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ABSTRACT

In bacteria RNA gene regulatory elements refold
dependent on environmental clues between two or
more long-lived conformational states each associ-
ated with a distinct regulatory state. The refolding
kinetics are strongly temperature-dependent and es-
pecially at lower temperatures they reach timescales
that are biologically not accessible. To overcome
this problem, RNA chaperones have evolved. How-
ever, the precise molecular mechanism of how these
proteins accelerate RNA refolding reactions remains
enigmatic. Here we show how the RNA chaperone
StpA of Escherichia coli leads to an acceleration of
a bistable RNA’s refolding kinetics through the se-
lective destabilization of key base pairing interac-
tions. We find in laser assisted real-time NMR exper-
iments on photocaged bistable RNAs that the RNA
chaperone leads to a two-fold increase in refolding
rates at low temperatures due to reduced stability of
ground state conformations. Further, we can show
that upon interaction with StpA, base pairing inter-
actions in the bistable RNA are modulated to favor
refolding through the dominant pseudoknotted tran-
sition pathway. Our results shed light on the molecu-
lar mechanism of the interaction between RNA chap-
erones and bistable RNAs and are the first step into
a functional classification of chaperones dependent
on their biophysical mode of operation.

INTRODUCTION

Modulation of gene expression in bacteria can be provided
by RNA regulators. These RNAs functionally exploit their
inherent structural plasticity that is founded in their natu-
ral ability to adopt more than a single stable conformation.

Thereby they constitute a bi- or even multi-stable system. If
the structural interchangeability within such a system takes
place as an answer to changes of environmental clues, it can
be exploited as a trigger for functional cellular processes
such as transcription or translation. Within the regulation
of gene expression, the conformational states of a bistable
system are typically linked to two functional states (ON
and OFF) (1,2). Prime examples for such biological bistable
RNAs are RNA thermometers and riboswitches found in
the 5′- or 3′-untranslated regions of mRNAs (2–6). For both
types of RNA regulators, the basic functional principle can
be broken down to an equilibrium of conformations that
is characterized by mutually exclusive base pairs in the two
states. In general, the involved states have similar thermody-
namic stability rendering the difference in free energy close
to zero, and thereby facilitating a change in the population
ratio by environmental clues.

Bistable RNAs are designed mimicry of such biologi-
cal RNAs in conformational equilibrium. They are stud-
ied with a variety of different NMR spectroscopic methods
in order to understand the structural basis of conforma-
tional switching and refolding in RNAs (8–10). The dom-
inant possible refolding mechanisms for bistable RNAs are
the refolding after complete unfolding, the folding through
base pair exchange pathways and the pseudoknot-assisted
pathway (Figure 1C–E) (11,12). However, the refolding of
an RNA from a stable conformational state into another is
not only a highly temperature-dependent process but most
often occurs on nonbiological long time scales (seconds to
minutes) in vitro (13).

While folding of secondary structural elements and the
subsequent formation of tertiary interactions is fast when
starting from unfolded states (10–100 �s and 1–100 ms,
for 2◦ and 3◦ interactions, respectively), refolding occurs at
timescales of 1–1000 s (14,15). However, the refolding of na-
tive bistable regulatory RNA elements has to proceed on
a time scale that is accommodated by the timescale of the
bacterial live cycle. If for example the doubling time of the
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Figure 1. Bistable RNA refolding. (A) Mean free energy profile of the bistable RNA system as calculated by RNA2Dfold (7), estimating the energy
barrier between the two conformational ground states. (B) Sequence and folding states (5′-fold and 3′-fold) of the bistable 20 nt RNA. From a biophysical
perspective refolding between these two states can in principle occur through three different transition states that are described as (C) two base paired
exchanged stems, (D) unfolded chain of nucleotides or (E) a pseudoknotted conformation.

bacteria is of 20 minutes (as example for E. coli) then all
regulatory processes have to be faster in order to have a rel-
evant functional consequence (16).

In order to accelerate RNA refolding kinetics in vivo bac-
teria exhibit a class of auxiliary proteins: RNA chaperones
(15,17). This sequentially and structurally diverse set of pro-
teins unfolds RNAs non-specifically or hinders the forma-
tion of misfolded RNA structures (15,18). The function
of RNA chaperones is based on their transient binding to
RNAs and the induced disruption of secondary and tertiary
structures. By unwinding and unfolding of structural ele-
ments the formation of alternative base pairing interactions
and consequently refolding is accelerated (19). Chaperones
do not need an external energy source such as ATP, and
can therefore be distinguished from helicases that are also
assisting RNA folding processes (20). The most prominent
representatives of RNA chaperones are cold shock proteins
like CspA (21) and CspE (22), the Sm family protein Hfq
(23), FinO (24), the ribosomal proteins S1 (25) and S12 (26)
as well as H-NS and StpA (27,28). Some of these chaper-
ones are shown to be essential for the refolding and func-
tion of RNAs in vivo (29), while others can be supplemented
and do not show a severe phenotype after deletion (30).
However, the mechanism and the underlying driving force
remain mostly unclear. Most RNA chaperones act non-
sequence specific, so that they are able to interact with var-
ious RNAs (26,31). Further, many of the chaperones inter-
act with the RNA’s backbone through transient electrostatic
interactions. However, other molecular features are impor-
tant for the enhancement of RNA folding reactions beyond
positive charges (32). The transient nature of the interac-
tions results in a rapid release of the RNA, and in turn to a
moderate affinity to folded RNAs (33). This depicts also the
main difference to specific RNA binding proteins that sta-
bilize a certain RNA fold by remaining bound (34). Many

chaperones have in common a high density of disordered or
dynamic regions that are important for their activity. This
led to the proposition of the entropy transfer model that de-
fines the disorder-order transition between chaperone and
the RNA as the driving force (35). During the interaction
the chaperone gets more rigid, whereas the RNA becomes
more flexible, followed by refolding of the RNA. In this re-
gard an increase in the internal RNA dynamics could be ob-
served upon interaction with the cold shock protein CspA.
It increased the hairpin refolding rates through destabilizing
of base pairs that are close to the loop or at a helix junction
(21).

Here, we are addressing the chaperone induced changes
on the refolding mechanism of a bistable RNA with re-
gard to the thermodynamics and kinetics of the system. We
are using the nucleoid-associated protein StpA from E. coli
(36) as a model chaperone. The N-terminal domain of StpA
exerts protein-protein interactions and the C-terminal do-
main (CTD) exclusively harbours the chaperone activity,
even in isolation (28). As molecular model for the RNA,
a well characterized 20 nt bistable RNA sequence was used,
that adopts a temperature-dependent equilibrium between
two interconverting hairpin structures (5′-fold, 3′-fold, Fig-
ure 1B) (8,12) The two different structures exhibit similar
thermodynamic stabilities but are separated through a high
energy barrier (Figure 1A) (7). The RNA was originally de-
signed to highlight the fact that RNA sequences are inher-
ently able to adopt multiple stable conformations and that
this property can be exploited as molecular switches (37).
The low energy difference between the two ground states
was first experimentally validated by completely shifting the
conformational equilibrium through the incorporation of
few methyl groups within bases that are involved in mutu-
ally exclusive base-interactions (38). Such bistable RNAs
are well suited models for biologically relevant RNAs, as
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refolding rates determined for bistable sequences can be
used to describe the refolding behaviour of riboswitches
(8,39). The switching kinetics of the I-A type 2′dG-sensing
riboswitch from Mesoplasma florum could be modelled
based on the refolding rates measured on bistable se-
quences, including the sequence investigated here. The mod-
elled behaviour agrees with the experimentally derived ki-
netics of the riboswitch system and validates that refolding
kinetics of bistable sequences indeed represent good models
for biological RNA refolding events.

By NMR spectroscopy, we probe the influence of the
RNA chaperone onto the equilibrium forming conforma-
tional states and the refolding mechanism. The binding of
StpA to the RNA was investigated by isothermal titration
calorimetry in order to establish the full thermodynamic cy-
cle of the interaction. Further, the kinetics of their intercon-
version is studied by real-time NMR spectroscopy of pho-
tocaged RNAs. The results show the ability of StpA-CTD
to accelerate RNA refolding kinetics by selective destabi-
lization of base pair interactions.

MATERIALS AND METHODS

Synthesis of photocaged RNA and NMR sample preparation

The synthesis of the (S)-NPE protected guanosine phos-
phoramidite was performed according to literature proce-
dures (8) (NMR Spectra and synthesis steps see SI, Scheme
S1, Supplementary Figures S1–S6, Supplementary Tables
S1 and S2). The oligonucleotide RNA was synthesized on
an ABI392 DNA/RNA synthesizer from Applied Biosystems
or on an Oligopilot OP10 plus from GE Healthcare. 0.3
M BTT from emp BIOTECH was used as activator. The
oligonucleotide was synthesized and deprotected under Ul-
traMILD conditions (Pac-rA-CE, iPrPac-rG-CE, Ac-rC-
CE, U-CE and Ac-C-CE RNA SynBase™ 1000 Å CPG pur-
chased from Glen Research and Linktech) in 1 �mol or 16
�mol scales. Pac2O was used as capping reagent. The cou-
pling time was 12 min. RNA was synthesized in DMTr-On
mode. Deprotection was performed according to a proto-
col from Glen Research (40). The cyanoethyl groups were
removed by flushing the solid phase column with 20% di-
ethylamine in MeCN for 10 min, followed by washing the
CPG with MeCN. For the resin cleavage and further de-
protection, the solid phase material was treated with 400
�l ammonium hydroxide and EtOH (3:1, v/v) for 4 h at
room temperature. After evaporation of the solvent at 4◦C,
the residue was dissolved in 115 �l DMSO and the 2′-
TBDMS groups were cleaved by incubation with 60 �l Et3N
and 75 �l Et3N·3HF at 60◦C for 2.5 h. The fully depro-
tected RNA was precipitated by adding 25 �l 3 M NaOAc
and 1 ml prechilled n-butanol overnight at -20◦C and pel-
leted by centrifugation at 4◦C for 30 min. The precipita-
tion steps were repeated to completely remove fluoride salts.
The crude product was purified via RP-HPLC using an Ag-
ilent 1200 series instrument with an XBridge Peptide BEH
C18 OBD Prep Column (300Å, 5 �m, 10 × 250 mm, 4.0 ml
min–1, 60◦C) from Waters (RP-HPLC conditions see SI).
After evaporation of the solvent at 4◦C the DMTr-group
was cleaved by incubation of the RNA in 300 �l 80% acetic
acid at room temperature for 20 min. The solvent was evap-
orated under vacuum and the resulting RNA was again pu-

rified by RP-HPLC using the same conditions as mentioned
before. The solvent was removed under vacuum. Finally,
all samples were coevaporated with ultrapure water several
times and lyophilized (Sequence and ESI-MS results see SI).
Buffer exchange to NMR buffer (50 mM BisTris, 25 mM
NaCl, pH 6.4) was done with 2 ml 2 kDa centrifugal con-
centrator (Vivaspin from Sartorius) up to a factor of at least
1000. The NMR sample was in situ folded at 95◦C for 5 min
followed by cooling on ice.

Unmodified RNA NMR sample Preparation

The unmodified bistable 20 nt RNA and the supplemen-
tary RNAs (3′-HP, A2-DMA, 5′-HP, G6-m1G, 5′-ssOV)
were solid phase synthesized and purchased by Dharma-
con (horizon inspired call solutions). 2′-ACE Protection
group was removed as described in the provided proto-
col by Dharmacon. After deprotection the RNA was pu-
rified via rp-HPLC (reversed-phase high-performance liq-
uid chromatography) with a Kromasil RP18 100A 5 �m
10 × 250 mm column (binding buffer: 2 mM Tetrabutylam-
moniumbisulfat, 50 mM KH2PO4/K2HPO4 pH 5.9, elu-
tion buffer: binding buffer + 60% (v/v) Acetonitril). The
HPLC fractions were lyophilized and dissolved in H2O. An-
alytical denaturing 15%-PAA (polyacrylamide) gel verified
corresponding fractions that were desalted with 2 ml 2 kDa
centrifugal concentrator (Vivaspin, Sartorius) at 4◦C and
6000 g. After desalting LiClO4 (2% LiClO4 in acetone) pre-
cipitation followed. Buffer exchange to NMR buffer (50
mM BisTris, 25 mM NaCl, pH 6.4) was done with 2 ml 2
kDa centrifugal concentrator (Vivaspin from Sartorius) up
to a factor of at least 1000. The NMR sample was in situ
folded at 95◦C for 5 min followed by cooling on ice. For
sequences and sample conditions of all RNAs used see SI
Supplementary Table S4 and Table S6)

Cloning, expression and purification of StpA-CTD

The StpA-CTD sequence was cloned into a pE-SUMOstar
Vector (LifeSensors #1106). The utilized plasmid carried
the gene for ampicillin resistance. This vector provides a
HIS6 tag at the N-terminus of the SUMOstar protein se-
quence behind which the StpA-CTD sequence is inserted.
This allows purification by IMAC. The cloning was per-
formed as described in the SUMOstar® Gene Fusion Tech-
nology product manual. The pE-SUMOstar vector was di-
gested with BsaI restriction endonuclease. The gene of in-
terest was amplified by PCR with primers designed for the
cloning strategy followed by digestion with BsaI restriction
endonuclease (protein and primer sequences see SI Supple-
mentary Table S3). Ligation of the prepared insert into the
digested vector was done as described in the SUMOstar®

Gene Fusion Technology product manual.
Plasmid transformation and amplification were per-

formed using T7 Express High Efficiency E. coli cells from
NEB (Ipswich, MA, USA) following the instructions of
the high efficiency transformation protocol of the manu-
facturer. Purification of the plasmid was done with QIA-
GEN plasmid Kits (Cat. No. 12145). The plasmids contain-
ing the protein sequences were transformed into T7-Express
E. coli cells for subsequent expression as SUMO-fusion
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protein. Cells were grown in TB (Terrific Broth) medium
supplemented with 100 �g/m. ampicillin at 37◦C. Ex-
pression was induced when OD600 reached a value be-
tween 2 and 2.5 with 0.1 mM IPTG (Isopropyl-�-D-
thiogalactopyranosid), the optimal concentration evaluated
with test expressions. Expression took place at 24◦C, 120
rpm for 16 h. After harvest the pellet was resuspended to
homogeneity in 50 ml buffer A (50 mM BisTris, 450 mM
NaCl, 5 mM Imidazol, pH 7.0) supplemented with one
protease-inhibitor tablet (cOmplete™, Roche, Germany) per
liter. The cells were mechanically lysed using Microfluidics
M-110P. Purification by IMAC HisTrap HP column (GE
Healthcare, USA), connected to a FPLC (Äktapurifier™,
GE Healthcare, USA) was done. Bound protein was washed
with buffer A. To remove nucleic acid impurities, the pro-
tein was further washed with a high salt buffer (50 mM
BisTris, 2 M LiCl, 5 mM imidazole, pH 7). With a linear
gradient of imidazole (buffer b: 50 mM BisTris, 450 mM
NaCl, 500 mM imidazole, pH 7) the fusion proteins of in-
terest were eluted. Cleavage of the Tag with SUMO protease
took place during dialysis against imidazole in buffer A and
removage with reverse Ni-NTA affinity chromatography
After reverse Ni-NTA 0.015% (w/v) of polyethyleneimine
(PEI) was added to precipitate bound nucleic acids Due to
impurities additional size-exclusion chromatography (SEC,
320 ml HiLoad 26/600 Superdex 75 pg gel filtration col-
umn (GE Healthcare. USA) with an NMR running buffer
(50 mM BisTris, 25 mM NaCl, pH 6.4). Further purifica-
tion followed by Heparin column (5 ml HiTrap® Heparin
High Performance, GE Healthcare), to get rid of RNase
activity. Therefore, binding buffer C containing the NMR
buffer and 5% of glycerol was used (50 mM BisTris, 25 mM
NaCl, pH 6.4, 5% glycerol) was used. Buffer exchange to
NMR buffer without glycerol was achieved and purity was
confirmed by SDS-PAGE (silver stained) and mass spec-
troscopy (MALDI Spectra of purified StpA-CTD see SI
Supplementary Figure S7, NMR spectroscopic analysis see
SI Supplementary Figure S8 and S9).

NMR spectroscopy

NMR experiments were performed on Bruker NMR spec-
trometers with different probe heads listed in Supplemen-
tary Table S5. NMR experiments were performed with stan-
dard Bruker pulse sequences and spectra were recorded
and analyzed with TopSpin 3.5pl5-7. All samples contain-
ing 10% D2O and the same buffer: 50 mM BisTris, 25 mM
NaCl, pH 6.4. 1D 1H imino proton spectra were recorded
using a jump return echo pulse sequence. Thermal equili-
bration for all samples at each temperature was done for
at least 20 minutes before the experiments were recorded.
NMR Titrations were performed at 25◦C, StpA-CTD was
added stepwise in molar ratios of [RNA]:[StpA-CTD] = 0,
1, 2, 3, 4, 5.

Real-time NMR. Real-time NMR experiments were con-
ducted as described in Fürtig et. al. (8), however with the
following modifications: a laser with a wavelength of 355
nm (Paladin Advanced 355-8000) was used for the photo
reaction. Pseudo-2D 1H spectra were recorded with jump
return echo for water suppression. The RNA samples were

irradiated 1 s with a laser power of 4 W. The normalized ki-
netic data were fitted according to the integrated rate-laws
for a reversible unimolecular reaction. The fit formula used
are the following: 5′-fold 3′-fold normali zed signal (3′)t =

K
K+1 ∗ (1 − K ∗ e−k5′−3′ t∗(1+ 1

K )). With K for the equilibrium
constant at the corresponding temperature for the unmod-
ified RNA (see SI Supplementary Table S8). The k3′-5′ is
calculated by k5′−3′

K . The activation enthalpy is calculated
with k5′-3′ and k3′-5′ by linearization and Arrhenius equa-
tion ln(k5′−3′ ) = −�H‡

RT + ln(A) and ln(k3′−5′ ) = −�H‡

RT +
ln(A).

Integrity of the samples after kinetic experiments is veri-
fied mass-spectrometry and denaturing PAGE (see SI Sup-
plementary Figure S15).

Measurement of base pair stabilities by NMR. Pseudo-
2D water exchange NMR experiments were conducted and
evaluated as described in Rinnenthal et al. (6). Therefore,
the imino peak integrals were plotted against the inversion
recovery delay � m and fitted resulting the exchange rate kex.
The enthalpy and entropy differences of the closed versus
the open state of the nucleobases �Hdiss, �Sdiss and �Gdiss,
were calculated from the exchange rates at different temper-
atures.

Isothermal titration calometry (ITC)

All RNA constructs (20mer RNA, G6m1G, A2-DMA, 5′-
HP, 3′-HP, 5′-SS-OV) and the RNA-chaperone StpA-CTD
were prepared in the same buffer stock (as NMR buffer: 50
mM BisTris, 25 mM NaCl, pH 6.4). The RNA samples were
in situ folded at 95◦C for 5 min followed by cooling on ice.
ITC experiments were carried out at 25◦C and 5◦C using a
MicroCal iTC200 (Malvern Instruments). StpA with a con-
centration of 400/ 800/ 920 �M was injected into the cell
containing 40 �M RNA (cell volume 201.9 �l). The initial
waiting time was 120 s, followed by a first injection of 0.2
�l. Afterwards 19 injections of 2 �l within 4 s, with a delay
of 180 s after each injection, followed. In each experiment, a
reference power of 11 �cal s–1 and stirring speed of 750 rpm
were set with a high feedback mode. For each construct,
three titrations were measured and the presented corre-
sponding KD values and thermodynamic data represent
the average with standard deviation, except the 5′-SS-OV
that was measured once at 5◦C and 25◦C. Analysis of the
thermograms was done with the software Origin7.0 (origin-
Lab) and were fitted to the following model (41): Q =
nMt�HV0

2 [1 + Xt
nMt

+ 1
nK Mt

−
√

(1 + Xt
nMt

+ 1
nK Mt

)
2 − 4Xt

nMt
]

including the correction for the dilution in each titration
step with

�Q (i ) = Q (i ) + dVi

V0

[
Q (i ) + Q (i − 1)

1

]
− Q (i − 1)

With K Binding constant, n Hill coefficient, V0 active cell
volume, Mt bulk concentration of macromolecule in V0, Xt
bulk concentration of ligand, Q total heat content of the
solution contained in V0, �H molar heat of ligand binding,
�Q(i) heat released from the ith injection, Q(i) heat con-
tent at the end of the ith injection, �Vi injection volume. As
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reference, the thermogram of the titration of StpA (921 �M)
into buffer is given in SI Supplementary Figure S13.

RESULTS

Thermodynamics

In order to determine the influence of the RNA Chaperone
StpA-CTD on the thermodynamics of the bistable RNA,
we investigated the conformational equilibrium of the RNA
by NMR both in absence and presence of different amounts
of the protein. The bistable RNA alone adopts indepen-
dent on the ionic strength conditions two conformational
states (8,38,42,43). A double set of signals in NMR spec-
tra report on two distinct hairpin conformations that inter-
convert on a timescale longer than the acquisition time of
the NMR experiment (Figure 2A, SI Supplementary Fig-
ure S11). The 5′-fold consists of a GGAA-tetraloop hair-
pin structure with four base pairs at the 5′-end and an
eight nucleotides long single strand overhang. In contrast,
the 3′-fold is build-up by a six base pair helix capped with
an UCCG-tetraloop followed by four single stranded nu-
cleotides (Figure 2E). The difference in free energy at 25◦C
is predicted to be 2.9 kJ/mol, which explains the coexistence
of both structures (13). Calculated from the integration
of isolated imino proton NMR signals of U11(3′)/U17(5′)
the population ratio of 3′-fold/ 5′-fold was determined to
be K3′/5′

10◦C = 5.22 ± 0.09 to K3′/5′
40◦C = 1.46 ± 0.04.

This reports on a small energy separation of �G3′/5′
25◦C

= −2.60 ± 0.13 kJ/mol, which is in good agreement with
the prediction. However, the population ratio is strongly
temperature-dependent with a steep gradient of �G/dT3′/5′
= 92 ± 5 J/mol K. Also, upon addition of the RNA chap-
erone StpA-CTD two sets of signals are observable. Com-
parison with the signals of the RNA alone shows that there
is no significant change of the individual chemical shifts
and therefore the pattern of signals remains virtually iden-
tical. However, for all signals an increase in linewidth is ob-
servable and some are even broadened beyond detectabil-
ity (Figure 2B). These are the signals from the loop and
the end of the helix stem, G1/G5(5′-fold) and U11/G14(3′-
fold), they are vanishing upon interaction with StpA-CTD.
These findings regarding the imino proton signals are a first
indication that StpA is not changing the dominant under-
lying refolding mechanism of the bistable RNA. If StpA
forced the RNA into a dominant unfolding pathway, all
resonances would be broadened beyond detectability. If the
base pair exchange mechanism became dominant, a differ-
ent set of signals would arise in conjunction with a differen-
tial modulation of signal intensities. However, the ratio of
the two conformations is only slightly shifted towards the
3′-fold conformation (K3′/5′+3eq. StpA-CTD

10◦C = 6.2 ± 0.4 to
K3′/5′+3eq. StpA-CTD

40◦C = 3.9 ± 0.4) (SI Supplementary Table
S7). The difference in the energy separation is in the same
order of magnitude (�G3′/5′+3eq. StpACTD

25◦C = −3.75 ± 0.62
kJ/mol). The effect of the chaperone on the RNA equi-
librium interestingly levels off at three equivalents StpA-
CTD per equivalent RNA (Figure 2C, SI Supplementary
Figure S10). The free energy �G of the refolding process
is decreased by StpA-CTD at higher temperatures, whereas
the influence can be neglected at temperatures lower than
15◦C (Figure 2D, SI Supplementary Table S8). This means
in turn that the temperature effect on the RNA equilibrium

is much more reduced resulting in a much flatter gradient
of �G/dT3′/5′+3.eq StpACTD = 27 ± 5 J/mol K.

Thermodynamics of StpA-binding

The thermodynamics of the binding of StpA to the 20 nt
RNA was characterized by ITC measurements gaining KD
values as well as the thermodynamic signatures of the bind-
ing at 5◦C and 25◦C. Supplementary to the bistable RNA
sequence we utilize another five RNAs to obtain insight
into the two single conformations and the role of the sin-
gle strand overhangs, that are at least predicted to be hubs
for the interaction between chaperones and RNA (15). The
additional sequences are the respective truncated hairpin
structures of the 5′-fold and the 3′-fold conformations as
well as chemically modified RNAs that are conformation-
ally locked. The latter ones (see Figure 5E) contain methyl
groups that replace hydrogens of the Watson-Crick inter-
face and inhibit the formation of alternative base pairs
needed for refolding. For the 5′-fold a methyl group at po-
sition N1 of the nucleobase of guanosine G6 (G6-m1G)
is incorporated and for the 3′-fold, two methyl groups re-
place the amino protons in nucleotide A2 (A2-DMA). Fur-
ther, the 7 nt long single stranded overhang of the 5′-fold
(5′-SS OV) was used for the binding studies. For the struc-
tured RNAs, the dissociation constants (KD) range from
12.3 to 24.7 �M at 25◦C and from 8.3 to 16.3 �M at 5◦C
and show pronounced trends (see SI Supplementary Ta-
ble S9 and SI Supplementary Figure S12). For each con-
struct the affinity increases with lower temperature (Figure
3). Generally, the full length RNAs exhibit tighter binding
than the truncated model structures. Within the 3′- and 5′-
conformations, the full length RNAs show a better affin-
ity than the corresponding hairpin structures, except for
the 5′HP at 5◦C. By comparing the two conformational
sides, the 3′-conformation shows lower KD values than the
5′-conformations. StpA seems to have a higher affinity to-
ward the 3′-conformation of the bistable RNA and the sin-
gle strand overhang has an increasing effect onto the affin-
ity. The latter might be due to increased flexibility and there-
fore decreased stability. However, the 7 nt long overhang
alone shows virtually no binding at 25◦C and only minute
response at 5◦C (see SI Supplementary Figure S13B). This
might indicate a very weak affinity of StpA for short sin-
gle stranded sequences or that in this case binding occurs
with no recalescence. For all constructs that show a proper
response in the ITC measurements, the hill coefficient is
around n = 2, indicating a cooperative binding. In depth
analysis of the ITC data by thermodynamic signature plots
(44–46) reveals that for all RNAs the binding is exother-
mic and enthalpy driven (SI Supplementary Figure S14).
Further, it becomes obvious that the RNAs from the 3′-
conformational side show a different signature in compari-
son to those from the 5′-conformationals side. Whereas –
T�S is always positive for 5′-side RNAs, it is almost al-
ways negative for those RNAs representing the 3′-side of the
equilibrium. This finding indicates a more balanced bind-
ing based on hydrophobic effects as well as hydrogen and
van der Waals bonds present for the 3′-side RNAs. Con-
sequently, there is a different mode of binding of StpA to
3′- and 5′-conformations regarding the 20 nt RNA and also
a conformation dependent affinity trend.



11342 Nucleic Acids Research, 2021, Vol. 49, No. 19

Figure 2. (A, B) Imino proton region of 1H NMR spectra of 20 nt RNA sequence at 15◦C, 25◦C and 35◦C with color-coded resonance assignment (blue
and red annotations indicate signals stemming from 5′- and 3′-fold, respectively). (A) Spectra of RNA alone (cRNA = 477 �M), (B) spectra of RNA
(cRNA = 74 �M) in complex with 5 equivalents of the RNA chaperone StpA-CTD. (C) Change of equilibrium constant at 25◦C upon titration with StpA-
CTD; insert shows imino signals of U11 and U17 for the RNA alone (gray) and the 1:5 RNA:StpA-CTD complex (black). (D) Van’t Hoff Plot/Fit of ln(K)
versus reciprocal temperature according to ln(K) = −�H◦/RT + �S◦/R, gray RNA alone; black RNA chaperone at complex ratio of 1:5. The error bars
represent the SNR of each NMR experiment. Results of the fit: �H◦(RNA) = −30.1 ± 1.4 kJ/mol, �S◦(RNA) = −92 ± 5 J/mol, �H◦(RNA+3eq. StpA-CTD) =
−11.87 ± 0.16 kJ/mol, �S◦(RNA) = −27 ± 5 J/mol. (E) Secondary structure models of the two RNA conformations for 20 nt bistable RNA, color-coded
5′-fold (U11) and 3′-fold (U17). The error bars represent the signal-to-noise ratio (SNR) of each NMR experiment.

Real-time NMR

To probe the changes in the refolding kinetics of the bistable
RNA in the presence of StpA-CTD, we utilized photocaged
RNAs in conjunction with laser-assisted real-time NMR
experiments (8). This methodology allows following the
RNA refolding kinetics at atomic resolution. By incorpo-
ration of a bulky and photo-labile NPE group at position
of guanosine 6, the less stable 5′-fold should be exclusively
populated. This is because in the 5′-fold the incorpora-
tion at the loop position is structurally silent, whereas in
the 3′-fold the modification induces a selective destabiliza-
tion of the Watson−Crick G6C19 base pair. By NMR, we
can unambiguously show that indeed only the 5′-fold is ex-
clusively populated, as no signals stemming from the 3′-
fold but all corresponding five imino signals of the 5′-fold
are observable in the proton NMR spectra (Figure 4A).
Also, in presence of StpA-CTD only the signals of the 5′-
fold are detectable, however due to the complex formation
the linewidth is increased. Photolytic cleavage of the NPE
group by in situ uncaging inside the spectrometer with a

laser pulse restores the base pairing properties of the guano-
sine (Figure 4B). Starting from the preselected conforma-
tional state, the subsequent refolding into the equilibrium
can take place. After equilibration of the samples, all imino
signals both of the 5′-fold and the 3′-fold are present as in
the parental RNA sequence. This indicates that both for
the RNA alone as well as in the presence of StpA-CTD,
the deprotection of the G6-NPE occurred fast and nearly
to completion (88%) (SI Supplementary Table S10). If the
in-situ laser-deprotection of the caged bistable RNA is coor-
dinated with a pseudo-2D 1H-jump-return experiment (47)
kinetic traces reporting on peaks of the 3′- and 5′-fold can
be extracted (Figure 4C). Both in absence and presence of
StpA-CTD, kinetic traces of all peaks can best be fitted to
a unimolecular two-state model. Beyond experimental er-
ror, no nucleotide specific difference in the refolding kinet-
ics can be detected. The two-state model is further corrob-
orated by the fact that no additional peaks reporting on
an intermediate state are observable. For the RNA with-
out StpA-CTD, the mean rates for the forward reaction
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Figure 3. ITC thermograms and fits for StpA binding to the bistable 20mer RNA, the trapped 20mer constructs (G6-m1G, A2-DMA) and the hairpin
conformations (5′-HP, 3′-HP) each RNA 40 �M at 5◦C and 25◦C, StpA 800 �M (3′-HP, 5′-HP)/ 920 �M (bistable 20mer, A2-DMA, G6-m1G). All ITC-
experiments shown here were carried out in a buffer containing 50 mM BisTris, 25 mM NaCl and pH 6.4. Errors represent the standard deviation of three
independent measurements.

k5′-3′ are (11 ± 3) × 10–3 s−1 and (240 ± 40) × 10–3 s−1

at 5◦C and 25◦C, respectively. The rate of the backward
reaction k3′-5′ is determined to be (1.7 ± 0.3) × 10–3 s−1

to (84 ± 15) × 10–3 s−1 at 5◦C and 25◦C. In the presence
of 3 eq. of StpA-CTD k5′-3′ ranges from (25 ± 3) × 10–3

s-1 to (190 ± 40) × 10-3 s−1 and k3′-5′ (3.7 ± 0.6) × 10–3

s−1 to (46 ± 10) × 10–3 s−1 (see SI Supplementary Tables
S11 and S12). From these data, we find that at low tem-
peratures StpA-CTD accelerates the refolding in both di-
rections up to a factor of ∼2. However, at higher temper-
atures, the effect of StpA-CTD on the corresponding re-
folding kinetics is negligible (Figure 4D). When kinetic data
at various temperatures are translated into transition state
energies, we find in the presence of the chaperone a sub-
stantial decrease of the activation enthalpy �H‡ of the re-
folding by 33 kJ/mol (for 5′-3′ transition) and 46 kJ/mol
(for 3′-5′ transition) (Figure 4E). This decrease implies that
in the presence of StpA-CTD the energy barrier of the re-
folding reaction is reduced and consequently that less en-
ergy is required to disrupt the favorable base-pair interac-
tions in the respective initial conformational state of the re-
folding reaction. In order to exclude that these findings are

only due to molecular crowding through the protein, refold-
ing experiments were conducted in the presence of a non-
proteinaceous crowding agent. The refolding of the bistable
RNAs was probed again by real-time NMR experiments
but now in the presence of 8% (w/v) PEG-8000 at 5◦C and
25◦C (48,49). As verified through analysis of the imino and
aromatic signals in the proton 1D NMR spectra (see SI Sup-
plementary Figure S16) PEG-8000, in comparison to StpA,
is not binding to the caged RNA as well as to the uncaged
RNA. However, at 5◦C PEG-8000 exhibits a minute accel-
erating effect on the refolding by a factor of 1.39 ± 0.39
(k5′-3′ and k3′-5′ ) (see SI Supplementary Tables S13 and S14).
In contrast, StpA shows a significant higher acceleration of
2.17 ± 0.43 (k5′-3′ ) and 2.21 ± 0.44 (k3′-5′ ). The kinetic re-
sults at 25◦C indicate, that the activity of the chaperone is
much more temperature dependent, than the influence of
the molecular crowder PEG-8000 (see SI Supplementary
Table S15). Consequently, the influence of StpA on the ki-
netics of the RNA refolding can not only be explained by
effects of molecular crowing, but must result from addi-
tional molecular interactions that are defining its chaperone
activity.
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Figure 4. (A) 1H NMR spectra of imino protons of the 20 nt RNA alone (left panel) and in complex with three equivalents of the RNA chaperone StpA-
CTD (right panel), (B) caged: O6-(S)-NPE modified guanosine at position G6, uncaged: same samples after photolysis by a laser pulse (� = 355 nm, P = 4
W, t = 1 s) after 30 min of equilibration at 25◦C. (B) (S)-NPE (blue) caged guanosine and cytosine that are not able to base pair because of steric hindrance.
Photolytic cleavage with laser light at 355 nm and subsequent formation of GC base pair. (C) Normalized imino proton signal intensities (U17 3′-fold,
U11 5′-fold) as function of time at 10◦C. k5′-3′RNA = (16.6 ± 6)10–3 s–1, k3′-5′RNA = (3.1 ± 1.2)10–3 s–1, k5′-3′complex = (30.4 ± 5)10–3 s–1, k3′-5′complex =
(4.9 ± 0.9)10–3 s–1. Error represent the standard deviation of the rate constants for individual peaks. (D) Arrhenius plot of k5′-3′ and k3′-5′ for the RNA
(gray) and the RNA chaperone complex (black). Error bars represent the standard deviation of the rate constants for individual peaks E) Activation
enthalpy for the refolding reaction �H‡ for the RNA (gray) and the complex. (black) calculated by with ln(k) = �H‡/(RT) + ln A from the k5′-3′ and k3′-5′
rates. Regarding (D) error bars represent the standard deviation for the mean values of the exchange rates. Regarding (E) error bars represent the error of
the Arrhenius fit. Concentration of the RNA in each experiment c(RNA) = 100 �M.

Base pair stabilities

In order to evaluate the influence of StpA’s interaction on
the local stability of the RNA, the energetic contribution
of each base pair interaction to the refolding reaction and
its modulation through the chaperone, we examined the lo-
cal stability by means of temperature-dependent solvent ex-
change rates (6,50,51) (see SI Figure S18). For these exper-

iments the same set of RNA constructs as utilized for ITC
measurements were used, namely the unmodified 20mer
RNA, the full length trapped conformations (G6-m1G, A2-
DMA) and the truncated hairpins (5′-HP, 3′-HP) (see Fig-
ure 5E). The four additional RNA constructs show only
the expected set of imino signal corresponding to their pre-
dicted secondary structure (SI Supplementary Figure S17).
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Figure 5. (A, C) Plots of base pair stabilities in the 5′- (blue) and 3′-fold (red) by means of dissociation free energy �Gdiss (T = 25◦C) for the different RNAs
constructs, error bars represent the standard deviation, calculated from the confidence interval of kex(T) color code: dark gray unmodified RNA, light gray
G6-m1G/ A2-DMA RNA, white 5′-HP/3′-HP truncated RNA; (B, D) Decrease of base pair stability ��Gdiss for the base pairs in the unmodified RNA
constructs upon complex formation with StpA-CTD, defined as ��Gdiss = �Gdiss(RNA alone) – �Gdiss(RNA in complex with three equivalents of StpA-
CTD). (E) Schematic overview of the different RNA structures of the 5′- and 3′-fold investigated with base pair exchange experiments. (F) Temperature
dependence of the mean destabilization ��Gdiss by StpA-CTD. (blue) Reduction of base pair stability within the 5′-fold, (red) reduction of base pair
stability within the 3′-fold.* The imino signal of the base pair G5-C20 is broadened beyond detection limit for the water exchange experiment, especially
at high temperatures. Concentration of the RNAs given in SI (Supplementary Table S6).

Table 1. �Hdiss, �Sdiss*T, �Gdiss at T = 25◦C for the base pair opening of individual nucleobases within the unmodified 3′-fold and 5′-fold RNA alone
and in complex with three eq. of StpA-CTD. Errors represent the standard deviation, calculated from the confidence interval of kex (T). Concentration of
the RNAs given in SI (Supplementary Table S6)

base pairs �Hdiss (kJ/mol) �Sdiss*T (kJ/mol) �Gdiss (kJ/mol)

RNA Complex RNA Complex RNA Complex

5′-fold C4-G9 16.69 ± 0.11 22.80 ± 4.09 0.00 ± 0.00 8.60 ± 4.49 16.69 ± 0.12 14.21 ± 0.45
C3-G10 93.23 ± 1.59 101.49 ± 9.54 69.80 ± 1.41 82.11 ± 0.48 23.43 ± 0.20 19.38 ± 0.45
A2-U11 35.30 ± 1.12 80.52 ± 12.17 69.06 ± 4.01 68.24 ± 12.40 14.72 ± 0.09 12.28 ± 0.23
G1-C12 35.34 ± 1.18 41.78 ± 7.14 20.53 ± 1.27 30.09 ± 7.64 14.81 ± 0.10 11.69 ± 0.56

3′-fold G10-C15 56.82 ± 2.11 47.86 ± 0.51 35.29 ± 1.90 32.05 ± 0.93 21.53 ± 0.28 15.82 ± 0.39
G9-C16 46.10 ± 2.36 27.48 ± 3.86 24.75 ± 2.14 8.62 ± 3.30 21.35 ± 0.29 18.86 ± 0.60
A8-U17 36.83 ± 0.45 22.52 ± 3.16 20.35 ± 0.54 8.65 ± 3.55 16.49 ± 0.10 13.87 ± 0.27
A7-U18 58.41 ± 0.11 62.44 ± 2.41 39.25 ± 0.21 46.08 ± 2.88 19.15 ± 0.11 16.35 ± 0.36
G6-C19 70.57 ± 0.32 66.50 ± 3.92 48.90 ± 0.19 50.16 ± 4.29 1.67 ± 0.13 16.33 ± 0.36

For all samples the base pair stability was measured as de-
scribed earlier (6,50). For the RNAs alone we observe that
the 3′-fold of the RNA shows a more uniform stability for
all base pairs than the 5′-fold (Figure 5A and C). Within
the stem of the 3′-fold the lowest stability is measured for
the stack of the AU base pairs U17A8 and U18A7. In the 5′-
fold stability decreases towards the helical ends and the base
pair C3G10 with the highest stability resides in the middle of
the helical structure. On average the base pairs in the 3′-folds
are more stable than the ones in the 5′-folds. The addition of
the single stranded overhangs does not change the stabilities
within the hairpin structures significantly. Upon addition
of three equivalents of StpA-CTD to the unmodified RNA
peaks from the loops are broadened beyond detectability.
These are the signals of the imino protons of U11 and G14
from the YNMG-loop capping the 3′-fold and G5 of the
GNRA-loop from the 5′-fold (see SI Supplementary Figure

S17). While all base pairs exhibit a significant reduction of
�Gdiss the overall trend within the helical stems remains the
same (Figure 5B and D, Table 1), from which it can be con-
cluded that in presence of StpA the refolding mechanism
stays the same. On average, the 5′-fold stays less stable than
the 3′-fold. In the 5′-fold the stability of G1 and G10 is re-
duced most, and in the 3′-fold the nucleotides G10 and G6
show the strongest decrease in dissociation energy (see SI
Supplementary Tables S16 – S21). In summary, we find that
StpA-CTD induces a selective destabilization of base pairs
in proximity of the fraying ends and terminal loops in both
conformations (see SI Supplementary Table S22).

DISCUSSION

Generally, refolding of RNAs between stable conforma-
tions can occur on different pathways, dependent on the
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Figure 6. (A) Circular structure plots representing the base pairing interactions in 5′- and 3′-fold in blue and red, respectively, dotted lines represent non
canonical base pairing interactions in the loops. (B) Circular structure plots representing the base pairing interactions in 5′- and 3′-fold in complex with
StpA-CTD, base pairing interactions that are destabilized by more than ��Gdiss

StpA-CTD > 3 kJ/mol are shaded. (C) Energy diagram of the refolding
process for the RNA alone (gray) and in complex with StpA-CTD (black); values of �G‡ (derived from an Eyring analysis), �GITC (derived from ITC
measurements for A2-DMA, G6-m1G) and �G are given for T = 25◦C. (D) Conformational equilibrium of bistable 20mer RNA and binding of StpA
including the rate constants (k5′-3′ and k3′-5′ ) and dissociation constants KD for T = 5◦C.
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exact sequence context. One of the most prevalent mech-
anisms is the refolding through a pseudoknotted transi-
tion state (12,47). The 20 nt bistable RNA examined here
also favors this pathway over a pathway featured by a fully
unfolded transition state. This is highlighted by the fact
that the activation enthalpy corresponds to half of the en-
tire hairpin enthalpy (12). Here, we can now show that the
RNA chaperone StpA-CTD, that is known to bind weakly
and transiently to RNA (28), binds with a KD in the lower
decadic �M range and promotes the refolding reaction
by modulation of the underlying thermodynamics of the
bistable system. Transient complex formation leads to a se-
lective destabilization of base pairs that translates into dif-
ferential destabilization of the ground state conformations.
With increasing temperature, the equilibrium between the
5′-fold and 3′-fold is shifted towards the overall more sta-
ble conformation of the 3′-fold. This is also in line with the
finding that the affinity of StpA for the 3′-fold is slightly
higher than for the 5′-fold. The reason for this behavior
sources in the StpA-CTD dependent modulation of local
base pair stability. The reduction of the base pair stability
is almost temperature-independent for the 3′-fold, whereas
the destabilization within the 5′-fold increases significantly
within the temperature range from 5◦C to 40◦C (Figure 5F).
The selective destabilization of the mutually exclusive base
pairs of the two conformations assists the formation of a
pseudoknotted transition state with five base paring inter-
actions. This is in line with the finding that this RNA pre-
dominantly refolds through such a pseudoknotted confor-
mation and that in the transition state of bistable RNAs
half of the ground state interactions is retained (Figure 6)
(8,12). Based on the modulation of base-pair stabilities and
the fact that StpA has a uniform effect on the chemical
shifts of the RNA, the other refolding mechanisms can be
regarded as insignificant for this bistable system. The selec-
tive destabilization is the first step of the pseudo-knotted
refolding mechanism and leads to an accelerated refolding
as shown in the kinetic results. At low temperatures the re-
folding kinetics of the model RNA are increased by factor
of ∼2 and we could exclude that this is only due to molecu-
lar crowding, but to the specific chaperone activity of StpA.
The 2-fold StpA induced increase in refolding rates is in line
with earlier findings where the RNA chaperone activity was
probed in cis-splicing assays. In these assays the observable
reaction rate was increased by factors of 1.1–1.3 (28) and
1.4 and 5 (52). However, in these assays the ratio of chap-
erone over RNA is 106-fold higher than in the real-time
NMR experiments presented here. In experiments measur-
ing the annealing rate of two single stranded RNAs the ac-
celeration factor for StpA is found to be around 4 (28,53),
however such a reaction does not reflect naturally occurring
refolding reactions, where the opening of pre-folded base
pair interactions represents the time limiting step. In vivo
a plethora of proteins is present that exhibits RNA chap-
erone activity (17,26,54). Their activity on resolving mis-
folded or kinetically trapped RNA conformations could be
shown experimentally. However, in vivo a direct measure-
ment of the chaperone effect on refolding rates is still miss-
ing. Undoubtedly, the ratio of concentration of chaperones
over RNAs exceeds the experimental conditions used here

by far and will therefore lead to a higher absolute refold-
ing speed. For example, per bacterial cell the amount of a
single mRNA is in the order of 1–10 copies, but the pro-
tein StpA is expressed up to ∼10000 copies per cell. Further,
there are also other proteins expressed that harbor chaper-
one activity. Therefore, the two-fold acceleration measured
here for a ratio of three chaperone molecules per RNA rep-
resents the lower limit. Nevertheless, the underlying mech-
anism of StpA’s chaperone activity will not be changed due
to differences in concentrations. Even under in vivo con-
ditions, the reduction of ground state stability will conse-
quently lead to a decrease of activation energy by preparing
the conformations for the refolding reaction. However, as
this effect is temperature-dependent, the acceleration of the
refolding kinetics levels off at higher temperatures. This is
in accordance with earlier observations that StpA rescues
folding and splicing of the wild type td intron significantly
only at lower temperatures (52). Further, RNA chaperones
from the class of cold shock proteins also exert their func-
tion especially at low temperatures as highlighted in studies
of CspA (21,55).

Summarizing, the acceleration of refolding is rather
based on the selective destabilization of base pair interac-
tions in the long-lived ground states as opposed to a stabi-
lization of the transition state. The latter plays if at all only a
minor role, in line with the expectation that the encounter of
StpA-CTD with the short-lived transition state is not pro-
ductive. It remains to be seen, if other RNA chaperones also
act as selective ground state lubricants or act with a yet dif-
ferent mechanism.
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and Schwalbe,H. (2020) Refolding through a linear transition state
enables fast temperature adaptation of a translational riboswitch.
Biochemistry, 59, 1081–1086.

48. Dupuis,N.F., Holmstrom,E.D. and Nesbitt,D.J. (2014)
Molecular-crowding effects on single-molecule RNA
folding/unfolding thermodynamics and kinetics. Proc. Natl. Acad.
Sci., 111, 8464–8469.

49. Kilburn,D., Roh,J.H., Guo,L., Briber,R.M. and Woodson,S.A.
(2010) Molecular crowding stabilizes folded RNA structure by the
excluded volume effect. J. Am. Chem. Soc., 132, 8690–8696.

50. Steinert,H.S., Rinnenthal,J. and Schwalbe,H. (2012) Individual
basepair stability of DNA and RNA studied by NMR-detected
solvent exchange. Biophys. J., 102, 2564–2574.

51. Narberhaus,F., Schwalbe,H. and Wagner,D. (2015) Mechanistic
insights into temperature-dependent regulation of the simple
cyanobacterial hsp17 RNA thermometer at base-pair resolution.
Nucleic Acids Res., 43, 5572–5585.

52. Grossberger,R., Mayer,O., Waldsich,C., Semrad,K., Urschitz,S. and
Schroeder,R. (2005) Influence of RNA structural stability on the



Nucleic Acids Research, 2021, Vol. 49, No. 19 11349

RNA chaperone activity of the Escherichia coli protein StpA. Nucleic
Acids Res., 33, 2280–2289.

53. Rajkowitsch,L. and Schroeder,R. (2007) Coupling RNA annealing
and strand displacement: a FRET-based microplate reader assay for
RNA chaperone activity. BioTechniques, 43, 304–310.

54. Mahen,E.M., Watson,P.Y., Cottrell,J.W. and Fedor,M.J. (2010)
mRNA secondary structures fold sequentially but exchange rapidly in
vivo. PLoS Biol., 8, e1000307.

55. Jiang,W., Hou,Y. and Inouye,M. (1997) CspA, the major cold-shock
protein of Escherichia coli, is an RNA chaperone. J. Biol. Chem., 272,
196–202.


