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Abstract

NMR approaches using nucleotide-specific deuterium labeling schemes have enabled structural
studies of biologically relevant RNAs of increasing size and complexity. Although local structure
is well-determined using these methods, definition of global structural features, including relative
orientations of independent helices, remains a challenge. Residual dipolar couplings, a potential
source of orientation information, have not been obtainable for large RNAs due to poor sensitivity
resulting from rapid heteronuclear signal decay. Here we report a novel multiple quantum NMR
method for RDC determination that employs flip angle variation rather than a coupling evolution
period. The accuracy of the method and its utility for establishing inter-helical orientations are
demonstrated for a 36-nucleotide RNA, for which comparative data could be obtained. Applied to
a 78 kDa Rev response element from the HIV-1 virus, which has an effective rotational correlation
time of ca. 160 ns, the method yields sensitivity gains of an order of magnitude or greater over
existing approaches. Solution-state access to structural organization in RNAs of at least 230
nucleotides is now possible.

Graphical abstract

Authors are required to submit a graphic entry for the Table of Contents (TOC) that, in
conjunction with the manuscript title, should give the reader a representative idea of one of the

Corresponding Authors: janm@umbc.edu, summers@hhmi.umbc.edu.

Supporting I nformation

The Supporting Information is available free of charge on the ACS Publications website.
Supplementary Figures 1-8 and Appendix 1 (PDF)

VF-HMQC pulse sequence (TXT)

SLCA chemical shifts (TXT)

SLCA atomic coordinates (PDB)

Author Contributions
The manuscript was written through contributions of all authors.

Notes
The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Marchant et al.

Page 2

following: A key structure, reaction, equation, concept, or theorem, etc., that is discussed in the
manuscript. Consult the journal’s Instructions for Authors for TOC graphic specifications.

Keywords

NMR spectroscopy; RNA; Residual Dipolar Couplings; VF-HMQC; Structure elucidation

INTRODUCTION

RNAs participate in a diverse and growing number of known biological functions. Like
proteins, RNA function is dependent on structure, both of which can be modulated by
effectors such as metabolites, proteins and ions. However, compared to proteins, knowledge
about RNA structure and the determinants of folding remain limited. Approximately 4,500
RNA structures have been deposited in the Nucleic Acid Database (NDB), compared to
more than 135,000 protein depositions in the Protein Databank (PDB). In part, this relative
paucity can be explained by difficulties in applying common biophysical techniques to
RNA. Conformational heterogeneity and flexibility can cause crystallization challenges and
complicate analysis by electron microscopy. NMR approaches for medium-to-large RNAs
are challenging due to low chemical shift dispersion, low proton density, lack of NOEs
between secondary structure elements, and large 13C-1H dipolar coupling that severely limits
the sensitivity of heteronuclear correlation experiments.>~’

Recent advances in deuterium labeling have provided routes to overcome several of the
NMR challenges.®-12 Nucleotide-specific 2Hediting can alleviate spectral crowding and
decrease linewidths, allowing chemical shift assignment and determination of inter-proton
distances using nuclear Overhauser effect (NOE) spectroscopy. Although NOEs provide
high resolution local structural information, they cannot define relative orientations of
distinct secondary structure elements, such as distinct helices, except in the rare cases where
long-range NOESs can be observed (e.g., at sites of long-range A-minor contacts®). An
approach that works well for proteins and has been applied to relatively small RNAs
involves NMR detection of residual dipolar couplings (RDCs).% 15-24 |n solution, dipole-
dipole interactions between nuclei average to zero due to rapid molecular reorientation.
However, upon introduction of a medium that causes a small degree of solute alignment, the
dipole-dipole interaction is no longer fully averaged. The sign and magnitude of the
resulting RDC are dependent on the time-averaged angle between the internuclear vector
and the external field. Given sufficient RDCs, the alignment tensor and the relative
orientation of each inter-nuclear vector can be calculated,26-28 thereby providing long-range
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orientation restraints. Larger RNAs present unique challenges for RDC measurement due to
severe 1H NMR line broadening that occurs upon incorporation of 13C nuclei. As such, a
recently developed method for measuring RDCs in RNAs from TROSY intensities becomes
impractical for RNAs with rotational correlation times longer than 30 ns.2°

We have developed an approach that exploits the relatively large chemical shift dispersion
and slow relaxation rates of the adenosine H2 protons. Even in large RNAs, the H2 signals
remain sharp,®12 provided that the RNA is dissolved in D20 such that the uridine N3
position is deuterated. Under these conditions the H2 is relatively well isolated from sources
of relaxation, with the closest proton ~5 A away for Watson-Crick base pairs in regular A-
helical geometry. Since isotopic enrichment with 13C leads to severe line broadening due to
a strong dipolar interaction, our experiments are applied to RNAs that contain uniformly
15N-enriched adenosines. Adenosine-N1 and -N3 nuclei have a negligible effect on
relaxation of the H2 proton due to their relatively low gyromagnetic ratio and inter-nuclear
separation of ~2 A. The two-bond H2-N1 and -N3 scalar couplings (~14.5 Hz30) are
sufficient to allow recording of high quality °N-1H SOFAST-HMQC spectra,13-14 which
suggested to us that we may be able to utilize the H2-N1 and H2-N3 couplings in adenosines
to measure RDCs in large RNAs.

RESULTS AND DISCUSSION

The residual dipolar coupling, D;s, between two spins, /and S, is given in Hz by:3!

Dyg=

HoY 17 sTh [ 30520 — 1

23
iy g

where the angular brackets denote time or ensemble averaging, /g is the vacuum
permeability, # is the reduced Planck constant, y1 is the magnetogyric ratio of nucleus 1, 7/s
is the inter-nuclear distance, and @is the angle between the inter-nuclear vector and the
external magnetic field. The relatively large-inter-nuclear distance (2.06 A32) means that the
dipolar interaction will be small compared to more commonly measured one-bond
couplings. Using a commonly targeted 0.1% alignment, the expected range for adenosine
2Dyn RDCs is ~5 Hz, although due to the relatively isolated H2, higher degrees of
alignment may be possible without the usual complications due to 1H-1H RDCs.33 This will
be limited by H2-H2 RDCs in stacked adenosines, which will have similar magnitude to the
H2-N1 and H2-N3 couplings. Even though the small amount of 1H-1H dephasing cannot be
refocused using band-selective pulses, its effect is the same for both reference and attenuated
spectra and therefore does not impact the size of the extracted coupling. The relative angle
of H2-N1 and H2-N3 inter-nuclear vectors is fixed by adenine’s geometry at ~72°,32 making
them highly complementary.

We initially focused on a 232 nucleotide HIV-1 Rev response element RNA construct
engineered to adopt one of two equilibrium conformations (RRE2324) 34 Well-dispersed
signals indicative of regular secondary structure were readily detected using the SOFAST-
HMQC. However, attempts to apply an existing spin-state selective (SE)2° experiment for
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measuring H2-N1/N3 couplings were unsuccessful (Figure 1C) due to rapid relaxation of
transverse 1°N magnetization during the time period necessary for separating antiphase
components. The relatively small 2Jyy coupling (~14.5 Hz) requires 1°N magnetization to
be transverse for approximately 17 ms during the S3E element.3> Experimentally we find N3
T1p values below 5 ms for RREZ32A at 600 MHz and 308 K (SI Figure S1), corresponding
to an effective rotational correlation time of ca. 160 ns, under the assumption that chemical
shift anisotropy (CSA) is the dominant relaxation mechanism and using a CSA value of 330
ppm.38 We would expect to lose more than 95% of this signal during the S3E element,
essentially rendering it undetectable for practical purposes.

To address this issue we first considered a quantitative J style experiment.3” However, this is
complicated by concurrent evolution of both H2-N1 and H2-N3 couplings during the
dephasing / rephasing delays. Selective 1°N pulses to determine the individual contribution
of N1 and N3 are rendered impractical by their poor frequency separation (Figure 1D) and
rapid 1°N relaxation during the requisite long shaped pulses. It is possible to reduce the
contribution of the passive coupling using a small heteronuclear flip angle.38-49 However,
significant reduction requires flip angles as low as 20° (SI Figure S2A), leading to signal
loss of nearly 90%.

The intensity $(z,,1,) of an HMQC signal obtained for a flip anpulses ¢ of the heteronuclear

pulses, and de/rephasing delays of duration z, for the case where the detected spin I is
coupled to two heteronuclear spins S and T and assuming Js7= 0 is given by:

iQ ) iQ 1

St =e I ple s 0P o) + $H@d 1) + ()]

@)

+eiQTt1SZ(ﬂJITr)[C2(7rJIST) + 5%l 57) + (B)]

with and ¢ and s representing cosine and sine functions respectively. Following Fourier
transform this yields a signal at (Qg, Q) with intensity #¢ given by:

F4= sin®()sin®(nd 0)[cos™ (] ;77) + sin*(z] po)cos ()] (3)

It is apparent that the variable flip angle modulates both the total intensity and the
contribution of the passive spin coupling to the final signal. The contribution of the actively
coupled spin can therefore be removed by taking the ratio of two experiments where the flip
angle is varied (SI Figure S2). For nearly optimal flip angles of 45° and 90° (SI Figure S3),
this ratio (Rs) is given by:

Tas tan’(J prr) + 2

Ri=—=———— 4
57 Jy 4 @

The couplings can then be found from the intensity ratio using:
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The analysis presented thus far assumes that the 1°N pulses are perfectly calibrated and
homogenous across the sample. In general, the B1 field is not homogenous. We therefore
used a pair of BIR-4 adiabatic pulses, designed to be insensitive to B1 miscalibration and
inhomogeneity, 41 which are exceptionally robust (SI Figure S4). The final pulse sequence
used for measurement of the couplings in this work therefore consists of an HMQC in which
the 19N pulses are replaced by BIR-4 pulses, with flip angles of 45° and 90° applied in an
interleaved fashion. Any *H-1H RDCs with imino or ribose protons are refocused by the
application of a band-selective ReBURP pulsel at the midpoint of the t1 evolution period.
We call this experiment a variable flip HMQC (VF-HMQC) (Figure 1A). The pulse
sequence for Bruker spectrometers is included as Supporting Information.

We applied the VF-HMQC sequence to RRE232A and compared the sensitivity to SOFAST-
HMQC and S3E experiments, in each case removing the 15N chemical shift evolution period
(Figure 1C). As expected on the basis of its similar pulse sequence structure, the sensitivity
of our new approach is comparable to the SOFAST-HMQC, whereas the S3E experiment is
less sensitive by at least 10-fold, with many signals completely undetectable. A 21 hour VF-
HMQC acquisition using 160 uL of ~1.5 mM RRE232A with 15N chemical shift evolution
(Figure 1D) gives a S/N for the weakest, fast relaxing signals of ~50:1 in the 90° flip angle
experiment.

The uncertainty in Rsis given by:

_ NyRg+1 ©

6= —2
R
f90

where N is the root-mean-square noise in the spectrum. The uncertainty in Jthen follows
from:

i 2 @
ORg = e ARG~ 2(4Rg— 1)

to yield:

ON,RZ + 1
o 2 8)

77 FognnARs = 2(4Rg— 1)

as detailed SI Appendix 1. The optimum value for zto minimize ois a function of the total
coupling. The most important consideration is to avoid approaching z = 1/2/where 7, = 0.
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Graphical analysis indicates that choosing == 1/3Jyields uncertainties of < 0.2 Hz for the
range of expected?(J+D)yp values for a S/N of 50:1, as measured for RREZ32A (S| Figure
S5). The RDC is calculated from the difference in couplings measured under isotropic and
aligned conditions and will therefore have an uncertainty of ~/226, assuming the same S/N in

both experiments, suggesting a total uncertainty of < 0.3 Hz is attainable. This uncertainty is
more than an order of magnitude smaller than the expected range of the RDCs, and as such
is anticipated to have a negligible effect during fitting compared to the uncertainty in the
coordinates of the reference structure.*2

From ~80 resolved signals in the RRE232A HMQC we were able to measure 62 2Jyy values
with uncertainties <0.2 Hz (M = 14.7 Hz, SD = 0.24 Hz; uncertainties for remaining signals
were higher due to lower S/N). Following alignment with ~13 mg/mL Pf1 phage we
measured 59 RDCs with uncertainties <0.3 Hz, ranging from -0.9 to 2.7 Hz. As there is no
comparable method for measuring these couplings in large RNAs, it is not possible to
directly validate these measurements. Instead, we designed a 36 nt RNA construct based on
stem loop C from the MMLV 5’-Leader (SLCA, Figure 3A). This RNA contains two helices
separated by a non-canonical k-turn® which leads to an inter-helical angle of ~74°.43 We
engineered three additional A:U base pairs into the proximal helix so that each helix
contained at least 6 H2-N RDCs (Figure 3A). Excellent agreement was observed between 20
15N-1H RDCs calculated using the VF-HMQC (Figure 2E) and S3E (Sl Figure S6)
approaches (Pearson correlation coefficient = 0.992; RMSD = 0.14 Hz; Figure 2C), which
confirmed the accuracy of the VF-HMQC approach.

We next wished to determine if the H2-N1/3 RDCs were sufficient to independently
establish the inter-helical angle in SLCA. A total of 47 H2-C2, H8-C8, H5-C5 and H6-C6
RDCs were measured using the ARTSY approach?®: 44 (S| Figure S7), which were used
together with 262 distance restraints to calculate a structural ensemble for this construct
(Figure 2B). Back-calculated RDCs from this structure ensemble correlate exceptionally
well with 1°N-1H RDCs measured using the VF-HMQC approach for the helical regions (Q
=10.9 %, Figure 2D), despite not having been used as input parameters.

The presence of multiple long-range NOEs from residues in the inter-helical bulge to helix 2
leads to a relatively well defined inter-helical angle, even in the absence of RDC restraints.
To better assess the ability of the RDCs to determine inter-helical angles, we calculated an
ensemble of SLCA structures in which the bulge residues were substituted by a long chain of
pseudoatoms, thus removing inter-helical distance and geometric constraints. In the absence
of RDCs, the relative orientation of the two helices is poorly defined (Figure 3A, Sl Figure
$8). Upon refinement with 13C-1H RDC restraints (Figure 3B), the inter-helical angle is
well-defined (between 76° and 84°) and shows a good correlation with the measured 15N-1H
RDCs (Q=10.8%, Figure 3D). Importantly, refinement with the 14 15N-H RDCs measured
using the VF-HMQC approach (and without the 13C-1H RDCs) also affords structures with a
well-defined inter-helical angle (between 77° and 94°) that is in good agreement with both
the models derived using 13C-1H RDCs and the original SLCA structure (Figure 3C).
Agreement with the measured 13C-1H RDCs remains good (overall Q=34.8%), although the
correlation is weaker for non-adenosine residues (Q=40.2%, Figure 3D) than for the
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adenosines (Q=15.3%, Figure 3E) as may be expected, as our 1°N-1H RDCs do not provide
restraints for non-adenosine residues.

We have presented a new experiment that significantly extends the size limit for RNA RDC
measurement. Studies with a 36-nucleotide RNA show that this method gives results
consistent with existing methods that utilize an S3E element and affords data sufficient to
define the inter-helical angle for RNAs containing as few as 3 adenosines (6 RDCs) per
helix. In most cases, large RNAs should contain sufficient adenosine signals in each
secondary structure element (e.g. RRE232A S| Figure S1D). For unfavorable sequences,
additional A:U base pairs may be introduced by mutagenesis, perhaps in combination with
IrAID sequences,!! to ensure maximal signal dispersion and resolution. We expect the VF-
HMQC approach be applicable to RNAs on the order of hundreds of nucleotides, thereby
providing access to higher quality structures of larger RNAs than previously possible.

MATERIALS AND METHODS

In vitro transcription

RNA molecules were produced by /n vitrotranscription using T7 RNA polymerase*® in 7.5
mL reactions, containing 50 pg of PCR-amplified DNA template (RRE232A) or 2.5 nmol
annealed DNA template (SLCA), 2 mM spermidine, 80 mM Tris-HCI (pH 8.5), 2 mM DTT,
20% (vol/vol) DMSO, 0.5 mg T7 RNA polymerase, 10-20 mM MgCl,, and 3-6 mM NTPs.
DNA templates are 2”-O-Methyl-modified at the last two nucleotides of the 5 end to
improve 3" end homogeneity of transcribed RNA.46-47 15N-labelled samples were prepared
with [U-98-99% 15N]-ATP, [U-97%+ 2H]-CTP, [U-97%+ 2H]-GTP, and [U-97%+ 2H]-UTP
(CIL). 13C-labelled samples were prepared with [U 13C]-ATP, [U 13C]-CTP, [U 13C]-GTP,
and [U 13C]-UTP (CIL). Reactions were incubated at 37 °C for four hours before quenching
by addition of EDTA. RNA was purified by electrophoresis on urea-containing
polyacrylamide denaturing gels (SequaGel, National Diagnostics) using FisherBiotech DNA
sequencing system at 20 W overnight, before electroelution using the Elutrap system
(Whatman) at 120 V overnight. The eluted RNAs were washed with 2 M NaCl and then
desalted using a 30 kDa (RRE232A) or 3-kDa (SLCA) MWCO Amicon Ultra-4 Centrifugal
Filter Device (Millipore). The concentration of each sample was determined by measuring
the optical absorbance at 260 nm. Samples were exchanged into D20 (99.96%; CIL) by two
rounds of lyophilization before dissolution in NMR buffer.

NMR sample preparation

RRE232A NMR samples [160 L of ~1.5 mM RNA in D,0] were prepared in a 3 mm NMR
tube with 20 mM Tris—d11 buffer (pH = 7.4), 140 mM KCI, and 1 mM MgCl,. SLCA NMR
samples [500 L of ~500 uM RNA in D,0O] were prepared in a 5 mm NMR tube with 20
mM Tris—d11 buffer (pH = 7.4). For aligned samples, Pf1 phage (ASLA Biotech) was
exchanged into D,0 by repeated washing using a 30 kDa MWCO Amicon Ultra-4
Centrifugal Filter Device (Millipore). Phage concentration was estimated by the quadrupolar
splitting of the D,0 signal.*8 Lyophilized RNA was resuspended in 10-15 mg/mL of Pf1 in
D,0. To simplify analysis, 1°N and 13C-labeled SLCA were combined [500 L total volume
with ~250 uM of each RNA] for the aligned sample.
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NMR experiments

All experiments were performed at 308 K on a Bruker AVANCE |11 HD spectrometer at
600.13 MHz. SOFAST-HMQC,13-14 S3E25 and ARTSY?2? experiments were performed as
previously described. Spectra were processed using NMRFx#? and NMRPipe.>? Chemical
shifts and NOEs were assigned using NMRViewJ>! with a combination of 1H-1H NOESY,
1H-1H TOCSY and 13C-1H HMQC spectra, utilizing predicted chemical shifts°2-53 and in-
house scripts. Relaxation data was processed and analyzed using Bruker TopSpin v3.5.

Structure Calculation

Structures were calculated with CYANAS* (v2.1 and 3.97) using NOE, H-bond, and
database derived inter-phosphate distance restraints, as described previously.16 Structures
with low target functions were then subjected to rounds of conjugate gradient minimization
using RDC restraints with increasing weight coefficients (to a maximum of 0.1).15N-1H
RDCs were weighted 14.45 times greater than 13C-1H restraints.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) VF-HMQC pulse sequence for measurement of 2Dy in adenine bases. Narrow bars

represent 90° pulses, while half-ellipsoids denote shaped 1H pulses, e and r representing
EBURP2 and ReBURP pulses respectivelyl. 1°N pulses marked * are BIR-4 pulses?
designed for either 90° or 45° flip angles, applied in an interleaved manner. H shaped
pulses have a duration of 2.8 ms (EBURP) and 3 ms (ReBURP) at 600 MHz and are
centered at 7.4 ppm. 12N pulses are applied at 220 ppm. All pulses have phase x unless
otherwise indicated. The delay T is set to 1/3Jyn (22.73 ms). Phase cycling: ¢1 = X,=X, ¢ =
X, X, =X, =X, $rec = X,—X,~X,X. Gradient pulses G1,2 = 5.8, 3.75 G/cm with durations of 1 ms.
All gradient pulses are smoothened rectangular shapes. Quadrature detection is achieved
using the STATES-TPPI method with ¢, incremented by 90° for each FID*. Composite
pulse decoupling is achieved using the GARP sequence®. (B) Adenine geometry.
Magnetization is transferred via the two-bond coupling between H2 and N1/N3 as indicated.
The relative angle between the H2-N1 and H2-N3 inter-nuclear vectors is 72°. (C) VF-
HMQC with 90° flip (red), SOFAST-HMQC13-14 (blue) and S3E2® (green) experiments
recorded on the 232 nucleotide RRE232A without 1°N chemical shift evolution shows the
increase in sensitivity of our approach. The upfield region of the S3E experiment is scaled up
by 10 times in black. (D) VF-HMQC spectrum of RRE232A showing H2-N1 and H2-N3
correlations.
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Figure2.
(A) SLCA RNA construct used to validate the VF-HMQC method. Adenosines are shown in

bold. Non-native residues are shaded in red. Residues from the inter-helical bulge omitted in
some calculations are shown in lower case. (B) Ensemble of 20 lowest energy structures of
SLCA, calculated using NOE and 13C-1H RDC restraints. (C) Comparison of 2Dy for
SLCA adenosines measured using the VF-HMQC and S3E approaches show good
correlation (RMSD = 0.14 Hz). Error bars for each experiment indicate uncertainty due to
noise and linewidth. (D) Observed 2Dy for SLCA obtained using VF-HMQ are well
correlated with back-calculated RDCs from the ensemble shown in B (Q = 10.9%). Loop
and bulge adenosines are labeled and omitted from the Q value calculation. Error bars for
Dpred represent the maximum and minimum RDCs calculated for the ensemble. (E)
Assigned VF-HMQC spectrum for SLCA.

JAm Chem Soc. Author manuscript; available in PMC 2019 June 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Marchant et al.

A

w)

Dpred (HZ)

Page 14

- Q=15.3%

-10 G H-C8{-10f
i 20 20 ]
A H-N3 . U H-C6 2 A H-C8
5 A H-N1| -30 1-30 ! 1
-2 -1 0 1 2 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Dobs (HZ)
Figure 3.

Ensemble of 20 lowest energy SLCA structures calculated using NOEs but without residues
from the inter-helical bulge. The relative orientation of the helices is not well-defined, with
inter-helical angles ranging from —83° to 110°. (B) In blue, as (A) but with incorporation of
47 13C-1H RDC restraints. The inter-helical angle is between 76° and 84° (M = 81.5°, SD
=2.6°). This agrees well with the ensemble calculated for the full RNA, shown in gray. (C)
In cream, as (A) but with addition of 14 1°N-IH RDCs measured with the VF-HMQC
approach. These RDCs are sufficient to restrain the inter-helical angle between 77° and 94°
(M =84°, SD = 4.1°), in agreement with (B), overlaid in blue. (D) Observed 1°N-1H RDCs
plotted against those back-calculated for the ensemble calculated with 13C-1H RDCs, shown
in blue in (B). Error bars for Dpreqg represent the maximum and minimum RDCs calculated
for the ensemble. (E) Observed 13C-1H RDCs plotted for guanosine, cytidine and uridine
residues and (F) Observed 13C-1H RDCs for adenosine residues, plotted against those back-
calculated for the ensemble calculated with 15N-'H RDCs, shown in cream in (C).
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