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Abstract

We present a protocol for determining the relative orientation and dynamics of A-form helices

in 13C/15N isotopically enriched RNA samples using NMR residual dipolar couplings (RDCs).
Non-terminal Watson—Crick base pairs in helical stems are experimentally identified using NOE
and trans-hydrogen bond connectivity and modeled using the idealized A-form helix geometry.
RDCs measured in the partially aligned RNA are used to compute order tensors describing
average alignment of each helix relative to the applied magnetic field. The order tensors are
translated into Euler angles defining the average relative orientation of helices and order
parameters describing the amplitude and asymmetry of interhelix motions. The protocol does not
require complete resonance assignments and therefore can be implemented rapidly to RNAs much
larger than those for which complete high-resolution NMR structure determination is feasible. The
protocol is particularly valuable for exploring adaptive changes in RNA conformation that occur
in response to biologically relevant signals. Following resonance assignments, the procedure is
expected to take no more than 2 weeks of acquisition and data analysis time.

INTRODUCTION

The functions of many regulatory RNAs involve large changes in conformation that occur in
response to a range of cellular signals, including recognition of proteins and ligands, metal
binding, changes in temperature and RNA synthesis itself1~4. Such conformational
transitions allow one RNA molecule to carry out many biochemical transactions. For
example, the RNA conformation required for the assembly of a complex ribonucleoprotein
may differ from that required for executing the ribonucleoprotein function®5.
Conformational changes also provide a basis for sensing signals and transmitting regulatory
responses. For example, a large class of mMRNA riboswitches regulate gene expression by
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changing conformation in response to recognition of small metabolite molecules or changes
in temperature’-8,

These and many other examples (see refs. 3,4,6 and references therein) illustrate how a
broad structural landscape—rather than a single conformation—often needs to be
characterized in order to fully understand how regulatory RNAs function at the atomic level.
This structural landscape is vast when one considers the potentially innumerable RNA
conformations that could be targeted by small molecules in order to combat infectious
diseases®11. Characterizing such a large number of RNA conformations at atomic
resolution is a challenge that cannot be met by current techniques. Despite significant
advances, RNA structure determination by X-ray crystallography and NMR spectroscopy
still requires several months. X-ray crystallography is limited to conditions that yield well-
diffracting crystals and this can preclude insight into less-ordered conformers of the RNA
structural landscape. While NMR spectroscopy can be applied under a variety of conditions,
it is currently limited to RNA molecules of the size of ~100 nt (ref. 12). Moreover, until
recently, heavy reliance on short-range distance constraints made it difficult to reliably
define global aspects of RNA architecturel3-15,

Herein, we describe an NMR protocol that can be used to rapidly characterize the relative
orientation and dynamics of RNA A-form helices that relies on the measurement of RDCs in
partially aligned RNAs (Fig. 1) (see refs. 16,17). The relative orientation and dynamics of
A-form helices is a feature of RNA conformation that goes through important changes
during the course of folding, recognition and catalysis®318:19_ |t is also a feature of RNA
architecture that is particularly susceptible to artificial distortions owing to crystal packing
forces?0. The protocol, first described in refs. 21-23, combines long-range orientational
constraints derived from RDCs with the ability to accurately model A-form helical domains
using a standard idealized geometry1®24. Compared to other techniques used to characterize
interhelical bending, including gel mobility measurements and transient electric
birefringence2>26, the current protocol allows one to directly distinguish between fixed
bends and interhelical flexibility and provides three-dimensional information regarding
interhelical bend and twist angles. The orientational information obtained is highly
complementary to the distance information obtained from other techniques such as
fluorescent resonance energy transfer, providing ample opportunities for synergistic
integration.

The protocol trades structural resolution for greater efficiency of application and potentially
broader applicability to larger RNA systems. Thus, while it does not yield complete high-
resolution structures, it provides a basis for exploring the relative orientation and dynamics
of helical domains under a variety of conditions of interest in large molecular systems. This
high efficiency and broad applicability arises for a number of reasons. First, the protocol
bypasses the rate- and size-limiting requirement for comprehensive assignments of
resonances and NOEs. Rather, assignments are required only for a subset of resonances in
A-form helices (Fig. 2a). Not only are these assignments the easiest to establish in nucleic
acids using conventional methods27=29, there are possibilities for integrating RDC
measurements into the assignment process thereby enhancing the efficiency and robustness
of application even further39:31, Second, the conformation of Watson—-Crick (WC) base pairs
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in helical stems does not need to be determined— rather it is modeled a priori using the
idealized A-form geometry32:33 taking into account parameterized structural deviations?3.
Third, computational methods are available for interpreting RDCs in a semi-automated
manner23:31.34-36 (Fig. 2b). The protocol in its current form yields 41 degenerate solutions
for orienting n helices and this degeneracy has to be lifted with the use of other experimental
or geometrical restraints. Note that many variants of this protocol, some of which allow
simultaneous local structure determination of molecular fragments, have also been
described34-38,

Experimental design

Long-range orientational information from RDCs—RDCs arise owing to incomplete
averaging of the dipolar interaction in partially aligned molecules!6:17:39, They report on the
orientation of bond vectors relative to the applied magnetic field, and specifically the time-

3cos?0 — 1
averaged function 2 , where 0 is the angle between the bond vector and the
magnetic field (Fig. 1). RDCs provide a straightforward approach for obtaining information
regarding the relative orientation and dynamics of molecular fragments particularly when
their local conformation and specifically the orientation of RDC-targeted bond vectors are
known a priori (Fig. 2a) (see refs. 13,40,41).

In this protocol, RNA fragments consist of two or more nonterminal contiguous hydrogen-
bonded WC base pairs (Fig. 2a).

Recently, we conducted a statistical survey23 of 421 such WC base pairs derived from 40
unbound and bound RNA X-ray structures (solved with <3 A resolution) and the 2.4 A° X-
ray structure of the ribosome?*2. The results showed that the local conformation of such WC
base pairs can be modeled a priori using a standard idealized A-form helix geometry for
analyzing RDC accu-rately32:33 (Fig. 2a). These WC base pairs can be experimentally
identified/verified using NOESY connectivity and trans-hydrogen bond Jyn-COSY type
NMR experiments for directly detecting N-H-N hydrogen bonds*344 (Fig. 2a). WC base
pairs that are flanked by G-U pairs or non-canonical motifs can also be used although higher
levels of structural noise need to be considered in the analysis (C.M., K.G. & H.M.A,,
unpublished findings).

With the local conformation of WC base pairs in hand, the measurement of more than five
independent RDCs per helix allows determination of five elements of an order or alignment
tensorl6:45 The order tensor describes the average alignment of each helix relative to the
applied magnetic field. Three Euler angles specify a helix-fixed order tensor frame (S, Sy,
S,,) that describes the average orientation of helices relative to the applied magnetic field.
The average orientation of fragments—one relative to the other—can be obtained by
superimposing their order tensor frames (Fig. 2b) (see refs. 24,46,47). The latter statement
amounts to insisting that helical fragments share, on average, a common view of the
magnetic field direction when assembled into a proper structure—similar to how countries
in a properly assembled map report a common compass bearing. Two additional principal
order tensor parameters describe the degree
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of helix alignment?447. These parameters can be compared for various helices to obtain
information about relative helix motions over sub-millisecond timescales*’ (Fig. 2b). While
helices will report identical parameters when they are held rigid relative to one another,
interhelix motions can lead to differences. Specifically, the 3 value for a given helix will be
attenuated relative to the value observed for a helix that more strongly dominates total
alignment, with the degree of attenuation generally increasing with motional amplitudes.
Although often difficult to determine reliably, the asymmetry parameter (1)) can provide
insight into the directionality of interhelix motions with spatially isotropic (directionless)
motions having a smaller effect on the relative helix n values compared to anisotropic
(directional) motions2447.

Although an idealized A-form geometry is assumed for the WC base pairs, structural
deviations can arise and this uncertainty (referred to as “structural noise”48) must be
propagated into the RDC-derived order tensor parameters and ultimately the relative
orientation and dynamics of helices. To this end, the statistical survey of RNA X-ray
structures was used to parameterize standard angular deviations in base pair and base pair
step angles (buckle (k), propeller (), opening (o), incline (1), (tip (0), twist (£2) and sugar
torsions (vg—v4)) relevant for the analysis of one bond C-H and N-H RDCs (Fig. 2a) (ref.
23). The effects of A-form structural noise as well as RDC measurement uncertainty are
taken into account in the determination of order tensors in the program AFORM-RDC
available from the corresponding author23. Other more general approaches for dealing with
structural noise in the determination of alignment tensors have also been described?8.

Limits of applicability and practical considerations—There are three main
considerations in implementing the presented protocol.

First, how many RDCs are needed per helical fragment to carry out the order tensor
analysis? A minimum of five spatially independent (i.e., non-parallel) RDCs are strictly
needed to solve for the five order tensor parameters. However, in practice, satisfying this
condition requires the measurement of a larger number of RDCs-at least 8 one-bond C-H
and N-H RDCs—in both sugar and base moieties—will ideally yield a spatial distribution
defined by a condition number (CN) <5 (refs. 21,47). For 211 RDCs with CN<5, A-form
structural noise and typical RDC uncertainty (~1.5 Hz) is expected to lead to average errors
in the magnitude and orientation of the principal axis of order that are <9% and <4°,
respectively?3. The errors decrease to <5% and <4° for 217 RDCs (ref. 23). The choice of
RDCs to be measured is guided by the desire to maximize the magnitude: precision of

Nat Protoc. Author manuscript; available in PMC 2016 January 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bailor et al.

Page 5

measurement ratio and spatial distribution of the targeted vectors. The most optimum and
commonly targeted RDCs are those between directly bonded C—H and N-H nuclei, which
yield the largest RDC magnitudes (Fig. 3a). Additional one-, two- and three-bond RDCs can
also be measured (Fig. 3b) using some of the pulse sequences listed in Table 1. The latter
RDCs are smaller and may prove difficult to measure in larger RNAs (>60 nt). As long as
more than eight RDCs have been measured with CN<5, the protocol implemented in
AFORM-RDC will yield faithful estimates of the order tensor error due to both structural
noise and RDC uncertainty?3. Additionally, although not discussed here, it should also be
possible to include nucleobase residual chemical shift anisotropies (RCSASs), which can be
measured abundantly in larger RNAs owing to favorable TROSY effects49-52,

Second, the order tensor analysis of RDCs assumes that one fragment dominates overall
molecular alignment of the RNA2447.53.54 This “decoupling limit” (i.e., when individual
helix motions are decoupled from global motions) is readily satisfied when one helix
dominates alignment or when helices are held rigid relative to one another. In general, the
alignment of polyanionic nucleic acids in neutral or negatively charged ordering media will
be governed by the anisotropy of the overall molecular shape. For A-form helical fragments
longer than approximately 7 bp, in which the helix length exceeds the diameter, the
structural anisotropy and thus the degree of order are expected to increase with helix length.
Thus, longer helical fragments can be expected to dominate overall alignment.

Additionally, two other regimes can be identified when helices are flexible. In the extreme
coupling limit, helices have similar size and shape and contribute equally to total alignment.
If motions of the helices—one relative to the other—result in equivalent changes in total
alignment, then similar degrees of helix order will be observed regardless of interhelical
motions®*. In such cases, observation of J;n; values equal to one does not rule out the
presence of interhelix motions. Note, however, that depending on the interhelix motional
trajectory, inequivalent &’s can be observed for helices even if they have equivalent size and
shape. For example, twisting around the axis of a given helix will result in a reduction of its
& without affecting the 3 value observed in another helix. In the intermediate coupling limit,
which is the most common scenario, one helix partially (but not completely) dominates total
alignment. Here, the derived motional amplitudes will underestimate the real motional
amplitudes?4. Simulations (data not shown) as well as experimental results show that
differences on the order of three base pairs can be sufficient to take an RNA system outside
the extreme coupling limit and into the intermediate regime?1.22:24,38.54.55 Extensive
elongation of helices using isotopic labeling strategies that render elongation residues
invisible can also be used to bring the RNA system closer to within the decoupling limit®6.

Finally, note that the order tensor analysis assumes that local fluctuations are similar in
magnitude for the WC base pairs in various helical segments. A survey of NMR relaxation
studies and analysis of a molecular dynamics simulation support this assumption for WC
base pairs flanking other WC base pairs23. Nevertheless, it will be important to
independently establish the structural stability of WC base pairs, as noted earlier, by using
NOESY connectivity and Jyy-COSY experiments for detecting hydrogen bond
alignments#344 (Fig. 2a). Note that a greater degree of local motions may arise in WC base
pairs flanking non-canonical motifs23,
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MATERIALS

REAGENT SETUP

13C/15N-labeled RNA sample (typically >0.2 mM) in NMR buffer—The protocol
assumes that 1H, 13C, 15N resonances in A-form helices have been assigned using
established methods?7-2, The experiments are carried out on uniformly (or residue-
specific) 13C/15N-labeled RNA samples (typically >0.2 mM).

Ordering medium—All of the ordering media listed in Table 2 have been used to align
nucleic acids. The most popular and commonly used ordering medium is Pf1 phage®’.
Relative to other media, Pf1 phage is tolerant to the high salt concentrations used in nucleic
acid samples and is negatively charged, thus reducing the possibility of adverse
intermolecular interactions. Pf1 phage is available commercially or can be prepared using
the methods described in ref. 57. Typically, a Pfl solution is exchanged into the NMR buffer
by repeated (at least three) rounds of ultracentrifugation (1 h at 4 °C in a Beckman
TLA-100.3 rotor at 475,000g, or 3—-6 h in a VTi50 rotor at 200,000g) followed by
resuspension of pellet into the NMR buffer. Alternatively, one can dialyze Pf1 phage into
the desired buffer. After completing the aligned experiments, the same ultracentrifugation
procedure can in principle be used to recover the nucleic acid (supernatant) from the phage
solution (pellet). Note that it will generally be difficult to achieve perfect separation of the
nucleic acid sample from the phage medium.

NMR buffer—Sample conditions, including pH, temperature, monovalent and divalent ion
concentrations as well as the RNA refolding procedure may have to be optimized at the
onset of an investigation to ensure proper folding of the RNA. Imino proton NMR spectra
are a convenient way to probe hydrogen bond alignments and thus the RNA secondary
structure. Typically, one expects a single imino proton resonance for every guanine and
uridine base involved in N-H— X hydrogen bonding. In general, fast cooling of dilute (~10
uM) RNA samples in low salt (desalted buffer) favors hairpin structures, whereas slow
cooling of more concentrated NMR samples in high salt favors formation of duplexes?®. The
standard buffer used in our laboratory consists of 15 mM sodium phosphate, pH ~6.4, 0.1
mM EDTA and 25 mM sodium chloride.

EQUIPMENT SETUP

NMR spectrometer equipped with a triple resonance probehead. Computer programs used
for the analysis of RDCs (A-form-RDC and RAMAMH) and calculation of interhelical angles
(Euler-RNA(A-form)) can be obtained by emailing H.M.Al-Hashimi (hashimi@umich.edu)
or by downloading them from the website http://www-personal.umich.edu/~hashimi/.

PROCEDURE

Experimental validation of predicted WC base pairs

1 Divide the RNA secondary structure into constituent helical stems and identify
contiguous WC base pairs that are flanked by other WC base pairs (Fig. 2a).
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Use imino proton line widths, NOE and trans-hydrogen bond (e.g., Jnn-
COSY)*344 connectivity to validate hydrogen bonding in the target WC base
pairs (Fig. 2a).

A CRITICAL STEP Although not expected, WC base pairs exhibiting severely
exchange-broadened imino proton signals and/or unusually weak NOESs and
trans-hydrogen bond connectivity should be excluded from analysis even if they
meet the criteria of being flanked by other WC base pairs.

Record NMR experiments for measuring splittings (Fig. 3) in the unaligned
RNA sample using the pulse sequences listed in Table 1.

Process NMR spectra and measure splittings.

I CAUTION In frequency domain experiments, phase distortions owing to
improper calibration of timing delays and/or shaped pulses can yield splitting
measurement errors that are larger than theoretical limits (approximately given
by 0.7*Linewidth* (1/signal:noise)) (see ref. 58).

A CRITICAL STEP The unaligned splittings correspond to isotropic scalar
couplings (J) plus contributions (typically <1-2 Hz for C-H bonds in RNAs <40
nt at 600 MHz) from magnetic field-induced RDCs (Dsielg) and dynamic
frequency shifts (DFS). The value of Djelg increases quadratically with the
magnetic field strength (i.e., with B2). DFS are contributions to chemical shifts
and scalar couplings arising from the imaginary component of the spectral
density function for cross-correlation between dipolar and CSA relaxation
mechanisms®?. At magnetic fields above 400 MHz, the DFS contribution to the
apparent splittings is nearly constant (within 0.1 Hz) (see ref. 60). At 600 MHz,
it is computed to be —1.2 and 0.6 Hz for directly bonded C-H and N-H bonds in
the nucleobases of an RNA molecule tumbling with an overall correlation time
of 6 ns. These DFS contributions will nearly perfectly cancel out when
computing RDCs from the difference in splittings observed in the aligned and
unaligned states particularly when using the same magnetic field to measure
aligned and unaligned samples (>400 MHz). Typical values for isotropic
splittings are provided in ref. 61.

Align RNA sample by dissolution into an appropriate ordering medium®2 (Table
2). Pf1 phage is the most popular commercially available medium for aligning
nucleic acids®7:63,

For small to moderately sized RNAs (25-50 nt), 18-25 mg ml~1 phage will
generally yield an optimal level of alignment (~20 Hz maximum N-H) (ref. 64).
Typically, we add a preconcentrated RNA solution (~0.5-1.5 mM) in NMR
buffer to a desired volume of Pf1 phage (50 mg mi~1) in NMR buffer in an
Eppendorf tube and then gently transfer the phage/RNA solution into the NMR
tube avoiding bubble formation. Other media that have been used to align
nucleic acids are shown in Table 2.
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It is important to verify that the ordering medium does not interfere with the
RNA conformation by comparing chemical shifts obtained in the unaligned and
aligned samples. Note that small variations in the chemical shifts of nucleobase
carbons and nitrogens are expected between unaligned and aligned samples
owing to incomplete averaging of RCSAs®0:51.65 These RCSA contributions
scale linearly with the magnetic field and degree of order. Typical values are
shown in Table 3.

RNA molecules can also be aligned spontaneously (magnetic field-induced
alignment) owing to their large magnetic susceptibility (x) tensor arising from
constructive summation of the individual nucleobase x-tensors86-68. The degree
of alignment scales quadratically with the magnetic field strength for typical
RNA samples (~40 nt)—at 900 MHz, the degree of alignment is ~3- to 6-fold
smaller than the optimum level obtained by using ordering media.

I CAUTION The concentration of ordering medium needed for optimum
alignment may be significantly smaller for much larger RNAs (» 50 nt). If a
model structure for the RNA is available, programs for predicting steric
alignment®9 can be used to assess relative levels of order and the ordering
medium concentration adjusted accordingly. In addition, the RNA concentration
suitable for a given ordering medium may be substantially smaller for larger
RNAs.

? TROUBLESHOOTING

Use the same NMR experiments to measure splittings in the aligned sample.
Subtract the value of splittings measured in aligned (J + D) and unaligned (J)
samples to compute RDCs (Fig. 2a).

I' CAUTION To avoid differential contributions from magnetic field-induced
RDCs and relaxation interference effects, splittings in unaligned and aligned
samples should be measured at the same magnetic field strength.

A CRITICAL STEP It is advisable to estimate the experimental RDC
uncertainty from the standard deviation in duplicate measurements. Resonances
exhibiting significant differences (>30) as a result of considerable broadening,
overlap, presence/ absence of unresolved multiplets should be discarded unless a
weighted fit is carried out in the order tensor determination. Depending on the
RNA sample, we typically obtain o values ranging between 0.5 and 3 Hz for
one-bond C-H RDCs.

Build idealized A-form helices (PDB files) corresponding to the sequence of the
targeted WC base pairs in each helix (Fig. 2a). For example, to build an A-form
helix using the Biopolymer module of Insight 11 2000.1 (Molecular Simulations
Inc.), click on the module icon in the upper left corner and select append from

the nucleotide menu. In the pop-up box, select “A_RNA_Duplex”. Input a name
for the molecule into the text field. Next, select the appropriate WC base pair in
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the Nucleotide text field. Continue to append base pairs—following along in
sequence from 5’ to 3’—until you have completed building the desired helix.
Click cancel and then select the File menu and choose the desired export option
for the helix coordinates.

I CAUTION The idealized A-form helices should conform to published
parameters23:32:33_|f puilding helices using INSIGHT 11 2000.1 (Molecular
Simulations Inc.), care needs to be taken to correct the propeller twist angles to
the proper value of —14.5°. Programs such as Curves 5.1 (ref. 70), FreeHelix98
(ref. 71), 3DNA (refs. 32,72), SCHNAaP’3, NUPARM and NUCGEN'4 can be
used to compute relevant helix parameters.

Compute five-order tensor elements for each A-form helix by fitting the RDCs
in each case to the A-form PDB coordinates.

A CRITICAL STEP Several programs are available to carry out such
calculations, including ORDERTEN-SVD#6, REDCAT®, PALESSY, iDC’8,
CONFORMIST?7 and RAMAH5L,

I' CAUTION Non-ideal WC base pairs as identified in Step 2 are excluded from
this analysis.

Examine the correlation between measured and back-calculated RDCs. Major
outliers should be interrogated for possible measurement errors.

I' CAUTION For a small number of RDCs (<11), the major outliers may not
necessarily correspond to the ‘bad’ data (but could instead be data points that
exhibit a good fit). This underscores the need to independently identify poor

RDC measurements early on in the analysis.

Use AFORM-RDC?3 or other approaches*8 to estimate the order tensor error
owing to structural noise and RDC measurement uncertainty.

Determining the average interhelix alignment

11

Superimpose the best-fit order tensor frames determined for the various helices
by rotating each helix into the principal axis system (PAS) of the computed best-
fit order tensor. In the PAS frame, the principal S, Sy and S directions are
oriented along the z, y and x axes, respectively, of the molecular frame (Fig. 2b).

A CRITICAL STEP There are four ways for rotating helices into their order
tensor PAS involving 180° rotations about the principal S, Sy and S,
directions. Owing to this fourfold degeneracy, n helices can be assembled in
4"-1 distinct structures that satisfy measured RDCs’8 (Fig. 2b). Half of these
solutions can generally be eliminated because they do not satisfy the RNA
secondary structure. The remaining twofold degeneracy typically involves
rotations about the long axis of the RNA and must be eliminated based on bond
connectivity considerations, other experimental restraints and/or by measuring
RDCs in a second non-collinear alignment medium?®.
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A CRITICAL STEP Extended RNA conformations (e.g., involving coaxially
stacked helices) will often have nearly axially symmetric (n~0) order/alignment
tensors. In these cases, rotations of helices around the effective long axis (S5) of
the RNA molecule will be ill-defined. As a result, interhelix bend angles tend to
be much better defined than corresponding interhelix twist angles.

? TROUBLESHOOTING

Assemble the rotated helices into an overall RNA structure. Here, a molecular
visualization program can be used to open and view the helices in their
respective order tensor PAS frames. The helices are translated taking care not to
rotate them away from their PAS frames and connected in such a way that
satisfies experimental or geometrical restraints. For the example shown in
Figure 4, the helices were translated to satisfy a direct phosphodiester linkage
between the two helices (distance between O3’ atom of residue C39 in helix |1
and P atom of residue U40 in helix I is set to 1.58 A).

Translate the uncertainty in the order tensor PAS derived by the program
AFORM-RDC?2 or other approaches into uncertainty in the relative orientation
of RNA helices?®,

A CRITICAL STEP For the above, it is useful to use a convention for
specifying the relative orientation of helices. Starting with a coaxial alignment
for helices i and j with the helix axis oriented along the molecular z direction,
the orientation of helix i relative to a reference helix j can be specified using
three Euler angles (ap, Oy, yn) that transform (through the rotation matrix Rjj(cn,
On, vn)) helix i from an orientation that is perfectly coaxial with helix j to that
observed in the RDC-derived interhelix structure. The angle ay, defines a twist
around the helix axis j, Oy, defines the interhelix bend and vy, defines a twist
around the helix axis i. The sum of ap + vy, yields the interhelix twist angle ().
In this work, the 3’ helices are used as the reference and positive angles refer to
anticlockwise rotation of the molecular frame (or clockwise rotation of the
object). Thus, positive and negative interhelix twist angles (&) correspond to
over- and undertwisting, respectively. Note R(ap, 6h, vh) = R(ap £ 180°, — 6y, vh
+180) = R(ap + 180° —Op v = 180°) and R = Rij_l =R (=yh— O —ap). The
rotation matrix Rjj; can be expressed in terms of the rotation matrices

((R;andR;-)) that diagonalize the helix i and j order tensor, respectively,
obtained when using the coaxial helix molecular frame. The relation,

R;;=R; 'R}, can be used to propagate the experimental error in R;and R}
estimated using A-form-RDC into an error in the structural parameters defined
by R”

Characterizing interhelix motions

14|

The amplitude of motions between helices i and j can be obtained from the ratios
of their respective s obtained from the order tensor analysis, Jjn: =3 (i) / 3 (j),
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(9 (1)< (j)) (ref. 47) (Fig. 2b). The Jjn value ranges between 1 for interhelix
rigidity and 0 for maximum interhelix motions.

I CAUTION A <1 implies interhelix motions but the motional amplitudes
are likely to be underestimated by couplings between helix motions and overall
alignment24:54, In contrast, Jj,~1 implies either interhelix rigidity or that
interhelix motions evade detection owing to motional couplings. Helix
elongation can be used to resolve such ambiguities®.

* TIMING

Following resonance assignments, the procedure is expected to take no more than 2 weeks
of acquisition and data analysis time.

? TROUBLESHOOTING

If a precipitate forms, try to dilute your RNA concentration with a solution of phage at the
desired concentration in your NMR buffer.

It may be possible to eliminate a degenerate orientation based on an inability of each
structure to correctly back-predict the total observed alignment tensor.

ANTICIPATED RESULTS

As an example, the protocol is applied to determine the relative orientation and dynamics of
two helices in the free state of the HIV-1 transactivation response element (TAR). The two
TAR helices are linked by a trinucleotide pyrimidine bulge24. A total of 18 (12 base, 6
sugar) and 22 (13 base, 9 sugar) one-bond C—H RDCs were measured in helices | and 11,
respectively, using ~22 mg ml~1 of Pf-1 phage ordering medium?4. The RDCs were used to
determine order tensors for each helix using the program RAMAH. The order tensor frames
and degree of order for each helix are shown in Figure 4. The large difference between the
helix {3’s implies the presence of interhelix motions. The error bars shown reflect a
combination of RDC measurement uncertainty and A-form structural noise as implemented
in the program A-form-RDC. The motional amplitudes are given by 3int = Inelix 1 /helix 11 =
0.56 + 5.2% (ref. 24). Superposition of the helix order tensor frames yields four possible
solutions for the relative orientation of the two helices. Following an initial superposition,
three additional solutions are generated by rotation of one helix (helix 1) relative to the
other 180° about the Sy, S,y and S, directions, respectively. The helices are translated to
satisfy a direct phosphodiester linkage between the two helices (distance between 03" atom
of residue C39 in helix 11 and P atom of residue U40 in helix I is set to 1.58 A). Two
solutions (S and Syy) are omitted as they lead to antiparallel helix orientations that are
inconsistent with the TAR secondary structure. The third solution (Sy) is omitted because it
leads to a distance between the 03’ ribose oxygen of residue 22 and the backbone
phosphorous of residue 26 that cannot be satisfactorily linked by the trinucleotide bulge. The
overall free TAR conformation is thus described by interhelix bend (B) and twist (&) angles
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of 47° + 4° and 61° + 30°, respectively, and a high degree of interhelix flexibility (3 =
0.56 + 5.2%).

In general, the relative orientation and dynamics of RNA helices will depend on sequence/
structural context, temperature and pH, as well as presence/absence of metals and bound
protein/ligand molecules. Application of the presented protocol is beginning to illuminate
salient trends and detailed relationships between interhelical bend, twist and flexibility,
building on observations obtained previously by gel mobility measurements2®79.80 and
transient electric birefringence?>26, In what follows, we summarize the results obtained thus
far noting key trends and their possible explanation.

Figure 5a shows the relative orientation and dynamics of helices observed in three different
RNA contexts in the absence and presence of Mg2* ions. This includes HIV-1 TAR, the
RNase P P4 helix containing a single pyrimidine bulge nucleotide?!, and HIV-1 SL1
containing a purine-rich asymmetric four-nucleotide internal loop?2. In Figure 5b, we show
corresponding results for HIV-1 TAR bound to Mg?* and four different small molecules
containing a different number of cationic groups.

A general trend is observed between the degree of interhelical bending (0), helical
overtwisting (&) and interhelical flexibility (3in) (Fig. 5). The greater the bend angle, the
greater the degree of overtwisting and interhelix flexibility. This behavior can be understood
in terms of the stacking and electrostatic interactions at the bulge/internal loop that dictate
the resulting orientation and dynamics of juxtaposed helices. Bulges and asymmetric
internal loops induce interhelical bending and overtwisting for two main reasons2®:79.80,
First, by extending the bulge/internal loop conformation, interhelical bending alleviates
electrostatic charge repulsion that would otherwise build up in coaxial structures owing to
spatial confinement of bulge/internal loop phosphates. Second, interhelical bending
accommodates looped in conformations allowing favorable bulge/internal loop stacking
interactions. It is the stacking interactions of bulge/internal loop residues that account for the
observed helical overtwisting. In the absence of tertiary contacts that stabilize the relative
orientation of helices, the degree of interhelical bending, overtwisting and interhelix
flexibility is expected to increase with the length of the bulge?6:79.81-84 a5 s observed when
comparing TAR and P4 both of which contain pyrimidine bulges (Fig. 5a). Unopposed
asymmetric bulges are expected to give rise to greater bending/flexibility compared to
opposed symmetric internal loops that may have compensating bending effects26.79.81-84 a5
observed when comparing TAR and SL1 (Fig. 5a).

By screening unfavorable electrostatic charge repulsion in and around the bulge/internal
loops, divalent and monovalent ions (or small molecule containing positive groups) can help
stabilize coaxial helical conformations2>:26:85-88 However, this will often require the
looping out of bulge/internal loop residues. Thus, the energetic gains owing to favorable
coaxial helical stacking and metal binding have to offset the unfavorable loss of stacking
interactions in bulge internal/loop residues. In the case of TAR, Mg?* binding induces a
large structural transition toward a rigid coaxial interhelical conformation (Fig. 5a) (see ref.
87). This transition is accompanied by looping out of the otherwise stacked nucleobases of
pyrimidine bulge residues U23 and C24 (see refs. 87,89). In contrast to TAR, Mg2* binding
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has an insignificant effect on the P4 conformation for which favorable coaxial helical
stacking and looping out of the uridine bulge is already observed in the absence of Mg2*
(Fig. 5a) (ref. 21). Smaller conformational effects are also seen for SL1, which contains a
purine-rich internal loop (Fig. 5a) (ref. 22).

Previous NMR studies have shown that TAR RNA undergoes conformational
rearrangements upon binding to small molecule therapeutics bearing a different number and
spatial arrangement of cationic groups?-9°, Figure 5b shows these TAR conformational
transitions as visualized through application of the presented RDC protocol24.87.96.97,
Interestingly, one finds that molecules that contribute a larger number of cationic groups
tend to stabilize more linear and rigid TAR conformations (Fig. 5b)—in analogy to the trend
observed when adding Mg2* metals (Fig. 5a) (see refs. 97,98).

The above illustrates the diversity of conformations that can populate the RNA structural
landscape and the possibility for systematic characterization using the described protocol. In
the future, we expect applications to more complex RNA contexts, including those involving
long-range tertiary contacts and interhelical linkers composed of pseudoknots and junctions
under a wide range of physiologically relevant conditions.
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Figure 1.
RDCs (Djj) between spins i and j provide long-range constraints on the average orientation

(©) of the internuclear bond vector relative to the applied magnetic field.
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Figure 2.
Determining the relative orientation and dynamics of A-form helices using an order tensor

analysis of RDCs#: 99, (a) Watson-Crick (WC) base pairs that are flanked by other WC base
pairs are identified based on the predicted RNA secondary structural model. Resonance
assignments in WC base pairs are established using NOESY connectivity (shown in the
figure) or using through bond correlation experiments. The local structure of the
experimentally verified WC pairs is modeled using the idealized A-form geometry23. Next,
NMR experiments (Table 1) are used to measure splittings between various nuclei under
aligned (J + D) (Table 2) and unaligned (J) conditions. Note that differences in the chemical
shifts (center of doublet) between aligned and unaligned conditions arise owing to a
combination of RCSA contributions and different lock frequencies as a result of quadrupolar
splitting of the D50 signal in the aligned state. RDCs are computed from the differences in
these values and, together with the idealized A-form PDBs, are used to compute order
tensors for each helix. (b) The helix order tensor frames (S, Sy, Si) are superimposed to
yield the relative orientation of helices subject to a 4"1-fold degeneracy arising owing to
allowed 180° inversions about the principal S, Sy and S directions’8. Information about
interhelix motions is obtained from the relative ratios of the generalized degree of order ()
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obtained for each helix (J; /9 = Jint; Ji <Ij). The Jint value ranges between 0 for maximum
interhelix motions and 1 for interhelix rigidity. Owing to motional couplings, the Jiy value
will generally underestimate the real amplitude of interhelical motions.
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Figure 3.
Typical RDCs measured in base and sugar moieties of RNA using the pulse sequences listed

in Table 1. (a) One-bond C-H and N-H RDCs are the most commonly targeted interactions
owing 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. The motionally non-averaged C—-H and N-H bond
lengths used in the order tensor analysis are N1/3-H1/3 = 1.01 A, C-Hpase = 1.08 A, C-
Hribose = 1.09 A (ref. 100). All other bond lengths can be obtained from ref. 101.
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Figure 4.
Example illustrating application of protocol in the determination of the relative orientation

and dynamics of two helices in the free state of HIV-1 TAR RNA. (a) Idealized A-form
helices are used to determine order tensors for each helix in TAR RNA, with 18 (12 base, 6
sugar) and 22 (13 base, 9 sugar) one-bond C—H RDCs used in the analysis of helices | and
1, respectively. (b) Superposition of the experimentally determined order tensor frames
yields one of four solutions for the relative orientation of helices. Three additional
degenerate solutions (180° S, 180° Sy, 180° S,) are generated by subsequent rotation of a
given helix (in this case helix 1) by 180° about each of the three helix Il principal axes S,
Sy and S, respectively. In each case, the helices are translated/assembled by setting the
distance between 03’ of residue 39 and P of residue 40 equal to 1.58 A. The 180° S,,
solution is discarded because it yields a distance between 03’ of residue 22 and P of residue
40 that is long to be satisfactorily connected by a trinucleotide bulge, whereas solutions 180°
Sy and 180° Sy are discarded because they lead to an antiparallel helix alignment that is
inconsistent with the TAR secondary structure.
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b Acetylpromazine NeomycinB
(ACP) (NeoB)
cr
HO
HO NH, @
(+1) 0 ?ﬁ
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The relative orientation (interhelix bend, 0y, and twist angles, &) and dynamics (Jjn;) of RNA
helices obtained from order tensor analysis of RDCs under different contexts. (a) Three
different RNA secondary structures (TAR, SL1, P4) in the presence and absence of Mg2*
(see refs. 21,22,87). (b) TAR RNA in four distinct ligand-bound forms87:96.97, The ;.
values are color-coded on each point. The large uncertainty in the interhelix twist angles (set
at + 50° (see ref. 102)) arises from near axial symmetry (n~0) of the order tensor. The net
charge delivered by each small molecule upon binding is shown in parentheses. Although
the ligand arginanamide (Arg) has a +2 charge, studies'93 show that up to three molecules
can bind to TAR contributing a total +6 charge. For Mg2*, the charge of +8 is shown based
on the observation of four bound Ca2* ions in the X-ray structure of TAR®®,
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TABLE 1

Pulse sequences for measuring RDCs in nucleic acids.
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Pulse sequence

Reference

Type of RDCs

Comments

HC[C](C) hd-TROSY-E.COSY 61

CH,-S°E HSQC

3D S8CT E.COSY

H1C1C2 E.COSY

IPAP HN-HSQC,
IPAP H(N)C-HSQC

3D IPAP-HCcH-COSY
3D relay-HCcH-COSY

MQ-HCN

SSE IS[T]

13C-1H TROSY

3D MQ/TROSY-HCN-QJ

104

105

106

107

108

109

110

111

112

1 1 1 1 1
Dcatiz2: “Destis: “Deser “Desns: “Deacs,
1 2 2 2

Dcscs “Deshes “Dests and “Degns

D55/ extisny and 2Dpsis) (in DNA
only *Dcorizrscamzy and 2Dz

"Deamy, *DesaDicssi+csiHs),

1 2 2

(*D cs'ms11-"Prshs), “Deansrvcans
and *Dpansy

Devmrn Deazy PDermzy 2Deyny and
lD ,
HIH2!

'Dn1r1, 'Dngwss *Drica 2Drice: Drsce
and 2Dyyacy

Doy and Dy

Deynys *Dernune: *Derczs 2Drynyes
Dyrcas 2Drnise *Deerer “Dosnis
Deecs, *Desrs: “Deang: 2Drgng: 2Drent
and 2DH6C5

D and 2D

1 1 1 1
D22, *Desms, *Desris and *Deghg

1 1 1 1 1
Dcang, “Deang: “Deang: “Dernts “Desnt
and lDCZNl

Pseudo-3D experiments for homonuclear
decoupling

employing TROSY and E.COSY elements.
Demonstrated on

a24-nt RNA at 25 °C

2D experiments with spin-state selection for
detection of

up- or downfield carbon components of CH, spin
states.

Demonstrated on a 24-nt RNA at 25 °C

3D experiments for measuring RDCs in methine-
methylene

C—H pairs. One experiment yields eight splittings.
Demon-

strated on 24-nt RNA at 25 °C

3D experiment utilizing E.COSY for measuring
five splittings

in one experiment. Demonstrated on a 24-nt RNA
at25°C

2D experiments yielding 1-2 couplings per
experiment.
Demonstrated on ubiquitin.

Uses C1’H1'to alleviate spectral overcrowding in
the

C2’H2’and C3’H3'region. Demonstrated on a 42-
nt RNA

at25°C

Suite of six MQ based 3D experiments. One to
two splittings

per experiment. Demonstrated on a 36-nt DNA in
a 47 kDa

complex

2D experiments for measuring most of the one-
and two-

bond splittings. Demonstrated on 24-nt DNA at
15°C

Sensitivity enhanced using TROSY and
native 13C magne-

tization. Demonstrated on 15% randomly 13C-
labeled 33-nt

RNA at 25 °C

3D quantitative J-modulated experiments for
measuring

one-bond C-N splittings. Demonstrated on a 24-nt
RNA

at8°C
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TABLE 2

Alignment media used in studies of nucleic acids.

Page 27

Medium Reference  Temp. range (°C) Features and limitations

DMPC:DHPC (“Bicelles”) 113,114 27-45 Perpendicular alignment disc-like shape. Sensitive to ionic
conditions

Rod-shaped viruses 57,63,64 5-60 Parallel alignment rod-like shape. Negatively charged.

(Pf1 phage and TMV) Most widely used

Purple membrane 115,116 - 269 to 69 Parallel alignment disc-like shape. Stable in the pH range
2.5-10, and salt concentrations up to 5 M

Polyacrylamide gels 117,118 5-45 Mechanical gel. Very stable and inert

n-Alkyl-ply(ethylene glycol)/n-alkyl 119,120 0-40 Perpendicular alignment lamellar shape. Insensitive to pH,

alcohol or glucopone/n-hexanol (PEG)

and moderately sensitive to salt concentrations
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