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CONSPECTUS

A mong the three major classes of biomacromolecules (DNA, RNA, and proteins) RNA's pronounced dynamics are the most
explicitly linked to its wide variety of functions, which include catalysis and the regulation of transcription, translation, and
splicing. These functions are mediated by a range of RNA biomachinery, including such varied examples as macromolecular
noncoding RNAs, microRNAs, small interfering RNAs, riboswitch RNAs, and RNA thermometers. In each case, the functional
dynamics of an interconversion is characterized by an associated rate constant. In this Account, we provide an introduction to NMR
spectroscopic characterization of the landscape of RNA dynamics. We introduce strategies for measuring NMR parameters at
various time scales as well as the underlying models for describing the corresponding rate constants.

RNA exhibits significant dynamic motion, which can be modulated by (i) intermolecular interactions, induding specific and nonspecific
binding of ions (such as Mg>" and tertiary amines), (i) metabolites in riboswitches or RNA aptamers, and (iii) macromolecular
interactions within ribonudeic protein partides, induding the ribosome and the spliceosome. Our understanding of the nature of these
dynamic changes in RNA targets is now being incorporated into RNA-specific approaches in the design of RNA inhibitors. Interactions of
RNA with proteins, other RNASs, or small molecules often occur through binding mechanisms that follow an induced fit mechanism or a
conformational selection mechanism, in which one of several populated RNA conformations is selected through ligand binding.

The extent of functional dynamics, including the kinetic formation of a specific RNA tertiary fold, is dependent on the messenger
RNA (mRNA) chain length. Thus, during de novo synthesis of mRNA, both in prokaryotes and eukaryotes, nascent mRNA of various
lengths will adopt different secondary and tertiary structures. The speed of transcription has a critical influence on the functional
dynamics of the RNA being synthesized.

In addition to modulating the local dynamics of a conformational RNA ensemble, a given RNA sequence may adopt more than one
global, three-dimensional structure. RNA modification is one way to select among these alternative structures, which are often
characterized by nearly equal stability, but with high energy barriers for conformational interconversion. The refolding of different
secondary and tertiary structures has been found to be a major regulatory mechanism for transcription and translation. These
conformational transitions can be characterized with NMR spectroscopy, for any given RNA sequence, in response to external stimuli.

Introduction characterize conformational dynamics at atomic resolution
Among all the biophysical methods, nuclear magnetic reso- over time scales ranging from picoseconds to seconds. Recent
nance (NMR) spectroscopy stands out in its ability to progress is now paving the way toward performing NMR
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FIGURE 1. Time scales of different dynamic processes in RNA (above) and corresponding NMR methods for their investigation (middle). (Below)
Transitions of different RNA conformations occur on different dynamic time scales dependent on the energy barrier AG* that has to be overcome.
Some of these conformations are binding competent to a special ligand while others are not.

experiments on RNAs in situ to further determine the influence
of intracellular factors on the structure and dynamics of RNAs.
Depending on the time scale of the dynamic processes under
investigation, specific NMR spectroscopic techniques are ap-
plied to obtain spatially resolved information (Figure 1). In the
following sections, we describe the application of NMR spec-
troscopy in light of the rate constants of the respective dynamic
transitions and provide a link to discuss the associated under-
lying biochemical functions of RNA.

Fast Dynamics: Bond Librations and Angular
Fluctuations on Time Scales of Picoseconds to
Nanoseconds

NMR spectroscopy is able to detect dynamics arising from
internal motions that are faster than the global rotational
correlation time 7. (order, 1—40 ns; size-dependent) of the

RNA. Information on fast dynamics is obtained from analysis
of spin—Ilattice (R;) and spin—spin (R) relaxation rates and
the heteronuclear nuclear Overhauser effects (NOEs) of '3C,
>N, and 3'P nudlei. In the case of RNA, solvent exchange-
protected imino protons involved in base-paiting are acces-
sible to relaxation analysis.? By characterizing the relaxation
of C6—H6 (pyrimidines), C8—H8 (purines), and C1'—HT1’ sites,
non-base-paired nucleotides like those in noncanonical
regions of RNA can also be monitored. Among others, the
UTA-binding RNA domain in the free and protein-bound
form,>* various transactivation-response element (TAR)
RNA ligand complexes,>® Smaug recognition element
(SRE)-RNA in the free form and complexed with its protein
binding partner VTS1p-SAM,” and cUUCGg tetraloop 14mer
RNA®® have been studied. Internal motions such as bond
vibrations and librations are interpreted using an approach
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FIGURE 2. Fast time scale dynamics of the cUUCGg tetraloop 14mer RNA. (A) Secondary structure. (B, C) S order parameters for nucleobases (B) and
ribose moieties (C) extracted from '3C relaxation data and MD trajectories. (D) SZ order parameters for the phosphodiester backbone extracted from
3Tp relaxation data measured using a perdeuterated 14mer sample. (E) Three-dimensional representation highlighting the dynamic link between p4

and p13 mediated by the C3-G12 base pair.

termed “model-free formalism”.'°® The Lipari—Szabo order
parameter SZs describes the extent of internal motion, which
becomes more pronounced the more SZ deviates from
unity (0 < S& < 1). For Sis = 1, motion of the bond vector
arises solely from the overall rotational tumbling of the RNA.
Akke et al. performed this type of analysis at 273 K on the
N—H imino groups of the stem nucleobases of a 14mer RNA
containing a cUUCGg tetraloop.? For essentially the same
14mer RNA (Figure 2A), '3C relaxation data were analyzed
for the C6—H6 (pyrimidines) and C8—H8 (purines) bond
vectors of the nucleobases (Figure 2B) and the C1'—H1’
bond vectors of the sugar moieties (Figure 2C) at 298,2° 317, and
325 K2 At 298 K, S% values for the stem were found to be
0.92—1. The terminal nucleobase C14 (S = 0.87) and the
loop nudeobases U7 (S& = 0.68) and C8 (Ss = 0.83) were
more flexible. The loop nucleobases U6 (S% = 0.92) and G9
(S% = 0.95), which are involved in wobble base paiting, were
more rigid than the loop nucleobases U7 and C8. The order
parameters of the C1’—H1’ bond vectors of the sugar moi-
eties exhibited smaller variations at 298 K and ranged from
0.84 to 0.94. The Sfs values for the sugars and nucleobases
were in agreement with order parameters extracted from
molecular dynamics (MD) simulations.’

An interesting link between NMR-detected fast dynamics
and chemical probing experiments has been reported for
nucleotide-specific selective 2'-hydroxyl acylation analyzed
by primer extension (SHAPE) chemistry.'" Interestingly,
SHAPE reactivity is correlated with the SZs parameters of
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the C1’—H1’ bond vectors in TAR (Pearson correlation coef-
ficientR=0.78), UTA (R=0.89), and T-SL4 RNA (R=0.73), but
not with solvent accessibility. Thus, SHAPE provides a valu-
able tool for mapping conformational dynamics, particularly
for large RNAs, and NMR data contribute important insights
for understanding the mechanistic aspects of SHAPE.

For the cUUCGg tetraloop RNA, fast phosphodiester back-
bone dynamics have been analyzed using 'P relaxation.'?
Prior to this report, information was lacking due to restricted
31p chemical shift dispersion and because dipolar '"H—3'P
relaxation depends on a number of remote 'H atoms,
requiring detailed knowledge of the structure of the phos-
phodiester backbone. However, using perdeuterated RNA,
the 3'P chemical shift anisotropy (CSA) is the only remaining
nudlear relaxation mechanism. A model-free analysis on the
basis of R; and R, 3'P relaxation data (Figure 2D) results in
Sgs values with substantial variation (0.66—0.86), with loop
phosphates exhibiting higher flexibility than stem phos-
phates. Importantly, the order parameters of the phosphates
on the 3’ end of a nucleotide are linked via base pairing
(Figure 2E).

Fast Exchange: Conformational Dynamics with
Rate Constants between 10 2and 10 %8s’

In NMR, dynamic molecular motions slower than the overall
rotational correlation time, in the range of nanoseconds to
milliseconds, are typically called fast exchange. Several con-
formations with different chemical shifts give rise to a single
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FIGURE 3. Decoupling of different motional modes in TAR RNA by domain elongation. (A) NMR invisible domain elongation of the loop-modified
TARRNA by AU (X=A; Y =U) or GC (X =G; Y = () base pairs. (B) Interhelical domain motions lead to coupled changes in the principal axis of the
rotational diffusion tensor. (C) The principal axis of the rotational diffusion tensor becomes insensitive to interdomain motions due to elongation of
domain I. (D) The three TAR RNA conformations representing a structural ensemble based on the RDC fit.

NMR signal if conformational exchange is fast on the NMR
time scale. Such fast chemical shift fluctuations can be
characterized by various NMR methods, most frequently
Carr—Purcell-Meiboom—Gill (CPMG), Ry, or ARuq mea-
surements. In CPMG measurements, a dependence of the R,
rate on the length of the spin—echo indicates fast chemical
exchange.”®>" " In most cases, a two-state conformational
model is assumed for data analysis. From the dependence
of the R, rates on the strength of the CPMCG field, the exchange
rate, the chemical shift difference between the two states, and
their populations can be extracted. This method is suitable for
determining chemical exchange over the range of 10°—~10*
Hz. In R;, measurements, relaxation is analyzed under the
influence of a constant spin-lock rf field.'® By varying the
strength and offset of the spin-lock rf field, exchange rates,
populations, and chemical shift differences of the populated
states can be obtained.>'>'> The R, method is appropriate
for investigating chemical exchange over the range of
10°-10° Hz.

RNA/DNA fast exchange phenomena have been char-
acterized using Ry, or CPMG methods or a combination of
both. Johnson et al. investigated the dynamic properties of

a cGCAAg tetraloop 15mer RNA'” that was selectively
3C-labeled in the C2' and C4' positions of the sugar
moieties, allowing dynamic analysis at two atomic sites
per nucleotide. Chemical exchange was observed through-
out the tetraloop with exchange rates (key) of 20—40 kHz
and chemical shift changes of 0.5—4 ppm. Strikingly, the
exchange rates of the C2" and C4' resonances of the same
sugar moiety as well as their temperature dependences
were identical within the margin of error. This strongly
suggests that the C2’ and C4’ of a sugar moiety are
reporters of the same dynamic process that has been
ascribed to a two-state sugar pucker interconversion, likely
between the C3'- and C2’-endo conformations. Moreover,
there was an indication of concerted conformational dy-
namics for the apical loop residues C6 and A7 and for the
nucleotides G5 and A8. However, the possibility of inter-
nucleotide clustering of very similar exchange rates be-
longing to separate motional processes arising from simple
coincidence cannot be rigorously excluded. This study
exemplifies that detailed relaxation dispersion analysis of
several spin-probes per nucleotide has the potential to
identify and separate different motional modes as well as
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concerted motions spanning two or even more nucleotides
of one RNA.

Kloiber et al.'® performed Kinetic analysis of bistable
RNAs under equilibrium conditions. Beside detailed analysis
of two-state exchange by longitudinal exchange analysis,
faster kinetics of one of the RNAs under investigation were
analyzed by CPMG measurements at two different magnetic
fields (500 and 800 MHz). The CPMG curves could be fitted
according to a two-state model. The fit according to this
model resulted in rate constants of 593 + 133 (460 + 268) s~
for the two conformations. In addition, the chemical
shift difference between the exchanging states is around
0.45 ppm (at an excited state population of 1%) and
0.8 ppm (at equimolar populations) for both conformers.
Each conformation of the same RNA exhibits two addi-
tional exchange mechanisms on a slower time scale
(2.70-3.79 Hz) that can be analyzed by longitudinal re-
laxation analysis.

The TAR RNA of HIV-1 has been subjected to extensive
NMR dynamic characterization by the Al-Hashimi group.'®
Helix elongation of the TAR RNA (Figure 3A) allows separa-
tion of local fluctuations and helix-domain motions from
overall global motions (Figure 3B, C), because the global
correlation time is increased to allow separation of these
different dynamics. The TAR RNA is divided into a stem
(domain I, Figure 3A) and a loop domain (domain II, Figure
3A) that are connected by a flexible three-nucleotide bulge.
Zhang et al.'? identified fast fluctuations with amplitudes of
§?=0.79—0.89 (unrestricted = 0 < $? < 1 =restricted), with
the loop domain exhibiting slightly lower values than the
stem domain. Through helix elongation, a second, slow
motional mode could be identified for residues in the loop
domain. Slow motions with amplitudes of $2=0.68-0.76
and correlation times of 7,=1.5—1.9 ns were detected in the
loop domain, but were absent in the stem domain. This
observation provides strong evidence that the slow motion
represents helix reorientation, with the three-nucleotide
bulge serving as a flexible hinge between the loop domain
and the stem domain. This slow motional mode disap-
peared in the presence of the bulge-binding TAR ligand
argininamide (ARG), consistent with the flexible hinge region
becoming locked into a single conformation.

Another important method for investigating fast ex-
change is analysis of residual dipolar couplings (RDCs).
Although in isotropic solution dipolar couplings average to
zero, they are partially reintroduced in the presence of special
alignment media; for RNA, phages are the preferred align-
ment medium. The size of an RDC measured in solution is
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scaled by the magnitude of dynamics faster than the inverse
of the RDC. If the structure of a macromolecule is known,
S&pc order parameters can be obtained by analysis of the
RDCs. By comparing S and Sipc information can be ob-
tained about dynamic processes between 10" and 108 Hz
while the inequality S3pc < St always applies.® Analysis of
the (Si — Sipo difference is the only NMR spectroscopic
method able to detect dynamics on a time scale of 10°—
1 08 HZ.1 9,21,22

An order tensor analysis based on RDCs has been pet-
formed for the TAR RNA of HIV-1, wherein large-amplitude
helix motions were observed. Order tensor analysis deter-
mined values of (Sapd'’? = vi Oof ~0.46,23 which were
considerably lower than those detected by spin relaxation
[(5259)"% ~ 0.79]."° This difference in amplitude can be
assigned to supra-z, motions at 10°-10® Hz. Slower
motional modes (10'—10° Hz) can be excluded, since line
broadening, which would reveal those slower dynamics,
was not observed. The obtained RDCs can be fitted by a
model assuming at least three different interhelical confor-
mations (Figure 3D).>3 Strikingly, helical twisting and bend-
ing motions appeared to be highly correlated. The twisting
motions of domain I (@angle y) and domain Il (angle a) and the
bending motions (angle ) between domain | and domain Il
were linearly correlated in three-dimensional angular (Euler)
space (o, 3, y).

To determine whether ligand binding to TAR RNA
occurs via an induced fit or a conformational capture me-
chanism, binding studies have been performed with several
different ligands. The induced fit model predicts a struc-
tural accommodation of the binding interface upon ligand
encounter; the bound conformation is not present in the
state representing free RNA. In contrast, the conforma-
tional capture model predicts an ensemble of many differ-
ent conformations present in the free form. Depending
on the specific ligand, one of these preexisting, but poten-
tially low-populated structures is captured in the RNA-ligand
complex.

Remarkably, structures of seven different TAR-ligand
complexes traced a linear trajectory in three-dimensional
Euler space that was very similar to the trajectory derived
from the RDC dynamics of free TAR. This observation
provides strong support for the conformational capture
model, wherein the ligand binds a particular tertiary TAR
structure existing in the ensemble of free TAR structures,
thereby locking the RNA in one specific conformation. Each
ligand might therefore bind to a different tertiary structure
that is sampled in the conformational ensemble of the free



TAR. This is in agreement with the lack of RDC dynamics in
the EI-TAR-ARG complex [(Sapd'’? = vint Of ~1.09 + 0.08].
Similar observations have been made for other RNA—ligand
complexes®* as well as in the protein field.??

Intermediate Exchange: Conformational
Dynamics in the Millisecond Time Regime
Characteristic of Nonspecific Interactions

Chemical or conformational exchange processes in the
millisecond range change the line shapes of NMR signals.
Analysis of signals with line shape perturbations provides
information about underlying exchange mechanisms. Cur-
rently, there are few reports on this phenomenon in RNA.
We, therefore, refer the reader to protein examples for
further study.'3>

Slow Exchange: Conformational Dynamics
under 15"

Cross signals in nuclear Overhauser effect spectroscopy
(NOESY) and rotating frame nuclear Overhauser effect spec-
troscopy (ROESY) can arise from spatial proximity of two
different nuclei or from the slow exchange process of a single
spin.® For biomacromolecules, these two cases cannot
be distinguished in NOESY spectra. However, in ROESY
experiments, exchange signals have a different sign than
ROE signals and can be identified unambiguously.

Using a specific mixing time scheme comprising rapidly
alternating NOE and ROE time periods, NOE/ROE cross peaks
can be suppressed such that the residual cross peaks unam-
biguously originate from underlying ['H—"H] ZZ-exchange
mechanisms.?”?8 ['"H-"H| ZZ-exchange spectroscopy has
been applied to investigate the ligand-binding Kinetics of a
theophylline-binding RNA aptamer.?® This in-vitro-selected
RNA aptamer requires Mg>" (10 mM) for tight theophylline
binding (Kp ~300 nM). In the absence of divalent metal ions,
the Kp increases to ~7 mM at 25 °C. Thus, by choosing certain
concentrations (0.8 mM RNA and 6.4 mM theophylline),
nearly equal populations of the RNA—ligand complex and
free RNA can be obtained. ZZ-Exchange measurements have
been performed at various theophylline concentrations.
The folding rates (k¢ followed a pseudo-first-order kinetic
scheme in which k¢ = kon[theophyllinelsee with ko = 600 +
57 M~ ' s~ '.In contrast, kor=1.5 + 0.3 s~ ' was determined to
be concentration-independent, as expected based on the
mass action law model. Thus, RNA folding was directly
coupled to ligand binding,.

Another method for investigating slow exchange
processes is to conduct ZZ-exchange measurements for
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nudlei with low gyromagnetic ratios (e.g, '°N).>° Because
the NOE for these nudlei is small, cross signals almost
exclusively occur due to exchange processes. However,
exchange rates significantly smaller than the R, rates of
these signals cannot be detected. Thus, using ZZ-exchange
methods, exchange processes between 0.2 and 100 Hz can
be observed.?”' Through preparation of singlet states,
the T, relaxation time can be increased considerably
(15-50 s), so that even slower exchange processes
become observable.?? This method is important in closing
the gap between ZZ-exchange and conventional Kinetic
experiments.

Characterizing the Kinetics of Conforma-
tional Transitions Between Static Conforma-
tional States with Rate Constants of >10 s’
By performing NMR experiments in a fast and sequential
manner, conformational transitions or reactions with Kinetic
rate constants <10 s~ ' can be observed. For fast kinetics, the
NMR signal-to-noise ratio may be limiting, so that this time
resolution can be achieved only in favorable cases with high
sample concentrations and high spectral quality.33~3° In such
kineticexperiments, the time dependence of the product and/
or educt signal intensity (f) is recorded. Assignment of respec-
tive NMR resonances is a prerequisite for interpretation of
Kinetic time traces. Thus, these states must be separately
accessible to perform NMR assignment experiments.

Compared to the methods described above, kinetic mea-
surements are performed under nonequilibrium conditions.
Hence, kinetic measurements allow observation of Kinetic
processes even with extremely exergonic reactions, which
is not possible with equilibrium methods. The ability to
control initiation of the reaction is essential for Kkinetic
measurements. Reactions can be triggered through rapid
mixing of two solutions or by sudden release of a specific
compound.®® The release of “caged” compounds can be
achieved photochemically by high light intensity irradiation
of a sample (Figure 4).3° 3% Such methods are suited for
kinetic examination of protein and RNA folding as well as
protein—ligand and RNA—ligand interactions.

For example, physiologically relevant Kinetic processes
of RNA folding on the order of seconds can be observed
in riboswitch RNAs. These RNA motifs are localized in the
5-UTR and modulate gene expression upon binding of
small metabolites. Structural reorganization of complex
tertiary folds upon ligand binding causes the release (on-
switch) or sequestration (off-switch) of the Shine—Dalgarno
(SD) sequence in translation-regulating riboswitches. In
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FIGURE 4. Photoprotecting strategies for defined initiation of RNA folding. (A) The Watson—Crick side of certain nucleotides in the RNA can be

masked by photolabile groups [here: 1-(2-nitrophenyl)ethyl]. (B) The reactivity exerted by the 2’-OH group of the RNA, as in the case of ribozymes, can
be protected to prevent premature execution of the chemical step. (C) Ligands inducing the folding of aptamers, as in riboswitches, can be protected in
a manner that prevents binding. (D) Metal ions such as Ca®* or Mg that induce RNA folding by stabilizing tertiary interactions can be caged using
photolabile EDTA-like compounds (here: dimethoxy-nitrophen). (E) Folding of RNA can also be triggered by changing the pH value within the sample

(here: OH™ release by malachite green carbinol base).

transcription-regulating riboswitches, ligand binding causes
formation of a terminator (off-switch) or antiterminator (on-
switch) helix, leading to further transcription of mRNA or
premature transcription termination. However, if the RNA
polymerase successfully passes the point at which transcrip-
tion termination can occur, the complete mRNA is tran-
scribed independent of the folding of the riboswitch motif.
Thus, the terminator hairpin must form within a certain
period to induce transcription termination. Therefore, a de-
tailed description of folding trajectories as well as the rate-
determining factors of riboswitch folding is necessary for
understanding the in vivo regulatory signal.

The guanine-sensing riboswitch of the xpt-pbuX operon
belongs to the class of transcriptional off-switches. Time-
resolved NMR spectroscopic studies on the ligand-induced
folding kinetics of the guanine riboswitch aptamer domain
(GSR?") have been performed.?” In this study, the folding
reaction was triggered by light-induced release of hypox-
anthine from a photocaged precursor. A combination of
selective RNA isotope labeling and NMR x-filter techniques
yielded sufficient spectral and temporal resolution for Kinetic
analysis of individual RNA imino resonances, thereby pro-
viding site-resolved information on GSR®" folding. Interest-
ingly, individual folding rates clustered into two classes.
Nucleotides of the ligand-binding core and the ligand itself
exhibited half-lives (t; ») of 18.9—23.6 s. In addition, a slower
process (1,2 =27.1-30.7 s) was observed for nucleotides in
helix P2 and the long-range tertiary loop—loop region (L2
and L3) of the RNA. Moreover, line-broadening effects were
observed for the signals of low-affinity ligands (e.g., adenine
binding to GSR®) in the presence of GSR®", but not in
the presence of a similar GSR construct lacking part of the
core domain and the P1 helix. Thus, the core domain and/or
the P1 helix were determined to be involved in nonspecific
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ligand binding on a fast time scale. The fast nonspecific
formation of this encounter complex may precede a slow
(~20 s) specific ligand-binding step associated with folding
of the ligand-binding core, which further promotes forma-
tion of the loop—loop interaction (~30 s).

To further dissect how preformation and stabilization of
tertiary structural elements as well as conformational het-
erogeneity in the ligand-free form of the riboswitch RNA
influences RNA folding trajectories, a G37A/C61U mutant
(GSR'°°P) of the guanine-sensing riboswitch aptamer domain
was investigated. In contrast to GSR®" RNA, for which the
loop—loop interaction is already present in the ligand-free
RNA conformation, the formation of the tertiary loop—Iloop
interaction in GSR'°°P is absent in the free form, but it
can be restored upon addition of Mg*" ions at ratios of
[Mg>"]/[RNA] > 20. Interestingly, the folding rates exhibited
a pronounced dependence on the Mg>" concentration.
Apparently, the Kinetic barrier for ligand-induced folding of
the GSR!°°P aptamer domain is influenced by Mg>* ions and
may arise from both enthalpic and entropic contributions.
Electrostatic charge compensation mediated by Mg>" ions
appears to be necessary to reduce the enthalpic barrier for
native tertiary contacts, especially with respect to the native
orientation of the helices P2 and P3, judging by the number
of cation binding sites in this region.

Local Base-Pair Dynamics Based on "H—*H
Exchange Kinetics

Chemical exchange of imino protons in nucleic acids is
dependent on the presence of hydrogen bonds to other
nucleobases. If imino protons are not protected from chemi-
cal exchange by hydrogen bonding, exchange with the
solvent is so fast that NMR signals for these imino groups
become undetectable. However, under base-pairing conditions,
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FIGURE 5. Energy diagram describing the imino proton exchange
mechanism from the nucleobase in the closed (base-paired) confor-
mation to water. AGy;ss: free energy difference between closed and
open conformation of the nucleobase. AGr: free energy barrier for the
imino proton transition from the nucleobase in the open state to the
water. (Below) Imino proton exchange reaction under EX1 and EX2
conditions. While under EX1 conditions, the exchange process is limited
by the base pair opening rate ko, the exchange process under EX2
conditions is dependent on the equilibrium constant Ky;ss between the
closed and the open state of the nucleobase.

exchange is sufficiently slow and imino signals can be ob-
served. Hence, the existence of imino proton signals provides
information about the presence of secondary or certain tertiary
structural elements in nudleic acids.

Using NMR spectroscopy, the dynamics of uncorrelated
base-pair opening events can be characterized by determin-
ing imino proton exchange rates with the solvent.>® Ex-
change is dependent on temperature, buffer composition,
and base-pair stability and is usually within 0.01-1 s.
Based on analysis of exchange rates (kex) under EX2
conditions, changes in the free energy of dissociation
(AGgiss) between the closed and open states of individual
nucleobases can be derived (Figure 5). Under EX2 condi-
tions, base pair opening occurs multiple times before
imino proton exchange takes place. Therefore, equilibri-
um between the closed and open state of the nucleobase
can be assumed.

Local melting and base pair opening are physiologically
important as prerequisites for transcription and replication
(dsDNA) and for processes involved in translational regula-
tion (RNA thermometers and riboswitches) and RNA-
mediated catalysis.

Chen et al.*° determined base pair stabilities for the
sarcin-ricin domain RNA from the large ribosomal subunit
at 10 °C. Thermodynamic stabilities are in the range be-
tween 12 and 44 kJ/mol. Interestingly, base pair stabilities
were found to be extremely low at the a-sarcin cleavage site
so that a base flipping mechanism for o-sarcin cleavage was
proposed.
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Nonin et al.*' determined base pair stabilities for an
AMP-binding RNA aptamer. Comparison of the free and the
AMP-complexed form of the RNA reveals that not only the
AMP-binding internal loop but also the adjacent stem
residues become stabilized upon AMP binding. Both
studies*®*' show that base pair stabilities are dependent
on the nature of the base pairing interaction as well as on
the structural context, especially in non-canonical regions
of the RNA.

Thermodynamic base pair stabilities have been mapped
for a cis-acting, temperature-responsive fourU RNA ther-
mometer from Salmonella that regulates gene expression
of a small heat shock protein by blocking the SD sequence
through base pairing at lower temperatures, thereby hin-
dering translation initiation.**** Thermodynamic stabili-
ties have been analyzed over a broad temperature range,
and spatially resolved information on the thermal unfold-
ing process of the RNA helix could be obtained. The wild-
type fourU RNA thermometer is stabilized by the extremely
stable G14-C25 base pair at low temperatures. At higher
temperatures, this base pair becomes significantly desta-
bilized so that global unfolding of the RNA thermometer
can occur.

Conclusion

In this Account, we have presented current NMR spectros-
copic approaches for characterizing functional dynamics in
RNA. Within the present size limit of ~100 nucleotides, NMR
yields very detailed structural, kinetic, and thermodynamic
data for local as well as global structural transitions in RNA.
Through a combination of site-specific mutations, improved
isotope-labeling schemes, easy-to-apply segmental labeling
strategies, and novel sophisticated NMR parameters, we
predict a key role for NMR in understanding the regulatory
roles of RNA in prokaryotes and eukaryotes. MD simulations
and other kinetic models** combined with NMR are power-
ful tools for mapping the dynamic landscape of RNA.
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