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Abstract: We report here the in-cell NMR-spectroscopic
observation of the binding of the cognate ligand 2’-deoxygua-
nosine to the aptamer domain of the bacterial 2’-deoxyguano-
sine-sensing riboswitch in eukaryotic cells, namely Xenopus
laevis oocytes and in human HeLa cells. The riboswitch is
sufficiently stable in both cell types to allow for detection of
binding of the ligand to the riboswitch. Most importantly, we
show that the binding mode established by in vitro character-
ization of this prokaryotic riboswitch is maintained in eukary-
otic cellular environment. Our data also bring important
methodological insights: Thus far, in-cell NMR studies on
RNA in mammalian cells have been limited to investigations of
short (< 15 nt) RNA fragments that were extensively modified
by protecting groups to limit their degradation in the intra-
cellular space. Here, we show that the in-cell NMR setup can be
adjusted for characterization of much larger (& 70 nt) func-
tional and chemically non-modified RNA.

Introduction

RNA aptamers occur in nature as ligand recognition
domains of riboswitches.[1] Binding of a metabolite to an
aptamer domain usually modulates gene expression at the
level of transcription and translation, but also other ligand
binding-induced function has been reported.[2] This ability to
trigger biological function by low molecular weight com-
pounds has spurred the application of riboswitches, in
particular of their aptamer domain, as artificial modules to
bind small molecules with high affinity and specificity and
regulate gene expression.[3] Synthetic aptamers may be used
for a plethora of pharmaceutical applications, such as drug

delivery, biosensors[4] or exogenous switches regulating tran-
scription, translation or mRNA splicing.[5] Especially bacte-
rial riboswitches could act as precise and specific exogenous
regulatory elements in eukaryotes, because they do not
natively occur in them.

For rational design, high-resolution structural data of the
RNA aptamer domain and their binding capability to ligands
is of great importance. X-ray crystallography has provided
numerous high resolution structures of the aptamer domain,[6]

in particular in their ligand-bound state while characteriza-
tion of the often induced-fit binding mechanism has been
characterized by solution NMR spectroscopy.[7, 8] Further, full-
length riboswitches and characterization of transcription
intermediates has provided important insight into the kinetic
mechanism of transcriptional regulation and into the poten-
tially multistate nature of translational regulation.[9]

A major challenge for structural studies is the investiga-
tion of RNA aptamers under (near)-physiological conditions.
We previously demonstrated by 2D NMR that the 2’-
deoxyguanosine riboswitch aptamer is capable of binding its
cognate ligand 2’-deoxyguanosine and its non-cognate ligand
guanosine under “in-cell-like” in vitro conditions using bac-
terial cell extract as well as metabolic extract.[10] The
biological function of this riboswitch could be investigated
in vivo using a b-galactosidase reporter gene assay, where
ligand binding was observed indirectly in bacterial cells.[10]

Here, we seize the unique opportunity to directly test
ligand binding in living eukaryotic cells, namely in Xenopus
laevis oocytes and in HeLa cells, using state-of-the-art
approach of in-cell NMR spectroscopy.[11–14] A number of
previous reports have focused on the NMR investigation of
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proteins under in-cell conditions.[15,16] However, reports for
nucleic acids in general and of RNA in particular are rare.[17]

We investigate stability, structure and ligand binding capacity
of an aptamer domain derived from the natural riboswitch (2’-
dG aptamer 70mer) and a Gswitch-dGswitch chimera (sv-2’-
dG aptamer)[18] both in living oocytes and oocyte extract
(Figures 1 A and B). The sv-aptamer-construct is a chimeric
construct optimized for binding in vitro. Furthermore, we test
ligand binding of a 72mer aptamer domain derived of the
natural riboswitch (2’-dG aptamer 72mer) and analyze
structure and stability of a stable RNA hairpin (RNA
14mer) in living HeLa cells (Figures 1C and D).

The sv-2’-dG aptamer (Figure 1B), which is a strongly
sequence-modified RNA aptamer with high stability, can be
prepared at higher concentration and contains more stable
GC-rich stems as well as more stable tertiary interactions than
the 2’-dG aptamer. To stabilize the 2’-dG aptamer 70mer
(Figure 1A), the sequence is modified by 3 GC-closing base
pairs. The 2’-dG aptamer 72mer (Figure 1D) contains less
GC-rich stems than the sv-aptamer but comes closer to the
natural riboswitch in its sequence because it was only
modified at the 5’-end with an additional G, which has no
stabilizing effect on the RNA structure in order to generate
higher transcription yields. All three aptamers bind 2’-
deoxyguanosine in vitro and adopt a characteristic tertiary
fold upon ligand binding, which is well illustrated in the imino
proton region of 1H, 15N-correlated 2D NMR spectra.[8]

Results and Discussion

In-Cell NMR of 2’’-dG Aptamer 70mer and sv-2’’-dG Aptamer in
Oocytes

2’-dG aptamer 70mer in complex with 15N-labeled 2’-dG
was injected into living oocytes and 1D 15N-edited imino

proton spectra were acquired. Ligand binding in living
oocytes was observed by the characteristic H-bond imino
proton signal of 2’-dG to C74 of the RNA (Figures 2A, B and
C). Differences in signal to noise were detected for the 15 N-
edited spectra (Figures 2B and C) although both samples
were measured at the same concentration. The data show that
the binding mode determined in vitro is maintained in vivo.
The binding mode established in vitro describes a Watson–

Figure 1. A–D) Secondary structures of 2’-dG aptamer 70mer (A), sv-2’-
dG aptamer (B), RNA 14mer employed as a reference for in-cell NMR
measurements (C), and 2’-dG aptamer 72mer (D). The RNAs are
delivered into the cells either by injection into oocytes (A+ B) or by
electroporation in HeLa cells (C +D). Ligand binding of the aptamers
is mainly stabilized by Watson–Crick-type hydrogen bonding of 2’-dG
to C74 in the three-way-junction of the RNA aptamer. Upon ligand
binding, the closing base-pairs A21-U75 and G25-U45 are stabilized
and give rise to reporter imino proton signals.

Figure 2. A) Watson–Crick base pair formed between C74 of the RNA
aptamer domain and the ligand 2’-deoxyguanosine. The 15N-isotope of
the ligand imino nitrogen is highlighted in green, the imino proton
giving rise to the signal in the spectra shown in panels (B) and (C) is
highlighted in blue. B +C) Comparison of 15N-edited imino proton
spectra of the RNA aptamer–70mer-2’-deoxyguanosine complex in-cell
(B) and in intraoocyte buffer (C). 60 nL of a 1.62 mm stock solution
were injected into each cell, yielding &100 mm RNA–ligand complex
per cell. The imino proton giving rise to the single signal at &13 ppm
is marked with blue circle. The in-cell spectrum (B) was recorded with
8192 scans and the intraoocyte buffer spectrum (C) was recorded with
2048 scans, both at T = 291 K. For this experiment, unlabeled RNA and
15N-labeled ligand has been used. D–G) Series of 2D-spectra of the
RNA aptamer–70mer-2’-deoxyguanosine complex in oocyte extract. The
reporter signal for ligand binding, U75, is annotated in spectrum (D)
and is still observed after 18 h (E). For this experiment, 15N-labeled
RNA and unlabeled ligand has been used.
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Crick interaction between C74 and the ligand 2’-dG, which
gives rise to a characteristic imino proton signal at& 12.8 ppm
in 1H NMR spectra. This signal is also present in-cell, with 15N
editing selectively showing signals from 15N-bound imino
protons. Due to a high aggregation tendency of the RNA, this
sample could not be prepared in concentrations sufficiently
high for 2D in-cell NMR using injection for RNA delivery.
Therefore, to investigate secondary structure and stability of
the 2’-dG aptamer–ligand complex in cellular environment,
we prepared oocyte cell extract as in-cell mimic. To a good
approximation, oocyte extract represents the situation inside
living oocytes, at least for several hours,[19] in terms of
molecular composition and viscosity. Two advantages arise
from the use of oocyte extract compared to intact cells: Since
injection of sample into oocytes is avoided, the sample
homogeneity, crucial for high quality NMR experiments, is
improved, and, more importantly, the upper concentration
limit of exogenously applied RNA can be markedly increased.

The tertiary fold of the RNA aptamer is conserved in the
oocyte extract environment. The aptamer binds to 2’-deoxy-
guanosine, forming the same tertiary structure characterized
by previous in vitro structural studies.[8] By recording multiple
2D spectra (Figure 2D–G), we monitored the structural
integrity of the RNA–ligand complex over time. 2 h after
sample preparation, all signals are well observable. After 4–
6 h, an initial loss of signal intensity is detected primarily at
sites of G-U wobble base pairs where the corresponding
NMR signals are well-resolved. G-U base pairs are less stable
than canonical base pairs. Thus, these base pairs are more
susceptible to solvent exchange and correspondingly to line
broadening and signal loss, especially if solvent exchange is
accelerated compared to in vitro conditions. The general loss
of signal intensity over time coincides with a loss of RNA
structural integrity, but without significant accumulation of
intermediates. This statement is supported by gel experiments
showing the degradation time course of the RNA within the
experimental time windows (Supporting Figure S1).

Sv-2’-dG aptamer could be prepared at higher concen-
trations than achievable for the 2’-dG aptamer 70mer and 2D
NMR spectra were recorded in living oocytes in the absence
of ligand at an apparent concentration of the freely-tumbling
RNA of 100–130 mm, as estimated from the observed signal-
to-noise in the in-cell NMR spectra (Figure 3C). Additionally
spectra of sv-2’-dG aptamer in intraoocyte buffer (Figure 3A)
and in oocyte extract (Figure 3B), both in the presence of
ligand, were recorded. The aptamer in-cell adopts the same
global fold as in vitro, as evidenced by the annotated imino
signal pattern in the 2D 1H, 15N correlation spectrum (Fig-
ure 3C).

Interestingly, ligand binding for the sv-aptamer could only
be detected in vitro in intraoocyte buffer (Figure 3A) and
in vitro in potassium phosphate buffer on a G-15N-labeled
RNA sample (Supporting Figure S2). G25, which is a direct
reporter signal for ligand binding,[8] was only visible in the
in vitro spectra. The RNA–ligand complex could not be
detected in oocyte extract (Figure 3B). We suspect that the
ligand-bound form of sv-2’-dG aptamer could not be detected
in cell extract because, on the one hand, the reporter signals
are exposed to an increased exchange and, on the other hand,

Figure 3. (In-cell) 15N-HMQC spectra of G, U-15N-labeled sv-2’-dG
aptamer. The resonances of the G57 and the U69 imino protons are
annotated in blue and also highlighted in blue in the secondary
structure inset. The resonances of the imino protons of G25, G32,
U45, and U75, which are reporter signals for ligand binding,[8] are
marked in red in the spectra and highlighted in red in the secondary
structure inset. A) In vitro spectrum of the RNA–ligand complex
(&200 mm) in intraoocyte buffer. B) Spectrum of the RNA–ligand
complex (&200 mm) in oocyte extract. C) In-cell spectrum of the RNA
(&120 mm) in the absence of ligand. The 15N-HMQC was recorded at
700 MHz as a SOFAST-HMQC[20] employing a 2.25 ms PC9-pulse[21]

centered at 12 ppm for imino proton excitation (corresponding to an
excitation bandwidth of &1.4 kHz) and a 1.5 ms Reburp refocusing
pulse[22](covering &1.4 kHz). 1024W 32 complex points were acquired
in the direct and the indirect dimension with 256 scans per point and
an inter-scan delay of 0.7 s. The temperature was 291 K.

Angewandte
ChemieResearch Articles

867Angew. Chem. Int. Ed. 2021, 60, 865 – 872 T 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


the KD of sv-aptamer is higher than that of aptamer 70mer,
which enables near-cognate metabolites in the cell extract to
compete for the binding site, thereby preventing stable
complex formation and complex detection. For the same
reasons, we assume that it will not be possible to detect the
complex in cells.

The lifetime of sv-2’-dG aptamer is sufficient for recording
a 2D in-cell spectrum. Imino proton linewidths increase
considerably compared to in vitro spectra and therefore,
spectral resolution is limited. We attribute the line broadening
to predominantly arise from the high solvent viscosity,
accompanied by molecular crowding. Still, all imino proton
signals expected in the canonical region can be observed as
well as the two spectrally well resolved signals of G57 and
U69, arising from the G-U wobble base pair in helix P3. In the
free form of the aptamer domain, the number of detectable
imino signals is limited, because a large portion of the
aptamer is dynamic in the ligand-free state. Non-observable
reporter signals include signals from U45 and U75; they
become detectable only in the ligand-bound form of the RNA
aptamer, but are missing in the spectra of the free aptamer.[8]

It is remarkable that the free RNA aptamer domain of 67
nucleotide length maintains its secondary structure after
injection into oocytes over 15 h, especially in the absence of
ligand that is known to stabilize the aptamer structure.

Both the oocyte extract and the entire oocytes contain
endogenous RNases and numerous other RNA-modifying
enzymes that ultimately degrade any RNA in the cell. In
addition, the intracellular environment is strikingly different
from in vitro conditions in terms of molecular crowding,
potential unspecific interaction partners and general changes
of the entire system over time. The intracellular concentration
of the freely tumbling RNA aptamer of & 100–130 mm is well
above the abundance of any endogenous RNA in the cell and
thus, the stability of the injected RNA may be attributed to
this high concentration. In addition, the injected hybrid RNA
aptamer is a sequence-modified construct, which we origi-
nally designed for high structural stability in NMR buffer.
However, even given these limitations, the stability of the
intact structure of this RNA in living cells is surprising and
shows that functional RNAs can in fact be characterized by
2D in-cell NMR spectroscopy.

Encouraged by the spectral quality of 70mer RNA–ligand
complex in X. laevis oocytes, we next aimed at obtaining
spectra inside human cells. Since HeLa cells cannot be
injected with RNA samples such as the large oocyte cells, the
capability of electroporation for the delivery of a preformed
RNA–ligand complex was investigated.

In-Cell NMR of RNA 14mer in HeLa Cells

Recently, Yamaoki et al. reported NMR signals of RNA
in living human cells.[12] They introduced solid-phase synthe-
sized fully 2’-OMe modified RNA 14mer (5’-GGCA-
CUUCGGUGCC-3’) into HeLa cells employing the method
based on reversible membrane permeabilization using a pore-
forming toxin, Streptolysin O (SLO).[23] They detected imino
proton signals of RNA in the cells, but also in the outer

solution of the cell suspension, which indicated that a leakage
of RNA from the cells occurred during in-cell NMR experi-
ment. Furthermore, they showed that the in-cell NMR sample
was containing only 53% viable RNA-containing cells and
37% dead cells from total cells used in the experiment.
Moreover, they found that the RNA was predominantly
located in the nucleus of the cells.

Here, we report our efforts to improve in-cell NMR of
RNA in human HeLa cells aiming at: a) elimination of
artifacts in in-cell NMR readout stemming from both leakage
of RNA from cells in the course of in-cell NMR spectra
acquisition and high fraction of death cells in the in-cell NMR
sample (cf. Yamaoki et al.),[12] and b) achieving in-cell NMR
spectra acquisition on chemically unmodified RNA. This is
important since chemical modification can influence the
structure of the complex RNA target. In addition, chemical
modifications are difficult to introduce for larger functional
RNAs.

In terms of the method improvement, we hypothesized
that both, leakage of RNA from cells during NMR spectra
acquisition and high cell mortality observed in original work
by Yamaoki et al. (2018),[12] was due to incomplete re-sealing
of toxin-induced pores in the cell membrane. As low
efficiency of toxin-induced pores re-sealing is inherent to this
delivery method, we decided to substitute the SLO-based
delivery with an alternative approach. We accommodated the
electroporation protocol originally developed by Theillet
et al.[24] for preparation of in-cell NMR samples of proteins
and later modified by Dzatko et al.[13] and Krafcikova et al.[14]

for preparation of in-cell NMR samples of DNA and DNA–
ligand complexes, respectively. With the use of an adapted
electroporation protocol (Material and Methods), we deliv-
ered unmodified RNA 14mer (cf. Figure 1 C) carrying a tri-
phosphate at the 5’-end into HeLa cells.

To allow monitoring the transfection efficiency and local-
ization of transfected RNA in the cells with flow cytometry
(FCM) and confocal microscopy, the unlabeled RNA was
supplemented with 5’-FAM-labeled RNA (in a ratio of 40:1).
The confocal microscope images of transfected cells indicated
that the delivered RNA was localized in both, cell nucleus and
cytosol, and was homogeneously dispersed all over the cell
(Figure 4A). Yet, FCM analysis performed after the in-cell
NMR spectra acquisition (total time of 4 hours), showed that
the RNA transfection efficiency and viability of the trans-
fected cells were higher compared to those achieved by SLO-
based method: More than 80 % of RNA transfected cells were
viable (Figure 4B) compared to 53 % of viable and trans-
fected cells observed by Yamaoki et al.[12] after 1 hour in-cell
NMR measurement. Notably, out of cells contributing to in-
cell NMR signal (cells in right-bottom and right-top quad-
rants of FCM plot, Figure 4B) 98 % were viable. Noteworthy,
we were able to deliver the RNA 14mer into HEK and RPE
cells with similar results (Supporting Figure S3).

1D 1H in-cell NMR spectra of electroporated HeLa cells
were recorded in a time window of 4 hours to monitor RNA
stability in the intracellular space (Figure 4C). The in-cell
NMR experiment showed characteristic imino proton signals
of RNA 14mer after 1 hour measurement time when compar-
ing with the in vitro spectrum of the RNA in EB-buffer. The
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quality of the in-cell NMR spectrum in terms of signal-to-
noise ratio and resolution was comparable to corresponding
in-cell NMR spectrum of fully 2’-OMe modified RNA 14mer
reported by Yamaoki et al.[12] Both SLO- and electroporation
delivery methods appear to provide an intracellular concen-
tration of delivered RNA in the same range, i.e., between 5–
15 mm.

The signal intensity after 1 hour measuring was set to
100 %. With increasing measurement time, unspecific degra-
dation of the RNA was detected. After 4 hours measurement
time the signal intensity dropped to 26%. The data showed
that due to degradation of the RNA in the cells the time
window for measuring in-cell NMR of RNA should be as
short as possible and not extend 2 hours, where 77% of the
imino proton signal intensity was still detectable. To check
whether RNA leakage from cells took place, the supernatant
of the cell suspension was measured after 2 and 4 hours of the
in-cell NMR sample. There was no leakage of RNA from the
cells detected.

The data thus suggest that compared to SLO-based
approach the electroporation-based delivery of RNA not
only improves parameters of in-cell NMR sample in terms of

both absence of RNA leakage in the course of in-cell NMR
spectra acquisition and increased viability of the cells, but that
it can be applied to distinct cell lines.

In-Cell NMR of 2’’-dG Aptamer 72mer in HeLa Cells

Using the electroporation procedure described above, we
introduced the preformed aptamer–ligand complex, consist-
ing of 2’-dG aptamer 72mer and its 13C, 15N labeled ligand 2’-
deoxyguanosine into HeLa cells. FCM analysis showed that
after electroporation more than 90 % of the cells were viable
RNA containing cells and less than 6% of the cells were
either dead or had compromised cell membrane integrity
(Figure 5B). Confocal microscopy indicated that the RNA

Figure 4. A) Confocal microscopy images of cells transfected with RNA
14mer (FAM). The green color indicates the localization of RNA 14mer
(FAM). The blue color corresponds to a cell nucleus stained by
Hoechst 33342. B) Double-staining (PI/FAM) FCM analysis of trans-
fected HeLa cells with the RNA 14mer (FAM). Percentages of a viable
non-transfected cells, viable RNA-containing cells, non-transfected
dead/compromised cells, and transfected dead/compromised cells
with RNA are indicated in left-bottom, right-bottom (red), left-top, and
right-top quadrants, respectively. C) Imino region of 1D 1H NMR
spectra of RNA 14mer in vitro (TOP) in EB-buffer (140 mm sodium
phosphate, 5 mm KCl, 10 mm MgCl2, pH 7.2) and corresponding
spectrum of HeLa cells transfected with RNA 14mer (FAM) (MIDDLE).
Imino region of 1D 1H NMR spectrum of extracellular fluid (super-
natant) taken from the in-cell NMR samples after completion of the
spectra acquisition (BOTTOM). The (in-cell) NMR spectra were
acquired at 20 88C.

Figure 5. A) Confocal microscopy images of cells transfected with
aptamer–ligand complex. The green color indicates the localization of
(FAM)-aptamer/(FAM)-aptamer–ligand complex. The blue color corre-
sponds to a cell nucleus stained by Hoechst 33342. B) Double-staining
(PI/FAM) FCM analysis of transfected HeLa cells with the aptamer–
ligand complex. Percentages of a viable non-transfected cells, viable
aptamer–ligand complex containing cells, non-transfected dead/com-
promised cells, and transfected dead/compromised cells with apta-
mer–ligand complex are indicated in left-bottom, right-bottom (red),
left-top, and right-top quadrants, respectively. C) Imino region of 1D
1H NMR spectra of aptamer–ligand complex in vitro (TOP) in EB-
buffer (140 mm sodium phosphate, 5 mm KCl, 10 mm MgCl2, pH 7.2)
and corresponding spectrum of HeLa cells transfected with aptamer–
ligand complex (MIDDLE). Imino region of 1D 1H NMR spectrum of
extracellular fluid (supernatant) taken from the in-cell NMR samples
after completion of the spectra acquisition (BOTTOM). D) 1D 13C-
edited NMR spectra of the aptamer–ligand complex in vitro in EB-
buffer (TOP) and corresponding spectra of HeLa cells transfected with
aptamer–ligand complex. Note: The NMR spectra from two independ-
ent experiments are provided (MIDDLE). 1D 13C-edited NMR spectra
of extracellular fluid (supernatant) taken from the respective in-cell
NMR samples after completion of the spectra acquisition (BOTTOM).
E) Zoomed region of 1D 13C-edited NMR spectra from D). Note: For
confocal microscopy images and FCM analysis from the second in-cell
NMR experiment, see Supporting Figure S4. The (in-cell) NMR spectra
were acquired at 20 88C.
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was homogeneously dispersed all over the cell (Figure 5A).
While inherently broader (compared to RNA 14mer) imino
signals from 72nt aptamer/aptamer–ligand complex were
below detection limit (Figure 5C), the signals of unbound
(free) and aptamer bound 13C-labeled ligand were observed in
the 13C-edited in-cell NMR spectrum (Figure 5D). The signal
at 7.4 ppm (in Figure 5D highlighted in green) showed that
the aptamer–ligand complex was present in the cells. After
completion of data acquisition the extracellular fluid of the in-
cell NMR sample was measured. Neither the in-cell proton
spectra nor the in-cell 13C-edited spectra showed any leakage
of aptamer/aptamer–ligand complex from the cells. A leakage
of unbound ligand was detected in the 13C-edited spectra. To
ensure that the above mentioned signal at 7.4 ppm stems from
bound ligand in the complex, we carried out the in-cell
experiment twice (for confocal microscope images and FCM
analysis from the second in-cell NMR experiment see
Supporting Figure S4). The signal can reproducibly be
detected as strong signal (Figure 5E). To determine the
origin of the additional signals in the 13C-edited in-cell NMR
spectrum of aptamer–ligand complex, in cell spectra of cells
electroporated with 400 mm ligand and 2 mm ligand, and
a spectrum of non-transfected cells and extracellular fluid
(Leibovitz L15 medium) were measured (Figure 6).

The 13C-edited in-cell NMR spectra of the ligand showed
that the ligand was bound to cellular off-targets in the cell and
caused additional signals above 8 ppm and was also contri-
buting to the overall spectrum in the region between 7.7–
7.9 ppm. Moreover, the spectrum of non-transfected cells and
Leibovitz L15 medium showed that additional signals be-
tween 6.6–7.4 ppm and 7.6–7.9 ppm in the 13C-edited complex
spectrum were originating from background (natural abun-
dance) of both, cells and Leibovitz L15 medium. The signals
in the range from 7.7–8.0 ppm of the in-cell spectrum of the
complex (and leakage) (Figure 5D) were the result of “off-
target” interactions of the ligand with cellular (medium)

components (cf. in vitro spectrum of free ligand Figure 5D
(top) vs. in-cell and leakage spectra of the ligand Figure 6). In
this regard, the difference observed in the region between
7.7–8-0 ppm between the in-cell spectrum of the complex and
the in-cell spectrum of 2’-deoxyguanosine alone can be
attributed to altered binding of the ligand to cellular
(medium) “off-targets” in the presence of the RNA, which
acts as a competitor of these “off-target” interactions.

However, the differences in the region highlighted in
green (Figure 5D) of the spectra have different origin. The
signal in in vitro spectrum of the complex corresponding to
the bound form of the ligand is broad and display two
apparent maxima, while the respective signal in the in-cell
spectrum of the complex is narrow and displays one maximum
only. We attribute this difference to increased structural
heterogeneity of the binding site under in vitro conditions
compared to the situation in cells.

After completion of spectra acquisition the supernatant of
the 2 mm ligand in-cell NMR sample was measured. The
spectrum showed leakage of the ligand. However, FCM
analysis showed that more than 90% of the cells were viable
after transfection with 400 mm/2 mm ligand (Supporting
Figures S5A and S5B) which was also supported by confocal
microscope images taken after transfection with ligand, which
showed intact cells (Supporting Figure S4C), indicating that
the ligand was not toxic for the cells.

Conclusion

In this report, we extend in-cell NMR spectroscopy for
RNA both in terms of methodology as well as complexity of
the detected RNA system. By detecting a functional ribo-
switch aptamer domain bound to its native ligand in living
oocytes and in viable human HeLa cells, we demonstrated the
applicability of in-cell NMR on non-modified RNA, which
proved to maintain structural integrity long enough to allow
for recording of NMR spectra. It should be particularly
emphasized that the binding mode of this prokaryotic
riboswitch aptamer determined by means of in vitro studies
was identical in eukaryotic cells, although prokaryotic and
eukaryotic cells as well as in vitro conditions differ with
regard to their composition. In contrast to in-cell studies in
bacteria, which showed that the cellular milieu can have
influence on the protein conformation and stability,[16] our
studies showed that this is not the case for the 2’-deoxygua-
nosine-sensing riboswitch in eukaryotic cells.

The interference from cellular background represents one
of the major problems in in-cell NMR studies of biomolecules
including RNA. In principle, the site-specific labeling of the
RNA with 100 %-abundant 19F nuclei might provide solution
to this issue. With 19F labeling of the RNA one can obtain
background free in-cell spectra because biological molecules
do not contain fluorine atoms. A number of 19F RNA labeling
strategies were developed for monitoring of RNA structural
transitions and interactions in vitro in past two decades.[25]

However, with a single exception, none of these strategies was
tested in cells thus far. In 2017, Bao et al.[26] showed that
a covalent tagging of 5’-terminus of telomeric G-quadruplex

Figure 6. 1D 13C-edited in-cell NMR spectra of cells transfected with
aptamer–ligand complex (400 mm aptamer/2 mm 2’-deoxyguanosine),
cells transfected with 400 mm and 2 mm ligand, and non-transfected
cells. 1D 13C-edited in vitro NMR spectra of extracellular fluid taken
from the 2 mm 2’-deoxyguanosine in-cell NMR sample after comple-
tion of the spectra acquisition (leakage), and Leibovitz L15 medium.
The (in-cell) NMR spectra were acquired at 20 88C.
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forming RNA with six-ethyl linked 3,5 bis(trifluoromethyl)-
phenyl moiety allowed 19F in-cell NMR readout on the RNA
G-quadruplex structure. Whether this strategy is applicable to
in-cell NMR studies of other (non-G-quadruplex) RNAs is
not currently known.

For oocyte cells, in-cell RNA concentrations of & 120 mm
can be reached via micro-injection, which offers sensitivity
almost comparable to in vitro conditions. Furthermore,
oocytes remain viable at 18 88C for several hours, thus enabling
long (2D) NMR experiments. However, inside the HeLa cells
more relevant to the human physiology, the intracellular
concentration that can be reached by available transfection
methods is around 10 mm. Due to combined effects of RNA
degradation, low intracellular RNA concentration, and fast
relaxation of NMR signals inherently encountered for large
RNAs (> 50 nt) the acquisition of multi-dimensional in-cell
NMR spectra is impractical, but the parameters of in-cell
NMR sample are sufficient for observing RNA fingerprint
resonances on isotope-labeled sample.

Detecting ligand binding to an exogenously prepared
prokaryotic riboswitch in two different eukaryotic cells
provides substantial and direct support for Systems Biology
application where bacterial riboswitch typically not existing in
eukaryotes can fundamentally be utilized as exogenous
regulation element. Further, riboswitch RNA with submicro-
molar affinities to their cognate ligand can also be utilized as
structural readout for ligands and changes in their concen-
tration in eukaryotic cells. Careful tailoring of aptamer and
cellular system, in-cell studies of RNA are thus feasible
utilizing methodology outline here.
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