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Abstract

NMR has provided a wealth of structural and dynamical information for RNA molecules of up to
~50 nucleotides, but its application to larger RNAs has been hampered in part by difficulties
establishing global structural features. A potential solution involves measurement of NMR
perturbations after site-specific paramagnetic labeling. Although the approach works well for
proteins, the inability to place the label at specific sites has prevented its application to larger
RNAs transcribed in vitro. Here, we present a strategy in which RNA loop residues are modified
to promote binding to a paramagnetically tagged reporter protein. Lanthanide-induced
pseudocontact shifts are demonstrated for a 232-nucleotide RNA bound to tagged derivatives of
the spliceosomal ULA RNA binding domain. Further, the method is validated a 36-nucleotide
RNA for which measured NMR values agreed with predictions based on the previously known
protein and RNA structures. The ability to readily insert U1A binding sites into ubiquitous hairpin
and/or loop structures should make this approach broadly applicable for the atomic-level study of
large RNAs.
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RNA plays a crucial role in many cellular processes, including translation, transcription,
enzymatic catalysis, and genetic regulation.! Knowledge of RNA structure and dynamics is
important not only for understanding of biological mechanisms but also for the development
of novel RNA-based therapeutics. These efforts are hampered by difficulties applying
current biophysical techniques to this class of molecule. For example, RNA flexibility can
inhibit crystallization needed for X-ray structure determination, while intrinsic low proton
density and poor chemical shift dispersion create challenges for solution-state nuclear
magnetic resonance (NMR) spectroscopy.? A particularly serious hurdle for larger RNAs (>
~100 nt) is the typical lack of experimental information defining the relative configuration of
secondary structure elements. Although local structural features can be well defined for
larger RNAs using 2H-edited NMR approaches,3-6 segmental labeling,” or site-specific
labeling,® interproton distances across neighboring helices are typically too large for
measurement by nuclear Overhauser effects (NOEs), and until recently,? rapid 1H-13C NMR
relaxation and other technical problems have limited collection of residual dipolar couplings
(RDC:s) to relatively small RNAs. These limitations have led to the use of hybrid methods, in
which high-resolution local structural information is complemented with lower-resolution
global information derived from small angle X-ray scattering (SAXS) or cryo-electron
microscopy.19-14 New NMR methods for capturing elusive long-range structural information
would clearly be beneficial.

The large magnetic moment of an unpaired electron attached to a molecule of interest has
profound effects on the associated (paramagnetic) NMR spectra. Such effects are long-
reaching and may manifest themselves as spectral line broadening (e.g., paramagnetic
relaxation enhancements, PRES), line shifts (e.g., pseudocontact shifts, PCSs), and partial
molecular alignment under the external magnetic field (from which, e.g., RDCs can be
obtained). The known structure dependence of these NMR observables thus offers a wealth
of long-range information. PREs and PCSs can provide structural information for distances
up to 35 A15 and 56 A6, respectively, while RDCs report on the whole molecule.
Paramagnetic NMR has emerged as a powerful tool to study proteins!’~18 thanks, in part, to
the continued development of paramagnetic tags that efficiently and robustly attach in a
covalent fashion to engineered surface-exposed cysteines of otherwise diamagnetic
molecules. By contrast, paramagnetic applications to RNA suffer from issues associated
with this direct chemical tagging, including sample instability and low tagging efficiency.
Although techniques are available to incorporate modified bases in a site-specific manner,
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19-21 these often involve relatively low-yielding multi-step enzymatic or synthetic protocols.
Perhaps the biggest challenge is the inability to tag specific sites in large RNAs prepared by
in vitro transcription. For example, although there are dozens of lanthanide-based tags for
measuring PCSs in proteins, the development of a nucleic acid counterpart is still in an
embryonic state.22

Here, we present a general strategy to induce paramagnetic effects on RNA that circumvents
the above-mentioned pitfalls of direct tagging. It comprises replacement of a segment of the
RNA of interest by another that contains the specific binding sequence for a small protein
domain. The protein is independently paramagnetically tagged in a conventional manner
and, upon complexation with the chimeric RNA, indirectly provides the sought-after long-
range structural information on the target RNA via intermolecular effects. The protein
chosen for this purpose is the RNA-binding domain of the U1A spliceosomal protein
(henceforth “U1A”) for several reasons: (i) it specifically and tightly binds its cognate RNA
(Kp ~ 10711 M),23 (ii) it has been previously structurally characterized both in isolation24
and in complex with a 21-nucleotide (nt) hairpin bearing the binding sequence?® (Figure 1A,
B), (iii) it is relatively small (11 kDa), thus limiting spectral deterioration and perturbation of
the target RNA structure, and (iv) it is straightforward to express and purify due to its high
solubility.2® In addition, the U1A binding loop has previously been successfully engineered
into a number of RNA molecules, allowing complexation with U1A as an aid to
crystallization.2”

Two alternative paramagnetic tagging sites on U1A were explored, involving mutants S29C
and S63C (see Figure 1A). The tag chosen for the present study is the recently introduced
M8-DOTA-SPy,28-29 which chelates paramagnetic lanthanide ions within a rigid lanthanide
cage that discourages conformational exchange. M8-DOTA-SPy has been recently used to
characterize intrinsically disordered proteins3? and dynamic protein—protein complexes.3!
PCSs were measured by taking chemical shift differences between samples incorporating
paramagnetic (Tm3*-loaded) and diamagnetic (Lu3*-loaded) versions of the tag. For a given
nucleus, the PCS depends on the length, 7, and orientation of the lanthanide-nucleus vector
relative to the principal axes of the (paramagnetic) lanthanide’s magnetic susceptibility
tensor via:32

Axax(3cos29 - 1) +3h Ay, sin*0cos2¢

1 271'r3

PCS = 1)

where (7, 6, ¢) are the spherical coordinates of the vector, and Ay, and Ay, are the axial

and rhombic components of the tensor, respectively.

We tested the feasibility of this approach for large RNAs using a 232-nt, 78 kDa HIV-1 Rev
response element RNA construct engineered to adopt one of two equilibrium conformations
(RRE232B) 33 jn which the stem 11b loop was replaced by the U1A binding loop. NMR
characterization of the resulting 241-nt chimera (SI Figure S1) was based on a sample 1°N-
enriched at adenosine positions only, for which sensitive detection of slowly relaxing H2
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signals via the two-bond H2 to N1/N3 scalar couplings is feasible in large RNAs.934 Figure
2A shows that PCSs are readily detected in the 1H/Y5N SOFAST-HMQC34-35 spectrum. It is
not possible to validate these measurements directly as a structure is not yet available for this
construct, so our analysis focused on a 36-nt RNA based on stem-loop C from the Moloney
Murine Leukemia Virus 5’-Leader (SLCA; Figure 1C). The structure of SLCA has
previously been elucidated by NMR with long-range information from RDCs® and therefore
serves as a suitable validation system for this approach. For this construct the distal loop of
SLCA (see Figure 1C) is replaced by the binding loop of the U1A ligand (Figure 1B),
yielding a 46-nt chimera (Figure 1D).

Figure 2B shows PCSs in the 1H/2®N-HSQC spectrum of uniformly 1°N-enriched U1A
S29C bound to its cognate RNA (Figure 1B) at natural isotopic abundance. Such
intramolecular PCSs are observed throughout the U1A S29C HSQC spectrum, as well as
that of the S63C mutant (SI Figure S2). Intermolecular PCSs for the 1°N-adenosine labeled
SLCA-based chimeric RNA (Figure 1D) were measured upon complexation with natural-
isotopic-abundance ULA S29C (Figure 2C) and U1A S63C (SI Figure S3), using a 2J1H/
15N-HMQC experiment, yielding correlations between adenine’s H2-N1/N3 and H8-
N7/N9, and thus potentially six PCSs per base (see Sl Tables S1-4 for assignments).

The PCSs from each U1A tagging position underwent fitting to a structural model of the
complex between the RNA chimera and U1A. The RNA was modeled using established
protocols,3 taking the constituent SLC” and U1A-binding hairpin sequences to adopt the
conformations observed in their native constructs (Figure 3A and 1A, respectively), and the
adjoined SLCA and hairpin stems to form an uninterrupted A-form helix.

Consequently, the model preserves the interhelical configuration of the reference SLCA
RNA structure. ULA was positioned by reference to the high-resolution structure in complex
with its cognate RNAZ® (Figure 1A). The structural model (shown in Figure 3B) served as
the basis for the PCS fit, achieved by optimizing the conformation of the M8-DOTA-SPYy tag
against the corresponding PCS data, along with the direction, and the axial and rhombic
components of the susceptibility tensor (see Equation 1), as previously described3” (see also
Supporting Information).

For each tagging site, simultaneous fitting of all the associated PCS datasets was attempted.
In the case of the ULA S63C mutant, however, inclusion of the RNA 15N dataset yielded
poor results overall (not shown), due to non-negligible contributions from residual chemical
shift anisotropy (RCSA)38 to this weak intermolecular PCS dataset. By contrast, this
behavior was not observed for intramolecular data (from both tag positions) or
intermolecular data from U1A S29C, where 15N PCSs are substantially larger than the
RCSA effects because of the closer proximity of the tag (see Figure 3B). Thus, the fitting
procedure based on UL1A S63C PCSs subsequently excluded the above-mentioned offending
dataset, which will not be considered any further. O-factors3? are used to indicate the quality
of agreement between observed PCSs and those fit to the structural model of the complex.
For example, PCSs stemming from U1A S29C exhibit Q-factors of 25.9% and 25.5% (for
1H and 15N, respectively) for the SLC” RNA data, and 8.7% (*H) and 11.0% (*N) for the
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U1A protein (see Sl Table S5 and Figure 3C—F). Similar observations apply to the U1A
S63C-hased PCS dataset (SI Table S5 and Sl Figure S4).

Here, we have presented a strategy to obtain long-range RNA structural information via
paramagnetic effects introduced by the reporter protein U1A, which thus bypasses the
common hurdles of direct RNA chemical tagging. Although, to our knowledge, never
applied to nucleic acids, similar methodology has been previously implemented in protein
NMR research.#0-41 Further, the addition of extraneous RNA to modify diamagnetic
alignment to facilitate its structural and dynamical characterization by NMR has been
previously documented.42-43

In the current study, indirect PCSs induced by the M8-DOTA-SPy tag?8 are shown for a 232-
nt RNA derived from the HIV-1 RRE, demonstrating the feasibility of our approach for large
RNASs. When attached at two alternative U1A locations, measurements agree with a model
based on the known, reference RNA structure of SLCA ? validating the use of this method
for generating long-range structural information. Since the U1A tagging sites were chosen
so that the tag does not sterically contact the RNA, the tag conformation may be
independently determined with intramolecular (U1A) data only, using a generic RNA
binding partner such as the 21-nt hairpin employed here (see Sl Figure S5). Therefore, an
arbitrary structure determination scenario based on M8-DOTA-SPy attached at these U1A
locations may constrain the tag conformations to those precomputed with the intramolecular
PCSs presented here, reducing both data requirements (as only the intermolecular, RNA-
specific PCSs are needed) and the number of fit parameters in the structure calculation.*4
Indeed, a reliable simultaneous optimization of the susceptibility tensor parameters, tag and
RNA conformations against RNA-only PCSs may not be possible due to the general low
density of NMR observables, available for large RNAs—an issue that would persist in the
event of a successful direct RNA tagging procedure. Although demonstrated here with M8-
DOTA-SPy, our method is general, and makes the arsenal of protein-specific paramagnetic
tags’~18 accessible for RNA research, offering a new avenue for the structural and
dynamical characterization of large RNAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The binding of U1A to a specific RNA sequence is used to paramagnetically study a chimera

that contains the RNA sequence of interest. (A) X-ray structure (PDB ID: 1URN) of U1A
(yellow; chain B) bound to a 21-nt RNA hairpin (red; chain Q). U1A side chains of S29 and
S63 (green) indicate the positions used for paramagnetic tagging. (B) Construct of the RNA
hairpin shown in panel A; the seven nucleotides that form close contacts with U1A are
highlighted. (C) SLCA RNA construct. (D) Chimeric RNA generated from the SLCA (blue)
and hairpin (red) sequences, with 15N isotopic enrichment of adenosines only (indicated in
bold). All RNA constructs (panels B-D) indicate base pairing (dashes).
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Figure2.
PCSs evidenced by superposition of diamagnetic (Lu3*-based; black) and paramagnetic

(Tm3*-based: red) spectra involving ULA S29C tagged with M8-DOTA-SPy. (A) Region of
the 1H/1°N SOFAST-HMQC spectra of 1°N-adenine RRE232B-pased RNA chimera bound to
natural abundance U1A. (B) Region of the 1H/1°N-HSQC spectra of 15N-U1A bound to the
unlabeled 21-nt hairpin (intramolecular PCSs). (C) Region of the 2J1H/25N-HMQC spectra
of the 1°N-adenine SLCA-based RNA chimera (intermolecular PCSs) bound to natural
abundance U1A. Selected peak assignments and PCSs (lines) are indicated.
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Fit of PCSs from U1A S29C against the structural model of the complex between U1A and

the SLCA-based RNA chimera. (A) NMR structure of SLCA.? (B) Modeled complex

between U1A (yellow) and the RNA chimera built with atomic configurations from SLCA
(blue) and the 21-nt hairpin (red). The optimized M8-DOTA-SPy conformation is shown
(lanthanide, black sphere; remainder, green sticks). For comparison, the conformation of the
tag at ULA position 63 (optimized with its corresponding PCSs) is shown (white). (C—F)
Correlation plots between observed (PCSgps) and calculated (PCS¢yc) PCSs for (C) 1H and
(D) 13N atoms of U1A (yellow in (B), respectively), and for (E) 1H and (F) 1°N atoms of
SLCA RNA (blue in (B)). Associated Q-factors are indicated.
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