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NMR spectroscopy has matured into a powerful tool to
characterize interactions between biological molecules at
atomic resolution, most importantly even under near to native
(physiological) conditions. The field of in-cell NMR aims to study
proteins and nucleic acids inside living cells. However, cells
interrogate their environment and are continuously modulated
by external stimuli. Cell signaling processes are often initialized

by membrane receptors on the cell surface; therefore, charac-
terizing their interactions at atomic resolution by NMR, here-
after referred as on-cell NMR, can provide valuable mechanistic
information. This review aims to summarize recent on-cell NMR
tools that give information about the binding site and the
affinity of membrane receptors to their ligands together with
potential applications to in vivo drug screening systems.

1. Introduction

One of the most important features of living organisms is the
bidirectional communication capability to respond to their
environment by reacting to stimuli from the extracellular space
and respond by producing and secreting signaling molecules to
shape their surroundings. The essential response system
comprises different membrane proteins embedded in the
plasma membranes of cells. The extracellular parts of mem-
brane receptors typically interact with a variety of molecules,
such as proteins, neurotransmitters, hormones, metabolites,
ligands, and ions. Upon binding, the membrane receptor
activates different physiological processes by triggering signal-
ing cascades. Given their eminent biological functionalities,
they are attractive targets for many drug discovery projects. For
example, approximately 30% of all protein-coding genes in
humans account for integral membrane proteins and 40% of all
FDA-approved drugs target membrane proteins[1].[2]

The structural and biochemical characterization of mem-
brane proteins and their binding partners is still challenging,
although various improvements in fields of sample preparation,
hardware and data processing have been accomplished in
recent years.[3] Specifically, X-ray crystallography and cryo-EM
have been established as the methods of choice for large
macromolecules, as they provide structural information about
macromolecules with high-resolution.

A unique method to probe molecular interactions and
dynamics at atomic resolution, however, is nuclear magnetic
resonance (NMR), be it in the solid-state (SS-NMR) or liquid-state
(LS-NMR). Therefore, it has emerged as an indispensable tool in
drug discovery, as NMR can also detect changes of the
conformation and dynamics upon ligand binding, providing
unique opportunities to target allosteric binding sites.[4,5] Most
importantly, the results of in vitro assays might be misleading or
inconclusive as the functionally relevant molecular interactions
occur either in the cell’s cytoplasm, at the external surface of
living cells or in the extracellular matrix (ECM). Ex vivo NMR
involves interaction studies with cells, tissues or organs and
therefore, provides unique possibilities to study biomolecules

and their interactions in the near to native environment. It
should not be confused with in vivo NMR, which refers to
interactions studies with living organisms, e.g. MRI. Addition-
ally, with ex vivo NMR, important information about how the
drug is affected under physiological conditions can be achieved,
as a drug might not be able to cross the cellular membrane,
might be pumped out of the cell, is metabolized or interacts
with other cellular components instead of the therapeutic
target.[6] Ex vivo NMR divides into investigations inside (in-cell
NMR), at the membrane (on-cell NMR) and outside (ex-cell NMR)
of the living cell. In this review, we focus on the studies of
membrane receptors and their interactions by on-cell NMR. We
will address important considerations covering the expression
of membrane receptors with living mammalian cells, quantifica-
tion of ligand binding, binding site mapping, and ultimately
determination of binding poses. The aim of this mini-review is
to guide the reader through the opportunities and difficulties of
on-cell NMR and eventually simplify their entry to the new field.

2. NMR in Biological Environments

2.1. The cellular environment

Typical structural biology projects are carried out in solutions
containing few salts in a buffer that adjusts the pH. The cellular
environment, however, is way more complex and contains a
plethora of other molecules such as metabolites, osmolytes,
other proteins, nucleic acids, lipids and polymeric assemblies,
depending on the specifics of the cellular (sub)-system.[7] The
cell’s interior, for example, is highly crowded, which influences
not only the translational and rotational diffusion of the
molecules in the cell but also the function of biomolecules.[9,10]

Several NMR studies provided insightful information on the
protein stability and function in crowded cellular
conditions.[9,11–13] Additionally, subcellular compartments, like
cytoplasm, nucleus, mitochondria and lysosomes, confine the
cell’s volume. Crowding and confinement have important
consequences for protein stability and reactivity, as proteins
can interact with cellular milieu molecules, either by excluded
volume of preferential interactions,[14] and are altered by post-
translational modifications (PTMs).[15] For more details on in-cell
NMR, we recommend other reviews that focus on this
topic.[7,16–18]

When investigating membrane receptor interactions on the
cell surface the details of the extracellular matrix has also to be
considered, as it contains a significant number of polysacchar-
ides (both in free form or as a part of protein glycosylation
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sites), important for several molecular recognition events, and
secondary metabolites that are relevant for intercellular
communication.[19] Therefore, the ECM not only supports the
mechanical stability of the cells but also is essential for outside-
in or inside-out signalling mechanism.[20]

2.2. Receptor characterization

When investigating membrane receptors in mammalian cells, it
is important to know precisely the identity and quantity of the
protein. Both can be achieved by using mass spectrometry,
commercial available microarrays and RNA sequencing.[21] Addi-
tionally, as a negative control, a cell line not expressing the
membrane receptor should be established. To this end, CRISPR/
Cas9 technology has emerged as an excellent tool to manipu-
late the genome of cells.[22] With that methodology, tailored cell
lines can be designed to address a specific question involving
the membrane receptor of interest. This method has a great
potential in mimicking disease-related conditions by introduc-
ing point mutations, gene deletion or insertions.[23] Furthermore,
CRISPR/Cas can be used in designing and developing new
drugs, especially for GPRCs, as they have a highly selective
pattern of expression and activity levels in healthy and disease
tissues.[24] Using CRISPR/Cas, it is also possible to introduce a
variety of point mutations in the binding region of the receptor.
With that, the binding site can be mapped from the receptor’s
perspective and investigate how ligand binding is altered in
disease-related conditions. Additionally, this genome-editing
tool can be modified to target different physiological processes,
for example, targeted transcriptional regulation. For this
purpose, deactivated Cas9 was fused to transcriptional activa-
tors or repressors, which can, therefore, activate or repress a
certain genomic region with high specificity compared to other
transcriptional regulators such as interference RNA.[25] Control
experiments have to be carried out, to make sure that the right
membrane receptor is expressed in the desired amounts.
Fluorescence activated cell sorting (FACS) is a widespread

method of choice, because it is a versatile platform to monitor
both the presence of reporter molecules of cellular fate and the
expression of specific receptor types using monoclonal anti-
bodies. For example, it is possible to detect the presence of pre-
apoptotic cells with the annexin V assay as Annexin V binds to
phosphatidylserines that migrates to the outer plasma mem-
brane in apoptosis. In parallel, cell viability can be checked by
propidium iodide or trypan blue staining. Thus, in a single
assay, several reporters of viability, membrane receptor status
and cellular phenotype can be monitored.

An essential prerequisite for the recording of NMR experi-
ments with living cells is to maintain cell viability. To this end,
the usage of bioreactors that enable the continuous exchange
of media in the NMR instruments have been proposed,[26–30] or
alternatively cells can be encapsulated within agar or alginate
hydrogels.[27] The problem, however, associated with these
approaches is the fact that highly viscous gels are not suitable
for LS-NMR as they prevent the free tumbling of the protein
under study in solution. To circumvent this problem our
laboratory has recently developed an alternative experimental
strategy involving methylcellulose hydrogels to prevent cells
from sedimentation. This approach ensures proper tumbling of
extracellular components, while retaining the cells attached to a
(hydrogel) scaffold. Depending on the molecular weight and
the concentration of the methylcellulose, the size of the pores
can be modulated. It allows water-soluble compounds to
tumble freely in solution though large cells are encapsulated
within the void space. This easy-to-handle technique, which is
already well-established in 3D cell cultures, can maintain cell
integrity and viability in the NMR tube. Furthermore, it was
demonstrated that this approach reduces cell sedimentation
and avoids membrane receptor internalization, without disturb-
ing the actual binding event.[8] It was also successfully applied
to monitor the metabolic changes by real-time NMR.[31]

Finally, one of the most important aspects of in vivo NMR is
to maintain the stability of the cell in the NMR tube within the
required experimental time. The conditions are drastically
different from cell cultures, as there are limited amounts of

Theresa Höfurthner did her Master’s degree in
Structural Biology at the University of Vienna.
In February 2020, she joined the group of
Robert Konrat as a PhD student at the Max
Perutz Laboratories in Vienna, where she
investigates the binding of various ligands to
membrane receptors in vitro and in living
cells.

Borja Mateos studied Biochemistry and Molec-
ular Biotechnology at the University of Barce-
lona. He joined the group of Prof. Dr. Robert
Konrat in Vienna for his doctoral studies
(University of Vienna, 2016–2020). He is
currently a postdoctoral researcher in the
Precision Medicine and Metabolism Lab of the
CIC bioGUNE (Bilbao, Spain) under the super-
vision of Dr. Óscar Millet and Dr. José Maria

Mato. He is a trained biochemist with a solid
background in integrative structural biology
and biophysics, and in particular, as an NMR
spectroscopist.

Robert Konrat studied Chemistry in Graz,
Austria, and did postdoctoral research at the
Université de Lausanne and University of
Toronto. He held faculty positions at the
University of Innsbruck and visiting professor-
ships at the École Normale Supérieur, Paris,
France, University of Barcelona, Spain and the
University of California, San Diego, USA. Since
2001, he has been a full professor and a group
leader at the Max Perutz Laboratories in
Vienna.

ChemPlusChem
Minireviews
doi.org/10.1002/cplu.202100134

940ChemPlusChem 2021, 86, 938–945 www.chempluschem.org © 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 23.06.2021

2106 / 207714 [S. 940/945] 1

http://orcid.org/0000-0001-6489-4080


nutrients and oxygen. In addition, the elimination of metabolic
by-products, acidification of the media, sedimentation of the
cells itself and overexpressed protein of interest (POI) can
induce significant changes in the cell viability and the
metabolism of the cell. The lack of cell attachment sites leads to
the internalization of membrane receptors, the trigger of
apoptosis and degradation of cellular components. Depending
on the concentration of the overexpressed POI and the
complexity of NMR experiments, the duration can range from
minutes to hours, where changes in the cell viability can already
occur. Embedding cells in a methylcellulose hydrogel (see
above) solved the problem for LS-NMR, and similar techniques
exist for SS-NMR, where high-resolution magic-angle spinning
(HR-MAS) techniques have been explored to maintain cell
stability for the experimental duration and to prevent cell
sedimentation.[32,33]

2.3. Protein isotope labelling

In order to distinguish the POI or its binding partner from the
background of the cell, the macromolecule has to be labelled
with stable isotopes. The most commonly used isotopes are 15N
and 13C, followed by 19F. 19F is especially interesting, as it is
highly sensitive and due to its missing in biological molecules,
the spectra is background free.[34,35] Depending on the origin of
the interaction partner, the expression of labelled proteins and
peptides is very straightforward and accomplished in E.coli. To
increase the sample yield, smaller proteins and peptides are
fused to an expression tag, like Maltose-binding protein (MBP),
glutathione S-transferase (GST), Histidine or a Streptomycin
tag.[36] Furthermore, in-organelle NMR approaches were also
possible by fusion of specific targeting sequences.[37] In SS-NMR,
the membrane receptor and the interaction partner can be
labelled with stable isotopes, as in this approach the molecular
rotational tumbling rate of the labelled protein does not
influence the line broadening. These facts make the on-cell
NMR approach more feasible and easier to handle in compar-
ison to in-cell NMR, of course, depending on the specific
question at stake. However, the expression and purification of
membrane receptors, especially human membrane receptors, is
still a challenging task. The most applicable system for
expressing human membrane receptors is the usage of
mammalian cell lines. The most used cell lines are human
embryo kidney (HEK) and Chinese hamster ovary (CHO), as
these cell types have the highest rates of transfection via
polyethyleneimine (PEI), calcium phosphate or
electroporation.[38] With that, one can ensure that the mem-
brane receptor is expressed in the correct fold and has all the
required PTMs to be functional. Moreover, two or more proteins
can be expressed in human cells, whereas only one is selectively
labelled by controlling the timing of expression by using a
silencing vector for one of the proteins.[39] The major drawback
of expressing the POI in mammalian cells, labelled or
unlabelled, are its relative high cost and the low yields
compared to bacterial expression.[40]

3. Membrane Receptor Interactions by On-Cell
NMR

NMR spectroscopic parameters are extremely sensitive probes
of molecular binding events as even subtle changes of the
chemical environment lead to pronounced changes of chemical
shifts, relaxation parameters, diffusion coefficients, transfer
Nuclear Overhauser Effect (trNOEs) and saturation transfer
differences (STDs).[36,41] In general, on-cell NMR studies of
membrane receptor interactions can either exploit ligand- or
receptor-based detection schemes, depending on the exchange
kinetics between free and receptor-bound state. Figure 1A
illustrates the different NMR observation strategies. The two
approaches (receptor vs ligand detection) complement each
other and have their individual benefits. Clearly, looking at the
receptor directly provides direct (atomistic) information about
binding site residues and potential structural changes accom-
panying ligand binding. Fortunately, signal intensities in SS-
NMR are insensitive to the molecular rotational tumbling rate
and thus allows to study non-soluble or large cell surface
macromolecules.[6,42–44] Therefore, SS-NMR employing heteronu-
clear 13C/15N-detected HR-MAS (high-resolution magic angle
spinning) NMR experiments is a very promising approach.[45–47]

Using this technique, detailed information about large struc-
tures on living cells, for example, keratin, collagen and other
components of the ECM, were achieved.[48–52] Another way of
increasing the sensitivity in SS-NMR is by exploiting the
enhancement of dynamic nuclear polarization (DNP) by the
usage of paramagnetic labels. With that method, it was even
possible to detect naturally abundant proteins and nucleotides
in living bacteria.[53] More insightful reviews on this strategy can
be found in the recent literature.[54,55] As represented in
Figure 1A, direct observation by SS-NMR allows to resolve the
signals of the bound state (Figure 1A, bottom left), by
comparison with the free form obtained by, for example,
conventional LS-NMR (i. e. 2D 15N-1H HSQC, Figure 1A, bottom
right) allows the mapping of receptor-binding sites. Addition-
ally, measurement of relaxation parameters and dipolar cou-
plings allows the probing of structural dynamics in the bound
state. It is important to note, that with the same technique
(provided sensitivity allows) observation of the membrane
receptor is feasible, as has been reported recently.[49,56,57]

Upon binding to a membrane receptor, the ligand behaves
as a part of a huge macromolecule (i. e., slow molecular
tumbling), where LS-NMR is not capable to directly detect any
signal from the bound state due to broad signals and decreased
signal-to-noise ratios, and one has to resort to indirect
observables. Ligands that display weaker binding affinities and
fast exchange rates are easily accessible to LS-NMR methods
such as trNOEs, water LOGSY and STD NMR spectroscopy,
which, although observing the free ligand, provide valuable
information about the receptor-bound state. The trNOESY is a
useful method to determine the conformations of bound
ligands, provided the exchange of the ligand is fast enough
(KD>10� 6 M) and a sufficient amount of free ligand is
observable.[58–60] For a detailed explanation of trNOE and water-
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Figure 1. (A) Scheme of membrane receptor interactions probing by NMR. Interaction of extracellular ligand (blue, protein or small molecule) with membrane-
bound receptor (green) can be probed indirectly (top) via solution saturation-transfer difference techniques (LS-NMR, STD) or directly (bottom) by observing
chemical shifts in the solid state (SS-NMR, HR-MAS). Provided the exchange between free (apo) and receptor-bound state is slow on the NMR time scale
separate NMR signals can be (directly, bottom) observed and resolved depending on the relative populations (concentrations and dissociation constant, KD).
In case of fast exchange, a population-averaged chemical shift will be observed. In contrast, solution NMR techniques (STD, top) probe the bound state
indirectly via relaxation effects (NOE, spin diffusion, see text) exploiting the intense signal of the free (apo) state. Reversible exchange between free and
bound form leads to an averaging of the relaxation effects. Due to the huge molecular weight difference of free and receptor-bound form the observed STD
effect is entirely dominated by the bound state and therefore reports on the structural dynamics of the ligand when it is bound to cellular surface. (B) NMR
studies of the interaction between the IDP Osteopontin (15 N-1H-HSQC, intensity ratio of apo and bound form, left and middle), a cytokine located in the
extracellular matrix and αVβ3 integrin receptors in living HEK cells embedded in Methylcellulose hydrogel (light microscope images, right). Via FACS,
membrane receptor internalization of αVβ1 was monitored (top, middle), adapted from.[8]
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LOGSY concepts and applications, we address the reader
elsewhere.[61] One of the most powerful experiments to identify
the binding site from the ligand’s perspective is STD.[62] The STD
experiment relies on spin diffusion, which transfers saturation
from the protein, in our case the receptor, to the bound ligand.
Due to the long correlation times of high-molecular weight
system (i. e. membrane-bound receptors), saturation of resonan-
ces by the applied (protein on-resonance) radio-frequency (RF)
fields is highly efficient. After dissociation of the complex and
release of the ligand from the membrane, saturation still
prevails and produces the disappearance of the signal. As
reference, the same RF pulse is applied off-resonance. The
resulting STD spectrum is obtained by subtracting the saturated
from the reference spectra. To exclude STD signals arising from
non-specific interactions between the ligand and the cell
membranes, additional STD experiments in the absence of the
ligand and the membrane receptor, by using a cell line that
does not express the protein, should be carried out.[63–65] STD-
NMR experiments were applied to probe the interaction of
membrane receptors to small peptides, sugars, lipopolysacchar-
ide, proteins and peptide-mimetic drugs.[8,60,66–68] STD experi-
ments reveal important information about the protein-ligand
interaction. First, the binding site of the ligand is described at a
detailed atomic level. Second, as the degree of saturation is also
dependent on the ratio of the protein and ligand concentration,
one gets additional information about the affinity of the
complex as it displays the kon and koff rates. The dissociation
constant KD can also be derived by using the initial growth rate
approach of the STD amplification factor (STD-AF). It is defined
as the product of the STD intensity and the excess of the ligand
concentration, whereas the KD is obtained from the fit of the
STD-AF values as a function of the ligand concentrations.[69]

Third, one needs very small amounts of the receptor, as the
preferred concentration for STD experiments lies for the binding
partner in the nM-μM range.[65]

Most importantly, ligands in this context are not necessarily
small molecular weight compounds. In our recent publication
we demonstrated that the STD methodology can be adapted to
study interactions between proteins (IDPs) from the extracel-
lular matrix and membrane receptors in living cells.[8] Figure 1B
shows experimental results for the interaction between the
ECM IDP Osteopontin and the αVβ3 integrin receptor embedded
in cell membranes of HEK cells. This important extension offers
exciting possibilities particularly in drug design programs
targeting hitherto unexplored (“undruggable”) protein targets.

Compared to other screening assays, one major advantage
of NMR spectroscopy is to provide detailed information at
different stages of pre-clinical drug discovery processes. One of
the earliest techniques that accomplished this is SAR by NMR
(Structure-Activity Relationships). SAR by NMR is a target-based
method where NMR parameters are monitored while adding a
small molecule or a mixture of them.[70,71] Applied in an iterative
way, it is an important tool to optimize lead compounds in
drug design programs and has contributed to a better under-
standing of protein-ligand interactions, as it can describe the
target’s half-life, residence time, the equilibrium state and the
transition states of the interactions in the cell’s

environment.[72,73] The possibility to quantitatively study the
interactions between extracellular proteins and membrane-
receptor in living cells offers exciting possibilities in future drug
design programs (i. e. competition binding assays). Particularly,
by introducing site-specific mutations in the receptor and/or
the ligand protein, it is possible to (i) resolve key residues and
(ii) detect changes in the binding affinity,[55] and thereby
providing unique information about receptor-target specificity.

In addition to chemical shifts and NOE-based methods
(such as the STD experiment), paramagnetic NMR spectroscopy
can give unique information about membrane receptor inter-
actions. With the introduction of a paramagnetic group, for
example TEMPO or MTSL, on the ligand or membrane receptor,
one gets specific information about the dynamical behaviour of
the complex. Depending on the paramagnetic label, proton
signals within a distance of 10—20 Å from the paramagnetic
centre are weakened or quenched. In addition to established
applications in structural biology, PREs also have been
introduced to screening applications in drug design, for
example SLAPSTIC (spin labels attached to protein side chains
as a tool to identify interacting compounds) from Jahnke
et al.[74] It will be interesting to explore possible SLAPSTIC
applications when investigating ligand interactions with natu-
rally abundant membrane receptors,[75] for example, by monitor-
ing NMR spin relaxation changes due to the presence of the
paramagnetic spin label.

4. Summary and Outlook

Membrane receptors interact with numerous endogenous and
external ligands, and upon binding, different physiological
processes inside or outside the cell are stimulated. As a result,
investigations of membrane receptors and their ligands in living
cells are of high interest for biological research. NMR spectro-
scopy is a very versatile technique to map binding sites, the
application of on-cell NMR can help to close the knowledge gap
of membrane receptor interactions in vivo. In addition, HR-MAS
SS NMR has proven to be a powerful method to characterize
not only the structure of large insoluble or membrane-
surrounded protein complexes, but also their binding affinities
to their ligands. LS-NMR had the problem of cell sedimentation
and viability when investigating whole cells. Using a bioreactor
specifically made for a typical cell type one can bypass this
problem. The use of hydrogels can be adapted to mimic specific
disease-relevant ECM compositions.[27] One limiting point is the
correct and sufficient expression of the membrane receptor,
where the newly arising field of CRISPR/Cas genome-editing
tool can facilitate cell handling for in situ structural biology.
Additionally, altered cell lines, produced by the CRISPR/Cas
system, can help to identify the key residues in the receptor
binding site through site-specific mutations and therefore
establish structure-affinity-relationship (SAR).[55] These cell lines
are reflecting the native conditions of expression and activity
level more accurately. With all these possible manipulations of
the investigating system, on-cell NMR achieves highly detailed
information about the binding site, kinetics, dynamics and
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structures in various different environments of the cell. It can
thus be safely anticipated that the described techniques will
find widespread applications both in structural biology as well
as in rational drug design programs.
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