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Abstract: Precise secondary and tertiary structure formation is
critically important for the cellular functionality of ribonucleic
acids (RNAs). RNA folding studies were mainly conducted in
vitro, without the possibility of validating these experiments
inside cells. Here, we directly resolve the folding stability of
a hairpin-structured RNA inside live mammalian cells. We find
that the stability inside the cell is comparable to that in dilute
physiological buffer. On the contrary, the addition of in vitro
artificial crowding agents, with the exception of high-molec-
ular-weight PEG, leads to a destabilization of the hairpin
structure through surface interactions and reduction in water
activity. We further show that RNA stability is highly variable
within cell populations as well as within subcellular regions of
the cytosol and nucleus. We conclude that inside cells the RNA
is subject to (localized) stabilizing and destabilizing effects that
lead to an on average only marginal modulation compared to
diluted buffer.

The process of RNA folding has been studied in great detail
in the past years.[1] However, most experiments were per-
formed in dilute aqueous solution, commonly in the presence
of particular ions to shield the negative charges of the
phosphodiester backbone and promote folding.[2] However,
such in vitro studies are not sufficient to understand how
RNAs fold and function in the native environment of the cell,
which is densely crowded with up to 40% of the volume taken
up by differently sized biopolymers, lipids, osmolytes, and
salts.[3] To understand how cellular environments modulate

RNA folding, various attempts have been made to mimic the
cellular milieu in vitro by the addition of artificial crowding
agents such as polyethylene glycol and Ficoll.[4] Interestingly,
the effects of such crowding agents on nucleic acid folding are
diverse and depend on the complexity of the folding process.
The crowding effect on tertiary and quaternary nucleic acid
structures can be generalized to be stabilizing,[5] whereas its
impact on secondary hairpin structure is mostly destabili-
zing.[5e, 6] To rationalize these findings three major contribu-
tions were discussed by which crowding modulates RNA
stability. First, crowding reduces the available volume for
RNA unfolding.[4] In this way, the so-called excluded volume
effect stabilizes the more compact folded native state relative
to the unfolded more extended state. The magnitude of this
effect depends on the relative size of the RNA and the
crowder.[4b, 6a, 7] Thus, the most stabilizing effects of macro-
molecular crowding agents were found for tertiary and
quaternary RNA structures. Second, increased crowding
leads to a reduction in water activity and polarity.[8] As
RNA duplex and hairpin structures are assumed to be more
hydrated than their unfolded states, most destabilizing effects
were observed for RNA secondary structures.[6] Third,
specific surface interactions between the nucleobases and
the crowder were observed.[5e,9] Such interactions stabilize the
unfolded state of the RNA leading to a destabilization of the
secondary structure.

Although such studies yielded mechanistic insights into
how artificial crowding agents modulate RNA folding, it
remains unclear whether they adequately mimic the cellular
environment and report on in-cell RNA structure and
functionality. It was recently reported that different crowding
agents lead to different results for RNA tertiary structure
formation[10] which could lead to a misinterpretation of the in-
cell functionality. Further insight comes from a growing line
of experimental evidence in the field of protein folding where
crowding agents do not reflect the folding behavior observed
in the living cell.[11]

Here, we study RNA hairpin folding directly in living cells
and interpret the results by comparative studies with artificial
crowding agents. As a model system we utilize a well-studied
temperature-sensitive RNA structure. The Salmonella fourU
RNA thermometer (4U) is located in the 5’-untranslated
region (5’-UTR) of the agsA (aggregation-suppression pro-
tein) gene and functions as a temperature-sensitive control
element of gene expression of a small heat shock protein at
the mRNA level.[12] Free-living microorganisms commonly
use such built-in biosensors to surveil the environmental
temperature and to adapt to the environmental change.[13]

Here, we explore how the temperature sensitivity of the 4U
RNA thermometer is modulated within cellular environ-
ments. We determine changes of the folding stability with
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subcellular resolution and compare the results to those
obtained with commonly used synthetic crowding agents.
Therefore, we used Fast Relaxation Imaging (FReI),
a recently developed technique to study biomolecular kinetics
and thermodynamics in single living cells.[14] FReI combines
fast laser-induced temperature jumps with Fçrster resonance
energy transfer (FRET) microscopy. To study the 4U RNA
thermometer we implemented a tailored temperature jump
protocol that consisted of 2.4 88C consecutive temperature
jumps. Thereby, we were able to study the thermal melting
curve of the 4U RNA in the cell within 300 s avoiding
cytotoxic effects (Figure 1 A).[14b]

To study the 4U RNA unfolding equilibrium by FRET, the
4U RNA was functionalized by end-group labeling using
Atto488 and Atto565 via orthogonal N-hydroxysuccinimide
(NHS) and click chemistry (Figure 1B, see the Supporting
Information for details). Thermal unfolding of the RNA led
to a decrease in FRET between the two dyes, with an increase

in donor (D, Atto488) and a decrease in the acceptor
fluorescence intensity (A, Atto565) resulting in an increase
of the D/A FRET signal (Figure 1D,E). The intrinsic
response of the D/A FRET signal to temperature was
marginal (Figure S2). Each temperature step was maintained
for 20 s allowing for a complete equilibration of the sample
(Figure S3).

The thermal unfolding process of 4U was fully reversible
and left the RNA intact (Figure 1 C, Figure S4A). Owing to
the cooperativity of 4U RNA unfolding,[12b] the sigmoidal
curves were fitted to a two-state folding model (see the
Supporting Information for details). The melting temperature
was in agreement with that from previous in vitro measure-
ments on 4U (Table S1).[12b] This shows that the dyes do not
modify the thermal unfolding. In the physiological buffer,
DulbeccoÏs phosphate-buffered saline (DPBS), we measured
a melting temperature of Tm = 52.7� 1.6 88C. However, for an
accurate thermodynamic analysis the applied temperatures of
FReI would be too high for cells. We therefore studied the
low-melting (G12A-C23U) variant of 4U RNA,[15] which we
refer to as lm-4U RNA. In DPBS lm-4U shows a melting
temperature of Tm = 47.4� 0.6 88C and an unfolding free
energy of DG88u (37 88C) = 5.9� 0.8 kJ mol¢1 (Figure S4B,
Table S1).

Next, we probed the lm-4U RNA in differently crowded
environments. First, we investigated the size dependence of
the crowding effect and tested the commonly used crowding
agent polyethylene glycol (PEG) with different degrees of
polymerization (molecular weight (MW): 200 Da, 400 Da,
6 kDa, and 20 kDa) and its monomer, ethylene glycol (EG,
62 Da), at a concentration of 300 g L¢1. The lm-4U hairpin
was destabilized in the presence of (P)EG with MW< 6 kDa
as indicated by the lowered melting temperatures and free
energies of unfolding (Table S1, Figure 2A).

Figure 1. 4U RNA thermal unfolding studied by Fast Relaxation Imag-
ing (FReI). A) Representation of the FReI setup. B) 4U structure
labeled with FRET-capable dyes Atto488 and Atto565. SD = Shine-
Dalgarno. For detailed structure of linker regions L1 and L2 see
Figure S1. C) Gel electrophoresis and EtBr staining reveal the intact-
ness of the hairpin after temperature stepping in DPBS buffer.
D) Normalized donor- and acceptor-FRET fluorescence intensities for
4U RNA in DPBS buffer studied by FReI. E) Normalized D/A FRET
signal as a function of temperature for 4U RNA and its low-melting
variant G12A-C23U (lm-4U) in vitro. n = 4. Error bars represent mean
�s.d. Figure 2. lm-4U RNA folding stability in different crowded solutions in

vitro. The free energy for unfolding at 37 88C, DG88u, is plotted against
the activity of water, lnaw. The DPBS buffer is used as diluted reference
buffer. A) Size-dependent effect of PEG (300 gL¢1) on the RNA folding
stability. The dotted line indicates the dependence of the folding
stability on lnaw for PEG<6 kDa. B) Concentration-dependent effect of
sucrose and Ficoll 70 (100, 200, and 300 gL¢1). The dashed line
represents a globally linear fit for sucrose and Ficoll 70, as an analysis
of covariance reveals no significant differences for the individual fits.
n =4. Error bars represent mean � s.d.
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We found a monotonic decrease of DG88u with decreasing
water activity (lnaw) caused by EG, PEG 200, and PEG 400,
indicating a relationship between water activity and folding
stability. Similarly, such water sensitivity was observed for
other nucleic acid secondary structures.[6] However, the
addition of 300 gL¢1 PEG 6 kDa or 20 kDa caused a signifi-
cant stabilization of the folded state despite a reduction in
lnaw (see the Supporting Information for details). This
stabilization can be explained by the excluded volume
effect, where the shift of the folding equilibrium towards
the more compact native state increases the hairpin stabili-
ty.[4b, 6b, 7]

Next, we tested the hairpin stability of lm-4U in the
presence of Ficoll 70 and its monomeric building block
sucrose by varying their concentration from 0 to 300 gL¢1.
Ficoll 70 and PEG 20 kDa have comparable particle sizes.
However, we found that the hairpin stability decreased
linearly with lnaw for sucrose and Ficoll 70 following the
same trend (Figure 2B). The comparison of PEG and Ficoll
further showed that chemically different crowding agents act
differently on RNA stability, as shown by the different slopes
of DG88u versus lnaw. This discrepancy could be explained by
different interactions between the cosolute and the nucleo-
bases upon unfolding. Small PEG molecules can interact with
the RNA via hydrophobic effects to the nucleobases in a PEG
size-dependent manner.[9b, 16] In contrast, sucrose features
more available hydroxyl groups than EG at same mass
concentration enabling preferential and hydrophilic interac-
tion with the nucleobases which are exposed to the solvent
upon unfolding.[6a] Recent MD simulations and experimental
data suggest hydrogen-bond interactions between cosolute
and nucleic acid base.[6a, 9a] Thus, our findings show that the
stabilizing effect of volume exclusion is counteracted by
a reduction of water activity and the attractive interactions
between the cosolute and the nucleobases, both with desta-
bilizing contributions.

We then microinjected the lm-4U RNA into living HeLa
cells and used FReI to measure its folding stability. Surpris-
ingly, we found that the Tm and DG88u values measured in the
cell are similar to the results obtained from the dilute DPBS
buffer solution (Figure 3A,B). This is surprising as the
different contributions to RNA folding stability observed in
vitro revealed significant net effects at high concentrations of
300 gL¢1, which is comparable to the cellular crowding
density. In fact, this means that any destabilization of lm-4U
RNA by the reduced intracellular water activity[8a,c] or the
interaction of nucleobases[5e, 9] must be offset by stabilizing
contributions, for example, from excluded volume effects,
yielding an overall marginal stability modulation.

However, we observed a broad distribution of the melting
temperature and the unfolding free energy between different
cells (Table S1, Figure 3 A,B). We estimated its width by two
standard deviations which describe 95% of the distribution of
unfolding free energies. The free energy spanned a range from
� 2.9 to 3.5 kB T (7.6 and 9.0 kJmol¢1) in the nucleus and
cytosol, respectively. Although on average no significant
thermodynamic difference between cytosol and nucleus was
observed, analysis on a single-cell level revealed that for
certain cells the RNA is more stable in the nucleus than in the

cytosol or vice versa (Figure S5). Such variations of the
crowding effect at the subcellular level could be rationalized
by multiple cell physiological processes, for example, the cell
cycle or genetic noise.[17] Specifically, cell cycle progression
may lead to a change in intracellular crowding densities. It
was shown that cell volume and cell dry mass increase at
different rates during the cell cycle leading to different
crowding densities.[18] It was previously suggested that this
effect could also modulate protein folding stability during the
cell cycle.[19]

Further, we show that the folding stability of lm-4U RNA
is heterogeneously distributed both within the cytosol and the
nucleus as indicated by the color-coded cell map and histo-
gram (Figure 4). Subcellular heterogeneity led to variations of
DG88u by � 1.7 to 2.9 kB T (4.4 and 7.6 kJmol¢1 compared to
0.4 kJmol¢1 for comparative in vitro experiments) in the
cytosol and nucleus. Although such energetic modulations are
small, they may have a significant impact on the cooperative
folding process of RNA. As the cell is highly structured and
compartmentalized on many length scales,[20] one may spec-
ulate that subcellular variations can be utilized by the cell to
locally adjust the energy landscape for RNA folding.

In conclusion, we have presented the first thermodynamic
insights into the folding stability of a RNA hairpin in living
cells with subcellular resolution. On average, the stability of
the lm-4U hairpin in cells is similar to that in physiological
buffer. This results from neutralization of the counteracting
contributions from excluded volume versus nonspecific
interactions and changes in water activity. However, spatial
and temporal fluctuation of all three factors can cause folding
heterogeneities of up to � 3 kB T as indicated by the observed
cell-to-cell variability and subcellular differences. This is in
line with previous studies demonstrating the existence of cell-
to-cell and subcellular heterogeneities of crowding as well as
of protein folding landscapes.[21] Further, we have demon-
strated that individual synthetic polymers fail to mimic the
cellular milieu in its entirety. Such crowding agents lead to an
unbalanced view of the cellular crowding effect, overrepre-
senting the destabilizing changes in water activity and non-

Figure 3. Folding stability of lm-4U in single HeLa cells. Box plots for
A) melting temperature, Tm, and B) free energy of unfolding at 37 88C,
DG88u. Error bars indicate mean �s.d. and statistical significance was
tested by an unpaired t-test.
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specific interaction contributions. This demands the develop-
ment and application of experimental techniques such as in-
cell chemical modification,[10a,b] in-cell NMR spectroscopy,[10c]

single-molecule FRET,[22] and temperature modulation tech-
niques[23] to probe RNA folding directly in the cell. Such
studies will make it possible to decipher individual contribu-
tions of the cellular crowding effect and understand how
RNA structure and function evolved within living cells.
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