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Recent progress of in-cell NMR of nucleic acids in living human cells
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Abstract
The inside of living cells is highly crowded with biological macromolecules. It has long been considered that the properties of
nucleic acids and proteins, such as their structures, dynamics, interactions, and enzymatic activities, in intracellular environments
are different from those under in vitro dilute conditions. In-cell NMR is a robust and powerful method used in the direct
measurement of those properties in living cells. However, until 2 years ago, in-cell NMR was limited to Xenopus laevis oocytes
due to technical challenges of incorporating exogenous nucleic acids. In the last 2 years, in-cell NMR spectra of nucleic acid
introduced into living human cells have been reported. By use of the in-cell NMR spectra of nucleic acids in living human cells,
the formation of hairpin structures with Watson–Crick base pairs, and i-motif and G-quadruplex structures with non-Watson–
Crick base pairs was demonstrated. Others investigated the mRNA–antisense drug interactions and DNA–small compound
interactions. In this article, we review these studies to underscore the potential of in-cell NMR for addressing the structures,
dynamics, and interactions of nucleic acids in living human cells.
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Introduction

Genome-wide surveys have indicated that only ~ 2% of the
human genome comprises protein-coding regions (Dunham
et al. 2012). On the other hand, ~ 80% of the human genome
is thought to be involved in gene regulation (Elkon and Agami
2017). The non-coding genome regions may include cis-
regulatory elements or regions that are transcribed into non-
coding RNAs (Elkon and Agami 2017).More than 70% of the
human genome is reportedly transcribed into RNAs (Djebali
et al. 2012). These findings suggest that nucleic acids them-
selves regulate various biological events. Understanding the
molecular mechanisms by which these nucleic acids exert
their functional roles is a necessary task. These functional
nucleic acids are present inside living cells, whose internal
environments are highly crowded with biological macromol-
ecules such as nucleic acids and proteins. It is known that the
biophysical characteristics, such as macromolecular

interactions, molecular crowding, water activity, and viscosity,
within living cells differ considerably from dilute solutions
generally used in vitro (Ellis 2001; Zhou et al. 2008; Sarkar
et al. 2013; Hänsel et al. 2014). Due to these differences, the
structures, dynamics, and interactions of nucleic acids are as-
sumed to be different between in vitro and living cells.
Hydrophilic polymers, such as polyethylene glycol, have been
used to examine the structure of nucleic acids in vitro to sim-
ulate intracellular molecular crowding. These studies also sug-
gested that the structural and functional properties of nucleic
acids are sensitive to environmental conditions even under
in vitro conditions (Nakano et al. 2014). Therefore, it is essen-
tial to clearly define how the structure, dynamics, and interac-
tions of nucleic acids within live cells differ from in vitro
conditions. To meet this need, methodologies for analyzing
nucleic acids inside living cells are continuously being devel-
oped (Giassa et al. 2018; Dzatko et al. 2020).

To investigate the structural features of biological macro-
molecules in cells, in-cell NMR is one of the prominent
methods. In-cell NMR is an application of NMR spectroscopy
involving a living cell suspension as a sample, where the bio-
molecule of interest is introduced into the cells. Due to the
non-invasive property of NMR spectroscopy, the NMR signal
of the target biomolecule in living cells can be obtained. The
measurement of in-cell NMR spectra was firstly reported for
proteins in E. coli in 2001 by Dötsch and coworkers (Serber
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et al. 2001), and development of the methodology is continu-
ing (Luchinat and Banci 2017; Nishida et al. 2020). Various
cell types have been used for in-cell NMR analysis of proteins
(Stadmiller and Pielak 2018), including E. coli (Serber et al.
2001; Sakakibara et al. 2009), yeast (Bertrand et al. 2012),
Xenopus laevis oocytes (Selenko et al. 2006), insect cells
(Tanaka et al. 2019), and human cells (Inomata et al. 2009;
Ogino et al. 2009; Banci et al. 2013; Theillet et al. 2016).

On the other hand, for nucleic acids, the first report was
published in 2009 by Trantirek, Schwalbe, and Dötsch, who
used Xenopus laevis oocytes (Hänsel et al. 2009). Compared
with proteins, in-cell NMR studies on nucleic acids have long
been limited to Xenopus laevis oocytes (Hänsel et al. 2013;
Salgado et al. 2015; Bao et al. 2017; Ishizuka et al. 2017;
Manna et al. 2018) due to the limitation of the method for
introducing adequate amounts of nucleic acids into huge num-
bers of cells. The structure, dynamics, and intermolecular in-
teractions of nucleic acids should be characterized in the phys-
iological environment, including pH, redox potential, viscos-
ity, and the presence of interactive partners, such as proteins,
ions, metabolites, and so on. In particular, the expression pat-
terns of the endogenous proteins that interact with nucleic
acids should be different between Xenopus laevis oocyte and
other cells. Our group was the first to use cells other than
Xenopus laevis oocytes, and we succeeded in obtaining
NMR signals of nucleic acids in living human cells in 2018
(Yamaoki et al. 2018). In this article, we review the rapidly
developing in-cell NMR methodologies for nucleic acids in
living human cells (Dzatko et al. 2018; Bao et al. 2019;
Schlagnitweit et al. 2019; Krafcikova et al. 2019).

Introduction of nucleic acids into living human cells
by the SLO method

The first in-cell NMR study on nucleic acids was reported
10 years ago. Firstly, in-cell NMR of nucleic acids was
established using Xenopus lavis oocytes (Hänsel et al. 2009).
In-cell NMR measurement requires the introduction of adequate
amounts of nucleic acids into living cells. For Xenopus laevis
oocytes, the microinjection method was successfully used and
about 200 oocytes into which nucleic acids had been injected
were subjected to in-cell NMR measurements. However, in the
case of human cell lines, such as HeLa cell, 2 × 107 cells are
required for in-cell NMRmeasurements, with adequate amounts
of target nucleic acids. Consequently, the microinjection method
is not feasible in these cell types. We applied a bacterial toxic
protein, streptolysin O (SLO), that can reversibly form pores on
cell membranes (Fig. 1). The SLO method had originally been
developed to introduce various kinds of molecules in large
amounts into living human cells (Kano et al. 2012, 2017;
Kunishige et al. 2020). In terms of in-cell NMR application, this
technique was firstly used for proteins (Ogino et al. 2009; Kubo
et al. 2013; Mochizuki et al. 2018).

We applied this SLO method with some modifications to
introduce nucleic acids into living human cells for measure-
ment of in-cell NMR (Yamaoki et al. 2018). SLO
oligomerizes into a ring structure and produces transient pores
with a diameter of 25–30 nm on the cell membrane. Addition
of calcium ions induces the deformation of SLO oligomers, by
which the pores are resealed. Nucleic acids of interest are
allowed to enter SLO-permeabilized cells, after which pores
are resealed (Fig. 1).We determined that a key modification to
the SLO method was the inclusion of a cytosolic extract and
an ATP-regenerating system (ATP, creatine kinase, and crea-
tine phosphate). These additives supply intracellular compo-
nents, and support the survival and recovery of the resealed
cells. This resulted in efficient introduction of nucleic acids
and resealing of the permeabilized cells. The intracellular lo-
calization of both FAM-labeled DNA and RNA introduced by
the SLO method was examined by confocal fluorescence mi-
croscopy. They were found to be localized mainly in cell nu-
clei (Yamaoki et al. 2018). The SLO-treated HeLa cells in-
cluding the target DNA or RNAwere employed as samples for
in-cell NMR measurements (Fig. 1).

Fig. 1 Schematic illustration of introduction of nucleic acids into living
human cells by the modified streptolysin O (SLO) method
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The first observation of NMR signals of nucleic acids
in living human cells by in-cell NMR

As the first examples, oligo DNA (d[GCGAAGC]) and RNA
(r[GGCACUUCGGUGCC]) that form hairpin structures
(Fig. 2b, e) with Watson–Crick base pairs (Fig. 2a) under
in vitro dilute solution conditions were introduced into HeLa
cells. This so-called hairpin DNA and RNA has been well-
studied as highly stable motifs. The hairpin structures of
DNAs are considered to be formed through the triplet repeat
expansion associated with genetic diseases. Also, the hairpin
structures of RNAs are expectedly included in various kinds
of non-coding RNAs such as rRNAs, tRNAs, pre-miRNAs,
and untranslated regions of mRNAs.

For in-cell NMR of nucleic acids, the imino proton signals
are the first choice to monitor nucleic acids in living human
cells. First of all, the imino proton signals provide much in-
formation on the mode of base-pairing of nucleic acids, as

explained below. The imino region of an NMR spectrum is
isolated from the regions of other signals of endogenous pro-
teins. Additionally, endogenous nucleic acids such as genome
DNAs, rRNAs, and mRNAs are too large for detection of the
NMR signals of their imino protons. In the case of small
RNAs, such as miRNAs, the concentrations are so low that
their imino signals cannot be observed. In fact, there is no
signal in the imino region of NMR spectra of intact human
cells into which no exogenous DNAs and RNAs had been
introduced. This means that we can obtain in-cell NMR spec-
tra having almost no background for the imino region even
without any isotopic labeling such as with 15N and 13C for
identification. Using SLO-treated cells into which hairpin
DNA and RNA had been introduced, we observed the NMR
signals of nucleic acids in living human cells for the first time
(Yamaoki et al. 2018). To prove that the signals were derived
from the nucleic acids in the living cells, we removed the cells
by centrifugation and obtained an NMR spectrum of the

Fig. 2 In-cell NMR spectra of
nucleic acids in living human
cells. a Watson–Crick base pairs.
Imino protons are highlighted. b,
e The hairpin structures of DNA
and RNA, respectively. c, f The
difference NMR spectra (pure in-
cell spectra) of DNA and RNA,
respectively. d, g The in vitro
NMR spectra of DNA and RNA,
respectively. (b–g Adapted from
Yamaoki et al. 2018 with permis-
sion from the PCCP Owner
Societies)
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supernatant after in-cell NMR measurements. In the spectrum
of the supernatant, weak imino proton signals derived from
the nucleic acids that had leaked from dead cells were detect-
ed. By subtracting the spectrum of the supernatant from the
original in-cell NMR spectrum, we successfully obtained a
pure in-cell NMR spectrum of the nucleic acids in living hu-
man cells for the first time (Yamaoki et al. 2018) (Fig. 2c, f).

By using the in-cell NMR technique, structural information
on nucleic acids in living human cells can be obtained. The
NMR signal of an imino proton can be observed only when
the imino proton is involved in hydrogen bonding or protected
from exchange with the bulk water (Fig. 2a). This is because
the imino protons of guanine, thymine, and uracil are rapidly
exchanged with the protons of bulk water. Therefore, the ob-
servation of imino proton signals indicates the formation of
base pairs. Moreover, the chemical shifts of imino proton sig-
nals are sensitive to the type of base pair such as Watson–
Crick and non-Watson–Crick ones. We demonstrated that
the chemical shifts of imino proton signals derived from the
hairpin DNA and RNA under cellular conditions are similar to
those under in vitro conditions (Fig. 2c, d, f, g). These results
indicated that the DNA and RNA formed Watson–Crick base
pairs in the living human cells as well as in vitro. Thus, the in-
cell NMR study revealed that DNA and RNA form quite
similar hairpin structures in living human cells as well as un-
der in vitro conditions (Yamaoki et al. 2018).

As described above, the imino proton rapidly exchanges
with water proton. Therefore, to observe the NMR signal of
imino proton, the pulse sequence with pre-saturation for water
suppression should be avoided. Our in-cell NMR spectra were
recorded by the Selective Optimized-Flip-Angle Short-
Transient (SOFAST) technique with PC9 and rSNOB pulses
for water suppression (Schanda et al. 2005).

Application of in-cell NMR to detect
non-canonical structures of nucleic acids
in living human cells

Following our report, Trantirek and coworkers also reported
an in-cell NMR study on DNA in living human cells (Dzatko
et al. 2018). In their study, the electroporation method was
used for the introduction of nucleic acids into living human
cells. The electroporation method also reversibly forms pores
on cell membrane by electric pulse. As of now, the intracellu-
lar concentrations of nucleic acids that were introduced from
outside the cell are comparable, 5–20 μM for both SLO and
electroporation methods (Dzatko et al. 2018; Yamaoki et al.
2018). Theoretically, both methods using SLO and electropo-
ration are applicable to various kinds of cells. They used var-
ious cytosine-rich oligo DNAs that form one of the non-
canonical structures, the i-motif, formed through the interca-
lation of hemi-protonated cytosine–cytosine base pairs (C–

C+) in vitro (Fig. 3a, b). The i-motif structure is currently
considered a regulatory motif for gene transcription
(Kendrick et al. 2014; Sedghi Masoud and Nagasawa 2018;
Sedghi Masoud et al. 2018). They detected imino proton sig-
nals in the 15–16 ppm region of in-cell NMR spectra, which
strongly indicated the formation of C–C+ base pairs and i-
motif structures even in living human cells as well as
in vitro (Fig. 3c, d). Furthermore, temperature variable in-
cell NMR measurements showed that some i-motif structures
are more stable under intracellular conditions than under
in vitro conditions (Dzatko et al. 2018).

Xu and coworkers also obtained structural information on
another type of non-canonical structure, the guanine-
quadruplex (G4 structure, Fig. 3e), in living human cells using
the 19F-labeling technique (Bao et al. 2019). The G4 structure
is formed through the stacking of planar guanine quartets
consisting of four guanines that are hydrogen-bonded to the
two adjacent guanines (Fig. 3f). The G4 structure is consid-
ered a regulatory unit for various biological events such as
DNA replication, RNA transcription, protein translation, and
telomere elongation (Tian et al. 2018). They introduced
telomeric DNAs into living human cells by the SLO method
and obtained one-dimensional 19F-NMR spectra. They re-
vealed oligo telomeric DNAs formed the hybrid-type G4
structure (for d[AGGG(TTAGGG)3]) and the two-tetrad anti-
parallel G4 structure (for d[GGG(TTAGGG)3T]) in living hu-
man cells based on the chemical shifts of the 3,5-
bis(trifluoromethyl)phenyl moiety (Fig. 3g, h) (Bao et al.
2019). Studies by Trantirek, Xu, and coworkers showed that
in-cell NMR is a powerful tool for the structural analysis of
nucleic acids in living human cells.

Application of in-cell NMR to evaluate
intermolecular interactions of nucleic acids

Another application of in-cell NMR as to nucleic acids is the
observation of the intermolecular interactions of nucleic acids
in living human cells. The in-cell NMR in human cells allows
early assessment of drug potency for human by evaluating the
intracellular binding specificity of drug candidates (Luchinat
et al. 2020).

Petzold and coworkers demonstrated that an antisense
nucleic acid drug can interact with a target mRNA in living
human cells (Schlagnitweit et al. 2019). Notably, they applied
dynamic nuclear polarization (DNP)–assisted solid-state
NMR for in-cell NMR of nucleic acids in living human cells
(Schlagnitweit et al. 2019). The DNP technique improved the
sensitivity of NMR measurements.

Trantirek and coworkers performed in-cell NMR measure-
ments for DNA–ligand complexes. They used three ligand
compounds that can bind to double-stranded DNA including
T-Tmismatches with similar affinity under in vitro conditions.
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Interestingly, although two of them can bind to the DNA even
in living human cells, the third ligand cannot interact with the
DNA due to its low specificity (Krafcikova et al. 2019).
Studies by Petzold, Trantirek, and coworkers demonstrated
the potential of in-cell NMR of nucleic acids for the develop-
ment of nucleic acid drugs and drug compounds targeting
nucleic acids.

Future perspective

One of the next challenges for in-cell NMR as to nucleic acids
in living human cells is an observation of interactions with
biologically relevant ligands such as endogenous proteins
and metabolites. The intermolecular interactions of nucleic
acids with such specific binding partners should be different
from those under in vitro dilute conditions. So far, the intra-
cellular concentrations of delivered nucleic acids are 5–
20 μM. These concentrations are higher than physiological

concentrations of RNAs such as tRNA (0.5–1 μM in
Xenopus laevis oocyte). However, the concentrations of deliv-
ered nucleic acids are still close to physiological concentra-
tions of endogenous proteins that are candidates for specific
binding partners of nucleic acids of interest. For example, the
intracellular concentrations of hnRNPA1, human superoxide
dismutase 1 (SOD1), and human α-synuclein are 13–42 μM
(Maharana et al. 2018), 10 μM (Banci et al. 2013), and 5–
50 μM (Theillet et al. 2016), respectively. Therefore, the in-
teractions of nucleic acids of interest with endogenous pro-
teins could be observed by in-cell NMR using human cells.

Conclusions

Ten years has passed since the first in-cell NMR study on
nucleic acids. Now we can obtain in-cell NMR spectra of
nucleic acids in living human cells. In the last 2 years, studies
involving living human cells have rapidly increased. This
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methodology is a powerful and promising tool for analyzing
and understanding the behavior of functional DNAs and
RNAs, such as gene regulation element DNAs, siRNAs,
microRNAs, long non-coding RNAs, and DNA/RNA
aptamers, in living human cells.
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