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ABSTRACT

In prokaryotes, RNA thermometers regulate a
number of heat shock and virulence genes. These
temperature sensitive RNA elements are usually
located in the 5-untranslated regions of the
regulated genes. They repress translation initiation
by base pairing to the Shine-Dalgarno sequence at
low temperatures. We investigated the thermo-
dynamic stability of the temperature labile hairpin
2 of the Salmonella fourU RNA thermometer over
a broad temperature range and determined
free energy, enthalpy and entropy values for the
base-pair opening of individual nucleobases by
measuring the temperature dependence of the
imino proton exchange rates via NMR spectroscopy.
Exchange rates were analyzed for the wild-type (wt)
RNA and the A8C mutant. The wt RNA was found to
be stabilized by the extraordinarily stable G14-C25
base pair. The mismatch base pair in the wt RNA
thermometer (A8-G31) is responsible for the
smaller cooperativity of the unfolding transition in
the wt RNA. Enthalpy and entropy values for the
base-pair opening events exhibit linear correlation
for both RNAs. The slopes of these correlations
coincide with the melting points of the RNAs deter-
mined by CD spectroscopy. RNA unfolding occurs
at a temperature where all nucleobases have equal
thermodynamic stabilities. Our results are in agree-
ment with a consecutive zipper-type unfolding
mechanism in which the stacking interaction
is responsible for the observed cooperativity.
Furthermore, remote effects of the A8C mutation
affecting the stability of nucleobase G14 could be
identified. According to our analysis we deduce

that this effect is most probably transduced via the
hydration shell of the RNA.

INTRODUCTION

Over recent years, a large body of experimental evidence
accumulated revealing the potential of RNAs to regulate
the gene-expression pattern of eukaryotic (1-3) and
prokaryotic organisms (4-6). Regulatory RNAs are
capable of sensing environmental parameters and reacting
thereupon by defined structural rearrangements. The
structural alterations subsequently lead to changes of
gene-expression levels in order to accommodate or react
to altered environmental conditions. RNA sensors
are independent regulatory devices that typically do not
require accessory proteins to be regulatory active.
Riboswitches, for instance, control the expression of a
considerable number of bacterial genes (7-11) by
binding and sensing the concentration of a large variety
of low molecular weight compounds.

RNA thermometers located in the 5'-untranslated
region (5-UTR) of mRNAs have the ability to sense tem-
perature. At low temperatures, they render the Shine-
Dalgarno (SD) sequence inaccessible and thereby prevent
translation initiation. At higher temperatures, partial
unfolding of the secondary structure librates the
ribosome-binding site and translation initiation can
occur (12,13).

ROSE (repression of heat shock gene expression)-like
RNA thermometers typically consist of several stem loops
and control the expression of small heat shock genes in
o- and vy-proteobacteria (13-15). The relevant helix
blocking the SD sequence is temperature-labile because
of unusual non-canonical base pairing interactions (16).
Another class, the fourU RNA thermometers has been
shown to induce the expression of the small heat shock
protein AgsA in Salmonella at elevated temperatures (17).
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It is comprised of 4 adjacent uridine nucleotides which
base pair with the SD sequence (5-AGGAG-3’) at low
temperatures.

Besides naturally occurring RNA thermometers, artifi-
cially engineered RNA thermometers have proven to be
fully functional (18,19). These reductionist RNA elements
are simply composed of a temperature-labile RNA helix
blocking the SD sequence at low temperatures. These syn-
thetic RNA thermosensors provided evidence that
blocking of the SD sequence by base pairing is a sufficient
requirement to influence the gene expression of a down-
stream gene.

Previous experiments on RNA thermometers have left
several key questions open: Which regulatory require-
ments do RNA thermometers have to fulfill to adjust
the gene expression exactly to the needs of the prokaryotic
cell? Which parameters are crucial for tuning the dynamic
characteristics of the RNA thermometer? An RNA ther-
mometer can be specified by the temperature region
in which gene induction is desired and the strength of
induction of the gene product under control. Some
RNA thermometers might regulate gene expression very
strongly upon small changes in temperature thereby acting
as binary on/off switches. RNA thermometers can,
however, also modulate gene-expression levels rather
smoothly over a wide temperature range comparable to
a dimmer. These properties are determined by the
temperature-dependent stability of the RNA helix and
the cooperativity of the unfolding transition.

Here, we used nuclear magnetic resonance (NMR) spec-
troscopy to investigate the temperature-dependent stabil-
ity of the Salmonella fourU RNA thermometer and the
cooperativity of its unfolding transition by characterizing
the exchange rates of imino hydrogens with the solvent
water. These rates provide information on nucleobase
stabilities since imino hydrogens participating in hydrogen
bonds to other nucleobases are protected from exchange
with the solvent (20,21).

In the past, several studies determined base-pair life-
times of nucleobases by analyzing the dependence of
imino exchange rates of nucleobases in RNA (22-28), in
tRNA (27), in DNA (22,29-33) and in RNA-DNA
hybrids (34-36) on the catalyst concentration. However,
the temperature dependence of imino proton exchange
rates in RNA molecules has not been analyzed until now.

In this work, we analyze the temperature dependence
of the imino proton exchange rates of individual
nucleobases within the temperature-responsive second
helix of the fourU RNA thermometer. We measured the
imino proton exchange rates under EX2 conditions which
makes time consuming catalyst titrations dispensable
(further discussion in ‘Materials and methods’ section,
Imino proton exchange analysis). Applying this
approach to the fourU RNA thermometer, it was
possible to deduce atom-resolved information on the
base-pair stabilities and dissect entropy and enthalpy con-
tributions of the base-pair opening events (Figure 1A).
We performed this analysis on the fourU-hairpin2-wt
(4U-hp2-wt) RNA (Figure 1B) and the fourU-hairpin2-
A8C-mutant (4U-hp2-A8C-mutant) RNA (Figure 1C)
and compared the obtained data to circular dichroism
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Figure 1. (A) Energy diagram describing the imino proton exchange
process from the nucleobase in the closed (base paired) conformation
to the water. (B) Secondary structure of the 4U-hp2-wt RNA
(C) Secondary structure of the 4U-hp2-A8C-mutant RNA. The A8C
mutant corresponds to the A29C mutant of the full-length RNA (17).

(CD) unfolding curves of these two RNAs. By comparing
nucleobase stabilities of both RNAs, crucial factors
influencing entire helical stability could be identified.
Furthermore, from the comparison of the temperature
dependence of the base-pair stabilities with the CD
melting curves general principles determining the
unfolding process of RNA molecules could be deduced.

MATERIALS AND METHODS
NMR spectroscopy

NMR measurements were performed on 600, 800and
900 MHz Bruker NMR spectrometers equipped with
Smm cryogenic HCN z-gradient probes. The spectra
were recorded and processed using the Bruker TopSpin
2.0/2.1 software. The processed spectra were converted
to the UCSF file format and analyzed with Sparky 3.1.1.3.

Resonance assignment

NOESY: For the assignment of the imino resonances
of the ""N-labeled 4U-hp2-wt RNA as well as for the
4U-hp2-A8C mutant RNA 2D-'H Soft Watergate
NOESY (37,38) experiments with a mixing time of
T, = 150ms were recorded at a temperature of 283 K.
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Proton hard pulses were applied at 7.5 ppm prior to the
mixing time and at the water frequency (4.7 ppm) during
and after the mixing time. During 7, evolution, a >N 180°
hard pulse was apPIied in order to decouple the '°N res-
onances from the "H resonances. The offset of this pulse
was set to 121 ppm. The rf field strength was set to
7.4kHz. During acquisition of the FID GARP4 (39)
broadband decoupling was applied on the >N channel
with an rf field strength of 2000 Hz. The '°N carrier fre-
quency was set to 152 ppm. Spectra were recorded with
spectral widths of 15ppm in the indirect dimension and
24ppm in the direct dimension. 1024 increments were
recorded in the #; dimension and 4096 points in the 2,
dimension. Each increment was recorded with 64 scans
for the 4U-hp2-wt RNA and with 128 scans for the
4U-hp2-A8C-mut RNA. The recycling delay was set
to 1.7s. For the 4U-hp2-wt RNA a "N edited
3D-NOESY-HSQC (40) with a Soft Watergate water
suppression  (38) (Bruker pulse program library
na_noesyhsqcf3gpwg3d) was recorded at a temperature
of 10°C and a magnetic field strength of 900 MHz in
order to resolve assignment ambiguities in the 'H
dimension.

BN-HSOC. ""N-HSQCs were recorded at 600, 800and
900 MHz using a standard pulse sequence (41) (Topspin
2.1 pulse program library: fhsqcf3gpph) with a Hard
Watergate pulse train for the water suppression (42).
Spectra were recorded with a spectral width of 26 ppm
in the '’N dimension and 24 ppm in the 'H dimension.

HNN-COSY. The HNN-COSY experiments were
recorded at magnetic field strengths of 600 and 800 MHz
at temperatures of 10 or 20°C. The experiments were set
up as described previously (43).

Inversion recovery experiments

Inversion recovery experiments were performed using
a modified '>N HSQC pulse program element with a
Hard Watergate pulse train for the water suppression.
The inversion recovery pulse program clement (44) was
placed in front of the 'SN-HSQC pulse program
element. The inversion recovery module consists of a
180° RE-BURP soft pulse applied on the water frequency,
followed by a variable mixing delay t,,,. During this delay
bipolar gradients were applied in z-direction in order
to suppress radiation damping of the water signal.
The strengths of the bipolar gradients were set to 5%.
One hundred percent gradient strength corresponds to
55Gauss/cm. For 71, delays shorter than 300ms, a
second 180° RE-BURP soft pulse was applied on the
water frequency directly before the 'N-HSQC pulse
program element in order to achieve a better water sup-
pression. The experiment was recorded as a pseudo-3D for
various temperatures between 5 and 50°C. At each tem-
perature, between 18 and 22 different 7, delays were
recorded. The 7, delays lie between 2ms and 4s. The
recycling delay was set to 6s. Two scans were used for
each increment. Totally 120 increments were recorded in
the >N dimension and 2048 points in the 'H dimension.

RNA preparation

>N-labeled RNA oligonucleotides were synthesized
bsy in vitro transcription with T7 polymerase using
>N-labeled nucleotides purchased from  Silantes
(Munich, Germany). Linearized plasmid DNA was
utilized as template for the RNA polymerization. The
RNA was purified as described previously (45).
Subsequently, the RNA was desalted using Vivaspin 20
concentrators with a molecular weight cutoff (MWCO)
of 3000Da from Sartorius stedim biotech (Aubagne
Cedex, France). Refolding of the RNA was achieved by
denaturing for 10 min at a concentration of 0.25mM and
a temperature of 95°C followed by 20-fold dilution
with ice-cold water and subsequent incubation at 0°C
for another 30min. The RNA was concentrated and
exchanged to NMR buffer wusing Vivaspin 20
concentrators (MWCO = 3000 Da). The correct folding
of the RNA was verified by native polyacrylamide gel
electrophoresis. The final NMR sample of the
SN-labeled 4U-hp2-wt (fourU-hairpin2-wildtype)
RNA contained 0.7mM RNA, 15mM K. H,PO, (pH
6.5), 25mM KCl, 90% H,O and 10% D,O. The final
NMR sample of the '"N-labeled 4U-hp2-A8C-mutant
RNA contained 1.1mM RNA, 15mM K.H,PO, (pH
6.5), 25mM KCl, 90% H,0 and 10% D,O.

Native gel electrophoresis

The 5x loading buffer was composed of 87% glycerole,
0.1% (w/v) xylene cyanole FF and 0.1% (w/v)
bromophenol blue. The 1x running buffer contained
50mM Tris—acatate and 50 mM sodium phosphate (pH
8.3). The gel was cast using 15% acrylamide with an
acrylamide:bisacrylamide ratio of 37.5:1. Running condi-
tions were set as follows: U=70V, P<0.5W for 4h,
water cooling to prevent heating. The gel was stained
with ethidium bromide.

CD spectroscopy

CD spectra were recorded with a JASCO spectropo-
larimeter J-810. Acquisition parameters were set as
follows: spectral width 300-200nm, scanning speed
50nm/min, bandwidth 2nm, temperature 10°C. RNA
concentration was adjusted to 25 uM. Buffer conditions:
15 mM K, H,(PO,), 25mM KCI, pH 6.5. CD melting
curves were recorded with a temperature slope of
1°C/min at a wavelength of 258nm between 10 and
90°C. CD-refolding curves were recorded with a
temperature slope of —1°C/min starting from 90 to 10°C.
The CD melting curves were fitted according to Hill’s
equation:

aT?

f(T):W

(1)
where T, is the melting temperature of the RNA, a the
amplitude, T the temperature and b the Hill coefficient.
The Hill coefficient is a measure for the cooperativity of
the RNA unfolding transition. High Hill coefficients
go together with sharp unfolding transitions while
low Hill coefficients indicate a gradual transition from



the folded to the unfolded conformation. The CD melt-
ing curves were normalized and fitted according to
Equation (1).

Imino proton exchange rate analysis

Pseudo 3D Inversion recovery spectra were analyzed
with Sparky 3.1.1.3. The intensities of the imino sig-
nals of each 2D-'H-'N-slide were plotted against the
inversion recovery delay t, and fitted to the following
Equation (2):

L(t) 1

1,(0)

— < 1\1(0) _ 1>k [exp(_Rln X ‘Cm) - exp(_le X ‘Cm)]
\< 1,(0) > . [—Riy + Ryl

2

I,(t,) represents the intensity of the imino proton at time
point t,,, whereas [,(0) represents the intensity of the
imino proton at time point z,, = 0. 7,(0) corresponds to
the intensity of the water signal normalized to the number
of water protons within the sample and <I7,(0)> corre-
sponds to the intensity of an individual imino proton
species at time point 7,, = 0 normalized to the number
of protons of that species within the NMR sample.
Assuming that the 180° RE-BURP pulse completely
inverts the water magnetization and leaves the imino mag-
netization in z orientation, /,,(0)/<7,(0)> can be set to —1.
Ry, corresponds to the R; relaxation rate of the water
signal, R;, corresponds to the R; relaxation rate of the
imino protons and k. represents the exchange rate
between the imino protons and the bulk water. The data
points were fitted by Equation (2), while Ry,, R;,, and ke
were allowed to adjust freely.

Imino protons of nucleobases in RNA oligonucleotides
are protected from chemical exchange with the bulk water
as long as they are hydrogen-bonded. Usually this is the
case, if nucleobases are located within an RNA double-
helix. However, the nucleobases undergo base-pair
opening events, even when the helix is stable. As long as
the nucleobase resides in the open conformation the imino
proton is no longer hydrogen bonded and chemical
exchange with the bulk solvent H,O can occur. Most
often, exchange with water is catalyzed by other com-
pounds within the buffer solution. In general, every
compound which has the capability to accept protons
can act as catalyst of the proton exchange reaction. In
particular, buffer substances including TRIS, HEPES,
MES and phosphate can act as exchange catalyst. Since
the NMR buffer we use contains 15mM K. H,PO,4 (pH
6.5) the exchange rate is predominantly determined by and
proportional to the concentration of the HPOﬁ_ ions.

In order to estimate the imino proton exchange rate
kex.open 11 the open conformation, the exchange rates of
model compounds that resemble the open conformation
kex,utp(cTP) have to be measured in NMR buffer in
a temperature dependent way. For this purpose the depen-
dence of the imino exchange rates on temperature
kex.utpTr)(T) Was determined for UTP and GTP NMR
samples (sample composition: Supplementary Data,
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‘Materials and Methods’ section, Determination of
mononucleotide imino proton exchange rates). This tem-
perature dependence can be interpreted in terms of the
Eyring formalism according to:

1
/
kex,open = O‘kex,UTP(GTP) =« 7
ex,UTP(GTP)

kBT —AGTR
=a— 3
a— exp( RT ) ©)]
_ kT (TASTR — AHTR)

n RT

AGtr, AStr and AHtg represent parameters describing
the transition state of the imino proton exchange process
between the imino group and HyO. ki yrpgrp)represents
the diffusion corrected exchange rate of the mono-
nucleotide. Differences in accessibility between the imino
proton of the mononucleotide and the imino proton of the
nucleobase within the RNA oligonucleotide are expressed
by the factor @ which was assumed to be temperature
independent and close to unity (o = 1) (22).

The exchange process is diffusion controlled. Since UTP
and GTP are much smaller than a large RNA molecule,
the exchange rates of UTP and GTP have to be corrected
by the following formula to account for the difference in
diffusion coefficients of RNA and mononucleotide to be
applicable to RNA (31):

/ (14 /M. Mrna)
Kevutrate) = KesU TG (e
C

where M. is the molecular mass of the catalyst, in this case
HPOﬁ_ (M. = 80 Da); Mgrna the molecular mass of the
RNA; and Myrpre) the molecular mass of UTP or GTP.

Considering the base-pair opening event, two extreme
sub cases can be distinguished. In the first sub case (EX1
conditions), proton exchange in the open state key open 18
so fast that every time the base pair opens proton
exchange to the water will occur. In this case, the kinetic
of the exchange process can be described by the following
reaction scheme:

)

Kex.open

ki
Closed — Open Water 5)

In the second sub case (EX2 conditions), the kex open rate
constant is sufficiently slow so that the base pair has to
open and close many times on average until proton
exchange takes place. If this assumption holds true, equi-
librium between the open and the closed state of the base
pair can be assumed:

Kdr\'\' ke,\‘,UﬁM
Closed —— Open —— Water (6)

In the latter case, the rate constant k. for the proton
exchange reaction can be simplified as follows (20):

1 1
T + Tex,open(l + (I/Kdiss)) B (Tex,open(l + (I/Kdiss))
(7

kex -
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where 7, is the base-pair lifetime; Tex open the exchange
time of the open state and Ky the equilibrium constant
for base-pair opening.

In this work we adjusted the catalyst concentration
(HPO,)> such that imino proton exchange is proportional
to the buffer concentration [Figure 1 in (20)] and in the
EX2 regime so that Equation (7) can be applied. The equi-
librium dissociation constant Ky describing the base-pair
opening event can be expressed in terms of the Gibbs
energy AGyiss by

AGdiss
RT

Kaiss = €Xp <_ (8)

and the exchange time in the open state ey open Can be
described in analogy to the Eyring formalism by

T, = —1 = Lex AGTR 9
ex,open — kex,open - kBT p RT

By insertion of Equation (8) and Equation (9) into
Equation (7) an expression for the proton exchange rate
kex can be obtained

o — (kpT/h) exp(—AGTR/(RT))
“ (1 + exp(AGaiss/(RT)))

Substituting AGy;s and AGtr in Equation (10) by the
corresponding Gibbs—Helmholtz equations

(10)

AGdiss = AHgiss — TASdiss (11)

AGTR = AHTR — TASTR (12)

results in Equation (13) which represents an expression
describing the dependence of k., on temperature 7, the
enthalpy and entropy differences AHgyis and ASgiss of
the closed versus the open state of the nucleobase and
the enthalpy and entropy values characterizing the transi-
tion state of the proton exchange reaction in the open state
of the nucleobase AHtr and AStr as derived from the
exchange measurements performed on UTP and GTP
samples.

e — (ks T/h) exp(—(AHTR — TASTR)/(RT))
7 (1 +exp((AHgiss — TASaiss)/(RT)))

In terms of sensitivity the inversion recovery method is
superior to other available methods to determine proton
exchange rates. However, the inversion recovery method is
prone to artefacts caused by dipolar cross-relaxation.
These effects might result in overestimated exchange
rates since magnetization transfer caused by cross relax-
ation is neglected during the analysis.

However, temperature dependence of the exchange
rates allows us to dissect the artefacts from the pure
proton exchange rates. This is due to the fact that cross
relaxation effects for large macromolecules show either no
or slightly negative temperature dependence. In contrast,
the pure exchange rates exhibit strong positive tempera-
ture dependence. Therefore, it is reasonable to introduce a

13)

parameter d into Equation (14) which accounts for cross
polarization effects.

kex(T) == kex,c(T) + d(T)

. (kB T/h) CXp(—(AHTR - TASTR)/(RT))
B (1 + exp((AHyiss — TAS4iss)/(RT)))

+d(T)
(14)

Equation (14) is used to fit the temperature dependence
of the apparent imino exchange rates k¢ (7) from
nucleobases within an RNA oligonucleotide. T is the tem-
perature in Kelvin, ke o(7) is the corrected imino proton
exchange rate without NOE contributions, / is the Planck
constant and kg is the Boltzmann constant. AHrr and
AStr describe the transition state of the imino proton
transition from the nucleobase in the open state to the
water. These parameters were determined experimentally
as described in detail in the Supplementary Data. For
uridines  the values were determined to be
AHTR = 38.79 £ 0.64 kJ/mOl and TASTR = -
14.57 £ 1.34kJ/mol at T = 293.15K. For guanosines the
values were determined to be AHtr =38.58 + 0.54 kJ/mol
and TAStr =-14.65 £ 1.14kJ/mol at T = 293.15K.
A Hyg;ss and ASy; are the enthalpy and entropy differences
between the closed and the open conformation of the
nucleobase within the RNA. AHg, ASqis and d are
adjusted in order to minimize the deviation between
fitting curve and data points. AGy;s(7) can be calculated
according to the Gibbs—Helmholtz equation (Equation
11). For larger molecules NOE contributions which are
represented by the parameter d in Equation (14) depend
on the spectral density at zero frequency J(0) which in turn
is proportional to the global rotational correlation time ..
The temperature dependence of . can be calculated using
the temperature dependence of the solvent viscosity which
is known. Hence, the temperature dependence of the
parameter d(7) can be calculated, if one assumes that no
larger structural changes of the RNA occur upon changes
in temperature. We assumed the parameter d to be
constant over the observed temperature range for the
kex(T) analysis of the wildtype (wt) and the mutant
RNA which is sufficient to describe the k.. (7) dependence
of these RNAs. However, there might be cases (other
RNAs) in which the temperature dependence of ¢ may
become significant e.g. for larger RNA molecules that
show stronger NOEs as a consequence of a longer
rotational correlation time t. or if the melting is less
cooperative so that the observed temperature range
becomes larger. In these cases, Equation (15) can be
used to incorporate the temperature dependence of d in
Equation (14).

d(T) = d(283 K) x [a x exp(—b x (T — 273.1 K))

s)
+c¢ x exp(—f x (T —273.1 K))]

Parameters have to be set as follows:
a = 0.8230; b = 0.0505; ¢ = 0.5725; = 0.0129.



Equation (15) was derived in the Supplementary Data
(‘Materials and methods’ section, Theoretically derived
temperature dependence of the NOE contributions).

We have treated A Hg;ss and ASy;ss as being temperature-
independent and argue that this assumption is justified for
the following reasons. An eventual A Hy;(7) dependence
would imply a corresponding ASgiss(7) dependence
because of the universal AHg(ASgiss) correlation
(Figure 6A and B). If an eventual AHy;(7) dependence
would be large enough to be quantified, it would lead to a
significant deviation of the k., (7)) curve, which could not be
fitted by essentially two parameters plus a dipolar offset
anymore. Thus, as long as Equation (14) is sufficient
to describe the observed k.x(7) dependence, AHg;ss and
ASjgiss can be considered to be constant.

RESULTS AND DISCUSSION
NMR assignments

Using 2D NMR experiments, the NMR resonances of the
imino hydrogens could be assigned (Figure 2). The imino
region observed in the H,N correlation experiment of the
4U-hp2-wt RNA is well resolved and most of the peaks
have similar line widths and intensities with the exception
of the imino signal of G30 that is broader and weaker
(Figure 2A and B). In close proximity to this signal, a
couple of other small not assignable signals are present
that might belong to additional G30 subpopulations.
The resonances of G27 and G28 are not resolved.
Upfield of the "N resonance of Gl4, four smaller
signals are present that belong to G3 and are due to
conformational heterogeneity of either the 5'-end or the
3’-end. The assignment of the NMR signals is consistent
with the secondary structure reported by Waldminghaus
et al. (17) on the basis of in silico m-fold prediction in
combination with enzymatic probing experiments. The
A7-U32 base pair next to the AG mismatch as well as
the loop closing base pair U17-A22 do not give rise to
any observable imino signals. Thus, these base pairs are
either not present or exhibit a reduced stability.

Similar to the wt RNA, the imino region of the 'H,
N-HSQC of the 4U-hp2-A8C-mutant RNA exhibits
well resolved and sharp signals of equal size and intensity
that could be assigned unambiguously. In contrast to the
wt RNA, the G31 nucleobase is base paired in the mutant
RNA.

Thus, it is possible to assign an imino signal to the G31
in the spectra of the mutant RNA. Remarkably, the signal
of the adjacent nucleobase U32 becomes observable in the
spectra of the ASC mutant. In line with this observation,
the nucleotide G30 is also stabilized by the newly
introduced C8-G31 base pair which results in a smaller
and sharper imino signal of the G30 nucleobase. In
summary, the C8—G31 base pair in the mutant RNA sta-
bilizes the neighboring base pairs C9-G30 and A7-U32.
This stabilizing effect explains the repressed phenotype of
the corresponding mutant in vivo (17). The imino proton
chemical shifts of the wt RNA and the mutant RNA are
given in Supplementary Table S1.
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Exchange rates and their temperature dependence
determined by NMR

The imino proton exchange rates k., were measured for
both RNAs using the inversion recovery method
(‘Materials and Methods’ section: inversion recovery
experiments). Figure 3A and B show exemplarily 2D
slices from the pseudo-3D-inversion recovery experiment
recorded at a temperature of 20°C on the wt RNA sample.
At short mixing time t,, (2ms), all imino signals had equal
sign while for longer mixing times (75 ms) negative signals
were observed for rapidly exchanging imino signals. The
data points were fitted remarkably well according to
Equation (2) to extract the imino exchange rates of the
individual nucleobases (Figure 3C). The minimum of the
curve becomes deeper and is shifted towards smaller t,,
values with increasing imino proton exchange rates key.
The k. values of the individual nucleobases exhibit char-
acteristic temperature dependency. For each particular
nucleobase, the temperature dependence of the exchange
rate ke, was fitted to Equation (14) (Figure 3D: solid lines)
in order to obtain information about the base-pair
stabilities within the RNA helix. Table 1 (wt RNA) and
Table 2 (mutant RNA) contain the resulting
thermodynamic parameters AGyiss, AHgiss and ASy;ss for
the individual base-pair opening events.

For some nucleobases, we observed deviations of k.(7T)
from Equation (14) at higher temperatures. However, the
correct interpretation of these data is difficult. One
possible interpretation would be that these effects are
caused by temperature-induced changes in the native
state of the RNA fold. Another interpretation would be
that cooperative effects accelerate the exchange rate at
higher temperatures. In other words, the assumption
that the base-pair opening events are uncorrelated might
be no longer valid at temperatures near the melting point
of the RNA molecule. That deviations are due to changes
of the open state is unlikely but cannot be excluded. In
principle, these effects could also be examined by the
method we propose. However, more data points would
be needed to fit the k..(7) dependence to a more compli-
cated model. For that reason only nucleobases for which a
temperature dependence of AHgs and ASg; could be
excluded were analyzed. Deviations from Equation (14)
observed at high temperatures for some nucleobases
were not analyzed here.

Thermodynamic stability of the individual nucleobases

Figure 4 summarizes the information on base-pair
stabilities of the two RNAs. The diagram on the right
hand side of Figure 4A shows the AGgs, AHgs and
ASq4is*T energies determined for each nucleobase
belonging to an observable imino signal. The values rep-
resent the differences between the closed (base paired) and
the open states. Remarkably, the A Hy;, and ASg;e* T are
strongly correlated. A Hg;s values range from 44.61 kJ/mol
(U23) to 294.62 kJ/mol (G14). These large values in A H g
and ASy*T are of the same order and compensate each
other almost entirely. This compensation leads to AGg;ss
values that are one order of magnitude smaller and
range from 9.60kJ/mol (G33) to 28.61kJ/mol (Gl14).
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Figure 2. (A) Imino region of a 'H-'"H-NOESY spectrum recorded on a 4U-hp2-wt RNA sample with a mixing time T}, of 150ms. Two separate
sequential walks are indicated with blue (U4-G6) and green (G30-U23) lines. Assignment labels of cross and diagonal peaks are shown in black.
(B) HNN-COSY spectrum recorded on the 4U-hp2-wt RNA. Additionally, the secondary structure of the 4U-hp2-wt RNA is illustrated within the
spectrum. Diagonal peaks are given in orange, cross peaks in blue. The corresponding cross and diagonal peaks are connected by dotted lines.
(C) Imino region of a 'H-"H-NOESY spectrum recorded on a 4U-hp2-A8C-mutant RNA sample with a mixing time 7}, of 150 ms. Sequential walk
is indicated in blue. Assignment labels of cross and diagonal peaks are shown in black. (D) HNN-COSY spectrum recorded on the
4U-hp2-A8C-mutant RNA. Additionally, the secondary structure of the 4U-hp2-A8C mutant RNA is illustrated within the spectrum. Diagonal
peaks are given in orange, cross peaks in blue. The corresponding cross and diagonal peaks are connected by dotted lines.

The resulting AGy;ss values are correlated to the AH ;g
and ASgi*7T values. Comparison of AGy;s values with
the secondary structure of the wt RNA reveals that G14
is much more stable than all other nucleobases and
involved in key interactions holding the hairpin together.

For the mutant RNA, the AHyg;, and ASy;*T values
are also strongly correlated (Figure 4B). This correlation
of AHg and ASg*T values leads to a much smaller

spread in the AGy; values. G14, G30 and G31, which
participate in GC base pairs, are the most stable
nucleobases in the mutant. Nucleobases U5 and U4
which are close to the bottom of the helix stem and U17
which is located next to the closing base pair of the loop
are unstable. AHg; values in the mutant RNA span a
broad range from 11.08 kJ/mol (US5) to 291.97 kJ/mol
(G31). The differences in AGg;s values are less
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Figure 3. '"H-'>N-2D-slice of the Uracil imino resonances of the '*N-edited inversion recovery experiment recorded on a 4U-hp2-wt RNA sample (A)
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as solid lines. (D) Temperature dependence of the imino proton exchange rates ke, of U24 (red diamonds), U13 (yellow squares) and G27/G28 (blue
triangles). The corresponding fits according to Equation (14) are indicated as solid lines.

Table 1. AHgiss, ASqisss T¥ASqiss (T = 20°C) and AGyiss (T = 20°C) for the base pair opening of individual nucleobases within the 4U-hp2-wt

RNA

4U'hP2'Wt AI—Idiss AAFldiss ASdiss AASdiss AGdiss AAGdiss TASdiss TAASdiss
[kJ/mol] [kJ/mol] [J/(mol*K)] [J/(mol*K)] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

[T = 20°C] [T = 20°C] [T = 20°C] [T = 20°C]

U23 44.61 5.34 117 18 10.33 0.21 34.29 5.28

U24 116.02 2.86 339 9 16.74 0.24 99.36 2.64

Gl4 294.62 39.80 908 129 28.61 3.12 266.13 37.81

ul3 77.06 5.12 220 17 12.46 0.17 64.48 4.98

uUl2 57.82 1.44 155 5 12.31 0.06 45.43 1.47

G27/G28 87.92 3.45 251 11 14.35 0.14 73.57 3.22

Ull 89.03 5.35 255 18 14.25 0.14 74.74 5.28

ul10 123.04 10.05 358 33 18.04 0.40 104.93 9.67

G30 113.18 14.01 328 46 16.91 0.78 96.14 13.48

G31 - - - - — - - -

u32 - - - — — — - -

U33 68.55 5.02 201 17 9.60 0.20 5891 4.98

Go6 50.84 5.59 131 19 12.55 0.18 38.40 5.57

us - - - — — — - -

U4 - - - - - - - -

AAHgiss, AASqiss, T¥AAS4iss (T = 20°C) and AAGg;ss (T = 20°C) represent the experimental errors, respectively.

pronounced and range from 10.3 kJ/mol (US5) to 39.51kJ/
mol (G31). The GC base pairs in A-form helical RNA are
significantly more stable than AU and GU base pairs. The
values reported here are on the same scale as AGg;ss values
reported by Huang er al. (36) at 10°C for DNA-RNA
hybrids but span a broader range which might be due to
deviations from A-form helical structure in the hairpin 2
of the fourU RNA thermometer. In addition, Chen et al.
(26) determined A Gy values at 10°C for the Sarcin-Ricin
Domain (SRD) RNA to lay in between 11.97 and
44.26kJ/mol. The base-pair stabilities determined

previously on RNA hairpins and RNA-DNA hybrids
are in agreement with our results.

Figure 4C and D compare AH s, ASqiss* T and AG gss
values, respectively, of the RNAs. The nucleobases
between U23 and U10 exhibit similar behavior, in other
words enthalpy values of wt and mutant are correlated as
well as the entropy values of both RNAs (Figure 4C).
Surprisingly, the magnitudes of the AHg and the
ASqiss* T values are higher in the wt than in the mutant
RNA. This observation does, however, not result in higher
AGy;ss values in the wt RNA (Figure 4D). The higher



3842 Nucleic Acids Research, 2010, Vol. 38, No. 11

Table 2. AHgiss, ASgisss T¥ASqiss (T'=20°C) and AGgyss (T = 20°C) for the base pair opening of individual nucleobases within the
4U-hp2-A8C-mutant RNA

4U—hp2—A8C—mutant AHdiss AAHdiss ASdiss AASdiss AGdiss AAGdiSS TASdiSS TAASdiss
[kJ/mol]  [kJ/mol] [J/mol*K)]  [J/mol*K)]  [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]
[T=20°C] [T=20°C] [T=20°C] [T=20°C]
U23 32.44 5.43 75 18 10.56 0.20 21.98 5.28
U24 83.54 1.84 226 6 17.17 0.44 66.24 1.76
Gl4 265.33 11.10 775 34 38.04 0.86 227.15 9.97
Ul3 34.01 1.81 74 6 12.250 0.15 21.69 1.76
Ul2 31.45 1.44 65 5 12.50 0.21 19.05 1.47
G27/G28 70.66 7.04 182 22 17.20 1.20 53.34 6.45
Ull 54.26 1.00 132 3 15.60 0.09 38.69 0.88
ulo 93.41 6.66 249 21 20.38 5.34 72.98 6.16
G30 167.94 10.20 476 32 28.53 1.68 139.52 9.38
G31 291.97 4.42 861 14 39.51 2.77 252.36 4.10
u32 73.24 2.12 199 7 14.98 0.14 58.33 2.05
u33 75.85 1.34 206 4 15.47 0.10 60.38 1.17
Go6 89.98 5.01 251 16 15.59 0.38 73.57 4.69
us 11.08 1.34 3 5 10.30 0.20 0.88 1.47
U4 21.99 2.36 36 8 11.92 0.35 10.55 2.34

AAHgiss, AASqiss, T*AASgiss (T =20°C) and AAGyiss (T = 20°C) represent the experimental errors, respectively.
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Figure 4. (A) Left: free energy representation for the base-pair opening events for the imino resonances belonging to a particular nucleobase of the
4U-hp2-wt-RNA. Red color corresponds to low stability of the closed state with respect to the open state while blue indicates high stability of the
closed state in comparison to the open state. Right: diagram representation showing the AGis(20°C), AHygiss, and ASgi*T(20°C) values for
the base-pair opening of individual nucleobases of the 4U-hp2-wt RNA (B) Same representation as in (A) for the 4U-hp2-A8C-mutant RNA.
(C) Diagram comparing the AHgs and ASyiss*7(20°C) values of the 4U-hp2-wt RNA and the 4U-hp2-A8C-mutant RNA. AHg and
AS4iss*T(20°C) values are plotted on different scales. 4U-hp2-wt: AHg (yellow squares), ASg*7T at T=20°C (red triangles).
4U-hp2-A8C-mutant: AHg; (green circles), ASg*7T at 7 =20°C (blue diamonds). (D) Diagram comparing the AGgis(20°C) values of the
4U-hp2-wt RNA (red triangles) and the 4U-hp2-A8C-mutant RNA (blue diamonds).
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Figure 5. (A) AGyiss(T) for the base-pair opening event of individual nucleobases in the 4U-hp2-wt RNA. AGyis(7) values are derived from the
corresponding A Hgis and ASg;ss values according to the Gibbs—Helmholtz equation (Equation 11) and are extrapolated to higher temperatures.
Additionally, the melting point T}, of the 4U-hp2-wt-RNA according to the CD melting curve is indicated. (B) The CD melting curve of the
4U-hp2-wt RNA recorded at a wavelength of 258 nm is depicted as red line. Second derivative of the CD melting curve is shown as blue line. (C)
Same representation as (A) but for the 4U-hp2-A8C-mutant RNA (D) Same representation as (B) but for the 4U-hp2-A8C-mutant RNA.

stabilizing enthalpy contributions in the wt RNA are
overcompensated by unfavorable entropy contributions.
Major differences in both RNAs appear next to the
A8-G31 mismatch which is substituted by a C8-G31
base pair in the mutant. In particular, G30 in the wt
RNA exhibits a reduced stability in comparison to the
mutant RNA which is most probably due to a
destabilizing neighboring effect of the A8—G31 mismatch
in the wt RNA (Figure 4D). This effect is caused by
smaller AHg values which are not completely
compensated by smaller ASy*7 values resulting in
greatly diminished AGg;s values for the wt RNA in com-
parison to the mutant RNA. In line with this observation,
U32 does not give rise to an observable imino signal in the
wt but in the mutant RNA, which indicates reduced sta-
bility of the A7-U32 base pair in the wt caused by the
neighboring A8—G31 mismatch. Finally, the nucleobases
of the following G6-U33 base pair also reveal reduced
stability in the wt RNA. Taken together, the reduced sta-
bility of the wt RNA is caused by the A8—G31 mismatch,
which further destabilizes the neighboring base pairing
interactions. The G14—C25 base pairing interaction is
significantly less stable in the wt than in the mutant
RNA. Although the exact mechanism is not apparent, it
is tempting to speculate that this is due to remote effects
that are caused by the A8—G31 mismatch and transduced
through the A-form helix up to the G14—C25 base pair to
permit melting of the structure at physiological growth
temperatures.

The unfolding transition of the RNA thermometer

Unfolding of the wt RNA (Figure 5B) and the mutant
RNA (Figure 5D) was analyzed by CD spectroscopy.
The CD melting curves indicate a melting point 7y, of
41.1°C and 53.5°C for wt RNA and mutant RNA, respec-
tively. From the obtained A Hg;ss and ASg;s values for the
individual base-pair opening processes, AGy;s values can
be calculated according to the Gibbs—Helmholtz equation
[Equation (11)]. These calculated AGg;ss values can be
extrapolated to temperatures above the melting tempera-
ture. The AGy;(7) dependence was calculated for wt
RNA (Figure 5A) and mutant RNA (Figure 5C) for indi-
vidual nucleobases. Strikingly, the AGy;s(7) curves for the
individual nucleobases exhibit an intersection point which
exactly coincides with the T, values derived from the CD
melting curves. This observation holds true for the wt
(Figure 5SA and B) as well as for the mutant RNA
(Figure 5C and D). The data indicate that the RNA
molecule is not unfolding until all nucleotides have
approximately the same AGy; stabilities (Figure SA and
C). Thus, even single stable base pairing interactions such
as G14-C25 are able to prevent the RNA helix from
unfolding. This observation raises the question on the
extent of cooperativity of the unfolding transition.
Cooperativity of global unfolding processes can be
determined from CD melting curves which exhibit a pro-
nounced sigmoidal shape. Thus, the normalized CD curve
of the wt RNA can be fitted to Equation (1) with a Hill
coefficient b = 10.6, while the CD curve of the mutant
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RNA results in a Hill coefficient of » = 18.6. The A8-G31
mismatch in the wt RNA dramatically reduces the
cooperativity of the unfolding transition. In general,
mismatches or bulges reduce the cooperativity of the
unfolding transition of an RNA helix while the melting
point increases with an increasing GC content. During
evolution, mismatches or bulges as well as GC content
might be tuned in a way to find the right balance
between on/off switch and dimmer-like temperature
dependent induction of gene expression. For example,
for a physiologically required melting temperature, a
long helix comprised of AU or GU base pairs without
mismatch would exhibit a switch-like temperature charac-
teristic while a shorter helix with a high GC-content and
additional mismatches would result in a dimmer-like tem-
perature response.

According to the study of Searle and Williams (46) the
free energy of helix unfolding AGy;x can be approxi-
mated by Equation (16)

AGhelix ~ AI'Istacking - TASrotation (16)

AHg,cking 1s the stacking enthalpy and ASiouiion repre-
sents the entropy loss due to rotational restriction
mainly of the phosphodiester backbone upon secondary
structure formation. At the melting point 77, the loss in
stacking interaction is exactly compensated by the gain of
rotational freedom so that both conformations have equal
stability (AGpeix = 0). Considering the unfolding of
a helix consisting of ‘n’ base pairs (2n nucleobases),
complete unfolding is accompanied with the loss of 2n —
2’ stacking interactions, which is approximately one
stacking interaction enthalpy per nucleobase involved.

We argue that during the uncorrelated base-pair
opening the backbone stays in its A-form helical
geometry for the following reasons: a distorted backbone
geometry would destabilize the neighboring base pairs.
This distortion is the likely reason why other backbone
geometries are thermodynamically unfavourable. In
addition, there are also kinetic reasons why changes in
backbone conformation are unable to occur. Lifetimes
of the open state are usually in the range of Topen = 1-
10ns (22). Changes in backbone conformation have been
reported to be on the timescale of tens of nanoseconds for
ss dinucleotides in the stacked conformation (47) and are
supposed to be even slower in a ds RNA molecule (47). In
other words, the nucleobase is already back in the closed
conformation before a conformational change of the
backbone can occur. Therefore, we argue that the
entropic contribution of rotation to the uncorrelated
base-pair opening 1S ASiotation ~0, leaving only the
stacking interaction AGgucking a5 predominant solute—
solute interaction, which in turn is determined by
enthalpic interactions AGgacking & A Htacking-

Although the exact nature of the exchange competent
state is unclear, some properties of this state are known.
The imino proton has to be directly accessible to the
catalyst. In this study, phosphate was used as a catalyst
but also substances that are much more bulky e.g. TRIS,
triethanolamine or imidazole have been shown to catalyze
the exchange of the imino protons in RNA very efficiently

(20). Thus, the imino protons have to be exposed to
the surface of the RNA in the open state, which can
only be explained with a considerable dislocation of the
nucleobase into the major groove. This dislocation most
probably destroys the stacking interactions to the neigh-
boring nucleobases but at least weakens them consider-
ably. Thus, we propose that for the uncorrelated
base-pair opening in an A-form ds RNA, two stacking
interactions are lost or extremely weakened
(A2A Hggacking), While during the global unfolding pro-
cess only one stacking interaction per base is lost
(% A Hstacking) .

Notably, the intersection point (Figure 5A and C) is at
AGqiss(T) values of ~10kJ/mol. In other words, at the
melting point T;, the open state of the uncorrelated
base-pair opening is less stable than the closed state.
Intuitively, one would expect equal stabilities for the
open and the closed state at the melting point. This
apparent contradiction can be resolved by taking the
stacking interaction of the nucleobases into account. The
uncorrelated base-pair opening observed at lower temper-
atures is accompanied with the loss of approximately two
stacking interactions (as discussed above). However, the
situation is different if one considers the cooperative
unfolding process of the RNA hairpin. If the neighboring
nucleobase resides in the open conformation the closed
conformation is destabilized due to the missing stacking
interaction. Thus, base-pair opening in this inter-
mediate state is accompanied with the loss of only a
single stacking interaction. Accordingly, the stacking
interactions between the nucleobases within an RNA
helix cause the observed cooperativity of a global consec-
utive zipper-type unfolding process (48).

Former studies performed on single stranded RNA
and DNA oligonucleotides including poly(A), poly(C)
and poly (dA) yield AHgpcking values between 33 and
39kJ/mol (46,49). These values are compensated by
ASgtacking Values between 31.3 and 39.6J/(molK). In
mixed-sequence DNA oligomers, however, the mean
stacking enthalpy per nucleobase is reduced to AHgacking
9.5-10.2kJ/mol and the mean stacking entropy ASgicking
is reduced to 9.1-10.1J/(molK) (46,50). Entropy loss
upon stacking is caused by loss of rotational freedom of
the sugar-phosphate backbone in the single stranded
oligonucleotide.

If one assumes that upon base-pair opening the sugar
phosphate backbone of an RNA double strand resides
in the A-form conformation (as discussed above), the
entropy term ASg,cking between open and closed confor-
mation becomes close to zero. In this case, AGgucking 1S
dominated by AHgacking and therefore quantifies to ~9.5~
10.2 kJ/mol. Thus, we conclude that the ordinate intercept
at the intersection point (Figure 5A and C) indicates the
mean free stacking energy per base, AGgiss(Tm)~
AGstacking% AHstackinga which is ~10 kJ/mol

Enthalpy—entropy correlations and implications

Figure 6A and B shows the enthalpy—entropy correlations
for the base-pair-opening events for wt RNA and mutant
RNA, respectively. Apparently, A Hg;es and ASy;s reveal a
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correlation for the base-pair opening event of individual nucleobases in the 4U-hp2-A8C-mutant RNA. (C) Free energy—entropy correlation for the
base-pair opening event of individual nucleobases in the 4U-hp2-wt RNA. (D) Free energy—entropy correlation for the base-pair opening event of
individual nucleobases in the 4U-hp2-A8C-mutant RNA. Plots were fitted according to the linear equation f'= yo + mx. Linear fitting results are

illustrated within the figures.

strictly linear correlation in both RNAs. It can be shown
that the observed AHg;i(ASyiss) correlations are not an
artifact due to error compensation (51). A statistical test
is provided in the Supplementary Data. In addition,
AGq4is and AHyg;e values are also correlated linearly in
both RNAs, although this correlation is not as strict
(Figure 6C and D). The correlation plots (Figure 6C and
D) are presented for a temperature of 20°C. The slope
of the correlation is dependent on the temperature
and becomes zero at T = m, as can be derived from
Equation (17).

Correlation of AHgis and ASgiss has some important
implications. In particular, it leads to the following
equation

AGgiss = (m - T)ASdiss+y0 (17)

where m is the slope of the AHyg;ss and A Sy correlation
(Figure 6A and B), T is the temperature and y, is the
ordinate intercept. It follows from this equation that at
the temperature 7 = m due to the correlation between
AH g and ASg, all AGy;s values have the same value
equal to yy (Figure SA and C). A comparison with the
corresponding CD melting curves reveals that this temper-
ature is very similar to the melting temperature of the RNA
(Figure 5B and D). For the wt RNA, the slope is
m=316£21K and the melting temperature is
Twm=3143K and for the mutant RNA,
m=329.6+ 1.5K and T, =326.7K. Linear AH jg
(ASgiss) correlations have been reported previously for
base-pair opening events in DNA duplexes (52,53). Chen
et al. determined a slope of m = 306 K for the linear A H g;¢s
and A Sy correlation on a 12mer duplex DNA.

Enthalpy—entropy compensation (EEC) is a well-known
principle which occurs in a variety of chemical and bio-
chemical reactions (54). In addition, the characteristic that
enthalpy and entropy are correlated linearly is a feature
which has been described for many systems, among
others for the unfolding of proteins and nucleic acids
(55). It is commonly assumed that the linear correlation
is a ubiquitous property of water and that the slope of
the correlation is determined by solvation contributions
while the ordinate intercept contains interactions other
than those with H>O (54). Accordingly, the ordinate inter-
cept of the AHg;ss (ASqiss) correlations can be interpreted
as the mean stacking free energy per nucleobase. We can
write AGdiss (Tm)%AGstackingf'\v“AHstacking%yO (as dis-
cussed above). With 8.33 £ 0.75kJ/mol (wt RNA) and
9.29 £ 0.51kJ/mol (mutant RNA), the y, values fit
remarkably well to the AGsuckine energies derived from
RNA unfolding studies (46).

In general, the open state of a nucleobase exhibits a
higher entropy and a lower enthalpy than the base-paired
state. Interestingly, this effect is much more pronounced
for GC base pairs than for AU base pairs. In fact, such
high enthalpy and entropy values can only be explained by
solvation effects. Base-pair opening seems to release highly
ordered water molecules from the major groove, thereby
increasing the entropy and reducing the enthalpy of the
solvent.

The importance of solvent—solute interactions for RNA
folding has been investigated in previous studies.
Auffinger and Westhof (56) performed MD simulations
at 5, 25 and 37°C and investigated the residence times
of the water molecules in the first hydration shell.
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They found that the number of water molecules in the
first hydration shell reduces from 22 (5°C) to 17 (37°C)
while the residence times reduce from 1ns (5°C) to 0.5ns
(37°C). At the same time, the RNA fold remains almost
unchanged.

Figure 5A and C show the AGy;s(7T) dependence which
is influenced by solute—solvent interactions. We refer to
Rufus et al. (54) who provided evidence that the slope of
the AHgiss(ASgiss) correlation is determined by solute—
solvent interactions while the ordinate intercept contains
solute—solute interactions. According to Equation (17),
the solute—solvent interactions stabilize the closed confor-
mation of the nucleobase. This stabilization can be
explained by thermodynamically favourable AHyg;s con-
tributions that overweigh the unfavourable 745y contri-
butions at low temperatures. This stabilizing effect on
AGy;ss decreases linearly until it vanishes completely at
T = m. At this temperature, the stabilizing A Hy;s contri-
butions and destabilizing 7'4Sg;s contributions cancel
each other.

In agreement with Auffinger and Westhof (56), who
detected a change in the RNA-solvent interaction before
melting of the RNA, we observed a weakening of the
RNA-solvent interaction before melting of the RNA
strand by looking at the AGy(7) dependence. This
weakening is found to be already present at low tempera-
tures and is linearly correlated with the temperature.
We found that the investigated RNAs melt when the
stabilizing RNA-solvent interaction has vanished
completely. In other words, melting of the water in the
hydration shell is a prerequisite for the melting of the
RNA.

At the point 7 = m, hydration of the RNA has neither
stabilizing nor destabilizing effects. Thus, at 7= m the
stability of the RNA is determined by interactions
within the RNA (solute—solute interactions). These inter-
actions are dominated by the stacking interactions
A H g cking between neighboring nucleobases. As discussed
above, these stacking interactions are responsible for the
cooperativity of the unfolding transition, especially in
cases where other relevant interactions including the
RNA-solvent interaction cancel (at T = m).

Interestingly, the A8C point mutation changes the slope
of the linear A Hy;(ASqiss) correlation. As a consequence,
all other nucleotides within the RNA helix experience the
changes in the slope and change their AHg;s and ASgigs
values according to the altered A H g;ss( ASgiss) correlation.
Thus, these remote effects like the reduced stability of
G14-C25 in the wt in comparison to the mutant RNA
have to be transduced by the hydration shell of the
RNA, if one assumes that the slope is determined by
solvation effects.

Using a combination of NMR spectroscopy and CD
spectroscopy it was possible to describe the temperature
dependent characteristics of the temperature labile second
helix of the Salmonella FourU RNA thermometer and its
corresponding temperature stable A8C mutant. Deter-
mination of the individual base-pair stabilities of the two
investigated RNA oligonucleotides at lower temperatures
allows the prediction of their melting points at higher tem-
peratures. Our results are consistent with the in vivo

phenotypes of the wt and the mutant RNA (17). We
could show that the temperature dependent behavior of
the two RNAs relies on basic biophysical principles which
determine RNA helical stability in aqueous solutions in
general. Linear A Hg;s(ASy;ss) correlations are the reason,
why base pairs have equal stabilities at a defined temper-
ature (7= m) which is identical to the slope of the corre-
sponding A Hg;(ASgiss) correlation. This temperature
coincides with the melting temperature since the global
unfolding of an RNA helix is a cooperative process for
which equal stability of the base pairs within the helix is a
prerequisite.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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