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ABSTRACT:

An increasing number of RNAs are being discovered that
perform their functions by undergoing large changes in
conformation in response to a variety of cellular signals,
including recognition of proteins and small molecular
targets, changes in temperature, and RNA synthesis itself.
The measurement of NMR residual dipolar couplings
(RDCs) in partially aligned systems is providing new
insights into the structural plasticity of RNA through
combined characterization of large-amplitude collective
helix motions and local flexibility in noncanonical
regions over a wide window of biologically relevant
timescales (<milliseconds). Here, we review RDC
methodology for studying RNA structural dynamics and
survey what has been learnt thus far from application of
these methods. Future methodological challenges are also
identified. © 2007 Wiley Periodicals, Inc. Biopolymers 86:
384-402, 2007.
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RNA DYNAMICS AND CONFORMATIONAL
ADAPTATION
ur view of ribonucleic acids (RNA), both in terms of
their roles in gene expression and regulation and
biophysical characteristics, has undergone a major
transformation in the last decade. A universe of
noncoding RNAs that carry out diverse functions is
being uncovered, challenging the long-standing belief that
proteins are the main gene product in living organisms.'™
Concurrently, X-ray, NMR, and other biophysical techniques
are revealing three-dimensional RNA structures, such as
those of the recently discovered riboswitches® that rival pro-
teins in their structural complexity and functional sophistica-
tion.”® An emerging theme is that RNA manages to achieve
greater functional prowess by having a remarkable ability to
undergo large conformational changes in response to specific
cellular signals.”™"*

Cellular signals that can induce changes in RNA confor-
mation include recognition of proteins and small metabolite
molecules, metal binding, changes in temperature, and RNA
synthesis itself.”"> RNA conformational transitions generally
serve specific biological functions. For example, stepwise
changes in RNA conformation that are induced by successive
protein recognition events make it possible to assemble com-
plex ribonucleoproteins (RNPs) in an ordered hierarchical
manner. Following folding and assembly, an RNA element
will typically undergo yet another set of conformational
changes to carry out its functions. For example, ribozymes
undergo conformational changes during their catalytic cycles

384

Biopolymers Volume 86 / Number 5-6



o
u

Few
0 C
s’
s
YW Mol [3cos’O- 1
“ @Y\ 2

FIGURE 1

NMR Studies of RNA Dynamics by RDCs 385

132
6
CE.':. ; D 5Hz
2 133
O e
: | @ ¥
134 ) caf|
% Isolropic
Aligned
7.6 7.4 7.2 7.0 6.8
H (ppm)

(A) Residual dipolar couplings between spins 7 and j provide long-range constraints

on the average orientation (0) of the internuclear bond vector relative to the applied magnetic field
(By). (B) Measurement of residual dipolar couplings as new contributions to splittings of resonan-

ces observed upon partial molecular alignment.

in order to satisfy the diverse structural requirements of sub-
strate binding, catalysis, and product release. RNA conforma-
tional changes also provide a basis for sensing signals and
transmitting regulatory responses. The aforementioned
riboswitches regulate gene expression by changing conforma-
tion in response to binding of small metabolite molecules or
even changes in temperature.”'>'* The process of RNA syn-
thesis itself can yield short-lived kinetically trapped inter-
mediates that serve diverse functions.

The conventional view that one sequence codes for one
structure that carries out a specific function must be replaced
with a new paradigm in which an RNA sequence codes for
many conformers, any of which can be stabilized adaptively
depending on the cellular/physiochemical context. This in
turn calls for the development and application of biophysical
techniques that go beyond determination of static RNA
structures under one set of conditions and that allow charac-
terization of structure and dynamics at atomic resolution
under a variety of conditions of interest.

Here, we review developments in NMR methods that rely on
the measurement of residual dipolar couplings (RDCs) that
provide unique insight into RNA structural dynamics. We focus
on applications in which RDCs were used in the characteriza-
tion of RNA structural plasticity, including collective motions
of helical domains and local flexibility in noncanonical regions.
Studies so far reveal a range of internal motions in RNA that
can play diverse roles in their dynamical functions.

RESIDUAL DIPOLAR COUPLINGS

The theory underlying dipolar and other anisotropic interac-
tions has been described in several places, including in the
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15-25 as well as in more recent

early liquid crystal applications
reviews that deal specifically with biomolecular applica-
tions.”* % Here, we provide a brief description of the basic
underpinnings of the methodology, with an emphasis on its

application to nucleic acids.

The Dipolar Interaction

Nuclear dipole—dipole interactions arise from having the
local field at a given nucleus that can be modulated by the
nuclear magnetic flux emanating from a neighboring nu-
cleus. An expression (in Hz) for this local field contribution
between two spin %2 nuclei (i and j) is given by the dipolar
interaction (D),

D — _(@) Vith 3cos0 — 1 (1)
Y 4m anrfjvcff 2 ’

where pp is the magnetic permittivity of vacuum, h is
Planck’s constant, r;; is the internuclear distance between the
spins, and 7y is the gyromagnetic ratio. The angular term in
Eq. (1) is the familiar second rank Legendre function, P,(cos
9,»]»), and is a function of the angle 0 between the internuclear
vector and the applied magnetic field (Figure 1A). The dipo-
lar interaction is rendered time-dependent due to variations
in the angle 0 caused by overall molecular tumbling and in-
ternal motions. The angular bracket around the angular term
denotes a time average over all angles sampled by the inter-
nuclear vector while an effective bond length, r;jq subsumes
the effects of distance averaging.

Motional averaging will generally reduce the value of the
angular term and thus the magnitude of observed dipolar
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couplings (which can be on the order of kiloHertz for non-
reorienting directly bonded spins). When overall tumbling is
random, the angular term averages to zero, explaining why
dipolar couplings are normally not observed under solution
conditions. However, if a degree of alignment can be
imparted on the solute of interest, the angular term will no
longer average to zero. The greater the degree of alignment
the greater the value of the angular term and magnitude of
observed dipolar couplings. As is the case for through-bond
scalar couplings (J), through-space dipolar couplings (D)
effectively increase or decrease the average magnetic field at a
given nucleus, resulting in splitting of resonances. Dipolar
couplings are therefore often measured as new contributions
to scalar couplings (]) that are observed under conditions of
molecular alignment (J+ D) (Figure 1B).

The promise of RDCs in studies of RNA emanates primar-
ily from the angular dependence in Eq. (1). First, RDCs can
provide information regarding the orientational distribution
of bond vectors relative to a common magnetic field direc-
tion, and hence relative to one another. This long-range
angular information is highly complementary to traditional
short-range interproton distance and dihedral constraints
obtained from NOEs and scalar couplings, respectively. This
proves to be particularly valuable in defining the conforma-
tion of extended nucleic acids that have a paucity of protons
and NOEs. The orientational information can also be
obtained with great abundance, because unlike NOEs, RDCs
can be measured between a variety of spins (C—H, C—C,
C—N, N—H, P—H, etc). Second, it is particularly straight-
forward to translate RDCs into information regarding both
the average orientation and dynamics of molecular fragments
that have known conformation. This proves to be an excel-
lent match with the modular nature of RNA architecture in
which the relative orientation of known helical domains is
often of great interest but very difficult to characterize reli-
ably using conventional NMR methods. Finally, RDCs are
sensitive to motions occurring over a wide window of biolog-
ically important timescales (<milliseconds) and can provide
information about the amplitude, asymmetry, and direction
of motions.

Molecular Ordering and the Order Tensor

The interpretation of RDCs in terms of the internal structure
and dynamics of a molecule typically requires specification
of an order or alignment tensor that describes overall align-
ment of the molecule relative to the applied magnetic field.”
The order tensor consists of five independent parameters.
Two principal order parameters® define the degree (9
- \/g(six +82, 4 82), 1S > 1S,,) > IS,,]) and asymmetry

[Syy =S|
(n ==
ters define the average orientation of the magnetic field rela-

) of molecular alignment; two angular parame-

tive to the chiral molecular frame (the principal direction,
S..), and a third angular parameter defines the orientation of
an orthogonal principal axis (S,,) that specifies the asymme-
try of alignment.

The time-averaged angular term in Eq. (1) can be
expressed in terms of the time-independent orientation of an
internuclear vector relative to an arbitrary frame (o) and the

23,34
five-order tensor elements (S,

3cos’ 0 — 1
<%> = Z Sy cos (o) cos(oy),

kl=xyz

(2)

where o, is the angle between the internuclear vector and the
nth axis of the arbitrary frame. Frequently, the order tensor
is expressed in terms of a magnitude, D, and rhombicity R,

i Ho Vith 1 2
D”:—(—) °s.), R==%
a 4n) 223 \2°% 31

(3)

PARTIAL ALIGNMENT OF NUCLEIC ACIDS

The measurement of RDCs in solution NMR is contingent
upon inducing an appropriate degree of alignment.”> Align-
ment levels <10> (i.e. ~1 in 10,000 molecules are on aver-
age completely aligned) leading to RDCs that are too small
(compared to NMR line widths) to allow measurements at a
useful level of precision. At much higher degrees of align-
ment (>10"%), RDCs can become unfavorably large with
extensive dipolar couplings compromising the spectral reso-
lution needed to analyze large biomolecules. In general, an
optimum compromise is achieved for degrees of alignment
on the order of 10~ 2. Under these conditions, many RDCs
can be measured with an optimal magnitude/precision ratio
and with minimal sacrifice in spectral resolution. Alignment
on the order of 10 *
subset of RDCs with suboptimal magnitude/precision ratios.

can allow measurements of a smaller

Ordering Media Induced Alignment

Alignments on the order of 107> can now routinely be
obtained in solution NMR by dissolving biomolecules in
inert ordered media (for reviews see Refs. 36, 37). These or-
dered media can transmit some of their order to solute mole-
cules through mechanisms that are believed to involve a
combination of steric obstruction and charge—charge interac-
tions (Figure 2A). This was first demonstrated for liquid
»38

crystalline disc-shaped phospholipids called “bicelles,

Biopolymers DOI 10.1002/bip



A Phage Alignment 60 A

oo A3

Br'r

B Field Alignment

)

%

>
W

FIGURE 2 Partial alignment of nucleic acids using (A) ordering
media such as Pfl phage, which transmit their order through a
combination of steric and electrostatic mechanisms and (B) sponta-
neous alignment due to constructive addition of anisotropic mag-
netic susceptibility tensors () in the nucleobases of nucleic acids.

which were originally used as a mimic of membrane bilayers
in studies of membrane-associated biomolecules.””** While
the original neutral bicelle medium has been employed in
studies of nucleic acids, other media that have since been
introduced have become more popular. In Table I, we pro-
vide a summary of ordering media used to date for aligning
nucleic acids.

TableI Alignment Media Used in Studies of Nucleic Acids
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In general, media with high tolerance to ionic strength are
desired for nucleic acid applications. Positively charged
ordering media may not be a good choice as this may lead to
unfavorable interactions. The most widely used medium is
the filamentous bacteriophage (Pfl; Figure 2A).**™** Pfl
phage is composed of a 7.4-kb circular, single-strand DNA
genome with one coat of protein per nucleotide. The mole-
cules have a rod-like shape and are estimated to be ~20,000
A long and ~60 A in diameter.** The Pfl medium is very ro-
bust having favorable properties in large part due to its lower
nematic threshold concentration.’* It is negatively charged,
reducing the possibility for adverse interactions with nucleic
acids. It induces alignment through electrostatic and steric
mechanisms.”»”> Owing to the uniform distribution of
charge in polyanionic nucleic acids, the steric and electro-
static forces are believed to have a similar functional
form.”»> Consequently, nucleic acids generally align in
ordering media with the principal direction of order (S,,)
oriented along the long axis of the molecule. In general, one
expects positive alignment (S,, > 0) with the S, direction
being, on average, oriented parallel to the magnetic field.
Experimentally, RDCs are computed from the difference in
splittings measured in the absence and presence of ~20-25
mg/ml Pf-1 phage (Figure 1B). The phage concentration can
be estimated either by dividing the observed deuterium re-
sidual quadrupolar splitting by a factor of 0.886 or from the
UV absorbance at 270 nm using the extinction coefficient of
2.25 cm ml/mg.**

Other media used to date in studies of nucleic acids
include the neutral nonionic phase formed by use of alkyl-
polyethylene glycol and n-hexanol.*’ This phase is robust to
wide variations in pH, temperature, and ionic strength and is

Temperature

Ordering Medium Range (°C) Notes

DMPC:DHPC (“Bicelles”)*®*! 27-45 Perpendicular alignment disc-like shape. Neutral, sensitive to ionic
conditions. The charge can be modified to be positive or negative
with addition of CTAB or SDS, respectively. More stable
ether-based bicelles can also be prepared

Rod-shaped viruses (Pfl 5-60 Parallel alignment rod-like shape. Negatively charged, stable in

phage and TMV)*** pH higher than 5, and aggregates at high salt concentration.

Sample is recoverable. Most widely used

Purple membrane*>*® —269 to 69 Parallel alignment disc-like shape. Stable in pH range 2.5-10, and
salt concentrations up to 5M. Sample is recoverable

Polyacrylamide gels*”** 5-45 Mechanical gel. Very stable and inert. The charge can be modified
to be positive or negative with addition of DADMAC or acrylate,
respectively. Sample is recoverable

n-Alkyl-poly(ethylene glycol)/n-alkyl 0-40 Perpendicular alignment lamellar shape. Insensitive to pH, and

alcohol or glucopone/n-hexanol (PEG)**>°

moderately sensitive to salt concentrations

Biopolymers DOI 10.1002/bip
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believed to induce alignment through a steric mechanism
(Table I). Alternatively, stretched or compressed polyacryl-
amide gels*”*®>* have also been used to align nucleic acids.
Unlike the aforementioned liquid crystalline media, where
the degree of solute order can be varied by changing the
ordering medium concentration, the degree of solute align-
ment in polyacrylamide gels can be tuned by either modify-
ing the gel density or by adjusting the amount of anisotropic
strain or compression. A disadvantage is that any strain inho-
mogeneities will lead to line broadening, as different regions
of the NMR sample experience different degrees of order and
hence magnitudes of RDCs. An advantage is robustness over
extreme conditions.

For proteins, it has been shown that different ordering
media can lead to distinct solute alignments and allow mea-
surements of independent sets of RDCs.”>> This can signifi-
cantly expand the amount of structural and dynamical infor-
mation that can be retrieved.>>>® In contrast, to date there
has been no example demonstrating modulation of nucleic
acid alignment through use of different ordering media, even
though attempts have been reported.”® It is not surprising
that nucleic acids exhibit greater tolerance for changes in
alignment, given that the negative charge distribution closely
follows that of excluded volume. Because advantages can be
gained from measuring independent RDC sets, the develop-
ment of approaches for modulating nucleic acid alignment is
an important area of future development. As we discuss in
what follows, magnetic field alignment offers one such possi-
bility. Another may come from systematically elongating the
RNA.%

Magnetic Field-Induced Alignment

An alternative approach for aligning nucleic acids involves
spontaneous alignment due to interactions with the magnetic
field itself. Initial efforts for measuring anisotropic interac-
tions in biomolecules relied on spontaneous field alignment
of molecules having large magnetic susceptibility anisotro-
pies (Ay). Nucleic acids and paramagnetic proteins were pri-
mary biomolecular targets for these early investigations.®'
In nucleic acids, the diamagnetic susceptibility is dominated
by the aromatic groups of base residues, wherein circulation
of m-orbital electrons in response to the magnetic field results
in an induced dipole moment that can reinteract with the
magnetic field, and consequently cause an anisotropic prefer-
ence in molecular orientation (Figure 2B). The degree of
alignment and hence magnitude of RDCs depends on the
diamagnetic susceptibly anisotropy (Ay) and, importantly,
on the square of the magnetic field strength (B%). Although
the magnetic susceptibilities of individual bases are not suffi-

ciently large to induce a useful degree of alignment (~2-7 X
107° at 800 MHz), their constructive addition, especially in
A-form helices, in which bases are nearly coaxially stacked,
can enhance the total anisotropy and resulting degrees of
order (typically 10~ * at field strength of 800 MHz) (Figure
2B). The net principal y-tensor direction (y.,) will be ori-
ented nearly along the long axis of the molecule although
this direction can deviate from the S,, direction expected,
based on the excluded volume in ordering media. Further-
more, unlike ordering media, one generally expects the dia-
magnetic alignment of extended nucleic acids to be negative
(%2 < 0) with the y,, direction being, on average, oriented
perpendicular to the magnetic field noting that it is possible
to have conformations that give rise to positive alignment
(%2> 0).

For magnetic field-induced alignment, the degree of align-
ment can be expressed in terms of the magnetic field strength
(By), the y-tensor (in units of m>/molecule), and tempera-
ture (), 3162425

5. = Ay| Do 4 Se—S, = oy 20
2z = n - = 07 )
K1spokr] ™ 2= 72 T L oukT

where

Y + Ly

AX:XZZ_[ )

] and  0) = L — Ly (4)

The measurement of magnetic field-induced RDCs is some-
what different from that involving ordering media. Here, one
measures splittings at different magnetic field strengths (pref-
erably three or more). Back extrapolation of a linear plot of
observed splittings versus B’ is then used to determine iso-
tropic scalar couplings (), i.e. splittings at zero field (Figure
3). The RDCs at a given field strength (typically the highest
field) are obtained by subtracting the computed scalar cou-
plings (J) from the observed splittings (J+ D; Figure 3). Appa-
rent field RDCs can also be measured from the difference in
splittings at two magnetic fields, but Eq. (4) must be adjusted
accordingly.®® It should also be noted that splittings have a
contribution from dynamic frequency shifts (DFS), which
arise from the imaginary component of the spectral density
function for cross-correlation between dipolar and CSA relax-
ation mechanisms.®”®® Fortunately, at magnetic fields above
400 MHz, the DFS contribution to the apparent splittings is
nearly constant (within 0.1 Hz), resulting in a relatively small
contribution to the measured RDCs (typically <0.2 Hz for
C—H and N—H RDCs measured at fields >500 MHz).

The first observation of field-induced RDCs in nucleic
acids dates back to 1987 in studies by Bothner-By and co-

Biopolymers DOI 10.1002/bip
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FIGURE 3 Two examples showing the measurement of magnetic field-induced RDCs from the
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quadratic dependence of splittings on B?.
workers.®’ Magnetic field-induced RDCs were observed

between H5 and H6 protons in two cytosine residues located
at the center and terminal end of a DNA double helix. From
these dipolar contributions, an angle of 15° between the cy-
tosine base planes was inferred, suggesting loosening of the
double helix at the ends of the strands.®’ Nearly a decade
later, Bolton and coworkers demonstrated measurements of
heteronuclear C—H field-induced RDCs in duplex and
quadruplex DNAs.* Two years later, Bax, Tjandra, and co-
workers®* demonstrated the utility of measuring field RDCs
in biomolecular structure refinement of a protein-DNA com-
plex. Here, the magnetic anisotropy of the DNA was the pri-
mary source of the complex alignment. Together, these stud-
ies established the feasibility and utility of measuring RDCs
in magnetically aligned nucleic acids.

Even with current magnetic field strengths, the achievable
degree of magnetic field alignment (10~*) for typical RNA con-
structs studied by NMR (20-40 nt) remains approximately an
order of magnitude smaller than the optimum value (107%).
However, even in these cases, magnetic alignment can offer a
number of advantages, and interest in its application has been
rejuvenated in recent years. For example, magnetic field-
induced RDCs allow studies of structural dynamics in the ab-
sence of a potentially perturbing ordering medium. This can
be important for highly flexible RNAs, which can have struc-
tures that are exquisitely susceptible to environmental condi-
tions. Two studies thus far, one examining the structure of a
DNA quadruplex® and the other the conformation of a flexi-
ble stem-loop TAR RNA,” using a combination of field and
Pf1 phage-induced RDCs argue that the phage medium does
not impact the structural integrity of nucleic acids.

Magnetic alignment can also offer an opportunity to
modulate nucleic acid alignment relative to that induced by

Biopolymers DOI 10.1002/bip

ordering media. While alignment in ordering media depends
on global RNA shape, field alignment depends on the relative
orientation of base groups, and these two properties are not
always coincident.!®2>04%% For example, while the former
ordering depends on the translational disposition of base-
groups, the latter does not. That field alignment can result in
distinct alignments relative to those induced by phage-order-
ing media was first demonstrated on a C2 symmetric DNA
quadruplex.®® Shown in Figure 4 is the experimentally deter-
mined orientation of alignment for the two cases. Clear dif-
ferences in field and phage-induced alignment orientations
are observed, with the principal direction of order being
along the collective base plane direction in the case of field
alignment (y,,) and along the long axis of the molecule in
the case of phage alignment (S,,). It has also been demon-
strated that the magnetic field alignment of the stem-loop
HIV-1 TAR RNA differs from that induced by the Pfl
phage.”® Computational simulations suggest that field and
phage will often vyield different alignment orientations
(Zhang and Al-Hashimi, unpublished results).

Finally, the y-tensor governing field alignment has a sim-
ple dependence on molecular conformation. This can allow
calculation of the total y-tensor based on a known structure
as well as derivation of simple expressions relating structure
to alignment.'®*>***’ This can allow use of magnetic field-
induced RDCs in determining nucleic acid stoichiometry,71
in deriving the relative orientation of nucleic acid—protein
complexes in cases where the nucleic acid structure is
known,®*7?
analysis of conformational dynamics.”” For such applica-
tions, having accurate knowledge of the base y-tensor is of
critical importance.”

aid structure determination,®® and allow better

Although the degree of field alignment remains smaller
than optimal, there is reason to believe that optimal levels
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FIGURE 4 Comparison of phage (blue) and field-induced (red)
alignment of a DNA quadruplex.®

will inevitably be reached as larger nucleic acids are investi-
gated and magnetic field strength continue to rise. Shown in
Figure 5 is the expected degree of alignment (3) for RNAs of
different size as a function of magnetic field strength. The
upper bounds on the degree of alignment corresponds (filled
symbols) to the case where all bases are coaxially stacked in
an A-form helix, whereas the lower bounds (open symbols)
correspond to the case where bases depart randomly from
coaxial staking by an amount of 40°. As can be seen, the
field-induced alignment could be achieved with optimum
level (1077) at current field strength (900 MHz) for RNA on
the order of 100 bp. NMR structures have been reported for
RNAs as large as 100 nt.”* Even larger RNAs, on the order of
150 bp, have been studied using NMR and segmental labeling
strategies.”” Thus we expect that with the development of
higher magnetic field strengths, field-induced alignment will
increasingly afford near optimum degrees of alignment for
routine RNA RDC applications.

CHARACTERIZING RNA DYNAMICS

USING RDCS

Several methods have been introduced for interpreting RDCs in
terms of both structure and dynamics (reviewed in Refs. 31, 32,

37). Many of these methods, including model-free approaches
for interpreting dynamics at the individual bond vector level pi-

58,76

oneered by Griesinger and coworkers™’” and Tolman and cow-

57,77 . .
as well as more recent advances in the simulated

orkers
annealing protocol’®”® for refinement of structural ensem-
bles®>®! pioneered by Clore, have had limited applications to
nucleic acids and thus will be not discussed here. The challenge
in implementing the latter approaches is that they typically
require the measurement of multiple RDC sets under inde-
pendent alignment conditions, which as discussed earlier has
proven difficult for nucleic acids. Overcoming this shortage in

data is an important goal for the future.®!

Relative Orientation and Dynamics

of Helical Fragments

One of the first approaches for interpreting RDCs in terms of
structure and dynamics proves to be of general utility in
studies of RNA. In the so-called order tensor approach, and
variants thereof,>>**%7%® order or alignment tensors are
determined independently for locally rigid substructures in a
target molecule. RNAs are by their very own nature modular
structures that can be naturally decomposed into substruc-
tures consisting of locally stable A-form helices, the most
abundant RNA secondary structure element. The determina-
tion of order tensors for individual helical fragments provides
a natural approach for determining their relative orientation
and dynamics. The orientation and dynamics of A-form helical
domains is an important feature of RNA architecture that

d
0 40 80 120 160 200

# base-pairs
FIGURE 5 Computed degree of magnetic field-induced align-
ment of nucleic acids as a function of number of base-pairs and
magnetic field strength. The base y-tensors from Ref. 73 were used
in these calculations. The filled symbols are upper bounds corre-
sponding to the case of a perfectly linear A-form helix, and the open
symbols correspond to structures with random distribution for
nucleobases within a cone radius angle of 40°.

Biopolymers DOI 10.1002/bip
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FIGURE 6 Order tensor analysis of RDCs in the determination of the relative orientation and
dynamics of A-form helices in RNA. Order tensor frames (Syy, S, S..) are determined for individ-
ual helical fragments. Their average relative orientation is determined by superimposing their order
tensor frames. Comparison of the degree of order determined for each helix allows characterization

of interhelix motional amplitudes.

goes through mechanistically important changes during fold-
ing, recognition, and catalysis. It is also a feature of RNA
architecture that is prone to artificial distortions from crystal
packing forces. Although the approach by which order ten-
sors are experimentally determined can differ, how this leads
to determination of the relative orientation and dynamics of
helical fragments is basically similar as summarized later.

The average orientation of helical domains can be
obtained by superimposing their order tensor frames (Figure
6).°>?*% The analysis amounts to insisting that helical frag-
ments share, on average, a common view of the magnetic
field direction when assembled into a proper structure—sim-
ilar to how countries in a properly assembled map report a
common compass bearing. However, unlike compass bear-
ings, one cannot distinguish between “positive” and “nega-
tive” directions along the principal axes of the order tensor
(analogously between North/South and East/West). In other
words, RDCs are degenerate to 180° rotations around the
principal directions of the order tensor (S S,, and S.,).
This results in 4"~ fold degeneracy in orienting # fragments,
which can often be overcome either by measuring RDCs
under at least two different alignments”>® and/or more typi-
cally in nucleic acids, by incorporating additional experimen-
tal and nonexperimental restraints.”%>°

The two principal order tensor parameters (3 and #)
obtained for each helix can be compared to obtain informa-
tion about relative helix motions over submillisecond time-
scales (Figure 6).”> While helices will report identical parame-
ters when they are rigid relative to one another, interhelix
motions can lead to differences. Specifically, the degree of
order for a given helix (9) will be attenuated relative to the
value observed for a helix that more strongly dominates total
alignment, with the degree of attenuation increasing with
motional amplitudes. The ratio of helix order, defined as the

Biopolymers DOI 10.1002/bip

internal generalized degree of order (8, = 9793 9; < 9)),
then provides a measure of motional amplitudes, with 3;, =
1 corresponding to perfect rigidity and 9;,, = 0 to maximum
motions. Although often difficult to determine reliably, the
asymmetry parameter (1) can in principle provide insight
into the directionality of interhelix motions with spatially
isotropic (directionless) motions having a smaller effect on
the relative helix # values compared to anisotropic (direc-

. . 33,85
tional) motions.

Experimental Determination of Order Tensors for
Helical Fragments
In nucleic acids, two strategies have been developed and
applied for interpreting RDCs in terms of the structure and
dynamics of RNA. The most widely used approach involves a
variant of the simulated annealing approach in which indi-
vidual helical domains are allowed to have independent order
and/or alignment tensors. Here, RDCs and other experimen-
tal and nonexperimental restraints are combined to simulta-
neously determine the local structure of molecular fragments
as well as their order tensors.**®” The latter approach can be
generally applied to a variety of RNA fragments, provided
that a sufficient number of experimental restraints (including
RDCs) are measured and care has been taken to exclude
RDCs that may have been attenuated by local motions.
Alternatively, the idealized A-form helix geometry can be
used to model contiguous stretches of nonterminal Watson-
Crick (WC) base-pairs.*>*> The validity of this approach was
recently supported by a statistical survey®® of 421 WC base-
pairs in 40 unbound and bound RNA X-ray structures
(solved with <3A resolution) and the 2.4 A X-ray structure
of the ribosome.*” This study showed that the local confor-
mation of two or more nonterminal contiguous WC base-
pairs can, for the purpose of determining order tensors using
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RDCs, accurately be modeled a priori using a standard ideal-
ized A-form helix geometry.”>' These WC base-pairs can be
experimentally identified/verified using NOESY connectivity
and trans-hydrogen bond Jxn-COSY type NMR experiments
for directly detecting N—H - - - N hydrogen bonds.”>*> The
study also developed approaches for taking into account
structural noise in the A-form geometry in the determination
of order tensors and provided evidence that local motions in
such helical fragments will not compromise the accuracy of
derived order tensors.

By obviating the need to solve the local helix structure,
the idealized A-form helix geometry makes possible a num-
ber of applications. First, one can determine the relative ori-
entation and dynamics of helices for RNAs that may be too
large for complete high-resolution structure determination.
Second, the order tensor analysis of RDCs can be conducted
with high efficiency, making possible systematic studies of
how RNAs global conformational dynamics varies in

response to changes in environmental conditions.****’

The Decoupling Approximation

Most formalisms used to analyze RDCs in terms of structure
and dynamics, including the aforementioned order tensor
analysis, assume that internal motions do not lead to corre-
lated changes in overall molecular alignment.””’%””% There
are now many NMR®>”® and computational®®®® studies
showing that this assumption will often be violated in
extended modular RNAs. It is important to appreciate how
violations in the decoupling approximation may impact
analysis of RDCs.

For A-form helical domains in RNA, the “decoupling
limit” is satisfied when one helix dominates alignment (e.g.
because it is infinitely long) or when helices are held rigid rel-
ative to one another (Figure 7A). In practice, the decoupling
limit is seldom realized in cases where helix motions are pres-
ent. On the other extreme, the motional coupling limit is
defined as the case in which helix motions result in identical
changes in the overall alignment experienced by each helix.
The latter results in identical apparent degrees of order for
each helix (Figure 7B).”° An example would be bending
motions of two identical helices around a direction that is
perfectly perpendicular to the two helix axes (Figure 7B).
Therefore, the observation of 3, = 1 does not rule out the
presence of interhelix motions. It is also true, however, that
having equivalent helices does not imply that they will have
identical 9s and that therefore 9;,, = 1 (Figure 7B). For
example, twisting motions around the long axis of a given
helix can result in a reduction of its § without affecting the &
value observed in another helix. Perhaps the most common
regime will be one in which an RNA has intermediate or

LEs

Coupled

:

Decoupled Intermediate

FIGURE 7 Various motional coupling regimes relevant to the
structural and dynamical analysis of RDCs in nucleic acids.

residual motional couplings. Here, one helix partially domi-
nates overall alignment. As a result, while the 3 values ob-
served for all helices will be attenuated by the helix motions,
the attenuation will be smaller for the helix dominating
alignment. Thus, the observed 9;,, values will generally
underestimate the real amplitude of interhelical motions.

Local Motions from Dynamically Attenuated RDCs
Insight into local motions of noncanonical residues can often
be obtained from simple examination of the magnitude of
measured RDCs.>*?7”1%0 1p general, reorientation of bond
vectors due to internal motions occurring at submillisecond
timescales will lead to dynamical attenuation of the measured
RDCs.'” However, a near zero RDC value can also arise
from static orientation of the internuclear vector relative to
the order/alignment tensor, such as at the magic angle rela-
tive to the S, direction of an axially symmetric tensor. How-
ever, the observation of attenuated RDCs for many bond vec-
tors in a given residue can, when combined with other struc-
tural information, be interpreted as evidence for local
flexibility. Alternatively, local mobility can be inferred for
regions that have RDCs that cannot be satisfied using a single
structure during the structure determination process. In
these cases, combination of RDCs with spin relaxation meth-
ods can be particularly useful for separating static and
dynamic contributions to the RDC measurements.

MEASUREMENT OF RDCS IN

NUCLEIC ACIDS

A large number of pulse sequences have been reported for
the measurement of a wide variety of RDCs in nucleic acids.
The pulse sequences are not reviewed here. Rather, we will
survey the most commonly measured RDCs, particularly in
applications aimed at determining the relative orientation
and dynamics of A-form helices. Also not included in our
discussion are the complementary measurements of residual
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FIGURE 8 Typical RDCs measured in base and sugar moieties of RNA using the pulse sequences
listed in Table II. (A) One bond C—H and N—H RDCs are the most commonly targeted interac-
tions due to their favorable size, but smaller one bond C—C and C—N as well as (B) two and three

bond RDCs can be measured.

chemical shift anisotropies, which can be measured abun-
dantly and which offer new opportunities to study larger
RNAs due to favorable TROSY effects.'*' %

The most commonly measured RDCs in nucleic acids are
shown in Figure 8 with example pulse sequences listed in Ta-
ble II. The determination of order tensors for individual heli-
ces requires the measurement of at least five spatially inde-
pendent (i.e. nonparallel) RDCs in each helical fragment. In
practice, this requires the measurement of a larger number of
RDCs, typically eight or more one bond C—H and N—H
RDCs in both sugar and base moieties that yield a spatial dis-
tribution defined by a condition number (CN) < 5.% The
choice of RDCs to be measured is guided by the desire to (i)
maximize the magnitude: precision of measurement ratio,
(ii) maximize spatial distribution of vectors, and (iii) mini-
mize effects of structural noise and local motions.

The optimum and most commonly targeted RDCs are
those between directly bonded C—H and N—H nuclei
which yield the largest RDC magnitudes (Figure 8A). The
effects of local motions and structural noise also appear to be
favorably small for these interaction vectors.*® Additional
one, two, and three bond RDCs can also be measured (Figure
8B) using some of the pulse sequences listed in Table II. The
latter RDCs are smaller and may prove difficult to measure
in larger RNAs (>60 nt). It is noteworthy that as long as >8
RDCs are measured with CN < 5, the uncertainty in the
order tensor due to A-form structural noise and RDC mea-
surement uncertainty can be faithfully estimated.®®

A minimum set of RDCs highlighted in Figure 9 consists
of one bond C1’'H1’, C2H2, C5H5, C6H6, C8HS8, N1H1, and
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N3H3 vectors. These RDCs are attractive because they consist
of nucleobase/sugar spins for which resonance assignments
are typically the easiest to establish using NOESY and
through-bound correlations (Figure 9).116-118 There are also
possibilities for integrating RDC measurements into the
assignment process when the local helical fragment is known,
thereby enhancing the efficiency and robustness of applica-
tion even further.8>®® Thus, while the order tensor analysis
does not vyield complete high-resolution structures, it
bypasses the rate and size-limiting requirement for compre-
hensive assignments of resonances and NOEs, providing a
basis for exploring the relative orientation and dynamics of
helical domains under a variety of conditions of interest in
large molecular systems.

RNA DYNAMICS FROM RDCS

There are now several studies that demonstrate the utility of
RDCs in probing RNA structural dynamics. Here we survey a
subset of studies that highlight different types of applica-
tions.

An early example was a study of the theophylline-binding
RNA (TBR).® Here, structure refinement was undertaken in
a series of steps starting with independent refinement of the
local conformation of two domains against NOEs, scalar
coupling constraints and RDCs, followed by refinement of
the entire structure against all NMR constraints. The derived
principal order parameters were very similar for the two
domains, indicating that they are held rigid with respect to
one another. However, five RDCs measured in the bulge nu-
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cleotide C27 linking the two stems, which was believed to be

:% < g . ,éb flexible based on ’C relaxation measurements, were found
noOo2 ¢ '%D g & % to be consistent with dynamical sampling of multiple rather
< g S v « B g z than a single conformation (Figure 10).
Eo g I| ,; % % E‘ g L|) Several studies have since qualitatively interpreted attenu-
E & b % 'E g ERE ation of RDCs and/or difficulties in inclusion in static struc-
g Lg ;i £ - 7 § —Qg: ture refinement as evidence for local mobility. Representative
;D g T & & & E _é éo bgn examples are shown in Figure 10, with the locally mobile res-
205 E s E 9 2‘ £ 8 idues inferred from RDCs highlighted in purple. The locally
" é 3z - ¢ é- E g £= % mobile residues generally belong to loops, bulges, or base-
E "§ 8 g E ; éo g E % E pairs in short helical segments. They are often highly con-
é % é g g g a %’ 2 u‘é .g Lg served and/or implicated in function. In some cases, local
S g % é g 5 .Ti % g Z E é mobility at these sites seems to be important in allowing
E o5 gn 2 &5 % ED &g structural rearrangements to take place during molecular rec-
< SEXEES : E & £ =) ognition.
“g .i% z ;;L;-‘D ED g a % éog For example, Puglisi and coworkers used a divide and
g . é £ % © :g 5 & b S =z % conquer strategy involving combined use of RDCs and NOEs
g g E % L.E % Tg ;i E g ui é E to characterize the structure and dynamics of a large (25
P %‘E £ g‘g g £=t g g g 4?;: 2 kDa) RNA comprising domain II of the hepatitis C virus
3 2 % % ° g é’ g é g EE R g z £ (HCV) internal ribosome entry site (IRES) (Figure 10).'"
2 2 S = 2 & g & g & T “g & 2 § Domain II is part of the 5 UTR of the virus and binds the
E 55282828 & = - g 40S ribosomal subunit and controls translation. The domain
E 28 e m w2 g e IIa portion solved by NMR is shown in Figure 10. The study
5 2 ; identified with the aid of RDCs local mobility at uridine
2 E " § = bulges that may allow for minor conformational adjustments
"v._l': ) IS S QS upon binding to the 40S.
o S & & 3 R = Another example is a study of the stem-loop D (SLD) by
J _QU E § mQE = 5 § James and coworkers. SLD is a hairpin loop located in the 5
Ll; & <ZC PU ’% § b & é z UTR of enterovirus and rhinovirus genomes (Figure 10). It is
ZI" 3 g) a < o & %5 = 90 composed of three domains connected by a string of nonca-
ol 8| T: ©3%2c LE) NS g £ Q"é’ 2 nonical pyrimidines and a two-residue AU bulge that was
ee) E % 2 E ; ¢ %S QE s 90 = QG shown with the aid of RDCs to be highly flexible."*® Flexibil-
ZI E: P@ g ngd é mQI N é @ %;5 ity at the AU bulge may also aid adaptive binding to cognate
o) ?fg ~E Q:l'g QG E . 9 g 5 % g protein targets. More recently, Wijmenga and coworkers
JJ asg% . 8 = 2. é QR solved the structure of a highly conserved stem-loop at the 5
“E G g % g I% ZE: % :mj 90 z é“.'o 8 % end of the hepatitis B viral genome (HBV, Figure 10) using a
g QHC (S § N EU E _QU £ "é _QU 5 % a QB 90 combination of NOEs, RDCs, and 'H chemical shift data.'*'
§ T4 £ g % 5 g T- O = ¢ a8 A single U23 bulge residue that induces an average interheli-
= T O h~ 2012 s g EOoOZTE T & . o . .
2 Q{j S QgP Q&S Qs é QS Qaﬁ I S QS QG cal klflk angle of ~20 was shown to'be 'ﬂe.)(lble,' adopting
= o e two different conformations, one of which is likely important
% s for protein recognition.
8 B . By increasing the number of measured RDCs, one can
3 8 s 2= :5/ examine the structural dynamics of smaller molecular frag-
§ ; g 8 %% Z ments using order tensor-like analyses.®” Bax and coworkers
g S = i % & 8 8 - E used RDCs to characterize the conformational dynamics of
% 3 :‘; 9 58 3 é 5K ; Yz H1'C1’C2’'H2’ molecular fragments in the ribose sugars of a
& § < 2 3 9 TZEJS (EZ 2 9 Q 24-mer RNA stem-loop derived from the helix-35 of E. coli
- g g %—i 5 % E gé E :1) =) ; % 23S ribosomal RNA (Helix 35, Figure 10).'%® Determination
202 % T':. 1% g & é & 73 & E 2 = of order tensors for such molecular fragments was made pos-
El &l 2 O & £ & 2 3 v &8 sible by a 3D NMR experiment that allows simultaneous
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FIGURE 9 A minimum set of C—H and N—H RDCs in A-form helices involving nuclei that
can be readily assigned using conventional NOESY and triple-resonance experiments.

measurements of the following RDCs: 'Dcypir, 'Deypias
"Devirys 'Deamnys and 'Dygypry (Table I1). Order tensors for
such fragments could be determined for helical residues by
assuming a standard C3’-endo ribose ring pucker conforma-
tion. Interestingly, while the degree of order was found to be
similar for various residues in the helix, indicating molecular
rigidity, a ~15% reduction in degree of order was observed
for the terminal nucleotide likely due to end fraying (Figure
10).

A study by Chen et al. nicely highlights how RDCs can be
combined with spin relaxation and NOE data to obtain
insight into local flexibility. This study reported on the struc-
ture and dynamics of the Tetrahymena thermophila stem-
loop IV (SL-IV) RNA component of the telomerase enzyme
(Figure 10).'** Telomerase catalyzes the de novo addition of
telomeric repeats that cap and protect the end of linear chro-
mosomes and thereby enhance their genetic stability. SL-IV
plays an essential role in telomerase folding, making major
contributions to enzyme activity and to processivity of repeat
addition. Dynamically attenuated RDCs were observed at
two sites; two sets of AU residues in between a GA and U
bulge, which were predicted to form base-pairs that could
not be experimentally observed, and residues in the ACUAU
apical loop. Exchange broadening was also observed at the A-
U base-pairs supporting the presence of motions at these
sites. In contrast, several residues in the apical loop exhibited
elevated T, times, particularly U135, indicating the presence
of motions at ps-ns timescales. Interestingly, rigidifying
the AU region through replacement with GC base-pairs
resulted in two- to threefold reduction in enzyme activity
and processivity. The authors proposed that the bend-
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ing at the GA bulge together with flexibility in nearby
regions may help reposition the apical loop during the
enzyme catalytic cycle and may also play a role in RNP
assembly.

Concurrently, Feigon and coworkers reported on the
structure and dynamics of a variant construct of the T. ther-
mophila SL-IVFragment (Figure 10).'** This study provided
additional insight into the dynamic nature of the global SL-
IV structure. Order tensor analysis of RDCs measured in the
two helical domains flanking the GA bulge, which employed
an idealized A-form geometry, revealed a significant interhel-
ical bend angle (~50°) in excellent agreement with results
from Chen and coworkers (interhelical bend angle of ~43°).
The order tensor analysis also revealed that the degree of
order for the shorter lower stem is 15% smaller than that of
the longer upper stem, suggesting the presence of interhelical
motions. Analysis of the asymmetry parameter obtained for
each helix suggested that the interhelical motions are highly
directional.

Several RDC studies provide evidence for collective he-
lix motions in RNA. Representative examples are also
highlighted in Figure 10. Prior to the earlier telomerase
studies, Leeper and Varani used RDCs to study the “CR4-
CR5” domain (referred to as hTR J6), which is believed to
be a functional counterpart of SL-IV in the vertebrate
telomerase (Figure 10)."** hTR J6 is composed of two
helical domains joined by an internal loop containing
two cytosine residues and an ACU sequence (Figure 10).
Independent structure refinement of the two helical
domains using RDCs provided evidence for a small differ-
ence in the degree of order for the two helical stems con-
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FIGURE 10
sistent with the presence of small amplitude (<10°) inter- The first evidence for interhelix motions in RNA was pro-
helix motions that likely correspond to a directional arc vided in a study of the free state of an HIV-1 TAR RNA con-
trajectory. struct in which the wild-type apical loop was replaced with a
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UUCG loop.*® Previous NOE-based structures showed that
while the two helices in TAR adopt a bent average conforma-
tion (~49°) in the free state, binding to peptides derived
from its cognate transactivator protein target Tat leads to a
conformation in which the two helical domains are far more
coaxially aligned.'”®'** RDCs and the idealized A-form ge-
ometry were used to determine order tensors for each of the
two TAR helices.®® Superposition of the order tensor frames
yielded an average interhelical angle, ranging between 44° and
54° in agreement with previous studies (Figure 10).'*7'*!
However, the degree of order observed for the lower helix I
was significantly smaller than that observed for the upper he-
lix II, indicating the presence of substantial interhelical
motions. These results were interpreted as evidence that TAR
may dynamically sample the linear conformations required
for Tat recognition. More recent studies involving measure-
ments of relaxation data in elongated TAR constructs pro-
vided additional support for interhelix motions and a mode
of recognition involving tertiary structure capture.®” The am-
plitude of helix motions obtained by spin relaxation (S,
= 0.85) were smaller than those obtained by RDCs (9,
= 0.59), indicating that the helix motions occur at timescales
slower than overall molecular tumbling of elongated TAR
(Tm = 18.9 ns). The RDCs measured in bulge residues C24
and U25 as well as the neighboring A22-U40 base-pair were
also attenuated, consistent with a flexible interhelix linker.
Independent support for local motions in these residues was
also obtained from motional narrowing of resonances in
elongated TAR constructs.®®

Staple and Butcher examined the conformational dynam-
ics of the frame-shift inducing element in HIV-1 (Figure
10)."*> This RNA contains a three-purine bulge (GGA) that
induces an interhelical bend of 60°. The authors observed a
different level of order for the two helices (~23% reduction
for the lower stem), which indicates the presence of aniso-
tropic directional interhelix motions involving rotations
around an axis perpendicular to that of the plane of the two
helices. As expected, the longer helix II dominated overall
alignment. It is not known how these frame-shift inducing
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elements function, but in HIV-1, the lower stem significantly
enhances frameshift efficiency. It has been noted in other
RNAs that bending (and perhaps in the future, dynamics) is
necessary for function of these frame-shifting elements. It is
thought that the bend is needed for interaction with the ribo-
some during translation and the usually AU-rich bottom
stem is denatured, leading to alternate base-pairing (frame-
shifting).

Collective helix motions have also been observed using
RDCs between two helices in the RNase P P4 helix containing
a single pyrimidine bulge nucleotide (Figure 10).'* Idealized
A-form helices were used to model nonterminal WC base-
pairs in the two helices. The locally flexible and looped-out
uridine bulge was found to induce a small average bend
between the two helices (10°). A slightly smaller (~7%)
degree of order was observed for the upper helix IT (9,
= 0.93) indicating the presence of interhelix motions. The
interhelix motions were substantiated based on "N spin
relaxation measurements in elongated P4 constructs.'*
Unlike TAR, the motional amplitudes obtained by spin relax-
ation (S; = 0.95) were in very good agreement with values
obtained by RDCs (3, = 0.93), ruling out the presence of
interhelix motions at timescales slower than overall tumbling
of elongated P4 (~19 ns). The dynamical hinge for interhelix
motions was situated near a site of Mg> " binding which may
be important for RNase P catalysis. Given its central location
in RNase P, local and collective helix motions in P4 may be
important in allowing structural rearrangements to take
place during folding and catalysis.

A similar order tensor analysis of RDCs combined with
PN in elongated constructs
revealed the presence of collective motions between two heli-
ces in the HIV stem-loop 1 (SL1m) (Figure 10).'*” The two
helices in SL1m are linked by a highly conserved four-residue
internal loop, which induces a small average interhelical
bend angle (10° * 4° Figure 10)."*” The upper helix II,
which contains a series of melted base-pairs, exhibited a

relaxation measurements

smaller degree of order relative to the lower helix (Figure
10).'*” Exchange broadening of resonances revealed a possi-

FIGURE 10 Representative studies probing local and collective motions in RNA using RDCs.
Residues shown to be locally flexible using RDCs are highlighted in purple. Collective motions of
helices are indicated using arrows. The helix that is observed to dominate alignment in the presence
of collective motions is indicated with a star. Interhelical bend angles are also shown. The examples
include the TBR,** domain II of HCV IRES (Ha),119 SLD from the 5" UTR of enterovirus and rhi-

noviruses genomes (SLD),**°

a stem-loop at the 5’ end of the HBV,'?', stem-loop derived from he-

lix-35 of E. coli 23S ribosomal RNA (Helix 35),'*® Tetrahymena thermophila SL-IV RNA in two vari-
ant constructs (SL-IV)'?? and (SL—IV—Fragment),123 the CR4-CR5 domain in the vertebrate telo-
merase (hTR J6),"** HIV-1 TAR RNA,% the frame-shift inducing element in HIV-1 (Frameshift),'*
RNase P P4,"*° HIV SL1m,"” and the iron-responsive element (IRE).*
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ble secondary structural rearrangement occurring at ps-ms
timescales involving the internal loop and base-pairs in the
upper stem. It was proposed that the motions between the two
helices together with secondary structural rearrangements
might promote a functionally important structural rearrange-
ment between kissing and duplex forms of the SL1 dimer.

The earlier examples suggest that the collective motions of
RNA helical domains across flexible junctions may be a gen-
eral property of RNA architecture. However, it should be
stressed that the degree of helix motions present are likely
underestimated due to presence of residual motional cou-
plings (Figure 7). Thus, although in many cases no discern-
able differences in helix order are observed, this does not rule
out the presence of interhelix motions. In cases where differ-
ences are observed, quantitative assessment of the motional
amplitudes remains complicated by the possible presence of
motional couplings.

INDUCED CHANGES IN CONFORMATIONAL
DYNAMICS

Another exciting application of RDCs is in the characteriza-
tion of how the structure and dynamics of RNA varies in
response to changes in environmental conditions. These con-
formational changes are subtle and difficult to detect using
conventional NMR or other spectroscopic methods. When
combined with knowledge of RNA flexibility, these studies
are beginning to shed light on how RNA structures adapt to
perform their functions.

Metal-Induced Structural Transitions

The measurement of RDCs is allowing for the characteriza-
tion of how metals affect the RNA conformation and dynam-
ics when it is otherwise very difficult to establish based on
conventional methods. This was first demonstrated for HIV-
1 TAR RNA, in which an order tensor analysis of RDCs
revealed that Mg>" binding causes an arrest of interhelix
motions and stabilization of a coaxial conformation (Figure
11)** similar to that observed in the X-ray structure deter-
mined in the presence of high concentrations of divalent
ions."”* This global structural change was accompanied by
looping out of the otherwise stacked U23 and C24 bulge resi-
dues, which exhibited more attenuated RDCs in the presence
of Mg?*.**1*2 A more recent RDC study showed that Na™
ions induce a similar TAR structural-dynamical transition,
although the mode of metal binding may differ from that of
Mg+ 133

The impact of Mg*" on RNA conformation was also
examined for the P4 helix and SL1m RNA mentioned earlier.
In contrast to TAR, Mg®" binding had an insignificant effect
on the structure and dynamics of P4."*® While Mg*" also did
not affect the average orientation of the two helices in SL1m,
it led to a complete arrest of the interhelix motions.'*” This
was accompanied by preservation and/or activation of local
mobility at internal loop residues G272 and G273 which are
implicated in binding the NC protein.

The aforementioned metal-induced changes in RNA con-
formation may be understood in terms of the interplay of
electrostatic and base-stacking interactions. At low ionic
strength conditions, interhelical bending serves in part to al-
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leviate charge repulsion which would otherwise build up due
to spatial confinement of backbone phosphates in the bulge/
internal loop.”*'**'*® By screening charge repulsion, diva-
lent and monovalent ions can help stabilize coaxial helical
conformations. This in turn may require the looping out of
bulge/internal loop residues that may be involved in stacking
interactions, as observed in the case of TAR and SL1m. Thus,
the energetic gains due to favorable coaxial helical stacking
and metal binding have to offset the unfavorable loss of
stacking interactions in bulge residues. In the case of P4, the
uridine bulge was looped out, and the two helices nearly
coaxially stacked in the absence of Mg®" possibly explaining
why Mg had a substantially smaller effect on conforma-
tional dynamics.

Molecular Recognition

RDCs are also providing insight into changes in RNA confor-
mation that are induced by molecular recognition. An early
example was the use of RDCs to identify RNA conforma-
tional changes induced by binding to aminoglycosides.'*
Differences in the RDCs measured in two adenosines located
in an asymmetric loop of the RNA in the free and antibiotic-
bound forms nicely correlated with the known structural
changes that were proposed to occur.

A series of studies employing an order tensor analysis of
RDCs have examined how the relative orientation and dy-
namics of A-form helices in HIV-1 TAR change in response
to binding of small molecules, most of which were designed
to inhibit the TAR-Tat interaction. Previous NOE-based
NMR studies had shown that TAR RNA undergoes confor-
mational rearrangements upon binding to small molecules
bearing a different number and spatial arrangement of cati-
onic groups.'*»!*>1*"1*? Figure 11 shows some of these TAR
conformational transitions as visualized through application
of an order tensor analysis of RDCs.*>***° Interestingly, one
finds that molecules that contribute a larger number of cati-
onic groups tend to stabilize more linear and rigid TAR con-
formations (Figure 11), in analogy to the trend observed
when adding metals (Mg*") as discussed earlier.

Chemical Modifications

RDCs have also been used to examine whether chemical
modifications of interest affect the structure and/or dynamics
of RNA. Butcher and coworkers used RDCs to examine the
impact of phosphorothioate substitutions which are com-
monly used to elucidate functionally important metal-ion
binding sites in RNA.'"** Specifically, they examined the
impact of an S,-phosphorothioate substitution at residue
U80 in the U6 RNA stem-loop. This phosphorothioate sub-
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stitution was previously used to demonstrate the presence of
a metal-binding site at this location that is critical for spli-
ceosome function. With the aid of RDCs, the authors solved
and compared structures for U6 RNA with and without the
phosphorothioate substitution. Because of difficulties in
chemically preparing the modified RNA with °C and "N
labeling, C—H RDCs were measured at natural abundance.
Very similar structures were determined for the two RNAs,
indicating that the single S,-phosphorothioate substitution
at residue UBO is structurally benign, validating use of phos-
phorothioate substitutions in identifying metal-binding sites.

Vermeulen et al. used RDCs to examine how posttran-
scriptional modifications affect the structure of tRNAYY,!*°
Although no major structural differences were observed, the
RDCs measured at residues near sites of modifications exhib-
ited significant differences between the modified and
unmodified tRNA form, indicating that they have altered
local conformations perhaps due to added steric restraints
from the modifications.

Du et al. used RDCs to help examine how a single C10 to
U10 mutation in the loop B region of SL-IV domain within
the internal ribosomal entry site affects its structure and dy-
namics (Figure 10).'*® The loop B contains an unusually
long six-nucleotide asymmetric bulge containing a stretch of
three cytosine residues that is important for binding the
PCBP2 protein and critical for Poliovirus translation. The C/
U mutation targeted one of the cytosine residues in the
bulge. Remarkably, although attenuated RDCs were observed
for many bulge residues in the wild-type RNA, indicating the
presence of extensive flexibility, these motional attenuations
were nearly absent in the 10U mutant, indicating limited
flexibility in the bulge. Structure determination of the
two RNAs revealed that while the wild-type RNA adopts an
overall “L”-shape conformation, the 10U mutant adopts an
overall “U”-shape conformation. Although the biophysi-
cal basis for these dramatic changes in structure and dynam-
ics are not fully understood, the authors speculate that
the more rigid 10U RNA adopts a preformed scaffold for
protein recognition, whereas recognition of the more flexible
wild-type sequence requires conformational changes in the
RNA.

SUMMARY

The measurement of RDCs is providing new insight into the
dynamical properties of RNA structure. Inherent flexibility
involving local motions of residues and collective movements
of intact domains can now be characterized over a wide range
of timescales. In several cases, these motions appear to serve
the role of aiding RNA conformational transitions, including
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adaptive formation of intermolecular interactions with cog-
nate targets. The exquisite conformational sensitivity of
RDC:s is also providing new opportunities for carefully char-
acterizing how RNA conformation changes in response to
specific physiochemical changes, including recognition of
molecular targets, metal binding, and chemical modifica-
tions. These studies suggest that even minor modifications in
sequence or chemical context can lead to dramatic changes
in the RNA conformational dynamics, further emphasizing
the need to abandon the notions that one RNA sequence
codes for a single structure.

There are a number of areas for future development. First,
the ability to probe collective dynamics by RDCs remains
complicated by the potential presence of unaccounted for
motional couplings between internal motions and overall
alignment. Techniques such as domain-elongation® can be
used in the future to minimize these motional couplings and
allow for more quantitative characterization of the ampli-
tude, directions, and asymmetry of helix motions. Second,
there is a need to develop approaches for modulating align-
ment of nucleic acids. Only then will it be possible to effec-
tively apply model-free>®”” and ensemble®' approaches for
the characterization of dynamics with enhanced structural
resolution. Finally, the combination of RDCs with other
techniques, including spin-relaxation methods and time-
resolved NMR discussed in other review articles in this issue
promises to lay a basis for unraveling the structural plasticity
of RNA over the entire window of biologically relevant time-
scales.
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