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Shedding light on the base-pair opening
dynamics of nucleic acids in living
human cells

Yudai Yamaoki 1,2,3, Takashi Nagata 1,2,3 , Keiko Kondo 1,3,4,
Tomoki Sakamoto 2, Shohei Takami2 & Masato Katahira 1,2,3,4

Base-pair opening is a fundamental property of nucleic acids that plays
important roles in biological functions. However, studying the base-pair
opening dynamics inside living cells has remained challenging. Here, to
determine the base-pair opening kinetics inside living human cells, the
exchange rate constant (kex) of the imino proton with the proton of solvent
water involved in hairpin and G-quadruplex (GQ) structures is determined by
the in-cell NMR technique. It is deduced on determination of kex values that at
least some G-C base pairs of the hairpin structure and all G-G base-pairs of the
GQ structure open more frequently in living human cells than in vitro. It is
suggested that interactions with endogenous proteins could be responsible
for the increase in frequency of base-pair opening. Our studies demonstrate a
difference in dynamics of nucleic acids between in-cell and in vitro conditions.

The intracellular environment is very crowded with macromolecules,
which causes a reduction of water activity, and increases in the
excluded volume effect, viscosity, and specific/non-specific
interactions1–4. Therefore, the structure, dynamics, and interactions of
nucleic acids are considered to be different under in vitro and in-cell
conditions. To determine the actual properties of nucleic acids under
physiologically relevant conditions, analysis of nucleic acids inside the
living cell is essential.

A base pair is a fundamental unit of the nucleic acid structure. The
opening of the base pair is reportedly related to various biological
events through modulation of the interactions between nucleic acids
and proteins5–8. Nevertheless, the fundamental properties, such as the
frequency of base-pair opening, in living cells remain unclear. To
analyze the behavior of base pairs of nucleic acids in living cells at
atomic resolution, the in-cell NMR technique is a potential tool4,9–12. To
date, by using the in-cell NMR technique, the formation of DNA and
RNA hairpins13, and i-motif14,15, DNA GQ16, DNA:RNA hybrid GQ17,
Z-DNA18, and DNA triplex19 structures was revealed in living human
cells. Additionally, the interactions of nucleic acids with small

compounds20–22, and those ofmRNAwithmodified nucleic acids23 have
also been studied in living human cells. However, observation of the
intracellular dynamics of a base pair has not previously been achieved.

Here, we incorporate water magnetization transfer
measurement8,24,25 to in-cell NMR experiments to analyze the rate of
exchangeof the iminoprotonwith the proton of solventwater in living
human cells. The imino proton exchange rate gives information on the
opening dynamics of individual base-pairs in living human cells.
Exchange of the imino proton with the proton of solvent water does
not occur in the closed state (Fig. 1, left), but it does in the open state
by means of a base catalyst (Fig. 1, center and right). Therefore, the
overall imino proton exchange rate, kex, is expressed using the rate
constants for base-pair opening, kopen, base-pair closing, kclose, and
imino proton exchange in the open state catalyzed by a base catalyst,
kex,open

25.

kex =
kopen � kex,open

kclose + kex,open
ð1Þ
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In this study, we determine this overall kex for each base pair in

nucleic acids exogenously introduced into living human cells (kin�cell
ex ),

after which the range of kopen in the living human cells (kin�cell
open ) is

deduced. The kopen under in-cell conditions turns out to be larger than
that under in vitro conditions for many residues. It is indicated that at
least some G-C base-pairs of the hairpin structure and all G-G base-
pairs of the GQ structure open more frequently in living human cells
than in vitro. Thus, the base-pair opening dynamics is different
between in vitro and in living human cells. Analysis with various
crowding agents under in vitro conditions suggests that the increase in
the frequency of base-pair opening in living human cells is due to the
interaction of nucleic acids with positively charged proteins inside
the cells.

Results
The iminoprotonexchange rate of thehairpin structure in living
human cells
We used a hairpin RNA (hpRNA20: 5′-GCAGGCACUUCGGUGCCUGC-
3′, fully 2′-O-methylated, Fig. 2a) containing a stable UUCG tetra-loop,
whichwas originally found in ribosomal RNAs and the P1 helix of group
I intron26–28. The imino proton regions of 1D NMR (Fig. 2b, upper) and
2DNOESY spectra (SupplementaryFig. 1) of hpRNA20measuredunder
in vitro conditions indicated that hpRNA20 forms a hairpin structure,
as shown in Fig. 2a.

Firstly, the base-pair opening kinetics of hpRNA20 under in vitro
conditions was evaluated by imino proton exchange rate analysis. 1D
NMR spectra obtained in water magnetization transfer experiments
measured with different delay times are superimposed in Fig. 2c (top
and middle). Briefly, in this experiment, a selective 180° pulse for the
proton of solvent water was applied and after various delay times
(ranging from 1 to 100ms), the imino proton signal was acquired. The
signal intensity of each imino proton was plotted as a function of the
delay time and kin vitro

ex was calculated by curve fitting (Eq. (3), “Meth-
ods” section)25. To determine the kin vitro

open , as explained below, the
kin vitro
ex values were obtained for various concentrations of tris(hy-

droxymethyl)aminomethane (Tris) (Fig. 2d, Table 1). Here, we define
the “concentration of the base form of Tris” as the concentration of
(HOCH2)3CNH2. We also define the “total concentration of Tris” as the
sumof the concentrations of (HOCH2)3CNH2 and (HOCH2)3CNH3

+. The
base form of Tris acts as a base catalyst that accelerates the imino
proton exchange in the open state, thus increasing kex,open (Fig. 1).
When kex,open≫kclose is satisfied at a high concentration of the base
form of Tris, the denominator in Eq. (1) can be replaced by kex,open, and
thereby kex is equal to kopen, kex being independent of the con-
centration of the base form of Tris.

Figure 2d indicates that at around 100mM base form of Tris,
the kex of each nucleobase (G or U) reaches the maximum and is
almost independent of the concentration of the base form of Tris.
100mM base form of Tris corresponds to ca. 300mM total con-
centration of Tris (see Methods for reference). Therefore, it is
supposed that kex at 300mM of the total concentration of Tris

equals kopen. Therefore, the second column in Table 1 indicates
that U14, U18 and G19 exhibit large kin vitro

open values, the largest
being that of U14. On the other hand, the second column in
Table 1 also indicates that G4 and G15 have small kin vitro

open . Gen-
erally, a G-C base-pair is more stable and harder to open than an
A-U base-pair. Additionally, base-pairs located away from the end
of the stem region open less frequently than ones located near
the end, because the former are less affected by the end-fraying
effect. The G-C base-pairs involving G4 and G15 are located near
the center of the stem region. Therefore, it is reasonable that the
base-pairs involving G4 and G15 exhibit much lower kin vitro

open values
than those involving U14, U18, and G19. As described in the
Methods section, the pH was adjusted to within the range of 7.9
and 8.2. It should be noted that although the Tris concentration is
increased, the pH remained the same as described in detail in the
Methods section.

Next, hpRNA20was introduced into livingHeLa cells using a pore-
forming toxin, SLO, after which the pores on a cell membrane were
resealed using CaCl2

13,29–31. Comparison of the imino proton regions of
1D NMR spectra of hpRNA20 acquired under in vitro and in-cell con-
ditions indicated that hpRNA20 forms the same hairpin structure
under both conditions (Fig. 2b, upper and lower).

We then carriedout awatermagnetization transfer experiment on
the imino protons of hpRNA20 introduced into living HeLa cells,
analyzed the imino proton exchange rate, and determined the base-
pair opening kinetics. The signal intensities of the imino protons
decreased with increasing delay time (Fig. 2c, bottom). The signal
intensitieswereplotted as a function of the delay time (Supplementary
Fig. 2), and the imino proton exchange rate, kin�cell

ex , was determined
(Table 1, Fig. 2d). The order of the magnitude of the kin�cell

ex values was
G19≈U14>U18>G15≈G4.

As the next step, we compared kopen, the rate constant for base-
pair opening, between in vitro and in-cell conditions. It should be
noted that kin�cell

ex and kin vitro
ex cannot be compared because the total

concentration of base catalysts in the living human cell is not known.
Here, we evaluated the range of k in�cell

open by using the k in�cell
ex value as a

reference. The underlying principle is as follows. Transformation of
Eq. (1) results in the following equation.

kex

kopen
=

kex,open

kclose + kex,open
≤ 1

kex

kopen
≤ 1

kex ≤ kopen ð2Þ

This equation indicates that kin�cell
open is always larger than or equal

to kin�cell
ex . Therefore, kin�cell

open of a base pair takes a value within the
range depicted as the orange shading of panels in Fig. 2d.

Fig. 1 | Imino proton exchange reaction. There are “closed”, “open”, and “open
and exchanged” states. The rate constants for base-pair opening, kopen, base-pair

closing, kclose, and imino proton exchange at the open state catalyzed by a base
catalyst (B:), kex,open, are indicated. Hydrogen bonds are shown by dashed lines.
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In the case of G4 and G15, kin�cell
ex (Fig. 2d, orange dot) was much

larger than kin vitro
open (Fig. 2d, black dashed line), which was obtained as

the maximum kin vitro
ex when the concentration of the base form of Tris

was varied. This indicates that the kin�cell
open value, which is larger than or

equal to the kin�cell
ex one, ismuch larger than the kin vitro

open value forG4 and
G15 (Fig. 2d, orange shading). Thus, it is concluded that the base pairs
involving G4 and G15 openmore frequently in living cells than in vitro.
That is, the base-pair opening dynamics of the RNA hairpin structure is
different in living human cells and in vitro. For the other residues, it is
not feasible to determine whether or not the kin�cell

open values are larger
than the kin vitro

open ones, because the black dashed lines reside within the
orange shading in Fig. 2d.

The imino proton exchange rate of the GQ structure in living
human cells
Next, we investigated the opening/closing dynamics for the base pairs
of the GQ structure of a human telomeric DNA (teloDNA: 5′-
TTGGG(TTAGGG)3A-3′) in living human cells (Fig. 3a). The terminal
regions of chromosomes, so-called telomeres, are composed of

guanine-rich sequences. These guanine-rich sequences are known to
form a GQ structure, which reportedly plays key roles in telomere
homeostasis32–34. Under in vitro conditions, teloDNA forms the (3+1)-
type GQ structure (Fig. 3b)35, which comprises three G-quartet planes
(Fig. 3a, left and 3b). Each G-quartet plane contains four G-G base-pairs
involving hydrogen-bonding of the imino protons (Fig. 3a, left). Here,
we aimed to determine the opening/closing dynamics of the G-G base-
pairs in the GQ structure and therefore carried out imino proton
exchange rate analysis under in vitro and in-cell conditions (Fig. 3a).

Through a water magnetization transfer experiment on the imino
protons of teloDNA with various Tris concentrations, the kin vitro

ex value
of each G-G base-pair of teloDNA was determined (Fig. 3c, upper and
3d, upper). At high Tris concentrations, kin vitro

ex of all G-G base-pairs
reached a plateau, although the change in kin vitro

ex is rather small, and
thereby kin vitro

open was determined (Fig. 3e, black dashed line). The kin vitro
open

values of all G-G base-pairs turned out to be smaller than those of G-C
andA-T base-pairs of duplex structures36,37, which indicates that all G-G
base-pairs open less frequently that G-C and A-T base-pairs under
in vitro conditions.

Before carrying out in-cell NMR experiments, fluorescein-labeled
teloDNA (FAM-teloDNA) was introduced into HeLa cells by means of
SLO treatment and the intracellular localization of FAM-teloDNA was
examined. It was found that almost all FAM-teloDNAs introduced inside
HeLa cells were located in the cell nucleus (Supplementary Fig. 3).

Then, in-cell NMR measurements of teloDNA were carried out
(Fig. 3c, lower). Imino proton signals were observed in the 10.5-12.5
ppm region in the 1H-NMR spectra (Fig. 3c, upper). The pattern of the
imino proton signals under in-cell conditions resembled that under
in vitro conditions, although the signals under the former conditions

Table 1 | kin vitro
ex and kin�cell

ex of hpRNA20

kin vitro
ex [s−1] (10mM Tris) kin vitro

ex [s−1] (300mM Tris) kin�cell
ex [s−1]

G4 0.9 ± 0.1 1.2 ± 0.1 3.0 ± 0.8

U14 6.7 ± 0.1 34.5 ± 0.3 6.2 ± 0.4

G15 0.7 ± 0.1 1.1 ± 0.1 3.2 ± 0.8

U18 1.4 ± 0.1 12.5 ± 0.2 4.2 ± 0.7

G19 1.4 ± 0.1 11.6 ± 0.2 6.7 ± 0.7
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Fig. 2 | Analysis of the exchange of imino protons of the RNA hairpin structure
with the proton of solvent water. a Secondary structure of fully 2′-O-methylated
hpRNA20.b 1D 1H-NMRspectraof hpRNA20 recordedunder in vitro (upper) and in-
cell (lower) conditions. c Water magnetization transfer experiments on hpRNA20
carried out under two in vitro conditions, 10mM (top) and 300mM Tris (middle),
and under in-cell conditions for living HeLa cells (bottom). Spectra recorded with
different delay times after water-selective inversion are superimposed. d The
comparison of the deduced kopen values of hpRNA20 between in-cell and in vitro
conditions by using the kex value as a reference. For each residue, the dashed line
indicates the maximum kex value for various concentrations of the base form of

Tris. Themaximum kex value is regarded to be equal to kin vitro
open (see text for details).

The orange shading indicates the deduced kin�cell
open value range for each residue of

hpRNA20 in HeLa cells (see text for details). For each base form of Tris con-
centration, the intensity of imino proton was obtained for each residue (n = 1).
Standard deviation of the noise signal for the region of 1D 1H spectrum in which no
signal is present was calculated and used as error bars of intensities. Themeans and
error bars of the kex values were obtained from 50 data sets of intensities con-
structed by Monte Carlo simulation using the error bars of intensities. Data are
presented as mean values ± standard deviation. Source data are provided as a
Source Data file.
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were broader (Fig. 3c). This indicates that in living human cells, tel-
oDNA forms a (3+1)-type GQ structure similar to, if not the same as,
that formed under in vitro conditions.

A water magnetization transfer experiment on teloDNA intro-
duced into HeLa cells was carried out (Fig. 3d, lower, and Supple-
mentary Fig. 4). The signal intensities at the chemical shift values
corresponding to those of individual peaks in the in vitro spectrum
were plotted as a function of the delay time (Supplementary Fig. 4),
and the imino proton exchange rates, kin�cell

ex , were determined for all
G-G base-pairs (Fig. 3e). It turned out that kin�cell

ex (Fig. 3e, orange dots)
is larger than kin vitro

open (Fig. 3e, black dashed lines) for all G-G base-pairs.

This indicates that kin�cell
open is larger than kin vitro

open for all G-G base-pairs, as
kin�cell
open (Fig. 3e, orange shading) is larger than kin�cell

ex (Fig. 3e, orange
dots, Eq. (2)). This indicates that all G-G base-pairs in the GQ structure
of teloDNA open more frequently in living human cells than in vitro.

Imino proton signals under in-cell conditions are very broad and
thus overlapping (Fig. 3d, lower). Therefore, we tried an alternative
analysis. The average of the intensities for twelve peaks was used to
determine the average kex values for both in vitro and in-cell condi-
tions (Supplementary Fig. 5). Our claim that kin�cell

open is higher than
kin vitro
open is confirmed, even if the average kex values are used. Addi-

tionally, imino proton signals under in-cell conditions are also noisy
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Fig. 3 | Analysis of the exchange of imino protons of the DNA G-quadruplex
structure with the proton of solvent water. a Imino proton exchange reaction.
b Schematics of the G-quadruplex structure of teloDNA35. The green boxes indicate
guanine bases. c 1D 1H-NMR spectra of teloDNA recorded under in vitro (upper) and
in-cell (lower) conditions. dWater magnetization transfer experiments on teloDNA
were carried out under in vitro conditions, 300mM Tris (upper), and under in-cell
conditions for living HeLa cells (lower). Spectra recordedwith different delay times
after water-selective inversion are superimposed. e Comparison of the deduced
kopen values of teloDNA between in-cell and in vitro conditions using the kex value
as a reference. For each residue, the dashed line indicates the maximum kex value

for various concentrations of the base form of Tris. The maximum kex value equals
kin vitro
open . The orange shading indicates the deduced kin�cell

open value range for each
residue of teloDNA in HeLa cells. For each base form of Tris concentration, the
intensity of imino proton was obtained for each residue (n = 1). Standard deviation
of the noise signal for the region of 1D 1H spectrum inwhich no signal is present was
calculated and used as error bars of intensities. Themeans and error bars of the kex

values were obtained from 50 data sets of intensities constructed by Monte Carlo
simulation using the error bars of intensities. Data are presented as mean values ±
standard deviation. Source data are provided as a Source Data file.
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(Fig. 3d, lower). The effect of the noise was estimated by obtaining the
error bars of the kex values from the data sets constructed by Monte
Carlo simulation using the noise level (see the Methods section for
detail). It turned out that although the error bars of the kex values
under in-cell conditions are larger due to the noise than those under
in vitro conditions, our claim that kin�cell

open is higher than kin vitro
open still

holds (Fig. 3e).

The imino proton exchange rate of the hairpin structure in the
presence of various crowding agents
To determine the origin of the observation that at least for some
residues of hpRNA20, kopen is larger under in-cell conditions than
under in vitro conditions, the imino proton exchange rates were
determined for an RNA hairpin structure in the presence of various
crowding agents that reportedly mimic cellular conditions, e.g., gly-
cerol, Ficoll PM70 (Ficoll), bovine serum albumin (BSA), and
lysozyme3,38. Glycerol and Ficoll are crowding agents that are often
used to examine the effect of changes in water activity and the
excluded volume effect, respectively. To assess the interaction with
endogenous proteins, BSA and lysozyme were used as representatives
of proteins that are negatively and positively charged, respectively. It
was found that hpRNA20 precipitates upon the addition of lysozyme.
Therefore, here, we used a hairpinRNA, hpRNA14 (Fig. 4a), that has the
same sequence as hpRNA20 but lacks the terminal three base pairs,
because hpRNA14 does not precipitate upon the addition of lysozyme.
hpRNA14wasusedpreviously inour in-cell NMRstudy13. Isolated imino
proton signals were observed for G2 and U11 of hpRNA14, while the
peaks of G10 and G12 were overlapping. Therefore, we analyzed the
imino proton peaks of G2 and U11.

It turned out that kin�cell
ex (Fig. 4b, orange dot) is larger than kin vitro

open

(Fig. 4b, black dashed line) for a base pair involving G2. This indicates
that kin�cell

open is larger than kin vitro
open for the base pair involving G2, as

kin�cell
open (Fig. 4b, orange shading) is larger than or equal to kin�cell

ex

(Fig. 4b, orange dot), as explained above. This indicates that the base
pair involving G2 of hpRNA14 opens more frequently in living human
cells than in vitro, as was observed for G4 and G15 of hpRNA20. For a
base pair involvingU11, it was not feasible to determinewhether or not
the kin�cell

open value is larger than the kin vitro
open one, because the maximum

value of kin vitro
ex (36.1 ± 1.1 s−1) for various Tris concentrations turned out

to be larger than the kin�cell
ex (5.6 ± 1.1 s−1), as was observed for U14, U18,

and G19 of hpRNA20. Therefore, the effects of crowding agents were
examined for G2 of hpRNA14.

In the presence of either glycerol or Ficoll, kin vitro ðglycerolÞ
ex or

kin vitro ðFicollÞ
ex of G2 was measured at various Tris concentrations

(Fig. 4b). Themaximumvalue of kex, which corresponds to kopen, in the

presence of either glycerol or Ficoll was almost the same as that
without any crowding agent. These results indicated that a change in
water activity and the excluded volume effect may not be a dominant
origin of the observation that kopen is larger under in-cell conditions
than under in vitro ones.

Next, in the presence of either BSA or lysozyme, kin vitro ðBSAÞ
ex or

kin vitro ðlysozymeÞ
ex of G2 was measured at various Tris concentrations

(Fig. 4b). Themaximumvalue of kex, which corresponds to kopen, in the
presence of BSA (Fig. 4b, red dashed line) was almost the same as that
without any crowding agent (Fig. 4b, black dashed line). In contrast,
the maximum value of kin vitro ðlysozymeÞ

ex was larger than that without any
crowding agent (Fig. 4b, black dashed line). This indicates that
kin vitro ðlysozymeÞ
open is larger than kin vitro

open . It was noticed that kin vitro ðlysozymeÞ
open

is almost the same as kin�cell
ex , which is the lower limit of kin�cell

open . These
results indicate that the interaction between hpRNA14 and lysozyme
promotes the base-pair opening of hpRNA14. BSA and lysozyme are
negatively and positively charged, respectively. Because hpRNA14 is
negatively charged, lysozyme, but not BSA, electrostatically interacts
with hpRNA14, which could result in promotion of the base-pair
opening. These results suggest that the interaction between the hair-
pin structure of RNA and endogenous proteins having a net positive
chargemay be a dominant origin of the observation that kopen is larger
under in-cell conditions than under in vitro ones.

The imino proton exchange rate of the GQ structure in the
presence of various crowding agents
To determine the origin of the observation that for all residues of
teloDNA, kopen is larger under in-cell conditions than under in vitro
ones, analysis with crowding agents was carried out also for the GQ
structure of teloDNA. Figure 3e indicates that kex seems to reach the
maximumaround at 100mMbase formof Tris, although the change in
kin vitro
ex is small. 100mM base form of Tris corresponds to ca. 300mM

total concentration of Tris. Therefore, it is supposed that kex at
300mM total concentration of Tris equals kopen. Thus, the analysis
with crowding agents was carried out with the total concentration of
300mM Tris to obtain the kopen value. The kex of all residues of tel-
oDNA except for G5 and G23, whose imino proton signals overlapped
with those of the BSA and lysozyme, was obtained in the presence of
each crowding agent. For each crowding agent, the kex value turned
out to be similar for all residues. Therefore, the kex values of all the
residues obtained for each crowding agent were averaged over resi-
dues (Fig. 5).

The addition of either glycerol, Ficoll, or BSA in the presence of
300mM Tris hardly changed kex, which is regarded to be equal to
kopen, as explained above (Fig. 5). On the other hand, the addition of
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Fig. 4 | Analysis of the exchange of imino protons of the RNA hairpin structure
in the presence of crowding agents. a Secondary structure of fully 2′-O-methy-
lated hpRNA14. b Comparison of kopen values for G2 of hpRNA14 between in-cell
conditions and in vitro conditions in either the absence or presence of a crowding
agent (glycerol, Ficoll, BSA, and lysozyme). The dashed lines indicate themaximum
kex values for G2 obtained under in vitro conditions in the absence (black) and
presenceof either glycerol (pink), Ficoll (blue), BSA (red), or lysozyme (green). Each
maximum kex value equals kopen under individual conditions. The orange shading

indicates the deduced kin�cell
open value range for G2 of hpRNA14 inHeLa cells. For each

base form of Tris concentration, the intensity of imino proton was obtained for
each residue (n = 1). Standard deviation of the noise signal for the region of 1D 1H
spectrum in which no signal is present was calculated and used as error bars of
intensities under individual conditions. The means and error bars of the kex values
were obtained from 50 data sets of intensities constructed by Monte Carlo simu-
lation using the error bars of intensities. Data are presented as mean values ±
standard deviation. Source data are provided as a Source Data file.
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lysozyme in the presenceof 300mMTris did change kex (= kopen) dose-
dependently (Fig. 5). The kex value (= kopen) in the presence of 3.5 %
lysozyme approached the kex value under in-cell conditions, which is
the lower limit of kopen under in-cell conditions. These results suggest
that also for the GQ structure of teloDNA, the interaction with endo-
genous proteins having a net positive charge is the dominant origin of
the observation of the larger kopen under in-cell conditions than under
in vitro ones.

Discussion
In the present study, we investigated the base-pair opening dynamics
of RNA hairpin and DNA GQ structures in living human cells by means
of the in-cell NMR technique combined with imino proton exchange
rate analysis. The iminoproton exchange rate, kin�cell

ex , of eachbasepair
was successfully determined, and the ranges of the rate constants for
base-pair opening, kin�cell

open , were determined in living human cells,
which has not been reported before.

We recorded the 1D 1H in-cell NMR spectra before the first data
point and after the very last point of the in-cell water magnetization
transfer experiments. In the case of hpRNA20, superimposition of
these two spectra shown in Supplementary Fig. 6a indicated that the
intensities of all the imino proton signals are retained. In our previous
in-cell NMR studies13, the bioreactor system19,39,40 was not used. In that
case, the leakage of oligonucleotides was observed. In the current
study, we used bioreactor system. This drastically improved the cell
viability, which resulted in almost no leakage of oligonucleotides
retaining the intensities of all the imino proton signals. The retention
of the intensities of all the imino proton signals also revealed that the
effect of the endogenous nuclease is negligible.

The spectra before and after the in-cell water magnetization
transfer experiments for teloDNA are superimposed in Supplementary
Fig. 6b. The intensities of the imino proton signals are again basically
retained for the most residues. For some residues, however, slight
reduction in intensities is seen.Maximum reduction is observed for G4
and G17 residues, ca. 16%. Accordingly, we employed the correction to

thedata.Aswe recordedfivewatermagnetization transfer spectrawith
five different delay times, the intensities of the corresponding imino
proton signals of the spectrum recorded second, third, fourth, and
fifth were corrected by the factors of 1/0.96, 1/0.92, 1/0.88, and 1/0.84,
respectively. Then, kex values were obtained (Supplementary Fig. 6c,
d). The kex values with and without the corrections turn out to be the
same within the error bars caused by the noise present in the spectra.
This analysis confirmed that the artificial effects on kex values caused
by either leakage or endogenous nuclease are negligible for teloDNA
as well.

As is summarized in the paper of Hwang et al.41, artifacts due to
other magnetization transfer mechanisms such as (i) NOEs from the
protons that have chemical shifts coincident with water or (ii)
exchange-relayed NOEs from rapidly exchanging protons (hydroxyl or
amine groups) may have affected our study. However, the effects of
these mechanisms would not be significant in our study, as indicated
by following analyses:

Firstly, we confirmed that the mechanism (ii) above is unlikely in
our study as shown below. We prepared two samples: 20 µM teloDNA,
2.5% lysozyme, 115mMCH3COOK, 2.5mMMgCl2, and 300mMof total
concentration of Tris dissolved in either (1) D2O/H2O= 10%/90% or (2)
D2O/H2O= 50%/50%. We carried out the water magnetization transfer
experiments using these two samples, in which the densities of water
protons are different with respect to each other. We carried out two
measurements for each sample. In one measurement, the selective
inversion pulse was applied at 4.7 ppm (the chemical shift for water),
and then after 100ms delay time, imino-proton spectrum was recor-
ded. In the other measurement, the selective inversion pulse was
applied at −30 ppm (no signals present) instead. The relative intensity
of the imino-proton signals was obtained by dividing the intensity of
the imino-proton signals of the former measurement by that of the
latter measurement (Supplementary Fig. 7). It turned out that the
relative intensity of the imino-proton signals was the same for both the
samples within error bars. As the water proton density is higher for
sample (1) than sample (2), the effect of exchange-relayed NOEs could
be more pronounced for sample (1) and thus the relative intensity of
the imino proton signals should be smaller for sample (1) than sample
(2). The observation of the same relative intensity for sample (1) and
sample (2) reveals that the effect of exchange-relayed NOEs is rather
moderate, if any.

Secondly, we supposed that the mechanism (i) above is also
unlikely as shown below. The Q3 pulse was used for selective inversion
of water. Simulation by TopSpin 3.6.2 indicated that the inversion
efficiency is 100% for the region ±0.25 ppm of water position and
drops to 50% at ±0.45 ppm of water position. The protons located in
±0.45 ppm region are H3′s and roughly a half of H4′s. These protons
couldbe “the protons that have chemical shifts coincident withwater”.
The structure of teloDNA used in our in-cell NMR study had been
determined35 (PDB ID: 2GKU). We investigated the distances between
imino protons and either H3′s or H4′s for twelve deposited structures.
For the identification of the short distances, we put the criteria to
satisfy that the certain proton-proton distance is shorter than the
certain distance for more than six structures out of the twelve struc-
tures. TherewasnoH3′ closer than 5 Å from iminoprotons. Therewere
only two H4′s closer than 5 Å from imino protons. This analysis sug-
gests that the mechanism (i) above is not so likely. The distance
between H4′ of the T13 residue and imino proton of the G11 residue,
and the distance between H4′ of the A14 residue and imino proton of
theG15 residue are smaller than 5 Å.However, iminoprotons of theG11
and G15 residues do not particularly exhibit the larger k in�cell

ex values
compared to the other imino protons (Fig. 3e). This also suggests that
the effect of the mechanism (i) is moderate, if any. Furthermore, we
used relatively short delay time (<100ms) after the selective inversion
pulse for the proton of solvent water. This could also reduce the effect
of the mechanism (i) including the effect of the spin diffusion. Thus,
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Fig. 5 | Analysis of the exchange of imino protons of the DNA GQ structure in
the presence of crowding agents. The kex values of each guanine in teloDNA
(excluding G5 and G23) were obtained under in vitro conditions in the absence and
presence of a crowding agent (glycerol, Ficoll, BSA, and lysozyme) at 300mMTris.
The kex values at 300mMTris can be regarded to be equal to kopen under individual
in vitro conditions (see text for details). The intensity of imino protonwas obtained
for each residue (n = 1). Standard deviation of the noise signal for the regionof 1D 1H
spectrum in which no signal is present was calculated and used as error bars of
intensities. Themeanof the kex valueswas obtained from 50data sets of intensities
constructed by Monte Carlo simulation using the error bars of intensities for each
residue. The obtained means were averaged over residues under individual con-
ditions. The averaged kex values under individual in vitro and in-cell conditions are
indicated. The error bars are the standard deviation. Source data are provided as a
Source Data file.
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although it is hard to completely exclude the possible effect of the
mechanism (i), we assume the effect is tolerable.

There is also indirect support to our idea. When the amount of
lysozyme as a crowding reagent was increased under in vitro condi-
tions, the corresponding kex value increased, approaching the kex

value obtained under in-cell conditions (Fig. 5). On the other hand, the
full width of half height of imino proton signals increased just slightly
when the amount of lysozymewas increased under in vitro conditions
(Supplementary Fig. 8). In fact, the full width of half height for 3.5%
lysozyme and 5% glycerol are the same within error bars (Supple-
mentary Fig. 8), although the kex value for 3.5% lysozyme is ca. four
times larger than that for 5% glycerol (Fig. 5). As the full width of half
height is similar for 3.5% lysozyme and 5% glycerol, a rotational cor-
relation time should be similar for 3.5% lysozyme and 5% glycerol and
thus the effect of NOE and spin diffusion should also be similar, if they
are. Therefore, the four-times increase in the kex value for 3.5% lyso-
zyme are supposed to be due to increase in chemical exchange of
imino protons with water protons caused by 3.5% lysozyme. The kex

value for 3.5% lysozyme under in vitro conditions already reached
more thanhalf of the kex value obtained under in-cell conditions, these
two kex values becoming comparable on a broader basis (Fig. 5). This
implies that the increase in the kex valueobserved for in-cell conditions
would also bemainly due to chemical exchange of imino protons with
water protons.

Among the base pairs of hpRNA20, the G-C base-pairs involving
G4 and G15, which are located away from the ends of the stem struc-
ture, were able to be used to evaluate the kopen values of the base pairs
obtained under in-cell conditions (k in�cell

open ). Firstly, the kopen values of
the base pairs involving G4 and G15 obtained under in vitro conditions
(kin vitro

open ) were shown to be lower than those involving U14, U18, and
G19, which are located at the ends of the stem structure (Table 1),
indicating base-pair opening is suppressed in the central region. Then
it turned out that the kin�cell

open values are much larger than the kin vitro
open

ones for the base pairs involving G4 and G15 (Fig. 2d, orange shading),
indicating that thebasepairs in the central regionof the stem structure
open more frequently inside living cells (Fig. 6). Although, it was not
possible to determine whether or not the kin�cell

open values are larger than
the kin vitro

open ones for the base pairs involving U14, U18, and G19, it is
likely that the frequency of opening of these base pairs is also
increased under in-cell conditions.

In the case of teloDNA, all twelve guanines involved in the G-G
base-pair formation were used to determine the kin�cell

open values. It
turned out that the kin�cell

open values are larger than the kin vitro
open ones for all

twelve guanines (Fig. 3e), indicating that all G-G base pairs of the GQ

structure open more frequently under in-cell conditions than in vitro
ones (Fig. 6). This increase in the frequency of the G-G base-pair
opening may suggest an increase in the frequency of partial unfolding
of the GQ structure.

Evaluation of the kin�cell
open values suggested that at least some G-C

base pairs of the hairpin structure and all G-G base-pairs of the GQ
structure open more frequently in living human cells than in vitro
(Figs. 2d, 3e). Then, analysis using crowding reagents showed that the
electrostatic interactions with endogenous proteins could be a key
factor for the increase in frequency of base-pair opening (Fig. 6).
Recently, weak and transient interactions between proteins in an
intracellular environment, collectively termed quinary interactions,
were shown to play important roles inside cells in various biological
events, e.g., signal transduction, gene regulation, and stress
adaptation10,42–47. Additionally, quinary interactions have also been
shown to determine the structural stability of proteins inside cells48.
However, the effect of quinary interactions on the structural stability
and dynamics of functional DNAs and RNAs has not been reported.
This study provides an experimental approach for understanding of
the effect of quinary interactions on the base-pair openingdynamicsof
nucleic acids.

GQ structures are reportedly formed not only in telomeres but
also in the promoter regions of some genes, replication origins, and 5′-
and/or 3′-untranslated regions of some mRNAs, and thereby are
regarded as important gene regulators32–34,49–51. It is thought that the
GQ structures are not static but undergo partial structural changes
inside cells. Our study may suggest that the aforementioned quinary
interactions play important roles in structural changes of GQ struc-
tures related to the functions inside cells. It was reported on the basis
of the single-molecule fluorescence imaging and time-dependent
chemical trapping of unfolded GQs that GQs fluctuate between folded
andunfolded states inside the cells52. This is consistentwith ourfinding
revealed at atomic resolution.

Recently, DNA GQ structures formed in the telomere and pro-
moter regions of oncogenes, such as c-myc, are considered important
targets for anti-cancer drugs, and therefore the development of small
compounds targeting such GQ structures became an urgent task53–56.
RNA tertiary structures are also considered important targets fordrugs
against neurodegenerative diseases57 and infectious bacterial
diseases58. Our current study may suggest that in addition to closed
forms, partially unfolded structures that are supposed to be present
inside cells can also be targets for drugs. In this context, our in-cell
NMR technique can be applied to develop drugs against DNA and RNA
targets.

Fig. 6 | Proposed model of base-pair opening dynamics in living cells.
a (hpRNA20) The base pairs involving G4 and G15 located at the center of the stem
region open not so frequently under in vitro conditions. On the other hand, the
base pairs open more frequently in living cells (indicated by bold orange arrow).

b (teloDNA) All G-G base-pairs open not so frequently under in vitro conditions. On
the other hand, all theG-G base-pairs openmore frequently in living cells (indicated
by bold orange arrow).
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Methods
Oligonucleotide preparation
The fully 2′-O-methylated oligoribonucleotides, hpRNA20 (5′-GCAGG-
CACUUCGGUGCCUGC-3′) and hpRNA14 (5′-GGCACUUCGGUGCC-3′),
were synthesized, purified, and de-salted by Hokkaido System Science
Co., Ltd. (Hokkaido, Japan). The oligodeoxyribonucleotides, teloDNA
(5′-TTGGG(TTAGGG)3A-3′), and that with a 5′-fluorescein (FAM)-label,
were synthesized, purified, and de-salted by FASMAC Co., Ltd. (Kana-
gawa, Japan).

In vitro NMR measurements
Each oligonucleotide was dissolved in transport buffer (TB: 25mM
HEPES-KOH (pH 7.0), 115mM CH3COOK, and 2.5mM MgCl2) contain-
ing 10% D2O and 20 µM 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS) to a final concentration of 150 µM. The solution was heated at
95 °C for 5min and then cooled down to 30 °C at the rate of 1 °C/min.
1D 1H NMR spectra were acquired at 18 °C by the band-selective
optimized-flip-angle short-transient (SOFAST)59 technique with the
band-selective excitation PC9 and refocusing r-SNOB pulses centered
at the imino proton region. Briefly, the pulse sequence was made by
modifying the 1D 1H HET-SOFAST experiment reported by Schanda
et al.60. We omitted the HET pulse scheme from the 1D 1H HET-SOFAST
experiment to record 1D 1H NMR spectra. All in vitro and in-cell NMR
measurements were carried out using a Bruker BioSpin AVANCE III HD
600 spectrometer (Bruker, Billerica, MA, USA) equipped with a cryo-
genic probe. All in vitro and in-cell NMR data were processed and
analyzed with TOPSPIN 3.6.2 (Bruker, Billerica, MA, USA).

Oligonucleotide introduction into HeLa cells by streptolysin O
(SLO) treatment
Each oligonucleotide was introduced into HeLa cells by SLO
treatment13. 4 × 107 HeLa cells in ice-cold phosphate-buffered saline
(PBS) were mixed with a final concentration of 0.06μg/mL SLO
(BioAcademia, Osaka, Japan; catalog code 01-531) and incubated at
4 °C for 10min. The collected cells were washed three times with ice-
cold PBS. Then the cells were resuspended in TB, incubated at 32 °C for
another 5min, and then transferred to TB that contains cytosol29

prepared from mouse liver cells, an ATP regenerating system (5mM
ATP, 50ng/mL creatine kinase, and 2.62mg/mL creatine phosphate),
1mg/mL glucose, 1mM GTP, and 1mM oligonucleotide of interest.
After incubation at 32 °C for 30min with gentle shaking, the SLO-
mediated pores were resealed by addition of CaCl2 to a final con-
centration of 1mM and subsequent incubation at 32 °C for 5min with
gentle shaking. The cells were then washed three times with 10mL of
Leibovitz’s L-15 medium containing 1mM CaCl2.

In-cell NMR measurements using a bioreactor system
In-cell NMR measurements were carried out using a bioreactor
system19,39,40. A cell suspension of HeLa cells containing the oligonu-
cleotide of interest was mixed with the same volume of 0.9 x
Leibovitz’s L-15 medium containing 3% of low-melting-temperature
agarose (Lonza), 10% D2O, and 20 µM DSS, which was prewarmed at
37 °C. The mixture was transferred to a Teflon tube (inner diameter of
0.5mm) and chilled on ice. The resulting thread-like agarose gel con-
taining cells was transferred to a 5mm NMR tube that was connected
to the bioreactor system. 0.9 x Leibovitz’s L-15medium containing 10%
D2O and 20 µM DSS was supplied at a flow rate of 100 µL/min.

1D 1H NMR spectra were acquired at 18 °C by the SOFAST tech-
nique as described above. The numbers of scans were 1024 and 2048
for hairpin RNAs and teloDNA, respectively.

Imino proton exchange rate analysis under in vitro and in-cell
conditions
Each oligonucleotide was dissolved in Tris-HCl buffer containing
CH3COOK, MgCl2, D2O, and DSS. The solution was heated and cooled

as described above. Then, either glycerol, Ficoll PM70 (Cytiva), bovine
serum albumin (BSA), or lysozyme was added as a crowding agent.
Then, the pH was adjusted to within the range of 7.9 and 8.2 for
hpRNA14 and hpRNA20, and 8.2 and 8.5 for teloDNA. The final sample
contained 150 µM oligonucleotide, 115mM CH3COOK, 2.5mM MgCl2,
10% D2O, 20 µMDSS, various total concentrations of Tris, and either 0,
2.5, 3.5, or 5% crowding agent. For the experiments involving teloDNA
in the presence of lysozyme, the DNA concentration was 20 µM to
avoid precipitation. The concentration of the active formof a Tris base
catalyst, [base form of Tris], was calculated using the following
equation25.

base form of Tris
� �

= c0 � 10�pKa

10�pH + 10�pKa

where, c0 is the total concentration of Tris and Ka is the acid dis-
sociation constant of Tris.

To avoid changes of the pH and concentrations of crowding
agents during the Tris titration experiment, a titration experiment was
carried out utilizing two 300 µL NMR samples. At the starting point of
titration, samples containing 10mM Tris (sample 1) and 300mM Tris
(sample 2) were prepared. For each point in the titration, equal
volumes of the samples were exchanged. By doing this, the Tris con-
centration increased for sample 1 and decreased for sample 2, while
the pH and concentrations of crowding agents remained the same.
Samples 1 and 2 of hpRNA14 for BSA and lysozyme contained 60mM
and 250mM Tris, respectively, to avoid precipitation.

The longitudinal relaxation rate constant of the imino proton
(R1a = 1/T1) was determined by means of a selective inversion recovery
experiment on the imino protons at 18 °C under in vitro and in-cell
conditions. The selective inversion of imino protons was carried out
with a Q3 pulse covering a bandwidth of 5 ppm. AQ3 pulse centered at
13 and 11.5 ppm was used for hairpin RNAs and teloDNA, respectively.
The imino-selective excitation following the Q3 pulse was carried out
by the SOFAST techniquewith PC9 and rSNOBpulses. The longitudinal
relaxation rate constant of water (R1w) was determined by means of a
saturation recovery experiment25 under in vitro and in-cell conditions.
The imino proton exchange rates (kex) was determined through a
watermagnetization transfer experiment at 18 °C under in vitro and in-
cell conditions. The selective inversion of water protons was carried
out with a Q3 pulse. The imino-selective excitation following the Q3
pulse and various delayswas carried out by the SOFAST techniquewith
PC9 and rSNOB pulses. The PC9 and rSNOB pulses were set at the
center of imino proton regions, i.e., at 13 and 11.5 ppm for hairpin RNAs
and teloDNA, respectively. The experiments were carried out in
“scrambled order” of delays, in which the spectra with delay times of
0.1, 0.001, 0.01, 0.06, and 0.03 s were recorded in this order. The
exchange rates were obtained by fitting to the following equation25

IðtÞ
I0

= 1� 2
kex

ðR1w � R1aÞ
ðe�R1at � e�R1wtÞ ð3Þ

where I0 and I(t) are the signal intensities of the imino proton in the
water magnetization transfer experiment at delay time zero and t,
respectively. Standarddeviation of the noise signal for the region of 1D
1H spectrum in which no signal is present was calculated and used as
error bars of intensities. The error bars of the kex values were obtained
from 50 data sets constructed by Monte Carlo simulation using the
error bars.

Confocal fluorescence microscopy analysis
SLO-treated HeLa cells were suspended in PBS containing 8 µM
Hoechst 33342. After 20min incubation at room temperature, images
were acquired with an Olympus FV1000 confocal scanning laser
microscope equipped with a 60× UPlanSApo objective.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the correspond-
ing author upon reasonable request. The structure of teloDNA used
in our in-cell NMR study was obtained from the Protein Data Bank
PDB ID 2GKU. Source data are available for Figs. 2–5 and Supple-
mentary Figs. 2, and 4–8. Source data are provided with this paper.

References
1. Ellis, R. J. Macromolecular crowding: obvious but under-

appreciated. Trends Biochem. Sci. 26, 597–604 (2001).
2. Zhou, H. X., Rivas, G. &Minton, A. P. Macromolecular crowding and

confinement: biochemical, biophysical, and potential physiological
consequences. Annu. Rev. Biophys. 37, 375–397 (2008).

3. Nakano, S., Miyoshi, D. & Sugimoto, N. Effects of molecular
crowding on the structures, interactions, and functions of nucleic
acids. Chem. Rev. 114, 2733–2758 (2014).

4. Nishida, N., Ito, Y. & Shimada, I. In situ structural biology using in-
cell NMR. Biochim. Biophys. Acta Gen. Subj. 1864, 129364 (2020).

5. Kim,W. et al. Base-pair opening dynamics of primarymiR156a using
NMR elucidates structural determinants important for its proces-
sing level and leaf number phenotype in Arabidopsis.Nucleic Acids
Res. 45, 875–885 (2017).

6. Furukawa, A.,Walinda, E., Arita, K. & Sugase, K. Structural dynamics
of double-stranded DNA with epigenome modification. Nucleic
Acids Res. 49, 1152–1162 (2021).

7. Liu, B. et al. A quantitative model predicts how m6A reshapes the
kinetic landscape of nucleic acid hybridization and conformational
transitions. Nat. Commun. 12, 5201 (2021).

8. Choi, S. R. et al. Base-pair opening dynamics of nucleic acids in
relation to their biological function. Comput. Struct. Biotechnol. J.
17, 797–804 (2019).

9. Yamaoki, Y., Nagata, T., Sakamoto, T. &Katahira,M. Recent progress
of in-cell NMR of nucleic acids in living human cells. Biophys. Rev.
12, 411–417 (2020).

10. Luchinat, E., Cremonini, M. & Banci, L. Radio signals from live cells:
the coming of age of in-cell solution NMR. Chem. Rev. 122,
9267–9306 (2022).

11. Theillet, F.-X. In-cell structural biology by NMR: The benefits of the
atomic scale. Chem. Rev. 122, 9497–9570 (2022).

12. Dzatko, S., Fiala, R., Hänsel-Hertsch, R., Foldynova-Trantirkova, S. &
Trantirek, L. In-cell NMR spectroscopy of nucleic acids. In: Ito, Y.
(ed) In-cell NMR spectroscopy: from molecular sciences to cell
biology. The Royal Society of Chemistry, 272–297 (2020).

13. Yamaoki, Y. et al. The first successful observation of in-cell NMR
signals of DNA and RNA in living human cells. Phys. Chem. Chem.
Phys. 20, 2982–2985 (2018).

14. Dzatko, S. et al. Evaluation of the stability of DNA i-motifs in the
nuclei of living mammalian cells. Angew. Chem. Int. Ed. Engl. 57,
2165–2169 (2018).

15. Cheng, M. et al. Thermal and pH stabilities of i-DNA: confronting
in vitro experiments with models and in-cell NMR data. Angew.
Chem. Int. Ed. Engl. 60, 10286–10294 (2021).

16. Bao, H. L., Liu, H. S. & Xu, Y. Hybrid-type and two-tetrad antiparallel
telomere DNA G-quadruplex structures in living human cells.
Nucleic Acids Res. 47, 4940–4947 (2019).

17. Bao, H. L. & Xu, Y. Telomeric DNA–RNA-hybrid G-quadruplex exists
in environmental conditions of HeLa cells. Chem. Commun. 56,
6547–6550 (2020).

18. Bao, H. L., Masuzawa, T., Oyoshi, T. & Xu, Y. Oligonucleotides DNA
containing 8-trifluoromethyl-2′-deoxyguanosine for observing
Z-DNA structure. Nucleic Acids Res. 48, 7041–7051 (2020).

19. Sakamoto, T., Yamaoki, Y., Nagata, T. & Katahira, M. Detection of
parallel and antiparallel DNA triplex structures in living human cells
using in-cell NMR. Chem. Commun. 57, 6364–6367 (2021).

20. Krafcikova, M. et al. Monitoring DNA-ligand interactions in living
human cells using NMR spectroscopy. J. Am. Chem. Soc. 141,
13281–13285 (2019).

21. Broft, P. et al. In-cell NMR spectroscopy of functional riboswitch
aptamers in eukaryotic cells. Angew. Chem. Int. Ed. Engl. 60,
865–872 (2021).

22. Krafčík, D. et al. Towards profiling of the G-quadruplex targeting
drugs in the living human cells using NMR spectroscopy. Int. J. Mol.
Sci. 22, 6042 (2021).

23. Schlagnitweit, J. et al. Observing an antisense drug complex in
intact humancells by in-cell NMRspectroscopy.ChemBioChem20,
2474–2478 (2019).

24. Guéron, M. & Leroy, J. L. Studies of base pair kinetics by NMR
measurement of proton exchange. Methods Enzymol. 261,
383–413 (1995).

25. Szulik, M. W., Voehler, M. & Stone, M. P. NMR analysis of base-pair
opening kinetics in DNA. Curr. Protoc. Nucleic Acid Chem. 59,
7.20.1–18 (2014).

26. Varani, G., Cheong, C. & Tinoco, I. Jr. Structure of an unusually
stable RNA hairpin. Biochemistry 30, 3280–3289 (1991).

27. Allain, F. H. T. & Varani, G. Structure of the P1 helix fromgroup I self-
splicing introns. J. Mol. Biol. 250, 333–353 (1995).

28. Woese, C. R., Winker, S. & Gutell, R. R. Architecture of ribosomal
RNA: constraints on the sequence of “tetra-loops”. Proc. Natl Acad.
Sci. USA 87, 8467–8471 (1990).

29. Kano, F., Nakatsu, D., Noguchi, Y., Yamamoto, A. & Murata, M. A
resealed-cell system for analyzing pathogenic intracellular events:
perturbation of endocytic pathways under diabetic conditions.
PLoS One 7, e44127 (2012).

30. Kunishige, R., Kano, F. &Murata, M. The cell resealing technique for
manipulating, visualizing, and elucidating molecular functions in
living cells. Biochim. Biophys. Acta Gen. Subj. 1864, 129329 (2020).

31. Ogino, S. et al. Observation of NMR signals from proteins intro-
duced into living mammalian cells by reversible membrane per-
meabilization using a pore-forming toxin, streptolysin O. J. Am.
Chem. Soc. 131, 10834–10835 (2009).

32. Varshney, D., Spiegel, J., Zyner, K., Tannahill, D. & Balasubramanian,
S. The regulation and functions of DNA and RNA G-quadruplexes.
Nat. Rev. Mol. Cell Biol. 21, 459–474 (2020).

33. Kondo, K. et al. Plastic roles of phenylalanine and tyrosine residues
of TLS/FUS in complex formation with the G-quadruplexes of
telomeric DNA and TERRA. Sci. Rep. 8, 2864 (2018).

34. Takahama, K. et al. Regulation of telomere length by G-quadruplex
telomere DNA- and TERRA-binding protein TLS/FUS. Chem. Biol.
20, 341–350 (2013).

35. Luu, K. N., Phan, A. T., Kuryavyi, V., Lacroix, L. & Patel, D. J. Structure
of the human telomere in K+ solution: an intramolecular (3 + 1)
G-quadruplex scaffold. J. Am. Chem. Soc. 128, 9963–9970 (2006).

36. Every, A. E. & Russu, I. M. Opening dynamics of 8-oxoguanine in
DNA. J. Mol. Recognit. 26, 175–180 (2013).

37. Huang, Y., Chen, C. & Russu, I. M. Dynamics and stability of indivi-
dual base pairs in two homologous RNA−DNAhybrids. Biochemistry
48, 3988–3997 (2017).

38. Smith, A. E., Zhou, L. Z., Gorensek, A. H., Senske,M. & Pielak, G. J. In-
cell thermodynamics and a new role for protein surfaces.Proc. Natl.
Acad. Sci. USA 113, 1725–1730 (2016).

39. Kubo, S. et al. A gel-encapsulated bioreactor system for NMR stu-
dies of protein-protein interactions in living mammalian cells.
Angew. Chem. Int. Ed. Engl. 52, 1208–1211 (2013).

40. Breindel, L., DeMott, C., Burz, D. S.&Shekhtman, A. Real-time in-cell
nuclear magnetic resonance: ribosome-targeted antibiotics mod-
ulate quinary protein interactions.Biochemistry57, 540–546 (2018).

Article https://doi.org/10.1038/s41467-022-34822-4

Nature Communications |         (2022) 13:7143 9

http://doi.org/10.2210/pdb2gku/pdb


41. Hwang, T. L., van Zijl, P. C. &Mori, S. Accurate quantitation of water-
amide proton exchange rates using the phase-modulated CLEAN
chemical EXchange (CLEANEX-PM) approach with a Fast-HSQC
(FHSQC) detection scheme. J. Biomol. NMR 11, 221–226 (1998).

42. Majumder, S. et al. Probing protein quinary interactions by in-cell
nuclear magnetic resonance spectroscopy. Biochemistry 54,
2727–2738 (2015).

43. Selenko, P. Quo vadis biomolecular NMR spectroscopy? Int. J. Mol.
Sci. 20, 1278 (2019).

44. Cohen, R. D. & Pielak, G. J. Electrostatic contributions to protein
quinary structure. J. Am. Chem. Soc. 138, 13139–13142 (2016).

45. Cohen, R. D. & Pielak, G. J. Quinary interactions with an unfolded
state ensemble. Protein Sci. 26, 1698–1703 (2017).

46. Sukenik, S., Ren, P. & Gruebele, M. Weak protein-protein interac-
tions in live cells are quantified by cell-volume modulation. Proc.
Natl Acad. Sci. USA 114, 6776–6781 (2017).

47. Rabouille,C. &Alberti, S.Cell adaptationupon stress: Theemerging
role of membrane-less compartments. Curr. Opin. Cell Biol. 47,
34–42 (2017).

48. Monteith, W. B., Cohen, R. D., Smith, A. E., Guzman-Cisneros, E. &
Pielak, G. J. Quinary structure modulates protein stability in cells.
Proc. Natl Acad. Sci. USA 112, 1739–1742 (2015).

49. Eladl, A. et al. Investigation of the interaction of human origin
recognition complex subunit 1 with G-quadruplex DNAs of human
c-myc promoter and telomere regions. Int. J. Mol. Sci. 22,
3481 (2021).

50. Robinson, J., Raguseo, F., Nuccio, S. P., Liano, D. & Di Antonio, M.
DNA G-quadruplex structures: more than simple roadblocks to
transcription? Nucleic Acids Res. 49, 8419–8431 (2021).

51. Kanoh, Y. et al. Rif1 binds to G quadruplexes and suppresses repli-
cation over long distances. Nat. Struct. Mol. Biol. 22,
889–897 (2015).

52. Di Antonio, M. et al. Single-molecule visualization of DNA
G-quadruplex formation in live cells. Nat. Chem. 12,
832–837 (2020).

53. Balasubramanian, S., Hurley, L. H. & Neidle, S. Targeting
G-quadruplexes in gene promoters: a novel anticancer strategy?
Nat. Rev. Drug Discov. 10, 261–275 (2011).

54. Hänsel-Hertsch, R., Di Antonio, M. & Balasubramanian, S. DNA
G-quadruplexes in the human genome: detection, functions
and therapeutic potential. Nat. Rev. Mol. Cell Biol. 18, 279–284
(2017).

55. Dickerhoff, J., Dai, J. & Yang, D. Structural recognition of the MYC
promoter G-quadruplex by a quinoline derivative: insights into
molecular targeting of parallel G-quadruplexes. Nucleic Acids Res.
49, 5905–5915 (2021).

56. Wang, K. B., Dickerhoff, J. & Yang, D. Solution structure of ternary
complex of berberine bound to a dGMP-fill-in vacancy
G-quadruplex formed in the PDGFR-β promoter. J. Am. Chem. Soc.
143, 16549–16555 (2021).

57. Shibata, T. et al. Small molecule targeting r(UGGAA)n disrupts RNA
foci and alleviates disease phenotype in Drosophila model. Nat.
Commun. 12, 236 (2021).

58. Howe, J. A. et al. Selective small-molecule inhibition of an RNA
structural element. Nature 526, 672–677 (2015).

59. Schanda, P., Kupce, E. & Brutscher, B. SOFAST-HMQC experiments
for recording two-dimensional heteronuclear correlation spectra
of proteins within a few seconds. J. Biomol. NMR 33, 199–211
(2005).

60. Schanda, P., Forge, V. & Brutscher, B. HET-SOFAST NMR for
fast detection of structural compactness and heterogeneity
along polypeptide chains. Magn. Reson. Chem. 44, S177–S184
(2006).

Acknowledgements
We thank Prof. M. Murata, and Prof. F. Kano of the Tokyo Institute of
Technology for the technical support with the SLO and resealing treat-
ment. We also thank Prof. S. Futaki and Prof. K. Kawano of Kyoto Uni-
versity for the technical support with the confocal microscopy. We also
thank Prof. A. Shekhtman and Dr. L. Breindel of the State University of
NewYork, Prof. I. Shimada of theUniversity of Tokyo, andProf. N. Nishida
of Chiba University for the technical support with setting up of the
bioreactor system. We also thank Prof. J.-H. Lee and Dr. A.-R. Lee of
Gyeongsang National University for the technical support with setting
up of in vitro water magnetization transfer measurements.

Author contributions
Y.Y., T.N., and M.K. designed the experiments; Y.Y., T.N., and T.S. per-
formed in vitro experiments; Y.Y., T.N., and S.T. performed the cell-
based investigations; Y.Y. and K.K. analyzed theNMRdata; and Y.Y., T.N.,
and M.K. interpreted the results and wrote the manuscript.

Funding
Thisworkwas supportedby JSPSKAKENHI, Japan (20H03192, 20K21477,
21H05519, and 22H05596 toM.K., 17H05878 and 20K06524 to T.N., and
19K16054 and 22K05314 to Y.Y.), AMED, Japan (20fk0410027 and
JP22fk0410048 to M.K., and 22ak0101097 to T.N.), the Collaborative
Research Program of the Institute for Protein Research, Osaka University
(NMRCR-22-05 to T.N.), the Collaboration Program of the Laboratory for
Complex Energy Processes, Institute of Advanced Energy, Kyoto Uni-
versity to Y.Y., and collaborative research with DAICEL Co. Ltd.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34822-4.

Correspondence and requests for materials should be addressed to
Takashi Nagata or Masato Katahira.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34822-4

Nature Communications |         (2022) 13:7143 10

https://doi.org/10.1038/s41467-022-34822-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Shedding light on the base-pair opening dynamics of nucleic acids in living human cells
	Results
	The imino proton exchange rate of the hairpin structure in living human cells
	The imino proton exchange rate of the GQ structure in living human cells
	The imino proton exchange rate of the hairpin structure in the presence of various crowding agents
	The imino proton exchange rate of the GQ structure in the presence of various crowding agents

	Discussion
	Methods
	Oligonucleotide preparation
	In vitro NMR measurements
	Oligonucleotide introduction into HeLa cells by streptolysin O (SLO) treatment
	In-cell NMR measurements using a bioreactor system
	Imino proton exchange rate analysis under in�vitro and in-cell conditions
	Confocal fluorescence microscopy analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




