amide relaxation measurements to
gain access to global rotational correlation time and ps-ns
internal motion in macromolecules. In particular, the average
T1/T2 ratio permits to calculate the global correlation time in
the case of isotropic tumbling in a dilute solution.” A third
value, the heteronuclear nOe 'H-'°N, helps to better decon-
volve the phenomena occurring at the ps-ns, ns and ps-ms
timescale in a residue-specific fashion *¢3%%310311 Ajternative-
ly, one can interpret the product 1/T1*1/T2: it is constant at a
given magnetic field for highly ordered residues in large
macromolecules (correlation time above 5-10 ns).’'? A lower
1/T1*1/T2 reveals faster tumbling or increased ps-ns flexi-
bility, and a higher 1/T1*1/T2 reveals pus-ms conformational
exchange or interactions. Hence, Pielak, Li and colleagues
have shown that the product 1/T1*1/T2 was useful to nail
transient interactions in crowded media:>'*%'* the average
T1/T2 ratio is indeed a poor indicator of the protein correla-
tion time and viscosity in complex environments like cells.
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Measuring these "N relaxation parameters is moreover
quite demanding in acquisition time: i) the corresponding 2D
'H-">N HSQC-T1/T2 experiments are not very sensitive, and
the 2D 'H-'>N HSQC-heteronuclear-nOe is worse; ii) series
of such spectra including variable relaxation times (at least
~5) must be recorded to obtain relaxation decay curves. To
speed up their acquisition, Ito, Shirakawa and colleagues
used in-cell samples, in which only the lysines of the model
protein TTHA1718 were '“N-labeled. This permitted to
record fast and more sensitive 1D 'H-’N-HSQC-T1/T2
spectra, where lysine amide peaks could be identified indi-
vidually.'®” The product 1/T1*1/T2 of these lysines revealed
that TTHA1718 was experiencing unknown interactions in
E. coli. More recently, Yao and colleagues acquired series of
2D 'H-'N-HSQC-T1/T2 spectra of the model GB3 proteins
in E. coli, which yielded the same conclusions from the
1/T1*1/T2 product: transient interactions occur with cellular
components.'®'°"> Gierasch and colleagues recorded 2D 'H-
N-TROSY spectra of GB1 in E. coli to analyze the so-
called TROSY and anti-TROSY peaks: the ratio of their °N
linewidths informs about the apparent size of the protein, and
is not affected by ps-ms events. They also measured 'H T2
relaxation from their peak linewidth in 2D 'H-"’N-HSQC
spectra; they concluded that these 'H peaks were broader
than what was expected from the molecular size extracted
from the TROSY/anti-TROSY peaks. This revealed that
supplementary relaxation occurred due to ps-ms transient
interactions or to magnetic field inhomogeneities. Dan-
ielsson, Oliveberg and colleagues measured one-dimensional
'H-SN-HSQC-T1/T2 spectra of uniformly *N-labeled fold-
ed model proteins in E. coli or mammalian cells, and also
obtained data consistent with transient interactions.’*4?
They also measured T2 relaxation in pulse sequences where
they removed the refocusing CPMG train, which yielded
similar relaxation rates. Moreover, they evaluated 'H T2-
relaxation of these model proteins by measuring their peak
linewidths in 2D 'H-'’*N-SOFAST-HMQC, which revealed
similar T2 increase for both 'H and "*N. These observations
suggested that interactions at the pis-ms were not responsible
of the faster T2 in cells. This would be consistent with the
following idea: the measured correlation times from T1/T2
of folded proteins in cells might reveal an average tumbling
affected by multiple interactions at the nanosecond timescale
with macromolecular assemblies in cells. This would hold
true only for proteins that do not have more specific, high
affinity interactions with cognate partners in cells.

More comprehensive information was obtained on disor-
dered proteins, which generate higher NMR signal intensities
than folded proteins. IDPs could be investigated using 2D
'H-N-HSQC-T1/T2/heteronuclear-nOe spectra of uniform-
ly “N-labeled proteins.'’%*?¢ It appeared that N T2 relaxa-
tion times were very inhomogeneous through the sequence,
which reflected notably the existence of residue-specific
transient interactions with unknown cellular components
(NB: chaperones were later identified to be important con-
tributors of aSyn intracellular interactions®®). These exper-
iments were carried out at 283K to limit water:amide proton
exchange and thus obtain sufficient IDPs NMR signal inten-
sities. Some contributions from rapid water:amide proton
exchange are also likely to bias the experimental T2 values
of these IDPs.>'¢

Although less common, it is possible to evaluate the rota-
tional correlation time from '°F T1 and T2 relaxation. How-
ever, '°F T1 is very sensitive to the internal ps-ns motion and
the network of close protons, while '"F T2 is very much
affected by transient interactions. This was already observed
in the first reports using in-cell '"F-NMR by Brindle and
colleagues, who noticed that the T2(linewidth)-derived cor-
relation times of the observed enzymes in yeast were 2-3-
fold larger than the T1(inversion-recovery)-derived ones.'*!
Li, Pielak and colleagues measured these '"F-T1 and T2
relaxation times in a more precise fashion on GBI in E. coli
(and ubiquitin in cell lysates): T1 was measured by inversion
recovery and T2 using a CPMG pulse se-
quence. 9319719278286 They settled a good framework for
understanding and interpretating in-cell 'F relaxation times:
i) F T1 provides a good measurement of the rotational
correlation time (or apparent cellular viscosity), provided
that its linearity is verified using glycerol:water mixtures; ii)
this condition is met for F nuclei that do not experience
important internal motion on the 20-100 ns timescale, which
calls for testing various amino acid positions in the sequence;
iii) by comparing with T1-derived correlation times, the
larger '°F T2-derived, apparent correlation times give quali-
tative information on the extent of cellular, transient interac-
tions established by the characterized macromole-
cule.!?>197199286 Gimilar to what we have seen with N-
relaxation measurements, interactions with large cellular
macromolecules (> 100 kDa) affect more '°F T1 than T2.
Importantly, multiple-fold T2 decrease occurs even if only a
few percents of a protein population bind macromolecules
transiently.'®

Measurement of translational and rotational diffusions by
in-cell NMR is thus an intrinsically difficult task. The NMR
methods permit to characterize them precisely for purified,
dilute material. However, the multiple cellular interactions
and inhomogeneities in cells forbid to interpret in-cell T1
and T2 relaxation data like their in vitro counterparts. Statis-
tical models of the cellular proteomes were proposed by
Danielsson and Oliveberg recently, which can help to ana-
lyze in-cell NMR relaxation data (see chapter 3.6.).>% Inte-
grating more experimental data and including those from
independent spectroscopies will be necessary to better under-
stand the past observations.

2.3.8. Conformational dynamics

NMR spectroscopy can provide information on molecular
structural dynamics from the picosecond- to the second
timescale. #7528586402508 Thig capacity is one of the promi-
nent strengths of biomolecular NMR, and its past and present
contributions shaped our mental representation of biom-
acromolecules. This relies on the interpretation of NMR
parameters that we presented in previous subchapters, among
which T1, T2 relaxation and heteronuclear nOes, or residual
dipolar couplings (RDCs).

Classically, RDCs were measured in vitro in alignment
media, like suspensions of virus particles stretched hydrogels
or liquid crystalline phases.*®*>'7 This strategy is not adapta-
ble to cellular samples. Another approach consists in attach-
ing the studied protein/nucleic acid to paramagnetic moieties
showing anisotropic magnetic susceptibility tensors: these
can align weakly the protein population and provoke RDCs.
These have been measured only once in cells (see chapter
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2.3.5.) and were not used for exploring structural dynamics
yet.

As mentioned earlier, measuring relaxation data requires
high concentrations and extended acquisition times. In-cell
samples are not well adapted to such demanding applica-
tions, and only few studies got engaged in this task. The
complete  set of in-cell 2D  'H-N-HSQC-
T1/T2/heteronuclear-nOe spectra was only measured for the
model IDP aSyn at ~100 uM in cultured mammalian cells.'’®
T1/T2 series comprised 6 spectra measured at variable relax-
ation delays, each one lasting about one hour; the heteronu-
clear nOe spectra was ~12 hours long. This was possible
because of the high mobility of aSyn residues, typically
observed for IDPs. To be correctly interpreted, the am-
ide:water proton exchange had to be included in the fitting of
the T2 relaxation curves (see Baum et al. for a detailed ex-
planation of this aspect®'). These were extrapolated from the
exchange rates measured in vitro from samples containing
crowding agents, using CLEANEX-PM pulse sequences (see
chapter 2.3.9.).°'® Although it is better adapted to folded
proteins than IDPs, 192! this scarce accessible information
forced Theillet et al. to use a simplistic Modelfree ap-
proach,?>3* which included a global correlation time, and a
residue-specific couple {order parameter + internal correla-
tion time} completed by a Rex accounting for ps-ms interac-
tions. These were later integrated to calculate a residue-
specific correlation time, according to the model developed
by Poulsen and coleagues.'7%1°

I5N-T2 relaxation can be further exploited, using the so-
called CPMG relaxation dispersion. This approach relies on
the quantification of *N-T2 relaxation using variable refo-
cusing frequencies, whose analysis can give an access to the
quantification of low-populated conformations of interac-
tions occurring in the us-ms timescale.***”%2* This timescale
is particularly relevant for biological processes, but such
studies are also demanding in protein/nucleic acid concentra-
tions and acquisition times. Indeed, they require to record
series of 2D 'H-""N-HSQC-CPMG experiments integrating
variable refocusing frequencies. Yao and colleagues man-
aged to carry out such measurements on a GB3 mutant over-
expressed in E. coli. This small model protein experiences
little unspecific interactions and generate high S/N NMR
spectra in cells. The authors could measure 12 2D 'H-"N-
HSQC-CPMG spectra using a constant relaxation delay of
20 ms in a sequence released by Yang and colleagues.’”
These spectra were recorded in 3.5 hours at 308K (E. coli
cells start leaking after 5 hours in these conditions according
to the authors), but the authors did not report any quantifica-
tion of the intracellular protein concentration. They also did
not give extensive details on their fitting of the CPMG data:
they obtain the "N chemical shifts, the populations and
kinetics of an unfolded conformation of GB3 using an in-
house program. 'H-"*C methyl-TROSY-CPMG and '"F-
CPMG experiments exist, which may be useful for future in-
cell studies.*>3%

Overall, conformational dynamics have not been exten-
sively investigated in cells. This is mostly due to the fact that
such characterizations require high concentrations and/or
long acquisition times that do not correspond to typical in-
cell NMR samples. Amino acid-specific isotope-labeling
shall be used in the future, which would allow to record one-
dimensional relaxation spectra reporting for a limited set of

residues/nucleotides. In a number of cases, quantifying a
single conformational exchange from the full set of amino
acids is not necessary, and reliable information would be
obtained from a few residues as well.

2.3.9. Hydrogen exchange

The water:amide proton exchange rates give indications
about the local flexibility and solvent accessibility of pro-
teins/nucleic acids, or about the stability of those adopting
folded states.”>*® NMR had valuable contributions in the
field,’®" and its capacity to derive residue specific infor-
mation provided good references for the today more popular
H/D exchange mass-spectrometry (HDX-MS) approach-
es.527332 Using “N-filtered pulse sequences, NMR spectros-
copy permits to quantify hydrogen exchange in cells. We
detail the strategies adopted in the following.

Shirakawa and colleagues were the first to measure hydro-
gen exchange in cells in 2009: they produced and purified
amide-deuterated ubiquitin, which they delivered in cultured
mammalian cells using pore-forming toxins and subsequent
resealing.’'® After varying incubation times, they disrupted
cells in ammonium acetate at pH=5 to stop the water:amide
proton exchange,**® and recorded 2D 'H-'*N SOFAST-
HMQC experiments in cell lysates (20 hours long acquisition
times for a '*N-ubiquitin at ~20-30 uM in 107 cells). They
derived the H-exchange rates from the time-resolved build-
up curves of residue specific peak intensities in the 2D spec-
tra. This approach may have one default: the delivery meth-
od can drive at least a fraction of the protein population in
very peculiar cell compartments like endosomes/lysosomes,
where protein unfolding and fast H-exchange are likely to
occur.

Pielak and colleagues adopted an inverse method:'* after
the overexpression of a '“N-labeled GBI protein in E. coli
using a standard H,O-culture medium, they plunged cells in
a D,O buffer. They quenched the deuterium:proton exchange
at specified times in sodium citrate at pH=3, and measured
the NMR peak intensities from "H-""N HSQC spectra rec-
orded in cleared lysates. The high concentration of GBI
permitted rapid acquisitions in 20 minutes. The method is
limited to the study of fully soluble proteins. Moreover, the
measured H-exchange may be biased by destabilizing effects
of DO on native E. coli proteins, which could themselves
affect the stability of the protein of interest. Finally, the
intracellular pH has to be accurately determined, because it
is a driving factor of H-exchange rates. Pielak and colleagues
had to publish corrections because of that matter,'®! which
they controlled carefully in the next studies employing the
same H/D-exchange method. 6163164

These time-resolved, quenched lysates methods permit to
monitor H-exchange in the timeframe of a few hours. Wa-
ter:amide proton exchange in disordered proteins occurs at
much faster rates than folded proteins, in the order of magni-
tude of 1-1000 Hz in physiological conditions.”* ' Pielak
used a dedicated pulse sequence, named 'H-'’N H/D SO-
LEXSY,*** to measure H-exchange rates on '*N-labeled
aSynuclein overexpressed in E. coli cells.!®> This pulse
sequence requires the use of a buffer containing 50% H,O
and 50% D-O, and is usually performed at temperatures
below 25 °C to yield sufficient S/N. It generates 2D 'H-"*N
correlation spectra and residue-specific information. Other
pulse sequences can be executed in pure H,O (supplemented
with ~3% DO for the lock) like the 'H-'SN CLEANEX-PM
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(the most popular to date),'®*'3 or the 'H-''N HETex-
SOFAST-HMQC.** Other recent pulse sequences might be
useful, but their sensitivity might be challenged in the case of
in-cell samples. '3

Refined quantification of H-exchange should probably
avoid some experimental biases: protein/nucleic acid deliv-
ery in cells is likely to drive populations of the studied mole-
cule in peculiar organelles, where unfolding occurs (endo-
somes/lysosomes); experimental procedures using deuterated
buffers, unphysiological pH or temperature might affect cell
homeostasis and the stability of numerous endogenous pro-
teins, which, in turn, can (de)stabilize the protein/nucleic
acid of interest.

We shall give one careful note to end this subchapter: H-
exchange are often translated into “protection factors”,
which are convenient numbers to use.’?’*?%31332 However,
these should be corrected to take into account the local elec-
trostatics, as recently shown by Dass and Mulder:**' at the
physiological pH~7.5 water:amide proton exchange are
mainly catalyzed by OH" ions, which are repulsed by acidic
patches. Moreover, we can speculate that cellular metabolites
or local cellular environments may play the role of attractive
or repulsive factors of OH-, which would affect positively or
negatively the measured H-exchange rates on the pro-
tein/nucleic acid of interest. This might bias conclusions
about fold stabilities and solvent accessibility, for example.
The interpretation of H-exchange rates in cells should thus
be cautious in many instances.

2.3.10. Practical aspects about folded/unfolded equi-
libria and protein:protein interactions

We want to briefly stress here an important technical as-
pect: NMR studies of conformational changes and interac-
tions have to take into account the possible variations signal
intensity per molecule. To properly quantify protein popula-
tions based on their respective NMR peak intensities, it is
important to also quantify the relaxation properties of the
exploited peaks, or at least their intrinsic intensities at 100%
of population A or B. An impeccable example has been
provided by Danielsson and Oliveberg in their study of the
folded/unfolded populations of SOD 1354 358 Great varia-
tions of amide 'Hx-NMR signal intensities are also observed
for disordered regions of proteins upon pH or temperature
changes, due to water:amide proton exchange.*?3436329-331 ¢
is thus advisable to carry out a careful characterization of the
intracellular pH and of the signal intensity per molecule for
every residue.

2.3.11. Ligand-oriented observation

In-cell NMR studies are also likely to report for pro-
tein/nucleic acid ligand-binding by detecting the ligand.
There, the isotope-filter is not as important as it was for
macromolecules’ detection. One-dimensional 'H- or 'F-
NMR spectra are usually sufficient for ligand-oriented NMR
studies. We refer the reader to dedicated reviews.*0!337-5%
Small molecules have indeed much sharper and more intense
NMR signals than macromolecules. Hence, they offer a good
contrast as compared to the main, broad cellular background
signal. Moreover, cellular metabolites and ligands NMR
signals are distinguished by their chemical shifts. Two types
of approaches have been carried out: i) the time-resolved
monitoring of NMR signals from reporters of an enzymatic
activity; ii) the characterization of contacts between ligands

and protein targets using STD-NMR and TRNOESY, which
are best adapted to membrane proteins, and can thus be
classified as “on-cell NMR studies”.

The first approach is achieved by recording simple one-
dimensional 'H- or '"F-NMR spectra. Breeze, Hu and
coworkers acquired time series of 3 minutes long 'H-NMR
spectra (with double PFG spin-echo for water suppression)**
to quantify the degradation of meropenem (383 g/mol) at 100
puM mixed with 500 pL of E. coli cells at OD=2.5 in a 5 mm
diameter NMR tube (Figure 19).3*! This method was later
implemented to report for meropenem degradation by E. coli
cells in presence of various ligands screened in a 96-well
plate; the reaction advancement was measured after quench-
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Figure 19: A) One-dimensional 'H-NMR spectrum of live E.
coli cells at an optical density of 2.5, supplemented with mero-
penem at 100 uM (water suppression was not ideal, this topic is
discussed at the end of this chapter); B) Left: Chemical struc-
tures of meropenem before and after hydrolysis by the B-
lactamase NDM-1; Right: close-up views of the "H-NMR spec-
tra of E. coli cells expressing NDM-1 and supplemented with
meropenem at an early and a late time point; meropenem and
hydrolyzed-meropenem 'H-NMR peaks are highlighted in green
and magenta, respectively. Adapted from ref ' and ref 34,
copyright 2014 and 2015 from Ma et al. under the terms of a
Creative Commons CcC BY license
https://creativecommons.org/licenses/by/4.0/.

If the reporters can freely cross the cell barrier back and
forth, recording spectra from the supernatant is possible.
Hence, Dalvit and colleagues have monitored the degrada-
tion of a fluorinated substrate (ARN1203) of the fatty acid
amide hydrolase (FAAH) by recording "F-NMR spectra of
the culture medium of mammalian HEK293 cells.’* After
quenching the reactions at different time points, they could
store their frozen samples, and later thaw them and record
one dimensional '"F-NMR experiments. Acquisition time sof
25 minutes were enough to yield high S/N spectra of
ARN1203 at 60 uM. Note that in the case of ’F-NMR, the
high CSA of "°F can provoke very different linewidths and
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signal intensity per mole for '°F-substrates and '’F-products,
when these have distinct molecular weights (Figure 20).
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Figure 20: A) Schematic representation of the cleavage of
ARN1203 by the enzyme FAAH in the membrane of mammali-
an cells; B) Close-up views of the time-dependent one-
dimensional "F-NMR spectra recorded from quenched superna-
tant of HEK293 cells stably transfected to overexpress FAAH;
The intrinsic signals of ARN1203 and 1-amino-3-fluoro- pro-
pan-2-ol (AFP) at 60 mM are highlighted by green and magenta
dotted lines, respectively; green and magenta arrowos indicate
the time-dependent intensities of ARN1203 and AFP, respec-
tively. Adapted from ref 4. Copyright 2016 Elsevier.

The second ligand-oriented approach relies on the use of
Saturation Transfer Difference NMR (STD-NMR). This
technique became popular about 20 years ago in the field of
drug research. We refer the reader to dedicated re-
views. 3734434 [t permits to obtain a footprint of the binding
epitope, or more simply to detect weak-affinity interactions,
with Kd between 107 and 10 M, and ko between 10 and
10 s71.337:3 [t has been applied to mammalian cells, even
though one recent study focused on bacteria.**’ STD-NMR
has been used extensively to study drugs and glycans-
binding of viral particles, which we will not detail here (see
Theillet et al. Prog NMR Spec 2021). Still, it is worth men-
tioning that these studies have revealed some important
technical aspects of STD-NMR using very large particles or
cells. First, the off-resonance saturation, which serves to
acquire the reference spectrum, must be applied at -300 or
+300 ppm, i.e. far from the frequencies used with purified
material in dilute solution. Indeed, off-resonance 'H irradia-
tion at -80 or +80 ppm provokes an observable saturation of
viral particles, which is transmitted to the ligand of interest;
this does not produce a reference spectrum anymore.**® Sec-
ond, the global T1 relaxation times of cells is large, so that
long interscan delays (= 25 seconds) would be necessary to
recover the equilibrium magnetization. This would avoid
unwanted saturation effects between the interleaved on- and
off-resonance saturation scans.>*® A balance might be found

between a lower STD contrast and shorter interscan delays to
improve the S/N-PUT. Most in-cell STD studies were carried
out using interscan delays of 1 to 3 seconds. Third, STD-
NMR experiments are more sensitive when performed in
D,O instead of H,O media: D,O decreases the transfer of
saturation between the irradiated macromolecules and the
bulk solvent, which, in turn, permits an improved transfer to
the studied ligand.’**** D,0O makes T1 relaxation even long-
er though, which calls eventually for longer interscan delays.
STD experiments are generally 1-2 hours long, and appeared

to stand deuterated solvents for that amount of time.3*%347-1-
558

Overall, on-cell STD experiments were performed using
common pulse parameters: 40 to 60 Gaussion-shaped satura-
tion pulses of 50 ms were applied most of the time, and the
experiments last generally 1 to 2 hours. Longer saturation
delays would prohibit any epitope mapping.***% The ligand
concentration is also rather standard for this type of experi-
ments, we between 0.1 and 3 mM. T1p spin-lock filters were
eventually used,’*>*! but these are not sufficient to remove
the cellular signal background from the STD spectra when
the cell density is too high (see in next paragraph). Cell
density is actually a key parameter, because it defines the
concentration of target proteins. One of the first on-cell STD
studies investigated platelets and their 40.10° ounPBs integrin
molecules per cell: about 10" cells/mL were resuspended in
the NMR tube to reach a receptor concentration of 0.5 pM.>!
Other cells were used for STD studies, which express native-
ly high levels of target receptors, in the range of 20-50.10°
per cell.¥2%61:32 Transfected cells can express the protein
target to higher levels, i.e. 10° per cell,>*% so that STD
studies were more often carried out using ~1-5.10
cells/mL 398.352-558:561.563-565  The  receptor:ligand ratio was
usually in the range of 1:10°-10°. The final S/N of these
experiments is as dependent on the binding kinetics as their
in vitro counterparts: ko should be between 10> and 10° s
1537.344545 STD-NMR studies on cellular samples were most-
ly performed using one-dimensional 'H-NMR spectra, but
Konrat and colleagues reported recently an interesting appli-
cation of 2D '"H-"N STD-NMR spectroscopy to nail the
binding epitope of the '"N-labeled disordered protein osteo-
pontin.**

The standard STD approaches disperse the saturation to
the whole cellular environment, and cannot restrain it selec-
tively to a chosen cellular protein. This leads to two potential
issues. First, this yields an important background signal from
the cellular content, when high cell density is used. This
hampers the later analysis severely. As a result, early STD-
NMR performed on cells were carried out using a first STD-
Difference mode (STDD-1): a first STD experiments was
recorded in absence of the ligand, the second one with the
ligand (Figure 21A).5'%2 A second type of problem
emerged: other unspecific contacts can lead to promiscuous
STD build-up, e.g. interactions between hydrophobic ligands
and cellular membranes. In this regard, it is recommended to
work in serum-free medium: weak interactions often occur
between serum proteins and the studied ligands, yielding
STD signals that can bias the interpretation.’®® A second
STD-Difference mode (STDD-2) was proposed: the first
STD experiments is recorded using mock-transfected cells
(or expressing an inactive mutant), the second one with cells
expressing the target-protein of interest (Figure 21B).353354567
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The first STD spectrum is subtracted from the second one,
giving rise to a STDD spectrum reporting the specific effects
of the contacts between the ligand and the target-protein.
This protocol requires two cell samples with very similar
compositions, irrespective of the expression of the target-
protein. The spectra subtraction decreases the S/N though. It
can be avoided if the mock-sample yields a null STD-
spectrum, as reported in some other studies.?%347:555-5%8 A
number of studies have been carried out using cells that
naturally overexpress a membrane receptor, 33368570
There, the results should be taken carefully, unless STD
spectra are also carried out in presence of a known ligand of
the target-protein. 363
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Figure 21: Examples of STD-Difference processing. A) In the
case of high cell density, the STD-spectrum-1 of cells alone is
subtracted to the STD-spectrum-2 of cells in presence of the
ligand of interest, adapted from ref 33!, copyright 2005 Ameri-
can Chemical Society; B) In more normal cases, where about
107 cells per mL are used, it is often worthwhile to record a
STD-spectrum-1 of the ligand in presence of mock-transfected
cells, which is later subtracted to the STD-spectrum-2 of the
ligand in presence of cells expressing the target-protein of inter-
est, adapted from ref 3*3; Copyright 2011 John Wiley and Sons.

The third technique used to characterize ligand in cellular
samples is transferred nuclear Overhauser effect (TRNOE).
It relies on the rapid build-up of intramolecular NOEs in
small molecules when binding to macromolecules; a rapid
exit rate ensures the observation of these NOEs on the free
form of the small molecules.****”' TRNOEs provide intramo-
lecular distances, provided that short mixing times (<100
ms) are used and that the ligand is in large excess as com-
pared to the protein target.’’”> TRNOE has approximately the
same requirements than STD-NMR, i.e. affinities in the
range of 10°<Kd<10® M, ko between 10><koff<10° s!

ligand concentration in the millimolar range and target pro-
tein in the micromolar range. Hence, TRNOE studies of
cellular samples were mostly executed in parallel to STD-
NMR studies using the same samples,®3636.658:660.663-665 They
were achieved using NOE mixing times between 100 and
600 ms,**>3” and the 2D 'H-'H TRNOE spectra were rec-
orded in about 2 to 5 hours.

We shall discuss a few final points. First, all the ligand-
oriented 'H-detected techniques yield better results if an
excellent and narrow water suppression is executed.”™ It is
worth noting that improved water-suppression pulse se-
quence have been proposed in the last years, which also
perform better on inhomogeneous samples.’”>>” As com-
pared to the classical presaturation, DPFGSE and 3-9-19
WATERGATE schemes that are still commonly used by the
community, the novel suppression sequences might be fruit-
fully used on cellular samples. Then, the cellular background
should also be suppressed as much as possible. T1p filters of
a few tens of milliseconds are usually applied, which is
sometimes not enough to remove signals from abundant
cellular species, including those from lipids. On-cell NMR
studies were not very precise about the strength of the ap-
plied T1p spin-lock, but it is usually (y/2m)Bi~5 kHz.3%8!
Lower strengths might provoke offset and relaxation-
dispersion effects.’ Interestingly, T1p filters could be much
longer, up to 500 ms, and thus more efficient without any
sample heating, as shown recently.’® NMR-metabolomics
use T2-filters to remove signals from plasma macromole-
cules for example.’®* The T2-filter have indeed been shown
to provoke faster relaxation of macromolecules than the T1p
filter, and thus a more efficient background removal.’®*
However, T2 filters are more difficult to handle, notably
because they permit the evolution of J-couplings, even
though improved spin-echo schemes exist.’%%° Longer
adiabatic spinlocks can be also achieved up to a few hundred
milliseconds, and diffusion filters can be combined to sub-
tract signals from slow-diffusing species like lipids.**® Long-
er T2/ T1p filters provoke also some relaxation of the NMR
signals of interest, so that the best filter delays are certainly
case-specific. Finally, cell sedimentation is an embarrassing
issue. Most of these ligand-observed studies have been car-
ried out using suspension cells, which settle more slowly
than adherent cells. They might be maintained in suspension
by spinning tom some extent,”’ or settled on the rotor walls
in HR-MAS probes. HR-MAS.5* Gel-encapsulation is prob-
ably the most reproducible approach, as shown recently by
Konrat and coworkers.

2.4. The versatility of NMR and its multiplexing ca-
pacities

Observing small and large molecules in parallel can be
highly beneficial to obtain a complete description of a sys-
tem, including bulk values like pH or redox poten-
tial 6116032658758 Thig js favored by the multi-channel
probes, which are nowadays installed on commercial spec-
trometers. The most common probes for structural studies
integrate 'H/”D/"*C/"N channels and recent ones can add a
supplementary '°F or 3'P channel. Hence, it is possible to
monitor the same process using multiple complementary
readouts, e.g. the levels of substrates, products, co-factors, or
cellular metabolites, together with binding events on en-
zymes or their active/unactive populations. Different spectra
can be recorded successively in an interleaved fashion, and
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recent systems also permit the simultaneous detection on
different channels. It is probably impossible to list all the
reports where multiple types of molecules were observed
selectively. We selected two prominent examples. The first
one is presented in Figure 22: Allain and coworkers have
used a 'HD/BC/PNA'P cryoprobe yielding high detection
sensitivity on 'H and *'P channels to monitor the progressive
production of small RNAs and their binding to '’N-labeled
RNA-binding molecules.® This helped to describe in a
time-resolved fashion the early liquid-liquid phase separation
of these proteins with these small RNAs, and their later re-
dissolution at higher RNA:protein ratios. Another interesting
example comes from Shimada and colleagues, who recorded
spectra of '*C-labeled glutathione and '*C-labeled thioredox-
in in parallel to evaluate the intracellular redox potential and
the redox equilibrium of thioredoxin (Figure 27).%2
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Figure 22: Example of multiple NMR readout. A) Here, Allain
and coworkers set up a reaction mix in a NMR tube for the
production of a small RNA (from a DNA template by the T7
polymerase) and its interaction with a "N-labeled RNA-binding
protein (UP1). The time-resolved NMR monitoring reported in
parallel B) the NTP consumption via one-dimensional 3'P-NMR
spectra, C) the build-up of RNA production via one-dimensional
"H-NMR spectra, notably by the observation of the imino region
(12-16 ppm) and D) the interaction of the newly synthesized
RNA with the "N-labeled RNA-binding protein via 2D 'H-'>N-
NMR spectra, which show chemical shift perturbations due to
binding upon the production of the high-affinity EV2 RNA, and
much weaker effects in presence of three other RNAs. Adapted
from ref 3. Copyright 2019 Springer Nature.

3. HOW DIFFERENT IS A PROTEIN/NUCLEIC AC-
ID STRUCTURE IN ITS NATIVE ENVIRONMENT?
THE NMR CONTRIBUTION.

3.1. Structural stability and dynamics

Debates and theories exist for a long time on the impact of
the cellular environment on proteins/nucleic acids structures.
Cellular crowding pressure, cellular (un)specific interactions,
metabolites or salts can all affect the stability or the structur-
al dynamics of macromolecules, ?36374041.591.592 The answers
are clearly case-dependent, whether we talk about the type of
cells or the individual protein/nucleic acid (not even men-
tioning cell-cycle phase, stress or subcellular localization).
We summarize the information from in-cell NMR studies on

that topic below.

We shall make an important warning first. In our opinion,
“in-cell thermodynamics” and “in-cell folding or binding
free-energy” are misleading concepts. These are forged from
theoretical discussions on the impact of crowding or unspe-
cific promiscuous interactions, and hold true only for puri-
fied systems testing these hypotheses. Indeed, living cells are
not isolated systems and do not let their components evolve
towards any thermodynamic equilibrium. Hence, the ob-
served structures and conformational dynamics report for the
mixed effects of thermodynamics, kinetics and energy con-
sumption of the multiple actors in a cell. It is thus safer to
talk about apparent protein stability, folded/unfolded equilib-
ria, and free:bound ratios. This distinction might sound very
conceptual, but it will have practical consequences when in-
cell structural knowledge will spur the design of therapeutic
applications.

3.1.1. Protein structures determined from in-cell da-
ta

Solving protein structures de novo in cells may sound odd
at first glance: protein folds are not expected to be far differ-
ent in cells. Folds are encoded in primary structure in robust
ways, as recently confirmed by neural networks predicting
3D structures, whose efficiency relies on recognizing struc-
tural features through multiple sequence alignments.** How-
ever, how the cellular environment influences local flexibil-
ity or subtly reorients secondary structures is unknown. In
this regard, structure determination by NMR spectroscopy is
an interesting process, in the sense that it results also in the
description of local mobilities.

The first tridimensional structure in cells was solved by Ito
and colleagues in 2009, using advanced NMR data acquisi-
tion and treatment procedures on E. coli cells overexpressing
a BC/"N-labeled small model protein called TTHA1718.'¢
They measured and used classical NMR distance restraints,
the so-called NOEs, measured between nuclei to calculate
structural models. Subsequently, they improved further their
data processing and the exploitation of NMR inter-nuclei
distances: this helped them to decrease the protein intracellu-
lar concentration necessary for in-cell structure determina-
tion, down to ~250 puM in E. coli cells.'®® Recently, they
added information from NMR spectra recorded from sup-
plementary samples including amino acid-specific '*C/"*N-
labeling: this clears up the corresponding spectra, allowing
the unambiguous assignment of a number of peaks, hence of
the corresponding NOEs.*”” This permitted to solve struc-
tures of 3 small model proteins (GB1, 7kDa, TTHA1718, 7
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kDa, Ubiquitin-3Ala, 8 kDa) at intracellular concentrations
of 130 uM in insect cells.

What did we learn from these? First, the folds are con-
served, which was the expected results for these three very
stable proteins: the backbone RMSD between the mean
coordinates of the structure ensembles in cells and in diluted
solution are 1.6 A (Figure 23). However, some interesting
differences were observed in the case of GBI in insect cells:
its a-helix appeared to deviate slightly from the solution
structure, and one loop show increased mobility. This sug-
gests that the higher mobility of this region is not due to lost
internuclei information due to lower sensitivity. Interesting-
ly, this tilt of the a-helix had not been observed in E. coli,
while the increased loop mobility was present in the structure
solved earlier from E. coli cells samples.'® Importantly, the
tilt was consistent with local differences in chemical shifts
between GBI in cells and in dilute solution.

NMR structures in Sf9 insect cells
B

GB1 TTHA1718 Ubi-3A
Figure 23: A) Comparison of the lowest energy structure of
GBI in dilute solution (red) and the equivalent in Sf9 insect
cells (blue) (the structure in Sf9 cells is strictly speaking the one
with highest posterior probability density in the Bayesian infer-
ence calculation, the method used to determine structures in
cells.). The tilted helix is highlighted by the lines. Adapted from
ref 227; copyright 2019 John Wiley and Sons; B) Backbone
heavy atoms of the structure ensembles of GB1, TTHA1718 and
Ubi-3A determined in vitro (purified in dilute solution, 10 low-
est energy structures, in red) and in Sf9 cells (20 highest poste-
rior probability density, in blue). Adapted from ref 3. Copy-
right 2019 from Tanaka et al. under the terms of a Creative
Commons CcC BY license
https://creativecommons.org/licenses/by/4.0/.

The quality of NMR-derived structures is indeed correlat-
ed to the number of structural restraints provided to the mod-
el calculation algorithms. The example of TTHA1718 in
insect cells might be didactical in this regard: the putative
metal-binding loop looks more flexible in cells than in dilute
solution, although its chemical shifts are not different. Ac-
cording to Ito and colleagues, this loop may interact loosely
with paramagnetic species in cells, which causes intensity
losses impeding the detection of NMR peaks and distance
restraints in the region.??74%

Other groups have attempted to use other structural re-
straints from proteins tagged with a lanthanide-cages. When
covalently attached, these tags can provoke paramagnetic
effects that are distance- and orientation-dependent, namely
the pseudo-contact-shifts (PCSs), the paramagnetic relation
enhancements PREs (PREs), and Residual Dipolar Cou-
plings (RDCs). These can be measured in 2D NMR spectra,
which are much faster to acquire and simpler to analyze, and
thus give access to a better sensitivity. The proof-of-concept
has been shown by three independent groups, which record-
ed such spectra of '"N-labeled small model proteins (GBI

and Ubi-3Ala) at intracellular concentrations of 50 uM in X.
laevis and HeLa cells.”"2%8-362 The NMR data provided struc-
tural information on HN amide functions, and permitted to
derive structural ensembles, whose Co. RMSD was 1.05 A
close to the structure determined in dilute solution.

Ito and colleagues managed to record the same NOE spec-
tra from larger proteins (calmodulin, 17 kDa and HRas, 19
kDa) in insect cells, which should enable structure determi-
nation. Hence, the method may be valid for ~20 kDa protein
domains. The PCSs-RDCs strategy generates lower quality
structural models than the NOE-approach. However, PCSs
are likely to provide long-distance information, commonly
up to 5-6 nm, and RDCs’ orientations are distance-
independent. Improved lanthanide cages have been designed
to allow their attachment at low temperature.*’>#® This
should enable future in-cell investigations on mono- and di-
or tri-domains proteins, allosteric mechanisms, or on inter-
molecular interactions.

3.1.2. Folded/unfolded equilibrium

While proteins’ folds are not supposed to change drastical-
ly in cells, changes in their stability might occur readily.
After all, globular proteins are marginally stable objects,
whose folding free-energy is commonly about 5 kcal/mol, as
measured in their purified, dilute form.”*** be more ques-
tionable. This corresponds to a handful of hydrogen bonds,
which might be altered, compensated or reinforced by cellu-
lar crowding or weak interactions with cellular compo-
nents, 13:36:374041.391.592 Thege cellular phenomena cannot be
addressed by in vitro characterizations,’****” or computa-
tional predictions of protein stability.’*%° Moreover, these
approaches cannot account for the impact of the cellular
proteostasis network.®! At the proteome wide level, poor
correlation has been reported between thermal stability in
vitro and in lysates,*” and significant differences were ob-
served between thermal stability in lysates and in cells.®”
We are thus in need of experimental data on cellular fold-
ed/unfolded equilibria, both for fundamental understanding
and for practical use: it has been estimated that about two
thirds of monogenic diseases are linked to protein destabili-
zation, for example.®*+-5%7

NMR spectroscopy provides an immediate readout of
structural changes: chemical shifts are exquisitely reporters
of local chemical environment, and will thus be markedly
different in folded and unfolded conformations. An interest-
ing example was released by Banci and colleagues: '“N-
labeled SOD1 disease-mutants overexpressed in cultured
human cells generated spectra of unfolded proteins, but the
co-overexpression of SODI-specific chaperone CCS
switched the spectra back to those of folded proteins.>>*7 A
Similar folding effects were observed upon the addition of a
compound, ebselen, which favors SOD1 native dimerization:
spectra corresponding to the folded state of SOD1 were
obtained in mammalian cells, whose culture medium was
supplemented with ebselen.?®

Danielsson, Oliveberg and colleagues provided more
quantitative data on a model B-barrel, destabilized and trun-
cated protein derived from SOD1 (SOD1°*™354) ts fold-
ed/unfolded (F/U) ratio was close to unity, and the exchange
between the two states was slow (> 1 s). The evolution of
this equilibrium was monitored through a temperature array
in E.coli cells overexpressing '’N-labeled SOD 17354 " and
in culture human cells after *N-labeled SOD1°*™354 deliv-
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ery upon electroporation.’® The authors exploited the two
well-separated NMR peaks generated by folded and unfolded
SOD1°™354(GIn153) in 2D 'H-'SN spectra. These took 4
hours to acquire with SOD1°*™334 3¢ ~20-30 pM in about
2-3.10” human cells. These cells were pelleted in NMR tubes
without fresh medium circulation, which was probably pro-
voking the observed F/U population drifts at T>293K
through the 4 hours experiments. The authors converted the
temperature dependent F/U equilibrium in folding free-
energy, which permitted to fit folding free enthalpy, free
entropy, heat capacity; cold- and hot-unfolding midpoint
temperatures were also obtained. They concluded that
SOD1%e 354 was destabilized by about 0.5 and 1 kcal/mol
in E.coli and human cells, respectively (Figure 24). They
also established ideal thermodynamic cycles to interpret the
variations of heat capacities between in vitro and in-cell
conditions. The more negative folding heat capacity in cells
was related to a larger solvent-accessible area of the unfold-
ed state than in vitro; this simplification holds true only in a
dilute buffer, while the protein:protein binding heat capaci-
ties should not be neglected in cells, in our opinion.5%36%
(NB: They acknowledged these binding contributions recent-
ly.#%427:610) Moreover, the conclusions of this approach shall
be taken with caution: i) the F/U equilibrium of endogenous
cellular proteins/nucleic acids is also temperature-dependent
and its impact on SOD1%™3%A F/J ratio is unknown;®!! ii)
the metabolite content of pelleted cells is not representative
of “normal” culture conditions (e.g. while ATP has protein-
solubilization properties,””**> it is depleted in about 1-2
hours in these experimental conditions?”-263%); iii) the ideal
thermodynamic cycle can only be closed if a cell is the same
with and without the studied protein, and also the same when
the protein is folded or unfolded, a model that fits better to
ideal crowding agents than to the cellular interplaying prote-
ostasis network. The observed shift of stability in cells is real
anyway, and its temperature-dependence was typically fol-
lowing the Gibbs free-energy curves obtained with purified
proteins in dilute solution. Interpreting them using the theo-
retical models from in vitro conditions was very tempting,
and probably hold some truth.
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Figure 24: Experimental procedure and analysis proposed by
Danielsson et al. PNAS 2015. A) N-labeled SQDParel-1354
(produced from recombinant expression in E. coli) was trans-
duced in cultured mammalian cells A2780; B) 2D 'H-'*N SO-
FAST-HMQC spectra were recorded at varying temperatures,

and gave access to the peak intensities of the residue Q153 in
SODPare-354(folded) and SODP*™B35A(unfolded), hence to the
intracellular F/U ratio; C) These F/U ratios were converted in
Gibbs free-energy of folding, and were plotted as a function of
temperature, revealing classical AGyr(T) curves for SODbarre
354 in E. coli, in A278- cells and in dilute solution (PBS: phos-
phate buffer saline): a temperature of maximal stability exist,
due to the negative heat capacity of folding; independently of
this representation, E. coli and mammalian cells proved to have
destabilizing effects on SODP*™e-354  Adapted from ref 338,
Copyright 2015 National Academy of Sciences.

As shown above with SOD1%*35A4(GIn153), in the case
of a two-state model, observing a limited set of resonances
can actually provide sufficient information to delineate the
folded/unfolded equilibrium. This rationale has been used by
Pielak and colleagues to study the stability of two small
model protein domains, GB1 and a SH3 domain from Dro-
sophila (dASH3), the latter of which has a F/U ratio close to 1
at room temperature. They have used '"F-NMR to observe
dSH3 in cells, which integrated a single '’F-Trp residue upon
recombinant overexpression in E. coli cells supplemented
with a fluorinated precursor.'**!%2% PF_NMR peaks in
folded and unfolded conformations were well-separated.
They quantified the two states by integrating the area of
these two peaks at varying temperatures,®® or salt concentra-
tions.'”® They converted these equilibria in unfolding free-
energies, which permitted to derive unfolding free-enthalpy,
free-entropy and heat capacity of dSH3 in cells. All these
values were almost unchanged, as compared to those meas-
ured with purified material in dilute solution. >* At the oppo-
site, exposure to 0.3 M NaCl destabilized dSH3 by 1
kcal/mol in E. coli cells, which was reversed by glycine
betaine.'”® The authors did not provide any clear numbers on
dSH3 intracellular concentrations (probably ~millimolar)
and every spectra were recorded in c.a. 20 minutes. They
applied recently the same '"F-NMR method to dSH3 mi-
croinjected in zebrafish oocytes, where a ~0.5 kcal/mol
destabilization was observed.?’®

Although not strictly speaking an in-cell NMR approach,
Pielak and colleagues also used a quenched lysate method to
quantify water:amide proton exchange on '’N-labeled GB1
destabilized mutants:'>® i) these were overexpressed in E.
coli cells, which were later pelleted, ii) resuspended in a
100% D,O buffer, where the H/D-exchange on amides was
let to occur through an array of hours-long incubation times,
iii) before lysis and H/D-exchange quenching by dropping
the pH to 3.5. Finally, 2D 'H-'"N NMR spectra of these
lysates provided GBI residue-specific peak intensities,
which were inversely proportional to the H/D exchange. The
corresponding exchange rates correspond to GB1 conforma-
tional breathing and transient unfolding provoking solvent
accessibility of the amide function. This method permitted to
reveal the cellular destabilization of GBI in E. coli,"’%'%! the
enhanced effects of some destabilizing surface mutations in
cells,’” the decreased effects of some stabilizing muta-
tions,'** and its further destabilization at low pH.'®® To what
extent plunging cells in D,O does impact the stability of
cellular proteins and their interconnected, promiscuous inter-
actions? D,O appears to stabilize proteins folding and pro-
tein:protein interactions in vitro.®? It is difficult to say
whether it affects the GBI solvent-accessibility in cells.
Another question concerns the experimental conditions and
cellular proteostasis: when maintained in PBS, without nutri-
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ents at 37°C over hours, E. coli cells certainly suffer energy
exhaustion, loss of chaperone activity, widespread misfold-
ing, all of which might impact GB1 stability. The set up
might be refined with ease.

In 2019 and 2021, Yao and colleagues approached this in-
tracellular conformational breathing in a more quantitative
fashion: they measured the so-called “T2 relaxation disper-
sion” of two destabilized mutants of the small model protein
GB3 in E. coli cells."®">'% In the case of a conformational
equilibrium between two states at the millisecond time-scale,
these experiments permit to quantify i) the populations even
if one of them is about 1%, ii) the rates of exchange and iii)
the chemical shifts of both populations.***”** These GB3-
derived proteins were overexpressed in the bacteria growing
in medium supplemented with '*"N-ammmonium salts. This
permitted to record the necessary 2D 'H-""N HSQC-CPMG
spectra of washed cell pellets in 3.5 hours at 35 °C (the intra-
cellular GB3 concentration was probably in the millimolar
range). The authors could show that the destabilized mutant
GB3 had a low-populated conformation similar to that ob-
served in 8 M urea, and that it was about twice more abun-
dant in cells than in dilute solution: 2.6 vs 3.7% for the first
mutant, 1.6 vs 2.8% for the second. This was not due to the
unfolding rate, but unfolded life-time about twice longer in
cells: kgg~2100 vs 1100 s for the first mutant, ~2000 vs
1100 s for the second.' This destabilization was not ob-
served at all in a crowded buffer containing dextran at 100
g/L. At the opposite, it was confirmed in cell lysate but with
~1.8-fold higher kungoia and kg rates. The same experiments
were recorded with cells resuspended in a buffer containing
400 mM of either sorbitol, glycerol, betaine or taurine.’'
The cellular destabilizing effects on GB3 persisted compari-
son in presence of these osmolytes. However, they affected
mostly the intracellular kunroia rates: the presence of glycerol
decreased kunfolda by 20% (30% in vitro), while taurine in-
creased it by 60% (20% in vitro); betaine and sorbitol de-
creased keig by 15% and 0% in cells, respectively, but in-
creased by 20% and 30% in vitro. This poor correlation
reveals probably important changes in cell density and mac-
romolecules interactions in cells exposed to these osmolytes.
Supplementary transient interactions are reported between
GB3 and cellular macromolecules by the average 1/(T1*T2)
factor in E. coli resuspended in 400 mM betaine or taurine.

Whether these values would hold true for other proteins is
unknown. All these results have also to be put in context:
they were obtained using cell pellets that were not supplied
with fresh medium through the experiments. The resulting
ATP-exhaustion holds probably the chaperone machinery in
pause, which might actually give access to a chaperone-free
quantification of the cellular impact on protein stability.
However, as stressed recently by Powers and Gierasch, even
only one protein population that misfolds is a matter for the
whole proteostasis network, which then loses “bandwidth” to
care about the rest of the proteome.®! Hence, it is desirable
to maintain a endogenous proteins well-folded and to intro-
duce as little unfolded populations as possible. It also applies
to the unfolded population of the studied protein. This argues
notably for performing similar experiments in flow-probe
bioreactors, in order to be closer to native conditions in the
future.

The relaxation-dispersion experiments are very promising
in our opinion. They are limited by two aspects though: they

require high protein concentrations in their current version (>
100 pM), and they permit to quantify conformational ex-
change in the millisecond time scale only. This time scale is
actually in the range of native folding events and allosteric
regulations. It is interesting to note that ~5 nm large macro-
molecules explore about 0.5 um of the intracellular space in
one millisecond.®*¢'¢ This represents a large portion of a
cell, and that gives probably substantial opportunities to mate
with chaperones, membranes, charged or hydrophobic sur-
faces.

Finally, we shall have a short discussion about how we can
interpret the impact of the cellular environment on protein
stability. The terms of “quinary structure and/or interactions”
are often used. This latter concept emerges from the follow-
ing credible possibility: natural selection mechanisms would
necessarily integrate the effects of the relation-
ship/interactions between a protein and its cellular environ-
ment. Crowding, (un)specific interactions with metabolites
and macromolecules have consequences on the stability of a
protein without any doubts. However, the current in-cell
protocols use high concentrations of heterologous, model
proteins. These bias the concept of native quinary structure,
i.e. a selected protein-specific relationship with its native
environment. Although appealing and editorially productive,
the concept of quinary structure shall thus be used with cau-
tion, in our opinion. Folded/unfolded equilibrium, balanced
impacts of crowding and diffuse cellular interactions, those
are safer terms, even though less concise. We hope that
talented colleagues will find better formulations in the near
future.

3.1.3. Nucleic acids

DNA/RNA structure in cells is also at stake in many in-
stances. Among others, RNA are recognized to be very flex-
ible objects,®’” %" and DNA tertiary structures like G-
quadruplexes are thought to be of high importance, but
known to be highly sensitive to their environment.®*62
Altogether, the intracellular environments appear to impact
nucleic acids structure.®*%2* We will not cover the past anal-
ysis of DNA in intact viruses executed by ssNMR (see the
following recent reports for an insight in the modern capaci-
ties in the field).®>%%8 62 Unless specified, the studies report-
ed below were executed using solution NMR.

In-cell structural NMR studies were first carried out on
uniformly '*C/"*N-labeled DNA and RNA microinjected in
frog oocytes.®*271297.62 This approach permitted to acquire
2D 'H-"C and 'H-""N spectra of small oligonucleotides
(~15-25 bp) at intracellular 150-250 uM concentrations in 5-
8 hours per spectrum. The G-quadruplex structure of
d(TG4T)4,”" and of d(AG3(TTAGGG);) were confirmed.®?
In the latter case, the nucleic acid concentration was limited
to 100 puM for cell survival reasons, which allowed only one-
dimensional spectra to be recorded in the imino region. More
recently, the global fold of a RNA aptamer was show to be
stable after microinjection in frog oocytes at 120 mM using
2D 'H-""N SOFAST-HMQC spectra recorded in about 100
minutes.”*

Other authors attempted to make profit of "F-NMR in
frog oocytes. Xu and colleagues attached a hexa-fluorinated
moiety to the 5’ termini of 12-mer RNA, which yielded 3
different ’F-NMR peaks in its 3 conformational states, i.e.
monomer, dimer G-quadruplex and two-subunits stacked
tetramer G-quadruplex.”? They recorded one-dimensional
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F-NMR of this 12-mer RNA microinjected at 150-250 uM
in frog oocytes in about one hour.'** Surprisingly, they ob-
served only the '"F-NMR peak corresponding to the tetramer
G-quadruplex although it appeared only at millimolar con-
centrations in dilute solution. Xu and coworkers introduced
also a hexafluorinated guanosine in a G-quadruplex DNA
oligonucleotide, whose '"F-NMR signal in frog oocytes was
at the frequency observed for the G-quadruplex structure in
vitro.*® This probe had however G-quadruplex stabilizing
properties. This was not the case of another fluorinated probe
proposed by Srivatsan and colleagues: they attached a
fluorobenzofuran to a 2’-deoxyuridine, which is moreover an
environment-sensitive fluorophore.?® Once integrated in
human telomeric DNA oligonucleotides, it generated a signal
at different '""F-NMR frequencies in the different G-
quadruplex conformations that the oligonucleotides can
adopt. This helped to nail the conformations adopted by
these oligonucleotides at 180 uM in microinjected frog oo-
cytes in 1D ""F-NMR spectra recorded in about 10 hours.
Their one-dimensional 'H-NMR counterparts showed unex-
ploitable, broad signals.

Next, two groups managed to deliver oligonucleotides in
cultured mammalian cells in 2018, using either pore-forming
toxins or electroporation.*3%463! Some leakage have been
observed in the case of pore-forming toxins,>2>32%:632633 byt
this might be fixed by resting and selecting viable cells on
plates for a few hours before the NMR acquisition. Alterna-
tively, Katahira and colleagues used a flow-probe bioreactor
to remove leaked DNA from the NMR tube.**® Trantirek and
colleagues used electroporation and one-dimensional 'H-
NMR in 5 recent publications. The intracellular concentra-
tions of the electroporated nucleotides was about 10-15 pM,
which permitted to acquire exploitable 1D 'H-NMR spectra
in about 20-40 minutes from pellets of 1.3x10* HeLa or HEK
cells (they did not keep cells in the NMR tube more than 2
hours).2?4364365631 Indeed, this concentration is sufficient to
yield enough signal in the imino region of the 1D 'H-NMR
spectra (~12-17 ppm). The cellular background signal is very
low in this region: i) cellular nucleic acids are mostly extra-
large macromolecules, which are not visible by solution
NMR; ii) cells do not visibly contain important populations
of any small oligonucleotide that would yield detectable
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imino NMR signals. Importantly, the authors attached a
fluorophore in a sub-stoichiometric 40:1 or 50:1 ratio to
evaluate the electroporation efficiency (FACS) and the cellu-
lar localization of the oligonucleotides (confocal microsco-
py): they all moved spontaneously to the cell nucleus. Using
this approach, Trantirek and colleagues could prove the
stability in cells of i-motifs structure adopted by C-rich se-
quences from the human genome.®' The "H-NMR signals in
the imino region were indeed observed, which proved that
they were engaged in base pairing. They also showed that a
number of i-DNA motifs are more stable in cells than in
dilute solution.®*'%3* The achievable intracellular concentra-
tion was enough to detect a RNA-14mer in HeLa cells but
not a 72-nucleotide aptamer.”* Katahira used also one-
dimensional '"H-NMR spectroscopy but delivered DNA
oligonucleotides using pore-forming toxins. Because of cell
leakage issues, they used recently a flow-probe bioreactor,
which efficiently removed leaking DNA and maintained
cells viable in the NMR spectrometer through extended
periods of time. This permitted to record high S/N 'H-NMR
spectra through ~16-20 hours of oligonucleotides at ~5-20
UM in ~2-4.10" HeLa cells. They could prove the stability of
DNA triplex structures in cells by detecting its 'H-NMR
fingerprint (Figure 25).%%

Xu and colleagues used pore-forming toxins to translocate
DNA and RNA oligonucleotides, which were previously
tagged with a hexafluorinated probe at the 5 their extremity.
This generates ""F-NMR signals at different frequencies in
function of the adopted tertiary structures. They could record
one-dimensional '"F-NMR spectra of various oligonucleo-
tides at intracellular concentrations of about 150 uM in about
80 minutes. This helped them to show that human telomere
DNA sequences could adopt various hybrid-type or two-
tetrad G-quadruplex structures in cells. They could also
observe the concomitant existence of hybrid DNA:RNA and
RNA:RNA quadruplexes.**® They also introduced a trifluoro-
2’deoxyguanosine, which stabilized a Z-DNA conformation
in vitro and in cells, according to the one-dimensional '°F-
NMR fingerprint.*** In a recent report, Trantirek and col-
leagues have shown that in-cell 'H-NMR analysis of G-
quadruplexes can be hampered when conformational ex
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Figure 25: A) One-dimensional 'H-NMR spectra of Parallel Triplex oligodeoxynucleotides (PT) and of their duplex portions (D7) in vitro
and in HeLa cells; the spectrum of PT in-cell reveals the presence of both PT and DT in proportions that correspond to the appearance of
degraded species of PT in cells, according to gel electrophoresis analysis; B) Novel H-bond stabilizations of imino protons appearing in the
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triplex structure; C) Sequences and secondary structures of PT and DT used in this study (dots and stars indicate Watson-Crick and
Hoogsteen base pairs, respectively; red and blue nucleotides correspond to the observed imino protons in PT and DFT). Adapted from
Sakamoto et al. ChemComm 2021.328 Copyright 2021 Royal Society of Chemistry.

change provokes the appearance of too many,and some-
times too broad 'H peaks. DNA integrating a single fluori-
nated probe can help, even though ""F-NMR generates broad
NMR signals in cells: conformation-specific '’F-NMR peaks
can overlap and also require deconvolution to be interpret-
ed.635

We shall mention recent developments, which take ad-
vantage of *C-'“F labeling: this permits to obtain sharper
F-signals of large proteins and nucleic acids. Although
much more expensive, these labeling schemes could find
applications for in-cell NMR studies.!'8!!%137.139410 A]g0,
cost-effective protocols exist to produce uniformly or nucleic
acid-specific *H-,"*C and/or '*N-labeled nucleic acids.'*¢"*!
Such labeling would permit to record two-dimensional
BC/N-filtered spectra, which can yield structural infor-
mation of superior quality.®*® The late Covid-19-related
context urged for studies on RNA viruses and RNA-based
vaccines. NMR spectroscopy may be helpful in this field to
characterize uptake and processing of nucleic acids non-
destructively and at atomic-resolution.®’

3.2. The specific case of disordered proteins

About 40% of the human proteome is made of regions or
proteins that do not have a stable fold by themselves.'*6*®
These are commonly called “intrinsically disordered pro-
teins” or regions of proteins (IDPs/IDRs). These play fun-
damental roles in cell signaling: the eukaryotic organisms
use notably their capacity to establish low-affinity but high
specificity-interactions, which can be reversibly switched on
or off by post-translational modifications.®®**-#*> They have
impacts at multiple other levels, like the thermodynamic and
kinetic modulation of protein interactions, the establishment
of allosteric mechanisms, or the organization of membrane-
les organelles via liquid-liquid phase separation.®*%% They
are also infamous for their aggregates related to a number of
protein misfolding diseases.®**! NMR spectroscopy had
invaluable contributions in the field: it is the only technique
likely to provide residue-specific information on these ex-
tremely flexible objects.”#7:652:653

IDPs have moreover NMR-favorable properties: because
of their high flexibility, their resonances relax slower than
those of folded proteins, which translates into higher S/N of
their NMR spectra. Exploitable 2D "H-""N spectra of IDPs in
dilute solution can be recorded at 1-5 puM in about one
hour.*”® The quality of their in-cell NMR spectra is often less
affected by the intracellular unspecific interactions and tum-
bling deceleration, as compared to what is observed with
folded proteins. Hence, protein constructs integrating both
disordered and folded domains generated NMR spectra in E.
coli, where only the disordered fraction is visible.'**'** IDPs
interactions have indeed only local impacts on the protein
mobility: only the binding segment is engaged and the rest of
the protein remains independently flexible and NMR-visible,
in most cases.

IDPs spectra are generally poorly dispersed: every residue
can explore its local conformational space with a high degree
of freedom, which averages out the perceived chemical
environments and thus provokes poorly differentiated chem-
ical shifts. NMR spectra of IDPs are thus rather straightfor-

ward to recognize, as compared to the more scattered ones of
folded proteins. This feature has been used to confirm the
disordered state of a number of '"N-labeled overexpressed
proteins in E. coli cells. The model IDP a-synuclein was
particularly scrutinized by four independent groups, using
2D IH_ISN NMR spectroscopy,154,156,166,174,175,177 or even 19F_
NMR.’!® These observations permitted notably to disprove
allegations about the folded nature of recombinant o-
synuclein when gently purified from E. coli cells:*** its in-
cell NMR spectra are those of an IDP before any lysis or
purification step.!”” Waudby and colleagues demonstrated it
further, by recording in-cell 3D 'H-"*C-'>N NMR spectra to
obtain "*C-backbone chemical shifts, which did not show any
signs of secondary structure.!”” Using 'H-'N NMR,
Shekthman and colleagues showed that the Mycobacterium
prokaryotic ubiquitin-like protein (Pup) was disordered upon
recombinant expression in E. coli cells.'® Similarly, Hough
and colleagues have shown that FG-rich repeats from yeast
nucleoporins (FG-Nups) were disordered upon recombinant
overexpression both in E. coli and in yeast.'"””** The same
two-dimensional 'H-""N NMR experiments revealed a disor-
dered conformational behaviors for Tau and for the N-
terminal residues of the kinase c-Src previously microinject-
ed in frog oocytes.?8328

The next step came with the experimental proof that the
structural disorder of human disordered proteins persisted in
cultured human cells. This was indeed demonstrated by three
independent groups, who reported 2D 'H-""N NMR spectra
of "*N-labeled a-synuclein in a number of cell lines (includ-
ing neuronal ones), either after electroporation delivery or
upon in situ overexpression.'”®?73% These spectra were
indeed superimposable to those measured in dilute solution,
where a-synuclein is the archetypal IDP. Minor differences
existed though, which were of high importance. First, Theil-
let et al. observed that some NMR peaks had weaker intensi-
ties in cells, which were corresponding to residues in the
vicinity of Phe4 and Tyr39 (Figure 26).' The alanine-
mutation of these two residues provoked to recover high
peak intensities in the two regions. Later, Burmann and
colleagues showed that these interactions were mainly due to
endogenous chaperones: inhibiting HSP90 restored also the
NMR signal intensities of residues neighboring Phe4 and
Tyr39.% Even more important, upon Hsc70 silencing and
HSP90 inhibition, they observed that the 2D 'H-'*N NMR
spectra of a-synuclein resembled those of lipid-membrane
bound o-synuclein; they confirmed o-synuclein colocaliza-
tion with mitochondria using confocal microscopy. This was
accompanied by the formation of a-synuclein aggregates.
These NMR experiments were carried out on samples made
from recombinant '"N-labeled a-synuclein electroporated at
intracellular concentrations ranging from 3 to 100 uM in 5-
15.107 cells. One hour-long acquisitions produce exploitable
spectra at 10-20 uM concentrations.

Interestingly, supplementary interactions were detected on
o-synuclein C-terminal acidic regions, which were attributed
to unknown cellular cationic species.'”® What is the impact
of all these interactions and of cellular viscosity on the glob-
al conformational dynamics of a-synuclein? By measuring
and analyzing in-cell T1/T2/heteronuclear-NOE relaxation
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parameters in dedicated 2D 'H-"N spectra, Theillet al. man-
aged to deconvolute the NMR effects of slower dynamics at
the nanosecond timescale from those of interactions at the
us-ms timescale: it appeared that the residue specific correla-
tion times were uniformly about 1.5- to 1.8-fold slower in
cells than in dilute solution. Moreover, Theillet et al. meas-
ured residue-specific PREs in 2D 'H-"N spectra of in-cell a-
synuclein previously cysteine-attached to paramagnetic tags.
This produced intramolecular distance profiles very similar
in cells and in dilute solution, which revealed only a modest
compaction in cells, while a crowding agent like ficoll pro-
voked an apparent compaction in vitro.'’® Interestingly, the
only region that did not experience any intracellular interac-
tions was the central amyloidogenic region of a-synuclein.
The NMR residue-specific information was clearly instru-
mental there.
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Figure 26: A) 2D 'H-'>N LHSQC spectra of *N-labeled o-
synuclein in cultured mammalian cells (A2780 cell lines; spectra
obtained in HelLa, and in the neuronal B65, SK-N-SH and
RCSN-3 cell lines were about the same).!”® The protein was
expressed recombinantly in E. coli, purified and delivered in
mammalian cells using electroporation. The protein was N-
terminal acetylated after its delivery, as shown by the NMR
signals of the nine first N-terminal residues adopting frequencies
specific of this form. The spectrum of the wild-type protein
shows peak intensity losses in the N-terminal, in the vicinity of
Y39 and in the C-terminal; the spectrum of the F4A-Y39A
mutant revealed a recovery of peak intensities in the N-terminal
regions, but not in the C-terminal (the chemical shift perturba-
tions due to F4A-Y39A mutations are particularly visible on
Val3, Met5, L38 and V40). B) Cartoon of the conformational
behavior of a-synuclein in cultured mammalian cells, as inter-
preted from in-cell NMR and EPR information. The protein is
disordered, protects its central NAC region free of any interac-
tions and experiences transient interactions in the regions sur-
rounding Phe4, Tyr39 and its acidic C-terminus. Burmann et al.
showed that cellular chaperones are main contributors to the
interactions with Phe4 and Tyr39.3% Adapted from ref '7°. Cop-
yright 2016 Springer Nature.

The nature of IDPs’ NMR spectra changes drastically up-
on binding to folded proteins: peaks can appear out of the
spectral region, where disordered residues signals fall nor-

mally. However, IDPs experience often loose interactions,
and the exchange between bound and free states occurs
commonly at the ps-ms timescale, which provokes NMR
peak intensity losses. An ambiguity can remain in the cause
of NMR peak disappearance in cells: unspecific, transient
interactions or folding accompanied by slow tumbling can
produce this effect. All shades of grey exist probably in
between these two pure situations. An early report of Pielak
and colleagues concluded that the transcriptional regulator
FlgM overexpressed in E. coli cells adopted a folded state
because of some NMR peaks disappearance. This might
however be explained by intracellular interactions as well. In
a more recent study, they measured H/D exchange rates on
backbone amides, which were consistent with a disordered
behavior.'%? Recently, Zhang et al. released in-cell spectra of
>N-labeled Tau electroporated in HEK cells, which permit-
ted the same peak intensity mapping: it was basically the
same than Tau mixed to microtubules in vitro.**” This cor-
roborates prior knowledge on interactions between Tau and
microtubules in cells. Hough and colleagues observed peak
disappearance in FSFG motifs of FG-Nups both in E. coli
and in yeast. The high accessibility of disordered residues
makes them probably favored targets of unspecific interac-
tions with all sorts of hydrophobic surfaces in cells.!”#%

Importantly, we must stress the fact that all these in-cell
studies on IDPs have been carried out i) using cell pellets
with no nutrient replenishment and ii) at low temperature
(about 10 °C). Indeed, 'H-""N NMR spectra are commonly
used because they can provide residue specific information
and satisfying sensitivity. This is compromised at high tem-
perature or pH, because the water:amide proton exchange
rates become faster. 'H-'"N NMR peak intensities are in-
versely proportional to these rates, and 'H-'°N spectra are no
longer exploitable above pH7 and 25 °C usually. Low tem-
perature makes the absence of fresh medium supplementa-
tion less problematic, by avoiding cell death. Cells are not in
their most native conditions. Although not perfect, these
conditions were the only ones available to achieve the re-
ported pioneering studies. The future investigations will
certainly take advantage of flow-probes bioreactors. As
mentioned above, physiological temperatures and pH will
however hamper the classical use of "H-""N NMR spectros-
copy. 1*C-detected NMR appears to be the next best possibil-
ity,'”® which suffers of lower intrinsic sensitivity. Improved
pulse sequences and '*C-optimized probes give access to
exploitable NMR spectra of disordered proteins at ~25 pM in
about one hour at 37 °C.**® Whether they would yield such
performances in cells remains to be tested.

We mention briefly that the drastic difference between 2D
'H-">N NMR spectra of folded and disordered proteins has
also been useful in studies focusing on folded/unfolded equi-
libria (see chapters 3.1.2. and 3.4.).

3.3. Chemical modifications

NMR spectroscopy reports for any changes in the chemi-
cal environment of an amino acid/nucleotide via its chemical
shifts. Hence, NMR became an exquisite technique to study
post-translational modifications (PTMs) in a residue-specific
and time-resolved fashion,*?405497655 among which phos-
phorylation, 06436636660 acetylation,' 76416 methyla-
tion, %6455 oxidation,?1% or Asn/Asp/Gln/Glu degrada-
tion.%7-%% Barraud and colleagues introduced recently the
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NMR identification and monitoring of RNA post-
transcriptional modifications.?*

IDPs are the main targets of cell signaling-related, reversi-
ble PTMs."* Consistently, in-cell NMR studies reported
mostly PTMs on IDPs, using 2D "H-'""N NMR spectroscopy.
!>N-labeled Tau and the disordered N-terminal of c-Src were
phosphorylated after being microinjected in frog oo-
cytes.”®?8 Selenko and colleagues managed to monitor the
phosphorylation of '“N-labeled a viral SV40 peptide: by
recording time series of 2D '"H-""N NMR, the progressive
appearance of NMR peaks was observed corresponding to
SV40(pS112) followed by SV40(pS111). They also exposed
oocytes to progesterone, which triggered Cdkl activity and
the phosphorylation of SV40(T124) in addition to those of
S112 and S111; all these phospho-events were monitored
simultaneously using 2D "H-""N NMR.

In contrast, pre-phosphorylated Tau was observed to be
dephosphorylated after its electroporation delivery in culture
mammalian cells.’®” a-synuclein was N-ter acetylated post-
translationally in various mammalian cell lines: the 2D 'H-
>N NMR spectra were superimposable to those obtained in
vitro upon incubation with the N-terminal acetyltransferase
NatB.”® About 80% of the human proteome is N-ter acety-
lated,’*”" but a-synuclein was believed to be exclusively
co-translationally modified by NatB; these in-cell NMR
studies proved that it was also readily processed post-
translationally. Methionine-oxidized '’N-labeled a-synuclein
was also delivered in mammalian cells, where it was reduced
selectively on Metl and Met4, but not on Metl16 and
Met127.33! Finally, the progressive proteolytic processing of
>N-labeled a-synuclein delivered in mammalian cells was
also characterized using 2D 'H-"*N NMR. All these studies
require good references and peak assignments in vitro: the
PTMs are identified by comparing the spectroscopic finger-
prints of in-cell spectra and their in vitro counterparts.

Cysteine redox equilibrium has also been investigated us-
ing in-cell NMR. Cysteines chemical shifts are naturally
depending on the oxidation state of their side chain, i.e. thiol
or disulfide. Banci and colleagues characterized SOD1 cyste-
ine side chains in cultured mammalian cells overexpressing
this protein in a medium supplemented with 'SN-
cysteine.*”»%672 They had also used this labeling strategy in
a previous study in E.coli cells.'”' Hence, they could test the
consequences of co-chaperone expression or copper supple-
mentation on the four cysteines of SODI1 in a residue-
specific fashion. However, cysteine thiol-disulfide exchange
has often an important impact on the neighboring amino
acids, or even on the global fold of a protein. Banci and
colleagues have thus carried out many other studies using a
uniform '*N-labeling obtained by supplementing the mam-
malian cell culture medium with '"N-amino acids. Using
uniform '*N-labeling and '“N-cysteine labeling, they could
show that Mia40 and Cox17 were maintained in a reduced
state by glutaredoxin 1 and thioredoxin 1."7%¢” These two
labeling schemes were also useful to show that Cd** expo-
sure provoked the oxidation of SOD1 cysteines.”® Shimada
and colleagues adopted another strategy: they produced '*C-
Alanine labeled thioredoxin (Trx) recombinantly in E. coli,
which they later delivered in culture mammalian cells using
pore-forming toxins. Indeed, Trx-Ala29 generates a well-
separated 'H-">C methyl NMR signal in 2D 'H-"*C NMR
spectra, which is sensitive to the establishment of a disulfide
bond between Trx-Cys32 and -Cys35. Hence, they could
monitor the redox state of intracellular Trx upon exposure to
the oxidant tert-butyl hydroperoxide (TBH).>*® The authors
measured the cellular redox potential simultaneously: they
quantified the '*C-labeled glutathione redox equilibrium
(GSH/GSSG), which was obtained via '*C-cysteine supple-
mentation and incorporation in endogenous glutathione.
Interestingly, the Trx redox transition did occur at a less
reducing potential in cells than in vitro (Figure 27).
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Figure 27: Operating principle of simultaneous in-cell NMR monitoring of the redox potential via GSH/GSSG and of the Thioredoxin
(Trx) redox equilibrium. A) 3C-Cysteine is integrated by cultured mammalian cells into glutathione, which enables the quantification of
GSH and GSSG via the peak intensities of 'H-'3Cp in 2D 'H-'3C CT-HSQC spectra; the insets show the peak intensity profile along the
'H-dimension; B) Trx('*C-Ala) was produced recombinantly in E. coli, purified and translocated in cultured mammalian cells (3.107 HeLa

cells) using pore-forming toxins resealed via Ca®*

supplementation; '"H-'>*C3 NMR signal from Ala29 is a good reporter of the redox equi-

librium between reduced Cys32/C35 and disulfide bonded Cys32-Cys35; here the 2D spectra are acquired using a 'H-'3C SOFAST-
HMQC pulse sequence for a better S/N, which cannot be used for '3C-glutathione; C) Experimental scenario of an in-cell time-resolved
monitoring experiment of the GSH/GSSG and Trx-redox equilibria: 2D 'H-*C CT-HSQC (red periods) and 'H-'3C SOFAST-HMQC (blue
periods) spectra are acquired alternatively to detect glutathione and Trx, respectively; D) Intracellular redox potential in function of time,
as measured by the GSH/GSSG ratio in 2D '"H-!3C spectra; E) Intracellular Trx-redox ratio in function of time, as measured via the Ala29
peak intensities 2D 'H-'3C spectra; F) Intracellular Trx-redox ratio in function of intracellular redox potential; the blue curve shows the
same Trx-redox ratio as measured in dilute solution. Adapted from ref 326, Copyright 2018 American Chemical Society.

Unfortunately, most of these PTMs could not be moni-
tored in real time, because they were already complete when
starting the NMR acquisition: it takes from 2 to 5 hours to
rest the cells after protein delivery, before settling them in
the NMR tube. This limits considerably the capacity of NMR
to describe intracellular PTM mechanisms. Cell extracts can
represent an interesting alternative, and they have been used
fruitfully in a number of cases.?8+298:331.357.661.674-677 However,
we can think to many biases that can make cell extracts a
misleading material too: many species precipitate upon lysis,
colocalization is lost, the PTM-operating enzymes are possi-
bly not regulated anymore, the energy depletion occurs
soon... NMR spectroscopy is still very useful in vitro to
decipher complex PTMs mechanisms with multiple events,
which is of great help to design mutants for complementary
cell biology investigations,*3:3677.678

3.4. Metal chelation

About 30-40% of proteins integrate metal ions in their
structure, a percentage that is also found in the PDB.®” Met-
als are often found in catalytic centers or can be pure struc-
tural elements, sometimes as triggers of conformational
changes (e.g. calcium and calmodulin). They are also sus-

pected to play a role in neurodegeneration diseases.®®*!

How do metal proteins exert their metal preferences, undergo
metal shrinkage or oxidative stress, or accommodate compet-
ing and eventually harmful metals?'*%*26% Techniques have
been developed to characterize metal binding by proteins,
notably using mass-spectrometry. However, it relies on
destructive processes, which can produce misleading results:
the intracellular binding of metals is regulated by a number
of delivery pathways and localized equilibria, which are lost
upon cell lysis and can generate irrelevant metal release or
competitions.*®+% Obtaining information from intact cells is
thus desirable. NMR spectroscopy can report for metal che-
lation like for any other changes in chemical environ-
ment, 668768 including in cells.®

Paramagnetic species provoke fast relaxation and low
NMR signal, which made them too challenging for extensive
in-cell NMR studies until now. (NB: In-cell structural studies
using lanthanide tags do not dealt with any biological ques-
tion about metal chelation, see chapters 2.3.6. and 3.1.1.). A
number of proteins chelate the diamagnetic Mg?*, Ca*", Zn?*,
or Cu’, which are exquisite targets for in-cell NMR studies.
An early study also reported the complexation of Pt(II) by
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the '*N-labeled Cu-chaperone HAH1 (also named Atox1, 68
amino acids) overexpressed in E. coli cells.*”® Indeed, its in-
cell 2D 'H-'N HSQC spectrum upon bacterial exposure to
cisplatin was superimposable to that obtained in dilute solu-
tion with purified Atox1 in presence of cisplatin. Hence, the
in-cell spectra confirmed that this interaction was also possi-
ble in a cellular environment, where many other metal ions
might have outcompeted Pt(II) chelation by Atox1.

At the opposite, Banci and colleagues reported examples
of metal binding events that were observed in vitro, but
prevented in cells. The copper, zinc superoxide dismutase
SOD1 must chelate one Zn*" and one Cu"/Cu®" to be active,
in addition to dimerizing and establishing intramolecular
disulfide bonds. Understanding its maturation scenario is
thus rather complex and was rather puzzling: for example, it
can chelate two Zn®* in its two metal binding sites in vitro.
Interestingly, this did not occur in E. coli cells supplemented
solely with Zn?>* and deprived of copper: the recombinant,
overexpressed N-labeled SOD1 generated in-cell 2D 'H-
15N spectra that did correspond to E-Zn-SOD1 but not to Zn-
Zn-SOD1, according to the in vitro reference spectra.'”
However, copper supplementation did not provoke the ap-
pearance of the expected NMR spectrum or Cu-Zn-SODI.
This only occurred once SOD1 was co-overexpressed with
its cochaperone CCS in cultured mammalian cells. Banci and
colleagues recorded 2D 'H-""N NMR spectra of '*N-labeled
SOD1 in HEK293 cells supplemented or not with Zn** and
Cu*", and with and without stoichiometric expression of
SOD1: these revealed that only the combination of Zn*',
Cu*" and CCS permitted to obtain the final mature dimer Cu-
Zn-SOD1, while the absence of CCS yielded E-Zn-
SOD1.272% In contrast, a series of SOD1 mutants from
patients with familial amyotrophic lateral sclerosis (fALS)
were found to be incapable of chelating Zn** in absence of
CCS, as revealed by their in-cell 2D 'H-'>N NMR spectra.”>
Surprisingly, the co-expression of CCS provoked their cor-
rect folding into Cu-Zn-SOD1, notably by stabilizing the E-
Zn-SOD1 intermediate.”’” Banci and colleagues showed also
that Cd** was unable to replace copper in cultured mammali-
an cells, which was revealed by the only observation of
NMR spectra of E-Zn-SOD1.>*° Using the same '’N-labeled
expression in HEK293T cells and in-cell 2D 'H-"’N NMR
spectroscopy, they also demonstrated that the 20 kDa Parkin-
son’s disease related DJ-1 did not bind zinc or copper in
cells, while it did in dilute solution. We shall mention the
authors also showed that metal chelation by SODI1 was also
detected via one-dimensional 'H-NMR spectroscopy, a faster
and more sensitive approach: the histidine side chains reso-
nate in background-free region of the 'H spectra (about 12-
16 ppm), and, being involved in metal chelation, their chem-
ical shifts are specific reporters of this interaction. They do
not provide the rich information about SOD1 folding and
redox equilibrium that 2D '"H-'"*N spectra reveal though.

Ca” is extremely important for cell signaling and can trig-
ger a number of protein structural and activity changes in
cells.®%®! Calmodulin (CaM) may be the most famous Ca**
sensor, whose Ca*-bound conformation permits to interact
and regulate multiple enzymes.®> CaM undergoes a confor-
mational rearrangement upon accommodating two Ca** ions
at two chelation sites, which might be affected by cellular
crowding and the interactions with its numerous protein
partners. Hence, CaM has been a target of in-cell NMR since
the beginnings, and it has been scrutinized in a number of

Studies. 147,148,167,168,189,192,193,226,227,280,286 HOWeVer, it ylelds

often poor spectra, either because of its intrinsic capacity to
exchange between its different conformations, or to interact
with too many cellular entities. Li and colleagues circum-
vented this problem by labeling CaM with unnatural fluori-
nated 3F-Tyr. They designed a mutant of CaM with only two
tyrosine residues generating two peaks in 1D '’F-spectra,
whose chemical shifts are different in the Ca®*-free and Ca*'-
bound forms. These chemical shifts are further perturbed
upon interacting with Ca®*-activated CaM-binding peptides,
like a fragment of the myosin light-chain kinase (MLCK).
Interestingly, Li and colleagues introduced preformed Ca*'-
CaM at 0.22 mM in frog oocytes, but observed '"F-NMR
spectra corresponding to the apo-CaM.'”? While the Kd of
Ca?" binding is about 7.10° M in vitro, they had to increase
the intracellular [Ca*"] up to 2 mM to reach an equimolar
ratio apo-CaM:Ca**-CaM. The microinjection of Ca*'-
CaM:MLCK complex at 0.22 mM revealed a 1:1 ratio be-
tween apo-CaM and the complex Ca?*-CaM:MLCK in frog
oocytes. Ca*" ions were probably involved in other compet-
ing events in cells, or even scavenged or pumped out, and
MLCK binding stabilized Ca®" binding in cells as it does in
vitro.

In a short study, Ito and colleagues have introduced '“N-
labeled calbindin Dok in cultured mammalian cells (HeLa)
using the cell-penetrating peptide approach.*'> This protein
(79 residues) acts as a calcium-buffer in the cytosol, where it
binds Mg®" in absence of Ca>" (affinities are separated by
1000-fold). While they introduced the Ca®*-loaded form of
Dok, they recorded in-cell 2D "H-""N NMR spectra corre-
sponding to the Mg®*-bound form initially. However, their
sample was simply made of a cell pellet, without any fresh
medium replenishment. After 2 hours at 37 °C in the NMR
tube, it generated 2D 'H-'N NMR spectra corresponding to
Ca?"-bound Dok, consistent with a loss of cell homeostasis

and a release of intracellular Ca®"3!?

We must notice that these NMR spectra were recorded at
intracellular concentrations of the studied proteins between
50 and 300 pM.'72237238.255261 The case of SOD1 and the
necessary co-expression of its cochaperone CCS remind us
that a good prior knowledge of the biological system is im-
portant. The functional partners of the studied protein should
better be expressed at similar levels. In any case, we have
seen that purified material or from cell lysates can produce
misleading observation in this field. To the best of our
knowledge, in-cell NMR studies represent the only approach
to obtain such a relevant and detailed information on metal
binding by proteins.

3.5. Protein:protein specific interactions

NMR spectroscopy is a method of choice to describe mac-
romolecular interactions at the residue scale.*”**%* We have
discussed oligonucleotides structures in the chapter 3.1.3,
which often depend on their interactions; we will thus not
evoke them further in the present chapter.

In early studies, Shekhtman and colleagues showed that
protein:protein interaction surfaces could be mapped in E.
coli, by expressing successively a first ’N-labeled protein
and a second or even a third one at '“N-natural abun-
dance.'*'®> We described the protocols in chapter 2.2.2., and
its yeast counterpart in chapter 2.2.3. This permits to obtain
2D 'H-""N NMR spectra of only one protein, hence avoiding
spectral crowding and difficulties or ambiguities in the later
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residue-peak specific analysis. They mapped the in-cell
interactions on '’N-labeled surface with the ubiquitin-
interacting motif from ataxin 3 (AUIM) or with the signal-
transducing adaptor protein 2 (STAM 2), based on chemical
shift perturbations or peak broadening.'**'®* Only minor
differences were observed with the same interactions ana-
lyzed in vitro. Then, they showed that '"N-ubiqutin interac-
tion surface with STAM2 was affected upon co-expression
of the tyrosine kinase Fyn in E. coli (STAM2 and Fyn were
non-labeled).'®® The interaction surface with the Hepatocyte
growth factor regulated substrate (Hrs) was not affected
upon Fyn expression, suggesting that STAM2 phosphoryla-
tion was responsible for the pervious variation. Shekhtman
and colleagues used the same approach to detect and map the
interaction between the '*N-labeled fujimycin binding pro-
tein (FKBP) and the non-labeled rapamycin binding protein
(FRB) in E. coli."* They exposed the cells to known FKBP-
binding inhibitors of this interaction, which provoked chemi-
cal shift changes in the in-cell 2D 'H-"N NMR spectra of
FKBP, consistent with prior knowledge. Finally, they over-
expressed the Mycobacterium tuberculosis prokaryotic ubi-
tin-like protein (Pup) in a '“N-labeled fashion, and later
expressed the mycobacterial proteasomal ATPase (Mpa),'
or identified Pup-binding peptides,'® in a '*N-labeled fash-
ion in E. coli. The in-cell 2D "H-""N NMR spectra of '“N-
Pup showed residue-specific peak broadening in presence of
Mpa or of the Pup-binding peptides, which allowed a resi-
due-specific mapping, and eventually a drug screening.'®’

Shimada and colleagues used in-cell NMR to verify a
weak interaction characterized previously in vitro: the 9 kDa
domain CGl of the microtubule-binding protein CLIP-170
(CG1) interacts transiently with acidic C-terminal peptides of
tubulins with a low affinity (Kd~70 uM).%* The highly elec-
trostatic nature of this interaction might have been too de-
generate to be relevant in cells. They delivered deuterated
("H/"C-lle-Leu-Val)-CG1 at ~180 uM in HeLa cells using
pore-forming toxins, and recorded 2D 'H-'3C NMR spectra,
which gave access to residue specific information.?®” The
observed in-cell chemical shifts were the same than those
observed in vitro in presence of purified microtubules.
Moreover, proton spin saturation (via radiofrequency irradia-
tion)®® of the protonated cellular material was preferentially
transferred to the resonances of the residues identified as
contacting microtubules in vitro. Finally, they introduced a
mix of non-labeled and deuterated (*H/**C-Ile-Leu-Val)-CG1
at a ratio 10:1 to provoke an intracellular binding competi-
tion, which resulted in the loss of residue specific saturation.
This saturation was thus revealing a real intracellular binding
event. Such a scheme might be applied to heterodimers,
where one protein would be protonated and the other deuter-
ated.

We have just seen in the previous chapter that 'F-
calmodulin generated in-cell "F-NMR spectra once mi-
croinjected in frog oocytes. The 'F-Tyr peaks were sensitive
to Ca*" binding, so were they to calmodulin-binding peptide
MLCK. Hence, Li and colleagues could quantify the stoichi-
ometry of the Ca**-calmodulin:MLCK complex in cells.'”

19F-Trp labeling was also used by Pielak and colleagues to
evaluate the monomer-dimer equilibrium of a A34F mutant
of GBI, which has a Kd of ~40 uM in vitro. GB1(A34F)
contains only one Trp, and it yields two well separated peaks
for the monomer and the dimer forms. The authors overex-

pressed 6F-Trp-GB1(A34F) (see chapter 2.3.4.) in two types
of E. coli cells: in a BL21(DE3) strain, only the dimer 19F-
signal of 6F-Trp-GB1(A34F) appeared upon IPTG-induction
at 25 and 1000 uM,; at the opposite, in the Tuner™ strain, the
monomer or the dimer peaks were dominant at 25 or 1000
uM IPTG, respectively.?”? The reason is the following: Tun-
er™ cells, whose lactose permease is deleted, are all equally
permeable to IPTG, and express the recombinant protease in
an [PTG-concentration manner; in contrast, BL21(DE3) cells
are penetrated are induced by IPTG in a stochastic, binary
manner, so that individual cells overexpress or not the re-
combinant protein.'*® Hence, BL21(DE3) cells either contain
0 or ~2 mM 6F-Trp-GB1(A34F), which yield only a dimer
peak of variable intensity depending on the IPTG concentra-
tion and the number of cells that are induced in the sample.
Next, using the Tuner™ strain, Pielak, Li and colleagues
expressed 6F-Trp-GB1(A34F) at various intracellular con-
centrations E. coli cells, and quantified the monomer:dimer
using one-dimensional in-cell ’F-NMR spectroscopy: they
measured a Kq of 11+4 uM in cells versus 37+4 uM in dilute
solution (Figure 28).!%
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Figure 28: Dimerization of GB1(A34F) as analyzed using
fluorinated non-natural amino acids incorporation and 'F-NMR
spectroscopy: A) Cartoon representation of GB1(A34F) dimeri-
zation equilibrium; the Trp43 residue is represented in green
sticks; B) 6F-Trp-labeled GB1(A34F) expressed in E. coli Tun-
er™ cells generates two peaks at different frequencies for the
mono- and di-mer forms; the total concentration of intracellular
GB1(A34F) depends on the concentration of IPTG used for the
induction of expression; C) Percentage of dimer in the total
GB1(A34F) population in function of the total GB1(A34F)
concentration in E. coli Tuner™ cells (green) and in vitro (or-
ange). Adapted from ref '°. Copyright 2021 National Academy
of Sciences.

Obviously, in-cell structural biology by NMR requires ra-
ther high intracellular concentrations, above the micromolar
range. It can thus apply to interactions of low micromolar
affinities, even though competitive assays can theoretically
give access to measurements of affinities about two orders of
magnitude lower.
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3.6. Promiscuous interactions and rotation-
al/translational diffusion

The in-cell NMR community has always been preoccupied
by the extent to which the studied proteins engage in loose,
non-functional interactions with the cellular components.
Although they correspond to short lifetime events, these
promiscuous, unspecific interactions can be very deleterious
to the NMR signal, by provoking fast T2 relaxation, hence
broad linewidth and low S/N. Conversely, evaluating T1 and
T2 relaxation can inform about how much a protein interacts
with its cellular environment, and what are the leading forces
of it. We summarized the techniques used in this purpose in
chapter 2.3.7., and we will only focus on the conclusions in
the present chapter. Interactions with cellular entities have
also been invoked for folding/unfolding equilibria, but we
refer the reader to chapter 3.1.2. for these aspects.

Obviously, functional interactions are possible causes of
in-cell NMR signals broadening, as shown by Détsch and
coworkers on the proline isomerase Pinl, which is known to
interact with a great number of targets.®”” While the apo-
Pinl-WT microinjected in frog oocytes was undetectable,
they could record exploitable in-cell '"H-"N NMR spectra
with a Pinl inactive mutant, or by saturating Pin1-WT with a
genuine binding-peptide (Smad3) before microinjection.
These results suggest that Pinl NMR signals were broadened
because of multiple interactions with a wealth of possible
intracellular peptides.

However, even in absence of expectable functional inter-
actions, it was noticed very soon that *N- or C-labeled
proteins, either overexpressed in E. coli cells or microinject-
ed in frog oocytes, were generating spectra of very different
qualities. Molecular weight or cellular viscosity were not the
main factors, because two proteins of similar size could
produce either exploitable spectra or broad, almost undetect-
able NMR signals. 4717017318928 yngpecific interactions with
cellular entities were immediately proposed to be responsible
of the detected NMR line-broadening. “Unspecific” is a
matter of definition, but we can safely hypothesize that hu-
man ubiquitin does not have any functional partner in E. coli
cells,'* as well as GFP in frog oocytes.*”® Importantly,
Shirakawa and colleagues showed that mutating a surface
hydrophobic patch (L8A-144A-V70A in Ubi3A) permitted to
recover very decent in-cell 'H-""N NMR signals in frog
oocytes.”® The same was observed with "N-labeled ubiqui-
tin overexpressed in E. coli cells,' or CPP-delivered in
cultured mammalian cells.’'® In E. coli cell lysate, Ubi3A
had amide 'Hy NMR linewidths about twice sharper than
Ubi-WT; this evaluation was not possible in live cells be-
cause Ubi-WT NMR signals were broadened beyond detec-
tion.!'”? The better behaved model protein GB1 provided
interesting results in live E. coli cells: its apparent rotational
correlation time was about 8 times slower in cells than in
dilute solution; nevertheless, 30% of its amide '"Hy NMR line
widths was due to unspecified interactions with cellular
components.'”” This 'Hy-linewidth derived intracellular
correlation time was however not a direct reporter of viscosi-
ty: it was integrating the effects of both cellular viscosity,
and of transient interactions, which slow down the average,
apparent tumbling time. Li, Pielak and colleagues proposed a
F-NMR approach to deconvolute viscosity and (un)specific
interactions.'*>!"!% They showed that GB1 and Ubi-WT
were experiencing a 2- to 3-fold higher viscosity in E. coli

cells than in dilute solution.'” They also evaluated the im-
pact of intracellular weak interactions on '"F-T2 relaxation:
they provoked a supplementary, “apparent viscosity”, ~5- to
22-fold that of water.'*

Different groups tried to dissect the causes of these unspe-
cific, transient interactions. A prominent factor is the electro-
static charge of the studied proteins: mutating surface Arg
and Lys into neutral or negative residues lead systematically
to improved 'H-"N NMR spectra in E. coli and cultured
human cells;***** at the opposite, introducing positive sol-
vent-accessible residues provokes adverse effects by slowing
down the intracellular molecular tumbling of the studied
proteins.'””2042 Solvent-exposed aromatic acids and hydro-
phobic patches are also responsible for cellular interac-
tions.?3%#** Transient interactions centered on exposed aro-
matic residues are clearly observed in the case of disordered
proteins,'”®*¢ which occur with cellular chaperones to a
large extent in the case of a-synuclein.*® Interestingly, the
high negative charge density in the C-terminus of a-
synuclein is also involved in transient interactions with cellu-
lar entities. "6

In an attempt to better understand how surface residues
make a protein prone to intracellular diffuse interactions,
Danielsson, Oliveberg and colleagues analyzed >130 surface
mutants of three small model proteins in E. coli cells.***
Initially, they interpreted the amide 'Hy NMR linewidths in
terms of apparent tumbling time, a simple model that do not
account for the separate effects of intrinsic cellular viscosity
and unspecific interactions. This admirable experimental
effort permitted to nail an interesting correlation: the slower
apparent tumbling time of a protein in live cells, is linked to
its surface negative charge density (Figure 29A). This corre-
lation appears to be modulated by the surface hydrophobicity
and the dipole moment of the studied proteins (Figure 29B).
It is possible to convert these apparent tumbling times in
protein-specific apparent viscosity, which appears to be an
exponential function of the protein net charge.*” This is
probably due to the average negative charge of cellular pro-
teomes (Figure 29D): a net-positive protein experiences
more and stronger interactions with cellular proteins in a
random walk than a net-negative protein. However, these
apparent viscosities are 6 times higher in E. coli than in
cultured mammalian cells, which corresponds to the differ-
ence in crowding between these cells. Finally, Danielsson,
Oliveberg and colleagues proposed an interesting model to
interpret further these in-cell NMR-apparent tumbling times:
the amide "N T1 and T2 values can be interpreted in a sim-
ple model where the studied protein is in fast exchange (<us
time scale) between free and bound states; they found out
that their model would perform better if these fast, transient
interactions occurred with a lognormal size distribution of
cellular macromolecules.>*® Interestingly, the fitted distribu-
tion is close to that of human cytosolic proteins. These relax-
ation times are classically measured in 2D spectra to obtain
residue-specific information on intramolecular dynamics.
Here, the authors measured the global relaxation times of six
’N-labeled, model proteins electroporated in mammalian
cells: they performed one-dimensional 'H-detected/'’N-
filtered NMR experiments, which account for the sum of all
residues T1 and T2 relaxation. This model permits to fit the
bound populations of the studied proteins: one R/K to E
mutation decreased the bound populations of the three model
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proteins from 10-12% to 5-6%. Altogether, it is striking to
realize that relatively simple physico-chemical parameters
seem to control the diffusive, unspecific intracellular interac-
tions that a protein undergo: these are the net charge, surface
hydrophobicity, the dipole moment and the rapid binding of
~10% of a protein population to cytosolic proteins. Unspecif-
ic binding to ribosomes and RNAs appears to also have
important contributions to T2 relaxation of proteins, as sug-
gested by Shekhtman and colleagues.’¥3%5422
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Figure 29: Insights in NMR-apparent mobility of intracellular
proteins. The T2 relaxation times of the amide 'Hy or SN are
influenced by multiple factors, among which the intrinsic cellu-
lar viscosity and the unspecific interactions. Here, we present
the works of Danielsson, Oliveberg et al., who did not separate
these terms. The aggregated model of in-cell NMR-apparent
mobility/tumbling is a direct conversion from 'Hy and "N T2
relaxation. A) Ratio of apparent molecular tumbling “in live E.
coli” over “in E. coli lysate” of >130 mutants of the three model
proteins HAH1, TTHA and SOD1%*™! as a function of the nor-
malized charge density;*?* in-cell tumbling is derived from 'Hy
linewidth; the normalized charge density was evaluated from the
migration distance in native gels, relatively to that of TTHAWT,
B) Same mobility ratios in function of normalized charge and
surface hydrophobicity for the >130 proteins;*** C) Distribution
of molecular weights in the cytosolic E. coli and human proteo-
mes;*?> D) Distribution of surface net charge density in the
cytosolic E. coli and human proteomes;*?* E) Protein-specific,
apparent viscosity as a function of net charge in E. coli and in
cultured human cells; apparent viscosities were derived from
global protein "N T2 relaxation, as measured in one-
dimensional 'H-edited/">N-filtered NMR spectra;*>* F) Fitted
fractions of a protein population binding to cellular macromole-
cules, as derived from the global "N T1 and T2 relaxations
measured in cultured mammalian cells in the model of fast,
random interactions of Danielsson, Oliveberg et al.’*® A and B
are adapted from ref #*4) copyright 2017 National Academy of

Sciences; C, D and E are adapted from ref “°, copyright 2020
from Leeb et al. under the under the terms of a Creative Com-
mons CcC BY license
https://creativecommons.org/licenses/by/4.0/; F is adapted from
ref 366, copyright 2020 American Chemical Society.

NMR spectroscopy is historically an exquisite technique to
measure molecular translational diffusion, using the so-
called Pulsed Field-Gradient (PFG) NMR.>*5%2 It is able to
report for rms motions from 10 nm to 100 pm that occur in
~10 to 500 milliseconds However, in the cellular context,
proteins show restricted motion above the millisecond time
scale, either because of cellular boundaries (~1 um for bacte-
ria) or because of the subcellular meshwork of cytoskeleton
and organelles. Hence measuring rms displacements in 10
millisecond or more is most often poorly informative. To the
best of our knowledge, the only NMR-measured translational
diffusion of a protein came from Waudby et al., who report-
ed an apparent rms displacement of ~0.3 pm for a-synuclein
in E. coli cells for all diffusion delays ranging between 10
and 20 ms: this corresponds to the calculated Brownian
motion in a 0.5x0.5x2 compartment, i.e. the size of E. coli
cells.' PFG NMR has been more informative for small
metabolites in cell samples, for example, but this is beyond
our scope (see Theillet et al. Prog NMR Spectr. 2022 %),

Altogether, while NMR spectroscopy has been a method
of choice to measure translational and rotational diffusion
both in dilute and complex solutions, it has been less produc-
tive for measuring macromolecules mobility in cells. Trans-
lational diffusion measurements are difficult using the com-
mon PFG techniques, which require milliseconds-long diffu-
sion delays, a timescale at which macromolecules displace-
ment is restrained by the subcellular cytoskeleton and orga-
nelles. Rotational diffusion is accessible via T1 and T2
measurements, which are also affected by all interactions in
cells, specific and unspecific. Deconvoluting these effects is
now possible if '°F- or '*N-relaxation times of rigid residues
are measured, typically in the hydrophobic core of a protein.
Their chemical environment and flexibility do not change
drastically during the interactions, and so the effects of pure
cellular viscosity and (un)specific interactions can be decon-
voluted from the analysis of T1 and T2 values. This gives
access to the quantification of specific and unspecific inter-
actions of a protein in cells. We must stress the fact that such
quantification is qualitative and linked to interpretation mod-
els. It is however very useful to better think the intracellular
behavior of macromolecules. It has already been used to
produce some renewed representations of the importance of
the diffusive protein interactions in cells and how they are
affected by basic physico-chemical parameters.3664256% ¢
underlines the importance of the relationship between a
protein and the whole cellular environment. It determines the
diffusion capacities of a protein, the rate and strength of its
cellular interactions and has certainly functional conse-
quences. These may thus be the results of natural selection
mechanisms, a reason why some authors tend to see quinary
structures and interactions in the observed degrees of intra-
cellular mobility restriction. We have discussed the use of
quinary structure in chapter 3.1.2. We would formulate the
same cautious note here: quinary interactions would corre-
spond to the selected effects of the relationship between a
protein and its native cellular environment. The studied
heterologous proteins at high concentrations in cells are not
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observed in a native context; we prefer to talk about prefer to
use terms like promiscuous or diffusive cellular interactions,
for example.

3.7. Questions about protein/nucleic acid localization,
concentration, and cellular homeostasis

The endogenous protein concentrations are broadly dis-
tributed, averaging in the 0.1 pM range, with only 10% of
proteins reaching micromolar concentrations (Figure 30).!82
The concentration of a given protein is potentially highly
variable through cell-cycle or upon specific cellular
events.®”7% These mean concentrations are actually poorly
informative: Proteins/nucleic acids are not evenly distributed
in cells, and local concentrations can reach hundreds of
micromolar concentrations in organelles and even millimolar
concentrations in phase-separated condensates,?-3%33703-708
This being said, the average endogenous concentrations are
below the standard sensitivity in current protein solution-
NMR spectroscopy. To give a rough order of magnitude, 1-
hour-long experiments at 600 MHz can yield exploitable 2D
spectra of a 30 kDa protein at ~25 uM, in absence of con-
formational- or binding-exchange. These numbers are of
course size- and spectrometer-dependent: the smaller the
protein or the larger the field, the higher the NMR signal. In
this regard, it is interesting to note that proteins with high
copy numbers tend to get smaller, the average size of those
found at micromolar being about 30 kDa. ' Unfortunately,
the NMR-effective concentrations are even lower once cells
are settled in a NMR tube, where cells can not represent
more than 20-40% of the NMR active volume even in wet
pellets.

Another important aspect to consider is protein/nucleic ac-
id subcellular localization and detectability. The in-cell
NMR signals of a given species report for the average reso-
nances of NMR-detectable molecules, i.e. those i) tumbling
sufficiently fast, ii) not interacting with too many intracellu-
lar components (see Chapter 2.1.3.). Conformational or
binding exchange in the ps-ms timescale can also be delete-
rious for the in-cell NMR detectability (see Chapters 2.3.7.
and 3.6.). Hence, the visible signals are not necessarily ac-
counting for all the molecules, and immediate interpretation
might be biased.

Most in-cell NMR studies have been carried out using in-
tracellular concentrations of proteins/nucleic acids in the
range of 5 to 100 puM. These high levels can have saturating
effects on physiologically relevant interactions, unless the
native binding partners are also leveled up. Unfortunately,
the observed free molecules would generally yield higher
NMR signals than the bound ones, which could also lead to
misinterpretations.

Hence, functional cell biology is difficult to approach us-
ing in-cell structural biology by NMR spectroscopy. This
calls for cautious interpretation. It is notably important to
compare these results with the total intracellular amounts of
the molecule of interest (using western-blotting, or mass-
spectrometry or other methods), and its localization (using
microscopies). The main challenge in the next year will
certainly be to record NMR spectra at ~1 uM, which is argu-
ably a realistic goal in our opinion (see Chapter 5.2.)
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Figure 30: A) Violin plot showing the distribution of protein
abundance in yeast cells; vertical lines separate the deciles of the
distribution; cellular concentrations were calculated according to
an average cell volume of 40 fL; adapted from ref 2°, copyright
2018 Elsevier. B) Protein size in function of copy number in
mouse lung cells; cellular concentrations were calculated ac-
cording to an average cell volume of 1 pL; adapted from ref %,
copyright 2014 from Wisniezski et al. nder the under the terms
of a Creative Commons CC BY license.

4- WHAT BENEFITS FOR THERAPEUTIC PURPOS-
ES?

Structural biology finds important applications in the field
of drug research. NMR spectroscopy is an important tech-
nique in fragment-based drug-design,””"'! or in structure-
activity relationship studies.®”’!'7!2 In-cell solution NMR
studies have also interesting capacities to help in characteriz-
ing drug binding or drug engagement in cells, as we will
show in this chapter. SSNMR spectroscopy has had im-
portant contributions while using cellular samples or mem-
brane extracts: it permitted to understand how some antibiot-
ics interfere with bacterial cell-wall, either by describing
their binding structures, or by describing the changes in
peptidoglycan composition (among others, see %6 62). We
restrict our scope to solution NMR here.

In-cell NMR investigations can deliver information linked
to drug research topics by characterizing i) interactions via
ligand-observed methods, ii) interactions via macromole-
cule-observed methods, or iii) enzymatic or metabolic activi-
ty via the observation of activity-reporters or metabolites
(Figure 31). The small molecules can be detected with or
without isotope-labeling. Indeed, because of their high con-
centration and sharp NMR peaks, small compounds generate
outstanding 'H-NMR signals that are straightforward to
identify and monitor, even in presence of the cellular back-
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ground. At the opposite, it is often necessary to isotope-label
macromolecules to benefit of the isotope-filter and enable
their detection in cellular samples.

Let us underline three important aspects of in-cell NMR
applied to drug research: i) it can deliver information on
proteins that would be difficult to purify; ii) it is non-
destructive and might also be applied on organoids; ii) it
permits the parallel monitoring both the small compounds
and the protein/nucleic acid targets, of their binding and
chemical modifications and even to inform on metabolic
outcomes.
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Figure 31: Cartoon representation of the different types of in-
cell/on-cell NMR investigations on drugs. The different strate-
gies are classified by their readout: the NMR-observed molecule
(red) can be the target-macromolecule, the ligand, an activity-
reporter or the cellular metabolites; among others, the varying
parameter (blue) can be the exposure to a drug/ligand or the
expression/mutation of the macromolecule. Adapted from ref >°.
Copyright 2019 from Siegal et al. under the terms of a Creative
Commons CC BY license.

4.1. On-cell NMR and structure-activity relationships

In-cell NMR studies on drug-target interactions focused
mostly on membrane proteins. In fact, these might be called
“on-cell NMR studies”. They have used famous techniques
in the field of NMR drug research, namely STD-NMR and
TRNOESY (see chapter 2.3.11.). These are typically effi-
cient for middle- to low-affinity interactions, whose Kds
range between 107 and 10° M and kogr between 10* and 10°
s!. The studies evoked below required about 5-10.10° cells in
500 pL, ligands at 0.1 to 3 mM and 1 to 5 hours of acquisi-
tion times. They come with a great advantage: they permit to
characterize drug binding on membranes proteins without
any purification steps!’"?

From 2005, pioneering studies could show that STD-NMR
was feasible using live cells expressing high levels of mem-
brane receptors, and that this native environment was likely
to produce better affinity for cognate ligands.™'*** Soon
after, STD-NMR permitted to verify that a compound identi-
fied from screening assays was binding to a cannabinoid
receptor CB1 and CB2. STD signals were indeed obtained

only in presence of insect cells only when they expressed
these receptors.”*> On-cell STD-NMR revealed also the
binding of thiol-containing compounds to odorant receptors
only in presence of copper and not of other metal salts, in a
very complementary fashion to luciferase functional cellular
assays. > STD-NMR has also the capacity to provide
information on the binding epitope of a ligand. Haselhorst
and colleagues used this feature to progressively improve the
chemical structure of compounds interacting with the B-cell
receptor Siglec-2 (CD22) and to finally obtain high-affinity
ligands.>*® In a similar fashion, Carotenuto and colleagues
used on-cell STD information to carry out docking simula-
tions of peptide antagonists of the GPCR CXCR4, and to
rationalize the observed differences in affinity.> A recent
STD epitope mapping has been also released for a native
peptide ligand of the GPCR Gastrin Releasing Peptide Re-
ceptor (GRP-R) in stably transfected HEK-293T cells.>®’
Another interesting application was reported by Potenza and
colleagues: they generated stable transfected HEK-293T cell
lines expressing influenza hemagglutinin H1 or H5 (human
and avian variants, respectively), and compared the STD
signals obtained on human/avian-derived cell-surface trisac-
charides.**””"* They could map the epitopes and rationalize
the binding properties of the two influenza strains. This
approach represents an appealing improvement, as compared
to the more classical use of recombinant, solubilized hemag-
glutinin constructs lacking their transmembrane domains,
which may affect their structure and binding properties.

STD-NMR can also be used to obtain direct experimental
evidences of drug binding in live cells. This rationale was
followed by Izadi-Pruneyre and colleagues, who tested an
interaction between a drug target of Mycobacterium tubercu-
losis and a candidate drug recently discovered. They detected
STD effects on this drug only in presence bacterial cells
expressing the hypothesized wild-type protein target, but not
for those expressing a resistant mutant.**’ This target protein,
a subunit of a membrane cytochrome supercomplex, was
particularly difficult to purify. STD effects confirmed also
the binding of a peptide to the vascular endothelial growth
factor receptor 2 (VEGFR2),%* and of a drug candidate to
Bcl-2 in live cells.*®

TRNOESY has been a good complementary technique for
on-cell NMR studies. It yields negative of positive NMR
peaks in 2D 'H-'H spectra for small ligands, which bind or
do not bind macromolecules, respectively.>*¢571572 [t is usual-
ly less sensitive than STD-NMR when ko decreases, but it
can provide structural information on the bound form of the
ligand of interest.’”> The combination of TRNOESY and
STD-NMR has been particularly fruitful to characterize the
interactions between RGD-motif peptides and various integ-
rins, and to design peptidomimetics >¢"32368570715 Thege
were executed on live cells, but a number of studies have
also used native membranes extracted from ~100.10° cells.
Extracted membranes permit to acquire spectra of higher
quality through extended acquisition times.”'®7!® This strate-
gy has also been used for studying GPCRs in native mem-
branes.”'*7?

It is important to note that transient, unspecific interactions
between small ligands and cellular entities are very common
and expected. For example, weak millimolar affinities have
been detected between metabolites and E. coli proteins,
especially for metabolites presenting aromatic rings.””7%
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Drug candidates are often hydrophobic entities, which favor
transient contacts with the countless hydrophobic patches
present in and on cells. STD-NMR is also sensitive to this
type of interactions, and it is advisable to acquire data also in
mock-transfected cells (see Chapter 2.3.11.).

STD-NMR and TRNOESY are limited to weak-affinity
interactions, in the low micromolar to millimolar range. This
does not correspond to the expected affinity of any drug:
FDA approved drugs have dissociation constant in the na-
nomolar range or below, with ko between 10" and 107 s°
1725726 However, the studies evoked above have shown that a
number of interactions can be detected between native lig-
ands and their receptor using on-cell STD-NMR effects.
Hence, this capacity could be integrated in competitive as-
says with candidate drugs, as explicitly proposed by some of
these on-cell STD studies.**®**” These should permit to char-
acterize drug binding to their target receptors even in cases
of nano-picomolar affinities.

4.2. Drug penetrance and target engagement in live
cells

Drug target engagement is a widespread issue in pharma-
ceutical research.”’ In the cellular context, countless poten-
tial binders can interfere, and proteins can adopt varying
conformations. The upstream membrane permeability and
the potential intracellular modifications are also essential
parameters to evaluate. Observing drug:target interactions at
atomic resolution in live cells would provide a direct readout
and an efficient proof for intracellular binding and specifici-
ty. In-cell NMR spectroscopy has delivered such an infor-
mation.

The most convincing examples came in the last 18 months
from Banci, Luchinat and coworkers. They used transient
transfection of HEK-293T cells to overexpress the carbonic
anhydrase 2 (CA2) and to assess its binding to drugs sup-
plemented in the culture medium. These interactions are
revealed by chemical shift changes in the 2D 'H-"N NMR
spectra of CA2, but also in simple one-dimensional 'H spec-
tra.?® CA2 contains indeed four histidine residues in its
enzymatic sites, whose imino groups resonate in an empty
region of the 'H spectrum. CA2 is expressed at 50 to 150 uM
and these imino peaks are well-above the cellular back-
ground (Figure 32). In-cell one-dimensional 'H spectra of
CA2 provided a S/N of about 10 for acquisition times of 2-3
minutes at 150 uM in 3.107 cells.”®! In a first approach, the
authors exposed cell cultures expressing CA2 to varying
concentrations of drug compounds, quantified the com-
pound-bound fraction of intracellular CA2, and deduced the
permeability coefficient and intracellular Kd values.?® Inter-
estingly, among two approved drugs treating glaucomaAAZ
and MZA, AAZ diffused in cells ~15 times slower than
MZA. Moreover, MZA had an apparent intracellular Kd
close to its value measured in vitro (26 vs 14 nM). At the
opposite. Another compound had an affinity 20-fold weaker
in cells than in vitro, suggesting competing intracellular
binding events. In the next report, the authors used a flow-
probe bioreactor to submit cells in the NMR tube to a con-
tinuous flow of medium containing AAZ or MZA ** These
experiments confirmed the values of membrane permeability
and obtained previously. Later, the authors reported the
evaluation of permeability coefficients for 9 other com-
pounds using the first approach, i.e. in a closed tube without
any flow. They noticed that this strategy can be biased by the

possible release of the compound during the NMR measure-
ment.”' Finally, they reported another evaluation of intracel-
lular affinities using a competition assay between ligands.*’
Here again, the use of a flow-probe made the experiments
less labor-intensive, although there is an initial barrier for its
implementation in a lab. This competition approach should
give access to the measurement of intracellular Kd values
below the nanomolar range. Altogether, Banci, Luchinat and
colleagues established techniques from sample preparation to
data analysis, which might be versatile enough for a number
of other proteins. Applying these approaches to other pro-
teins will confirm these promises.

In-cell kinetics of CA2 drug binding
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Figure 32: Time-resolved in-cell NMR monitoring of CA2
binding to approved drugs AAZ and MZA. Left: Close-up view
of one dimensional in-cell '"H-NMR spectra in the imino region:
spectra of in-cell free CA2 (black) are overlaid with spectra of
in-cell CA2:AAZ (red) and CA2:MZA (magenta) complexes..
Right: Time-resolved quantification from imino peak intensities
as measured in time series of 1D 'H-NMR spectra (timeframe: 7
minutes). CA2 is at 150 uM in 3.107 cells, which were exposed
to AAZ at 25 uM or MZA at 10 uM. Adapted from ref 2%,
Copyright 2020 American Chemical Society.

The same authors have also used transfected HEK-293T
cells to characterize the effect of a compound, ebselen, on
the folding of '"N-labeled SOD1. Using in-cell 2D 'H-"N
NMR spectra, they could show that ebselen provoked the
correct folding of mutant versions of SOD1 found in patients
with familial amyotrophic lateral sclerosis (ALS).>® They
could also assess the effects of ebselen on SOD1 redox equi-
librium using a flow-probe bioreactor. This set-up permitted
to monitor *N-labeled SOD1 at 150 pM in 3.10 cells with a
time-resolution of 7 minutes.?®® The time-dependent effects
of aurothioglucose (ATG), an inhibitor of thioredoxin reduc-
tase, on thioredoxin redox equilibrium have also been moni-
tored in a flow-probe bioreactor by Shimada and colleagues
(see chapter 3.3. for further explanation on this study).**® The
inhibition of protein:protein interactions can also be investi-
gated by in-cell NMR, as shown by Shekhtman and cowork-
ers (see chapter 3.5. for further details). 84186187

DNA-binding ligands have also been tested by in-cell
NMR. Trantirek and colleagues delivered pre-formed com-
plexes, made of naphtalenophanes bound to TT mismatch
containing DNA oligonucleotides, at ~10 uM in 1.3x107
HeLa cells. One-dimensional in-cell 'H-NMR spectra
showed a superposition of signals from ligand-bound and
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ligand-free forms for two ligands, while only the ligand-free
TT-DNA was observed in presence of a third ligand.**® This
revealed the maintained capacity of the two first ligands to
bind their expected targets in cells. This strategy holds true
for slow binding exchange (about 1 s or slower). These
authors have shown that conformational or binding exchange
in the intermediate regime (ps-ms timescale) was likely to
limit the possible interpretation of in-cell NMR spectra in the
case of polymorphic G-quadruplexes.®*

Noteworthy, the NMR observation of in-cell drug en-
gagement from the target side is favored by slow binding
exchange, i.e. ko rates of about 1 s or slower. This corre-
sponds to affinities in the range of 10-100 nM or less. Up to
now, the targets have been observed preferentially at intra-
cellular concentrations of 10-100 pM by NMR spectroscopy.
This is too high for a number of reasons, and it shall be im-
proved. However, even at these high concentrations, intracel-
lular affinities can be measured down to ~10 nM by incubat-
ing cells with low ligand concentrations (in the range of 0.1
uM) in large extracellular volumes. Competition assays
permit to measure affinities 2 order of magnitude lower, i.e.
down to 100 pM. Membrane permeability, ko, and ko rates
are thus accessible. The evoked kinetics translate into ex-
tended experimental timeframe, which calls for the use of
flow-probe bioreactors to maintain cells in healthy condi-
tions during the NMR acquisition. We must mention that the
question of detecting competing intracellular binding sites is
not yet solved by the evoked methods. In the long-term,
target-oriented NMR observation of drug binding may be
also feasible in more relevant cell lines and organoids. Final-
ly, these methods might be used to rapidly measure intracel-
lular drug binding of disease mutants (see Chapter 4.4.).

4.3. Reporting multiple readouts: enzyme activity,
metabolic status

The macromolecule-oriented NMR spectroscopy can be
complemented by ligand-oriented experiments, which are
tailored to monitor a reporter of an enzyme activity or the
cellular metabolome. The capacities of NMR in metabolom-
ics studies are well-known, we refer the reader to dedicated
publications for further information.***7*%729

The best reporters of an enzyme activity are naturally its
cognate substrate and products. An interesting example is
meropenem, a useful antibiotic, can be hydrolyzed by the
New Delhi Metallo-p-lactamase subclass 1 (NDM-1) pro-
duced by threatening antibiotic-resistant bacterial strains. It
generates '"H-NMR signals, whose chemical shifts change
upon hydrolysis. Hence, Breeze, Hu and colleagues have
recorded time series of 'H-NMR spectra using suspensions
of NDM-1-expressing bacteria supplemented with mero-
penem at 100 uM, which permitted to monitor NDM-1 activ-
ity in presence of drug-candidates (Figure 33).34!

Fluorinated analogs of a substrate can also report for an
enzyme activity, as soon as the substrate and the products
show well-separated chemical shifts. Dalvit and colleagues
have used a fluorinated substrate (ARN1203) of the fatty
acid amide hydrolase (FAAH) overexpressed in HEK293
cells.*” They could record '"F-NMR spectra reporting for the
hydrolysis ARN1203 (supplemented at 60 uM) in presence
of FAAH inhibitors. In parallel, they also acquired 'H-NMR
spectra establishing the metabolic fingerprint of cells. The
authors used only the culture supernatant in their study,

because ARN1203 was able to cross freely the cell mem-
brane. Fluorine is often present in drug compounds (~25% of
approved drugs).*® A number of '"F-NMR reporters have
been designed for a broad variety of enzymatic activities,
and often tested in mice for MRI purposes.”®7! SN-labeled
reporters of kinases and of methionine sulfoxide reductases
have also been used in cells.?’®

Real-time monitoring of in-cell antibiotics degradation
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Figure 33: Example of time-resolved NMR monitoring of a
cellular enzymatic activity: Left: the antibiotic meropenem is
spiked in a cell suspension of E. coli expressing the B-lactamase
NDM-1, and a time-series is recorded of one-dimensional 'H-
NMR spectra, where meropenem and its hydrolyzed by-product
are revealed by signals at different chemical shifts; Right: the
peak-intensities in every spectrum translate into molecular
concentrations, which permits to monitor the reaction kinetics.
Adapted from ref **!. Copyright 2014 from Ma et al. under the
terms of a Creative Commons CC BY license.

4.4. Evaluating the activity of oncogenic mutants

Characterizing, classifying and eventually interfering with
oncogenic mutants is one of the goals of precision medi-
cine.”73 The RAS family of GTPases is a typical target of
such studies, whose mutations triggers cell proliferation and
many other oncogenic signaling.**”"** Among others, the
G12, G13 and Q61 RAS mutants favor the active GTP-
bound form by impairing GTP hydrolysis. The equilibrium
with the inactive GDP-bound form is however regulated by
RAS protein partners. This is analyzed usually by in vitro
assays or immune-precipitation in lysates. Nishida and col-
leagues sought to determine this active/inactive equilibrium
for RAS mutants in cells using time-resolved 'H-*C NMR
spectroscopy. The GTP- and GDP-bound forms of RAS
provoke chemical shift perturbations that can be used as
spectroscopic fingerprints and permit their relative quantifi-
cation. The authors delivered ['*C-Ile]-labeled RAS using
pore-forming toxins in HeLa S3 cells, and recorded kinetics
of the GTP-bound/GDP-bound equilibrium for non-
farnesylated, wild-type RAS and its G12V, G13D and Q61L
mutants. They showed GTP hydrolysis rates in cells than in
vitro, and G12V and Q61L exhibited slower GTP-binding
rates (Figure 34). Importantly, the GTP-bound/GDP-bound
ratios at equilibrium were different in cells and in vitro, and
even the order in ratios between the mutants changed in
cells. These enhanced GTP-hydrolysis by RAS-G12V was
surprising, because it is known to be insensitive to canonical
GTPase activating proteins. Other mechanisms are thus at
work, which are yet to be found.
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Another interesting example was the description of SODI
familial ALS mutants, which were not capable of adopting
their native fold by themselves when expressed in HEK293
cells (see Chapter 3.1.2).2%7 In-cell structural studies of
pathogenic mutants can thus help in better understanding the
deleterious mechanisms that they prompt. It would probably
help to express proteins and their mutants in situ, in order to
avoid the purification steps. These are already time-
consuming in standard studies, but mutations can moreover
make proteins less stable and more painful to purify. Finding
set ups and labeling strategies to execute these experiments
in a standardized and rapid fashion would help to establish
links with clinicians.
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Figure 34: A) Scheme of the GTPase cycle of RAS showing its
regulators GTPase-activating proteins (GAPs) and guanine
nucleotide exchangers (GEFs), rates of hydrolysis (kyny) and of
nucleotide exchange (kex), and some of its downstream co-
effectors RAF and ERK; B) Close-up views of two dimensional
in-cell 'H-13C SOFAST-HMQC spectra of [u-2H/'*CHs-lIle]-
labeled RAS wild-type, G12V and Q61L mutants in 3.107 HeLa
S3 cells, showing the Ile-21 peaks sensitive to GTP- or GDP-
bound states at different time points; C) Kinetics of GTP-
bound/GDP-bound forms of RAS obtained from the peak inten-
sities in 2D spectra shown above; D) Relative hydrolysis and
nucleotide exchange rates measured in vitro and in cells for
G12V and Q61L mutants of RAS. Adapted from ref 327. Copy-

right 2020 from Zhao et al. under the terms of a Creative Com-
mons CC BY license.

5- INTEGRATING IN-CELL NMR IN THE FIELD OF
IN-CELL STRUCTURAL BIOLOGY

5.1. What are the main other experimental techniques
for in-cell structural biology?

5.1.1. In-cell EPR

Electron Paramagnetic Resonance (EPR) spectroscopy re-
lies on the detection of unpaired electrons, including in com-
plex media like cells.”*7* The resonances of unpaired elec-
trons from “spin labels/paramagnetic tags” can deliver dif-
ferent types of information; we limit our list to those already
reported for in-cell structural analysis.

In-cell EPR can report on local protein dynamics in the ns
timescale by the analysis of the EPR line shape of nitroxide
derivates, which are attached most often via a single cysteine
side chain.””’ This line shape depends on the correlation time
of the paramagnetic moiety. This type of experiment is per-
formed at room temperature in a few minutes on ~10 pL
samples at micromolar concentrations, using widespread
continuous-wave (CW) X-band (9.8 GHz) EPR spectrome-
ters. CW-EPR has been marginally used for in-cell studies
though:>"#490-73873 {) the obtained information is important
but not very rich, ii) the spin-labels flexibility at the end of a
side chain decorrelates partially its correlation time from that
of the local protein dynamics, iii) and these hydrophobic
spin-labels can easily interact intramolecularly or bind to
cellular entities. EPR can still distinguish disordered and
globular protein regions in cells,*® or characterize o-
synuclein binding to membranes.™ It might also be capable
of time-resolved monitoring of protein:protein interac-
tions.”!

The most appealing application of in-cell EPR is its capac-
ity to characterize in-cell distance distribution between two
spin-labels in the range of 2.5-6 nm using DEER/PELDOR
or RIDME techniques.”*7#27% They report for dipolar inter-
actions, i.e. the sum of all the inter-label distances to the
power of -3 (2d;?). The corresponding measurements are
usually executed i) during ~12 hours, ii) at cryogenic tem-
peratures (from 10 K to 60 K, a recent trityl spin-label per-
mitted DEER acquisition at 150 K7), iii) using Q-band (34
GHz) or even the less common W-band (94 GHz) spec-
trometers, iv) on cellular samples of ~50 pL (10-20 million
mammalian cells are enough) containing low- to sub-
micromolar concentrations of doubly spin-labeled pro-
teins/nucleic acids, preferably in deuterated buffers.*'
394.742.741749 Hence, the measured distance distribution reports
for the ensemble of frozen conformations, independently of
the size and location of the studied objects. The distance
extraction resolves an ill-posed problem from noisy data,
which can bias the distribution shape.”?74739732 The global
accuracy depends also on the size and rigidity of the two
paramagnetic tags.”*57%4

In-cell EPR techniques rely on the covalent attachment of
spin labels, which have to be stable in the reducing cellular
environment. Resistant nitroxide labels have been designed
both for proteins and nucleic acids over the last 10
years 20491745757 I cell distance measurements can also
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be performed between two trityl-, 3274674878759 o Gd**-

based!76-390:391.393.394.739.149.760-762 The attachment of spin-labels
has been mostly performed on purified proteins in vitro,
which were later delivered in cells.”®® These paramagnetic-
tag have also been directly bound on exposed loops of over-
expressed membrane proteins in live cells.™>738763765 Tn_cell
EPR measurements were also carried out using genetically
encodable lanthanide-binding tags,”®® or non-canonical ami-
no acids via amber codon recoding.”*373%767.768 Spin-labeled
nanobodies might also be useful in the future.”® The protein
delivery techniques used for in-cell NMR structural studies
have been adapted for in-cell EPR, notably oocyte injec-
tion,*90.740.746-748.759.762.770 o electroporation in mammalian
cells.**=* Heat-shock was also reported recently for protein
transduction into bacteria and yeast cells.”’* The latter tech-
nique is rapid, but it requires a robust thermal stability and
yields rather heterogeneous protein concentrations in the cell
population.

The main drawback comes from the nature of the spin-
labels, which are rather large (1-2 nm) and hydrophobic
entities, and of their large degrees of freedom on the residue
side chains.”*’>* Moreover, EPR distance measurements
requires two paramagnetic centers, which comes with poten-
tial protein destabilization and the necessity to test a number
of labeling positions. Finally, the common freezing proce-
dures are not extremely fast, in the time scale of one second.
This can often bias the conformational sampling according to
the few studies using sub-millisecond freezing.””"””> Most of
the in-cell EPR studies came in the last 5 years, and im-
proved spin-labels and spectroscopic techniques are being
developed to reach the full capacities of this approach.”*7+
In-cell EPR has already the proven capacity to provide na-
nometer-range distance distribution at sub-micromolar con-
centrations.***

5.1.2. In-cell FRET microscopy

Forster Resonance Energy Transfer (FRET)-based meth-
ods measure the energy transfer from a donor to an acceptor
fluorophore, with a <d*> distance dependence. It permits
tag-to-tag distance measurements in the ~3-8 nm range.””
Compared to in-cell EPR, in-cell FRET methods have the
advantage of analyzing both dynamics (from the nano to the
hour time-scales) and distances in live cells at physiological
temperature. Moreover, they can also give access to subcel-
lular localization of the studied objects in single cells, and
they are not limited by the molecular size. As of now, in-cell
FRET has only been used to derive qualitative distances
associated to conformational changes, to the best of our
knowledge.

In-cell FRET is carried out using two different modes: i)
either on populations of a protein,”*"® or ii) either in a
single-molecule FRET (smFRET) mode.”®*"® The first
approach permitted to study intracellular protein thermal
stability,”*"">7877 or protein:protein interactions,”’®777-7%
using mostly protein constructs integrating GFP derivatives
and expressed in situ. The FRET evaluation on molecular
ensembles can also be carried out after delivering proteins by
microinjection.”®®”® Folding stability studies have used
picosecond thermal jumps to establish the thermal stability
of model proteins at ~10 uM concentrations.””* The donor-
acceptor FRET can be measured every 15 ms, and the typical
unfolding kinetics last a few seconds. It does not necessarily
translate directly into in-cell stability: destabilized proteins

establish also rapid interactions with the chaperone Hsc70,
which is present at 6 uM in mammalian cells, and eventually
with the heat-inducible Hsp70.”7% In-cell smFRET has
been used to investigate i) disordered proteins compaction,
using dye-conjugated proteins microinjected in cells,’®*+7%6
and ii) protein conformational changes upon cellular stimula-
tion, using genetically encoded fluorophores.”®*”®” To be
observed as single entities, cytosolic proteins have be at
nanomolar concentrations. This hampers the characterization
of nano-micro-molar affinity interactions. Depending on the
set-ups, the time-resolution ranges between 16 ps and 40 ms,
and acquisitions last about 3 minutes before all molecules are
photobleached. The fastest timeframes permits to extract the
nanosecond interdye distance fluctuations, and the millisec-
ond folding/unfolding dynamics in cells.”** " Indeed, in
combination with Fluorescence Correlation Spectroscopy
(FCS) and recurrence analysis, structural dynamics between
~10 ns to ~50 ms can be observed.””®™! The full potential of
single-molecule FRET is even more striking: multiple dis-
tance measurements permits good quality protein structural
modeling (2.5-3 A Ca-RMSD with respect to crystal struc-
tures using ~20-30 FRET restraints).”*7*** It might be
achievable in cells, but it still requires the use of organic
fluorophore tags, the genetically encoded ones being still
much too large (20 to 35 kDa).” In combination with TIRF
for membrane proteins,”” FRET microscopy studies will
probably deliver more in-cell structural information in the
next years.

Here also, the main drawback comes from the necessity to
attach reporting labels, whose sizes range from 1 to 5 nm.
Their flexibility, their (photo)stability, their interactions with
the protein surface and the necessity to deliver the labeled
proteins in cells (for the non-gene-encoded fluorophores) are
current limiting factors though.”*7% As it is the case for
EPR, FRET studies require a double-labeling by fluoro-
phores, and thus a tedious screening of the useful and innoc-
uous labeling positions. The set-ups are most often home-
built and unique, even though the FRET community orga-
nized itself to demonstrate the reproducibility of its analy-

SiS.774’790

Another conformation-sensitive fluorescence method has
been recently published: it exploits the conditional recogni-
tion of a peptide-tag by a fluorescent binder, which occurs
upon a conformational opening of the studied protein.”® To
this aim, i) a chimera is designed to keep the peptide-tag
non-accessible as long as the studied protein does not adopt
an open conformation, and ii) a fluorescent binder is selected
that binds the tag selectively but with a moderate affinity.
Combined with TIRF and single-particle tracking, it permit-
ted to characterize the conformational exchange of the active
(open) and inactive (close) forms of the kinase Src at the
membrane of transfected mammalian cells. The implementa-
tion of this technique appears to be rather tedious though: i)
the peptide-tag has to be inserted in a position that permits its
conformation-dependent exposure, without affecting the
protein structure and dynamics; ii) it requires the fine tuning
of the binder:tag affinity and of their expression levels, nota-
bly because the binder:tag interaction can readily bias the
conformational ensemble of the studied protein towards the
open state. The example of Src was achieved using a concen-
tration of fluorescent-Src-tag only ~7-fold that of endoge-
nous Src, which permitted to deliver intracellular infor-
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mation of both functional and structural values. This is rare
enough to be mentioned.

5.1.3. Mass-spectrometry

Structural information has been obtained at the proteomic
scale in the last years. High-throughput analysis using mass-
spectrometry (MS) have notably characterized proteome
thermal stabilities in live cells or in tissues,**"" %2 possibly
coupled to protease sensitivity assays driven in cell ly-
sates.®>8° These methods rely on the assumption that pro-
teins denature and then aggregate upon heating. Thermal
proteome profiling is achieved on ~2-5.10° live cells or their
lysates, split in a dozen of aliquots, each one being submitted
during 3 minutes to a chosen temperature ranging from 37 to
75 °C. Their quantitative MS analysis permitted the thermal
characterization of thousands of proteins in cells. Such anal-
ysis can also be substituted by targeted western-blots.3
Among others, these techniques permitted to distinguish
disordered and globular proteomes,®*%% to characterize the
impact of PTMs on proteins stability,*3%5% to detect drug
binding of targets and off-targets at the proteome
scale,707-708.801.802807-810 1 evaluate the impact of metabolic
states or cell-cycle stages on proteins stability,*#03811812 op
to identify the binding and/or the impact of endogenous
metabolites on protein stability (in lysates).*$3%81813 Thege
techniques have a number of potential bias. First, MS analy-
sis fails to detect or identify all the generated peptides, so
that the protein of specific interest can be missed: e.g. more
than half of the targets of FDA-approved drugs were not
detected in a recent report.®”® False negatives can be numer-
ous, e.g. if drug binding does not influence the thermal sta-
bility or the protease accessibility of the protein of inter-
est.”"814 It is important to note that the apparent thermal
stability of a protein is often linked to that of its protein
partners or complex subunits.®*8%822 Weak interactions are
moreover likely to not be detected, and the detected thermal
stabilities report for an average of all possible cell localiza-
tions.*® Organelles’ separation might be possible before MS
analysis,*? but incubation at high temperatures does probably
destabilize also cellular membranes and the whole cellular
architecture. Are proteins in their physiological, relevant
environment after 3 minutes at 60 °C? MS studies have
shown moreover how various metabolites levels, notably
those of ATP, could be important for proteins stabili-
ties. 8392811813 Metabolites concentrations are probably rather
affected also by high temperatures. The applications for in-
cell drug binding are thus extremely effective, but the intrin-
sic meaning of the measured melting temperatures should be
cautiously interpreted.

Structural information can also be obtained from solvent-
accessibility foot-printing using chemical reactive species,
and later characterized by MS analysis.®'**"” Among the
approaches using this rationale, Hydrogen-Deuterium Ex-
change (HDX) is the most popular, but it has not been exten-
sively used on live cells.®**8!788 Different methods were
developed and applied in cells,®7#1°%2% among which fast
photochemical oxidation of proteins (FPOP) appears to be
promising.®'"#2822 This technique generates chemical reac-
tions on the microsecond timescale, which can reveal the
solvent-accessible residues of thousands of proteins from
about 10 million cells,*?**? or from 10,000 Caenorhabditis
elegans.®"#% While FPOP in vitro has been shown to be
capable of characterizing epitope mapping, conformational

changes and even of yielding good protein structure predic-
tions,*?!%% it is still in a development phase in cells.®%83!

Other MS proteomics strategies have been designed to
map the binding-proteome of small molecules that cross-link
either with reactive residues of proteins (cysteines, lysines)
or upon photo-activation.?!*832-836 This makes the resulting
covalent complexes resistant to the intermediate steps pre-
paring MS analysis, i.e. cell lysis, proteolysis treatment,
chromatographies... These approaches permit also competi-
tive assays and fragment-based drug design in cells. MS-
assisted drug binding was also evaluated from cells overex-
pressing a protein of interest, using native MS after cell
lysis. 37838

Structural information and drug binding characterization
might also be extracted from MS protein:protein interac-
tomes obtained via biotinylation proximity assays,*%°84
even though these methods are biased towards IDPs.*! MS-
derived structural information has also been obtained recent-
ly using cross-linking agents (disuccinimidyl-suberate or -
sulfoxide) in cells,¥783884284 or in purified mitochon-
dria.*"#%® The identified cross-linked peptides inform about
their intra- and inter-molecular proximities in cells. These
great achievements have been carried out upon 0.5 to 3 hours
long incubation times in PBS at room temperature. This
duration is enough to affect substantially the metabolites
content and cell homeostasis.?®’2%3% Hence, this approach
is probably more adapted to the characterization of high
affinity complexes that are not affected by the cellular meta-
bolic status.

Altogether, MS approaches provide important information
that can contribute to the field of in-cell structural biology.
MS permits the monitoring of “protein communities” at
many levels.®*#° This highly rich information does not
provide direct in-cell information about conformations and
binding, but rather from chemical modifications occurring in
cells and later analyzed after cell lysis. The intermediate
steps of sample handling and data treatment can generate
important variations in the final results, and controversies
between MS groups can emerge readily.**803806851 Finally,
MS covers a detectable fraction of the proteome that does
not necessarily contain the proteins of specific interest, even
though overexpression would often fix this problem. Once
more, the complementarity with other methods is evident.

5.1.4. Cryo-ET

The “resolution-revolution” of cryogenic electron micros-
copy (cryo-EM) shook the field of structural biology in the
last years, where it became rapidly a dominant technique.®>
Its variant imaging method cryo-electron tomography (cryo-
ET) gives access to the tri-dimensional reconstruction of
cellular interior of plunged-frozen cells, and even permits the
recognition of macromolecules in situ.33% The latest tech-
nical developments coupling cryo-EM with light-microscopy
and focused ion beam (FIB) milling have reinforced the
capacities of cryo-ET to provide ultrastructure infor-
mation. 33485685 Uging the latest detectors, electron beam
power and lamellar sample sculpting, it is possible to derive
tomograms of ~100-200-nm-thin cell slices at ~3-4 nm reso-
lution 33489861 Cryo-ET studies reported in-cell structures at
nanometer and subnanometer resolutions of amyloid aggre-
gates, 3234 tubulin- or actin-associated proteins,**%7 or
membrane protein complexes.*® ¥ They were obtained
using sub-tomogram averaging from cryo-ET. This approach
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was initially thought to be less efficient than single-particle
cryo-EM to solve structures at high resolution. However,
cryo-ET is now capable to yield resolutions of 3-4 A, thanks
to the latest developments in data acquisition and computa-
tional treatment.®’**"® An outstanding 3.5 A resolution has
been reached recently for ribosomal particles in the simple
Mpycoplasma pneumoniae cells, which eventually revealed
bound antibiotics.*”® Cryo-ET permitted the observation of
ribosome-RNApolymerase complexes at 5-7 A resolution
also in M. pneumoniae. Although functionally essential,
disordered regions of proteins remained “invisible” for cryo-
ET, and their localization probability was modeled using
distance restraints from in-cell cross-linking mass-
spectrometry.®*?

In-cell cryo-ET structural determination requires the initial
identification of particles in the tomograms, which is more
achievable for large, abundant macromolecular complexes
like ribosomes and proteasomes. To investigate a broader
variety of objects in cells, it might be feasible to express
chimera constructs integrating large protein scaffolds, or to
co-express nanobodies-scaffolds chimeras:¥*#% these would
help particle recognition, even though they would alter the
physiological context. Developments for particle identity
assignment are being carried out.®’*%! The recognition of
molecules is however intrinsically problematic, because it
relies on the extraction of expected shapes based on prior
knowledge. Interactions can produce shapes that would be
discarded. The principle of particle averaging and classifica-
tion is moreover tailored to improve resolution, and less to
detect minor populations and flexible regions.® Single-
particle cryoEM can and already did help to solve structures
down to ~50 kDa, but objects below 500 kDa are currently
considered to be small for in-cell cryo-ET.** Improved
algorithms may push back the lower molecular size limits in
particle detection and classification from the noisy cellular
lamellae. A limit of ~300 kDa is expected for a sample
thickness of ~150 nm.%5*84883 An important aspect about
cryo-EM/ET is the sample vitrification. The current devices
can freeze samples in 50 ms at best, which leaves time for
conformational rearrangements and dissociation of macro-
molecular complexes.”’>882884885 The most flexible regions
of proteins/nucleic acid and transient interactions will remain
poorly detectable by in-cell cryo-ET in most cases.

5.2. The specific benefits of in-cell NMR

In-cell structural biology reports have multiplied only re-
cently, mostly in the last 5 years. Hence, the full-capacities
of the techniques evoked in Chapter 5.1. are yet to be estab-
lished. It calls however for an evaluation of their comple-
mentarity. We discuss some of the unique aspects of in-cell
NMR approaches below.

First, NMR spectroscopy is largely a label-free method, at
the opposite of EPR or of fluorescence microscopy tech-
niques. Practically, this avoids the tedious mutation screen to
find innocuous labeling positions. More importantly, NMR
delivers direct information on the studied object and not on
the attached label. Second, in-cell solution NMR delivers
information on live cells, non-destructively and possibly in a
time-resolved manner. The non-destructive analysis is of
particular interest for a number of questions, notably those
related to redox states and metal chelation, but also for lig-
and binding and light-induced phenomena. It avoids the

introduction of many possible biases through chemical modi-
fications, lysis and the various separation steps that are nec-
essary for MS analysis. Third, the complementarity of NMR
spectroscopy with cryo-ET is straightforward to argue: NMR
permits the characterization of flexible regions and of mid-
dle-size objects in the 20-50 kDa range, where cryo-ET goes
blind.

Then, we shall acknowledge the immense advances in pro-
tein structure prediction,*® and in large-scale compound
screening methods, either cell-based, 6% or virtual.¥%! It
is now very hard to imagine how NMR would contribute
more than punctually in these fields. NMR spectroscopy is a
low-throughput, low-sensitivity technique in vitro, it does
not change with cells. Concerning structural determination,
prediction tools were trained to provide energetically favored
structures of purified proteins. First, these can be destabi-
lized or tuned by the intracellular environment and we need
to accumulate experimental evidences in this regard. Second,
these predictions tools will not be able soon to guess the
intracellular populations of alternating protein/nucleic acid
conformations, neither their dynamics or their variations in
presence/absence of binding partners. Third, NMR spectros-
copy can also provide residue-specific information on flexi-
ble/disordered regions of proteins, whose roles are essential
in cell signaling, enzyme activity or amyloid diseases. Un-
derstanding all these structural behaviors will be necessary to
build appropriate mental representations of the inner life of
cells.

Then, concerning compound screening and target engage-
ment, we shall underline once more that NMR spectroscopy
can report for both small and large molecules at the same
time. In-cell NMR can thus deliver rather comprehensive,
longitudinal monitoring of drug-target pairs. Indeed, it per-
mits the simultaneous observation of substrates, products,
cofactors, metabolites, inhibitors, pH and redox potential,
enzymes conformations and interactions, nucleic acids struc-
ture and modifications. This can be executed in a time-
resolved fashion through days,*”#? provided that cells are
maintained in proper conditions either at low density in
hydrogels or using a flow-probe bioreactor. Longitudinal
monitoring is also possible with organoids, ¥*#* plants,** or
small aquatic animals like C. elegans or water fleas.>76-8968%
These objects generate magnetic susceptibility inhomogenei-
ties though, which can substantially broaden signals of small
molecules and call for the use of advanced pulse sequenc-
€s.%868999! Tmportantly, the direct observation of the target
provides direct proofs of i) compound binding at the ex-
pected protein/nucleic acid site, and ii) of the active/unactive
or the phospho/unphospho populations of the studied pro-
tein/nucleic acid.

5.3. The future technical challenges of in-cell NMR

Two important drawbacks remain: i) a lack of information
on the subcellular origin of the detected signal; ii) a poor
sensitivity. The first point calls for a complementary charac-
terization by fluorescence-microscopy. It also argues in favor
of spectroscopies, whose sensitivity is not affected by mo-
lecular size or binding exchange, e.g. EPR and ssNMR. All
these techniques require advanced expertise, but microscopy
platforms are wide-spread.

Sensitivity is the eternal Achille’s heal of NMR spectros-
copy. Magnetic hyperpolarization methods (DNP, para-
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hydrogen) have been cheered in the last years for their theo-
retical game-changing signal enhancement of several ordered
of magnitudes.’®® Their applications on live cells are
however limited by the short lifetime of hyperpolarization at
physiological temperature, i.e. about one minute or less.”’
91 DNP-ssNMR has been used to characterize proteins in
cellular samples.”’! However, the current DNP-agent mole-
cules are effective at ~100 K or less, which provokes low
spectral resolution, high costs and technicity and limits the
applications. Improved high-temperature (>200 K) DNP-
agents would help to recover sharper linewidths.”'

As far as in-cell solution NMR is concerned, investiga-
tions have been carried out using rather high concentrations
of the observed species, i.e. at least 10 uM. This holds true
for small and large molecules, isotope-labeled or not. This
range of concentrations is much higher than endogenous
concentrations for most proteins (Chapter 3.7.). Such cellular
concentrations, one order of magnitude higher than native
ones, perturb certainly functional interpretations. However, a
number of biophysics phenomena remain roughly valid even
at high concentrations, like structure, conformational dynam-
ics, metal chelation, protein:protein affinities, ligand affini-
ties, enzymatic activity inhibition... as long as the main
cognate chaperones and binding partners of the studied pro-
teins are present at appropriate concentrations. We summa-
rize the important numbers very roughly below, for a ~25
kDa folded protein in ~3.10” mammalian cells. Numbers for
bacteria, yeast and oocytes are much more variable depend-
ing on the transient, unspecific interactions with cellular
components.

The current in-cell NMR concentrations permit to investi-
gate interactions of nano- to milli-molar affinities using
protein/nucleic acid-based detection, and micro- to millimo-
lar affinities using ligand-based detection (Chapter 4). The
first detection strategy relies mostly on 2D 'H-"*N or 'H-"*C
spectra: these reveal chemical shift perturbations upon bind-
ing and are recorded at intracellular concentrations of ~25-50
puM. One-dimensional spectra might yield equivalent infor-
mation using amino acid type specific '’N-labeling at about
twice lower concentrations. A number of strategies shall be
combined to improve sensitivity: better isotope-labeling
schemes, notably when introducing deuteration,*® better
pulse sequences adapted to the cellular viscosity,**’ para-
magnetic T1 relaxation enhancement,”*'* continuous
readout using time-resolved non-uniform sampling,¥”°161
deep-learning assisted spectral reconstruction,”**?2  de-
noising procedures,?***°% deep-learning assisted peak
picking,??® ... Using all these advanced techniques, it might
be possible to record exploitable in-cell 2D NMR spectra of
proteins/nucleic acids at intracellular concentrations of a few
pmol/L.

High-quality in-cell structure determination is feasible at
intracellular concentrations of ~100 uM for ~20 kDa pro-
teins using the standard 3D spectra NOE-assisted ap-
proach.?”” The corresponding protocols might be eased by
structure prediction tools.””™**® Using pseudocontact shifts
(PCSs) and residual dipolar couplings, decent in-cell struc-
ture models can be obtained at ~25 pM from 2D 'H-PN
spectra.?"288362 Improved resolution would be probably
achievable using supplementary 'H-"*C-methyl PCS.*"*%3 To
be applied to a broad variety of proteins/nucleic acids, this
approach will require improved lanthanide tags.*’"#”> How-

ever, lanthanide-cage conjugation is currently operated on
purified material, which must be later delivered in cells.
Intracellular conjugation using non-natural amino acids
would make PCS/RDC measurements also feasible with
proteins expressed in situ.

Large conformational rearrangements can also be reported
by chemical shift perturbations of a small subset of isotope-
labeled residues. This corresponds to the acquisition of
“simple” 2D 'H-"*N or 'H-"*C spectra. Large rearrangement
can even be characterized by a single '’F-amino acid. "F-
NMR has appealing aspects because it can generate back-
ground-free one-dimensional spectra, where structural
changes are exquisitely reported by chemical shift perturba-
tions. However, the large 'F CSA has largely affected in-
cell F-NMR sensitivity and linewidth until now (Chapters
2.3.4. and 2.3.7.). Advanced isotope-labeling schemes, intro-
ducing "*C-'°F pairs, may be fruitful for in-cell NMR studies
in the future,!'$11%137.139410 Genetic code expansion may also
be useful to introduce single non-natural amino acids with
favorable NMR-characteristics.'2*2*3

We feel that the approaches using in situ production of the
analyzed proteins would favor Biologists’ trust. Electro-
poration delivery has been shown to permit functional be-
havior of the transduced objects, even of complex macro-
molecules.* %31 However, co-translational processing can
have important functions in a case-dependent fashion, and it
often remains as a pending question. In situ production
would moreover avoid the time-consuming purification steps
and speed-up the acquisition of the first in-cell spectral fin-
gerprints. It would indeed certainly help to obtain fast, rough
structural diagnostics about the effects of bacterial resistant
mutations, or patient mutations, or drug-target engagement.
Uniform '“N-labeling provides rich structural information,
but might be limited in terms of sensitivity in the long term.
Introducing partially deuterated isotope-labeled amino acids
would probably help to improve in-cell NMR sensitivi-
ty.!!143% While in situ production can accommodate a number
of isotope-labeling schemes in E. coli, there are a number of
labeling possibilities to explore in insect and mammalian
cells. These might also permit to use '*C-direct detection,
which appears to be necessary to characterize disordered
proteins at physiological temperatures,'”®*¢ together with
and 'Ha-"Ca correlations.”®>*** Low-gamma nuclei detec-
tion may actually be adapted to the slower tumbling times
observed in cells, notably in absence of uniform deuteration.
It may compete with 'H-detection at GHz fields,'3!270922:935
%39 but this remains to be tested to a large extent.

In any case, in-cell NMR studies shall be executed using
flow-probe bioreactors and appropriate hydrogel matrices, in
order to maintain cells in healthy conditions through extend-
ed periods of times (Chapter 2.2.11.). This will also ensure
reproducibility and longer acquisition times.

6. CONCLUSION

The modern in-cell structural biology by NMR was initiat-
ed about 25 years ago. It struggled for some years with poor
resolution and sensitivity in most cases, notably by carrying
out studies in the initial E. coli and frog oocytes systems.
The basic mechanisms underlying these crippling intracellu-
lar relaxations are much better understood now; they are
mostly due to restrained diffusion and the many transient
interactions occurring at all times in a cellular environment
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(Chapter 2.3.7. and 3.6.). These are actually less problematic
in the less dense eukaryotic cells. Moreover, adapted iso-
tope-labeling schemes, sample preparation and pulse se-
quences are progressively implemented. Hence, even though
important efforts are still lying ahead to reach a micromolar
sensitivity, evoking such a goal does not sound completely
odd anymore.

In the meantime, although executed at intracellular con-
centrations of 10-200 uM, in-cell NMR of proteins/nucleic
acids has been shown to be likely to tackle a number of
fundamental questions, and recently to deliver promising
proof-of-principles for biomedical characterizations. Hence,
in-cell structural biology by NMR can cover an impressive
range of subjects, like structure, conformational dynamics,
folding, metal chelation, redox status, drug penetrance, drug
target engagement, enzymatic activity, or mutation analysis.
Because in-cell NMR is non-destructive, it has unique con-
tributions for a number of these questions, like metal chela-
tion or redox status, which are investigated after cell lysis
when using other methods.

Time-resolved in-cell NMR allows also longitudinal and
integrated monitoring of both small and large molecules
involved in cellular phenomena, from drug penetrance, met-
abolic reactions, proteins’ conformations or PTMs, etc...
Altogether, in-cell NMR delivers information on cellular
events from the nanosecond- to the days-timescales. This
might also be achieved on organoids or small animals in the
future. We shall underline once more that i) the in-cell NMR
information is not localized at the subcellular level, and that
ii) it can miss subpopulations of the molecules of interest,
made non-detectable by promiscuous interactions with large
cellular entities. The complementarity with other in-cell
techniques is thus evident (see Chapters 5.1. and 5.2.).

In-cell structural biology by NMR depicts biochemistry
and biophysics at work in cells, and it does so at the atomic
scale. It is now ready to deliver knowledge at a faster pace,
both at fundamental and applied levels. In our view, in-cell
NMR is meant to be complementary to structure prediction
tools and high-throughput methods. In-cell NMR generates
experimental information at the atomic scale, who would
prefer to miss it?
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CPP: cell-penetrating peptide; CSA, Chemical Shift Anisotropy;
CryoEM, Cryo Electron Microscopy; CryoET, Cryo Electron
Tomography; DNP, Dynamic-Nuclear Polarization; EPR, Elec-
tron Paramagnetic Resonance; FWHM: Full Width at Half
Maximum; FRET, Forster/Fluorescence Resonance Energy
Transfer; GFP, Green Fluorescent Protein; HDX, Hydrogen
Deuterium Exchange; IDP/IDR, Intrinsically Disordered Pro-
teins/Regions of proteins; MAS, Magic-Angle Spinning; MS,
Mass Spectrometry; MW, Molecular Weight; NOE, Nuclear
Overhauser Effect; OD, Optical Density; PFG, Pulsed Field
Gradient; PFT: Pore-Forming Toxins; PRE, Paramagnetic Re-
laxation Enhancement; PCS, PseudoContact Shift; PTM, Post-
Translational Modification; RDC, Residual Dipolar Coupling;
SAR, Structure-Activity Relationship; SLO, Streptolysin O;
S/N-PUT, Signal-to-Noise ratio Per Unit of Time; STD-NMR:
Saturation Transfer Difference NMR; ssNMR, solid-state NMR;
TIRF, Total Internal Reflection Microscopy.
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