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Abstract

Pulsed electron—electron double resonance (PELDORY) spectroscopy, X-ray scattering
interferometry (XSI), and single-molecule Forster resonance energy transfer (SmFRET) are
molecular rulers that provide inter- or intramolecular pair-wise distance distributions in the
nanometer range, thus being ideally suitable for structural and dynamic studies of biomolecules
including RNAs. The prerequisite for such applications requires site-specific labeling of
biomolecules with spin labels, gold nanoparticles, and fluorescent tags, respectively. Recently,
site-specific labeling of large RNAs has been achieved by a combination of transcription of an
expanded genetic alphabet containing A-T/G-C base pairs and NaM-TPT3 unnatural base pair
(UBP) with post-transcriptional modifications at UBP bases by click chemistry or amine—NHS
ester reactions. However, due to the bulky sizes of functional groups or labeling probes used, such
strategies might cause structural perturbation and decrease the accuracy of distance measurements.
Here, we synthesize an a-thiophosphorylated variant of rTPT3TP (rTPT3,s), which allows for
post-transcriptional site-specific labeling of large RNAs at the internal a-phosphate backbone via
maleimide-modified probes. Subsequent PELDOR, XSI, and sSmFRET measurements result in
narrower distance distributions than labeling at the TPT3 base. The presented strategy provides a
new route to empower the molecular rulers for structural and dynamic studies of large RNA and its
complex.
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INTRODUCTION

RNAs are important biomolecules that play diverse roles in numerous cellular processes,
including serving as templates for the synthesis of proteins, RNAs, or DNASs as catalytic
centers for transcription, pre-mRNA splicing, translation, or as regulators of gene
expression.! The functional diversity of RNAs arises from their ability to form distinct
three-dimensional (3D) structures and undergo conformational changes in response to a
diverse array of cellular conditions.2 Knowledge about the RNA structure, interaction,

and conformational dynamics is essential to understand their functions and to develop
RNA-based or RNA-targeted therapeutics.3 Structural characterization of RNAs using
techniques such as X-ray crystallography and cryoelectron microscopy is challenging due
to RNAs’ inherent flexibility.#> Solution techniques, such as nuclear magnetic resonance
(NMR) spectroscopy and small-angle X-ray and neutron scattering (SAXS/SANS), allow
us to describe the flexibility and obtain unique structural and dynamics information of

the RNA or RNA-ligand complex. However, NMR is limited to short RNA [on average
50-60 nucleotides (nts)] and SAXS/SANS has relatively low resolution.®” There is a
growing trend in the field to characterize the structure, interaction, and conformational
dynamics of RNAs using integrative methods, which combines experimental data of
different resolutions and from multiple techniques with computational modeling. Among
these techniques, pulsed electron—electron double resonance (PELDOR, also known as
DEER) spectroscopy, X-ray scattering interferometry (XSI), and single-molecule Forster
resonance energy transfer (smFRET) are molecular rulers that can measure intra- or
intermolecular distance distributions in the nanometer range, provided that the biomolecules
are site-specifically labeled with spin labels, gold nanoparticles (AuNPs), and fluorophores,
respectively.8-11 Many studies have demonstrated that distance restraints, coupled with
high-resolution structure information and computational modeling, are highly informative in
investigating the global structure and conformational dynamics of RNA and RNA-protein
complexes.12-14

In recent years, a plethora of strategies have been developed to achieve site-specific
labeling of RNAs.15-18 RNAs can be prepared in sufficient amounts for structural studies
by either solid-phase chemical synthesis or in vitro transcription (IVT) catalyzed by
RNA polymerases. Different probes can be covalently attached at the nucleotide base,

the sugar moiety, or the phosphate backbone of RNAsS, either during RNA synthesis or
postsynthetically. Chemical synthesis has been the most popular and versatile method for
site-specific RNA labeling but is generally limited to RNAs smaller than 100 nts. The
size limit might be mitigated by chemical or enzymatic ligation of the synthetic fragment
with a polymerase-derived RNA, but these methods are generally laborious and restricted
by ligation efficiency.1920 Recently, site-specific labeling of very large RNAs (up to 700
nts) has been achieved by a combination of transcription of the unnatural base pair (UBP)
systems and post-transcriptional modification through click chemistry or amine—NHS ester
reactions.%-11.21.22 For example, by synthesis of alkyne- or amine-derivatized rTPT3TP
and transcription of an expanded genetic alphabet containing NaM-TPT3 UBP system,
spin labels, AuNPs, and fluorophores have been site-specifically attached to several large
RNAs, thus facilitating pair-wise distance distribution measurements by PELDOR, XSI,
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and smFRET, respectively.?-11 These UBP-based methods overcome length limitations in
conventional RNA labeling methods and can be efficiently performed under near-native
conditions. Such functional modifications of UBPs are mainly introduced at the bases;
however, due to the bulky sizes of functional groups or labeling probes used, such strategies
might cause structural perturbations to the modified RNAs or decrease the accuracy of
subsequent distance measurements.

An interesting functional modification of nucleic acids (DNA/RNA) is phosphorothioate
(PS), which replaces one of the nonbridging oxygen atoms with sulfur in the

phosphate backbone.23:24 PS-modified DNA and RNA have useful properties for various
applications.2® For example, single-stranded PS-modified DNAs and RNAs have been
effectively used to develop nuclease-resistant antisense drugs,2426 mRNA with PS
modification is shown to accelerate translation initiation.2” The PS modification on the
backbone results in the formation of a chiral center; owing to its chiral nature, the

PS substitution has been extensively used to probe metal binding and mechanisms of
ribozymes.28 Furthermore, PS modification provides nucleophilic sites that are amenable
to subsequent alkylation by labels containing iodoacetamide or maleimide.21:2% For example,
multiple AuNPs and proteins can be precisely assembled on PS-modified DNA sequences
by linking functional groups to the PS backbone.30:31 A number of potential advantages are
available with backbone labeling in comparison to base-labeling procedures.21:29-31 First,
compared to substitution at the nucleobase with functional groups such as alkyne, such
single-atom substitution has fewer perturbations to the structure of nucleic acid. Second, as
the phosphodiester bonds are generally solvent-exposed and not involved in base pairing,
the presence of a label on the backbone may not drastically alter the stability and structure
of duplex nucleic acids. Last but not the least, PS modifications are usually cost-effective.
Nevertheless, PS-based site-specific labeling has been mainly performed for DNAs but less
pursued for RNAs.

Here, we present the synthesis of an alpha-thiophosphorylated variant of rTPT3TP
(rTPT3,sTP) and demonstrate its applications in post-transcriptional site-specific labeling
of several large RNAs ranging from 97-719 nucleotides, including ribonuclease P (RNase
P) from Bacillus stearothermophilus,® 3’stemloop (3'SL) element, and minigenomic (mini)
RNA from dengue virus 2 (DENV?2).932.33 RNase P is a ribozyme responsible for the
5’-end maturation of precursors of the transfer RNA (pre-tRNA). 3’SL and DENV-mini
RNA represent the linear form and circular form of DENV2 genomic RNA, respectively.
By combining transcription of the NaM-TPT3 UBP system and post-transcriptional
thiol-maleimide reactions, we succeed in covalently attaching nitroxide spin label, AuNPs,
and fluorophores into the PS backbones of such large RNAs in a site-specific manner. The
labeled RNAs are further subject to PELDOR, XSI, and smFRET measurements, which
result in narrower distant distributions than labeling at TPT3 bases. The presented strategy
provides a new route for site-specific labeling of large RNAs and is expected to benefit

the structural and dynamic studies of large RNAs by complementary biophysical techniques
including PELDOR, XSI, SmFRET, etc.
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RESULTS
Chemical Synthesis of Alpha-Thiophosphorylated rTPT3TP.

The thiol-maleimide reactions have been widely used for bioconjugation and labeling of
biomolecules such as cysteine-containing proteins.34 As natural RNASs do not contain thiols,
to introduce a reactive thiol group at the phosphate backbone of RNA, we synthesized

the alpha-thiophosphorylated ribonucleotide TPT3 triphosphate (rTPT3,sTP) by following
the general procedures as described in the Supporting Information. The synthesized crude
product of rTPT3,sTP can be readily separated into two diastereomeric (alpha-S,) and
(alpha- ) thiotriphosphates by reverse-phase HPLC (RP-HPLC) (Figure S1), which results
from the replacement of nonbridging oxygen on the alpha-phosphorus atom of rTPT3TP

by sulfur that makes the alpha-phosphorus atom stereogenic (Figure 1A). Because of the
high efficiency of thiol-maleimide reactions under mild conditions, it is expected that RNAs
containing one or multiple PS sites can be functionally derivatized with maleimide-modified
labels in a single reaction (Figure 1B). The commercially available maleimide-based labels
used in this study are shown in Figure 1C.

Selection of Model RNAs and Labeling Sites.

Previously, amine- and alkyne-functionalized modifications of rTPT3TP at the base
(rTPT3ATP and rTPT3COTP) have been utilized for a site-specific spin and Nanogold
labeling of several large RNAs including the 419-nt RNase P from B.stearothermophilus'®
and the 97-nt 3’SL and 719-nt DENV-mini RNAs from DENV2.° To demonstrate the
applicability and advantages of PS-based RNA backbone labeling, the same labeling sites
of the same RNase P (U67/U86) and 3’SL (A67/U97) RNAs were chosen to incorporate
rTPT3,s for a subsequent site-specific spin and Nanogold labeling, respectively (Figure
S2A,B). Based on the secondary and tertiary structures of these model RNAs, the labeling
sites we selected are all located in the internal loops so that the introduction of rTPT3 5
can avoid the potential interruptions of normal base pairing and will not cause drastic
perturbation of the global architecture of the RNAs. Furthermore, the 3’SL and DENV-mini
RNAs were chosen for site-specific fluorescent labeling and SMFRET measurements based
on total internal reflection fluorescence (TIRF) microscopy. The 3"-ends of 3’SL and
DENV-mini, which represent the linear and circular conformations of flavivirus genomes,
were cotranscribed with 30-nucleotide single-stranded RNA sequences (referred to 3" SLgg
and DENV-minisg) (Figure S2C,D), which were annealed to a complementary DNA
oligomer containing a 5"-end biotin and a 3"-end Cy5 for surface immobilization and
fluorescent labeling. For orthogonal fluorophore labeling, suitable locations in 3”SL3q (U86)
and DENV-minisg (U708) were carefully chosen to incorporate rTPT3 g for subsequent
Sulfo-cyanine3 (sCy3) labeling based on their secondary and tertiary structures. It is
expected that the conformational changes of DENV2 genomic RNA due to linear-to-circular
transition would result in evident FRET efficiency changes.

Preparation of PS-Containing Large RNAs.

For the transcription of singly (at the site of A67 or U97) or doubly (at sites of both
A67 and U97) PS-modified 3"SL, or singly PS-modified 3"SL 3 (at the site of U86) and
DENV-minisg (at the site of U708), as the labeling sites are close to the 3’ends, a single
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reverse primer containing two or one dNaMs was used to amplify the dsDNA templates by
PCR and only one-step PCR was required. For a transcription of singly (at the site of U67
or U86) or doubly (at sites of both U67 and U86) PS-modified RNase P, a two-step overlap
extension PCR was employed to generate the full-length UBP-modified dsDNA template
(Figure 2A).

T7 RNA polymerase (RNAP) was used to incorporate rTPT3,g into RNase P, 3’SL,
3’SL 30, and DENV-minizg RNA. Studies have shown that T7 RNAP only accepts the Sp
diastereomer as the substrate.3® To determine which diastereomer fraction is the substrate
of T7 RNAP, we performed small-scale IVT for both RNase P and 3’SL RNAs using

the unnatural dsDNA templates. As shown in Figure 2B, only one diastereomer can be
efficiently utilized by T7 RNAP, which is then assigned as the S, form. Transcriptions with
the S, form of rTPT3 ;s TP show major single bands for both RNase P and 3’SL (Figure
2B) RNAs; by contrast, only abortive RNAs were generated without Sy-rTPT3,sTP in the
rNTP mix. These results indicate the successful incorporation of the S, form of rTPT3,sTP
into the specific sites of both RNase P and 3’SL RNAs, which were further purified by
size-exclusion chromatography (SEC) under native conditions (Figure S3A,B). As only a
small number of samples are required for sSmFRET measurements, both rTPT3,5-modified
3’SL 3 and DENV-minizo were purified by the native gel electrophoresis method (Figure
S3C).

Reactivity and Stability of rTPT3,5-Containing RNAs.

There are three sulfur atoms in each rTPT3 ;g including one endocyclic and one exocyclic
in the base and one in the phosphate backbone in rTPT3,s-modified RNA. To test their
differences in reactivities to maleimide, singly rTPT3,s- or rTPT3-modified 3'SLs at the
site of A67 were reacted with monomaleimido sCy3, but only rTPT3,s-modified RNA
could be incorporated with the fluorophore, indicating that the PS is more nucleophile than
the exocyclic and endocyclic sulfurs on the base (Figure S4).

Although it has been reported that incorporation of the thiol group in the internal phosphate
backbone of RNA could result in a hydrolysis reaction with the previous 2" hydroxy
group,38 the rTPT3,5-modified RNAs used in this study are stable in near natural pH
conditions (pH = 7). As shown in Figure S5, even after storage at 4 °C for 48 h, still no
hydrolysis or degradation is observed for rTPT3,s-modified RNase P, 3'SL, and 3"SL 3
RNAs. Besides, IVT is performed under alkalescent conditions, and the rTPT3,s-modified
full-length RNA still could be synthesized.

We further characterize the hydrolytic stability of the above sCy3-labeled 3’SL under
different buffer conditions. The rTPT3-modified 3"SL is used as control. rTPT3-modified
and sCy3-labeled 3’SLs in various buffers with pHs ranging from 4-10 were heated at 65
°C for 10 min before being assayed by denaturing PAGE gels (Figure S6A-B). When the
buffers are Mg2*-free, no significant hydrolysis can be observed for both RNAs at all pHs;
by contrast, when the buffers are supplemented with 5 mM Mg?2*, both rTPT3-modified

and sCy3-labeled 3SLs are still stable below pH 10 but are completely hydrolyzed at

pH 10 (Figure S6B). These results are consistent with the phenomenon of nonenzymatic
RNA hydrolysis promoted by buffer and Mg2* at high temperatures.3” The time dependence
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of Mg?*-promoted RNA hydrolysis was also assayed. As shown in Figure S6C, rTPT3-
modified 3”SL was partially hydrolyzed after being heated at 65 °C for 15 min in buffer
containing 5 mM Mg?* and at pH 9, but sCy3-labeled 3"SL was completely hydrolyzed
under the same condition, indicating that rTPT3,s-modified RNA (sCy3-labeled 3'SL) is
more hydrolytically sensitive than rTPT3-modified RNA under alkaline conditions. Taken
together, the rTPT3,s-containing RNA can be kept stable under certain conditions.

Effects of PS Modification on the RNA Structure and Function.

To investigate the effects of PS modification on the structure and function of RNAs, we

first characterized the rTPT3,5-modified RNase P and 3'SL RNAs using SAXS. The
scattering profiles of singly or doubly rTPT3,s-modified RNase P RNAs and 3’SL RNAs
are superimposable to the scattering profiles of the corresponding wild-type RNAs. The
Guinier regions of all the scattering profiles are linear, indicating that all RNA samples are
monodispersed and homogeneous in solution. The paired distance distribution functions of
the singly or doubly rTPT3,s-modified RNase P RNAs and 3’SL RNAs are similar to those
of the corresponding wild-type RNAs (Figure 3A-C). The radius of gyration (/), maximum
diameter (Omax), and molecular weights are summarized in Table S1. The similar /g and
Drax 0f the rTPT3,s-modified and the corresponding wild-type RNAs indicated that PS
modification did not cause significant structure perturbations (Table S1).

We next investigated whether rTPT3,5-modification affects the RNase P catalytic activity.
RNase P is a ribozyme that catalyzes the hydrolysis of a phosphodiester bond in

precursors of transfer RNA (pre-tRNA), resulting in the formation of the 5”-phosphorylated
intermediate tRNA and the release of a 5”-precursor fragment. As shown in Figure 3D,
using a yeast pre-tRNAPN€ as a substrate, we observed the formations of intermediate
tRNAPMe products in the presence of both wild-type and doubly rTPT3,s-modified RNase
P RNA, suggesting that PS modification does not affect the catalytic activity of RNase P
RNA. We further assess whether PS modification disturbs 3”SL function. We applied an in
vitro electrophoretic mobility shift assay (EMSA) between doubly rTPT3,s-modified 3'SL
and DENV 5’SLB (stem-loop B)-DAR (downstream of the AUG region), which contains
two complementary sequences, 5" UAR (upstream of AUG region) and DAR to the 3"SL.?
As shown in Figure 3E, both the wild-type and doubly rTPT3,s-modified 3’SL interact
with its complementary sequence in 5"SLB-DAR to form hybrid RNAs, indicating that PS
modification does not impair the folding and binding activity of 3’SL RNA. Taken together,
PS modification minimally perturbs the structure and function of RNase P and 3"SL RNAs.

Distance Measurement of RNase P by PELDOR Spectroscopy.

The purified singly or doubly rTPT3,s-modified RNase P RNAs were subjected to spin
labeling via the thiol-maleimide reaction (Figure 4A). The maleimide spin-labeled RNase
P RNAs were purified with HiTrap Q anion-exchange chromatography column followed by
SEC (Figure S7). The kinetics of the pre-tRNA processing assay indicated that spin labeling
did not impair the catalytic activity by the RNase P (Figure S8).

To confirm the successful coupling of nitroxide-maleimide to PS-modified RNase P RNAs,
we measured the X-band continuous-wave (CW) electron paramagnetic resonance (EPR)
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spectra of the spin-labeled RNAs at room temperature and compared them with that of
the free nitroxide standard. The line shape of a CW-EPR spectrum is dictated by the
reorientation dynamics (rotational motions) of the nitroxide. As nitroxide motions reduce,
averaging of its g- and hyperfine tensors becomes incomplete, resulting in line broadening
and the appearance of extra features at the low-field and high-field regions.38 As shown in
Figure 4B, all MSL-labeled RNA spectra show broad lines, indicating a large reduction of
the nitroxide motility that is consistent with what is expected from the successful covalent
attachment of nitroxide to the high molecular-weight RNase P RNAs. Spin-counting was
carried out for the measured CW-EPR spectra, and the labeling efficiencies for singly
spin-labeled (SSL.: at sites of U67 or U86) and doubly spin-labeled (DSL.: at sites of both
U67 and U86) RNase P RNASs are 47, 48, and 50%, respectively (Table S2).

The DSL RNase P sample was used for distance measurements by PELDOR. Figure 4C
shows the background-corrected X-band PELDOR trace, which clearly demonstrates the
occurrence of dipolar oscillation. The absolute modulation depth is ~35%, consistent with
the measured high efficiency of labeling. The distance distributions obtained using the
Tikhonov regularization approach3? are broad (Figure 4D), which gives a most populated
and sharp peak at 5.3 nm, and two minor peaks at 4.6 and 2.3 nm, respectively. As

a control, no dipolar decay and oscillation was observed from the SSL RNase P RNA
samples, indicating that the signal of DSL RNase P RNA is intramolecular, rather than
intermolecular, arising from the aggregation of the labeled RNA at high concentrations
(Figure S9). According to the crystal structure of RNase P (PDB ID: 2a64), the distance
between the respective N1 atoms of U67 and U86 (labeling sites) is 3.32 nm. To account for
the measured distance, both U67 and U86 in the crystal structure are replaced with rTPT3,
and the attached MSL was modeled using the ALLNOX program.%? The program generates
rotamers of the MSL label by stepwise variations of the rotatable torsional angles in the
linker, identifies the rotamers without steric collision within the macromolecule, and then
outputs the interlabel distances. It appears that some of the rotamers fit within the loops of
the RNA, which gives rise to a configuration with a longer distance of 4.9 nm (Figure S10).
Considering the inherent flexibility of the large RNase P RNA, the local dynamics of the PS
triester backbone, and the size of MSL nitroxide including the linker, the measured distance
distribution is reasonable.

The present EPR data were further compared with the previous EPR data of RNase P RNA,
to which the nitroxide was covalently attached at the base of rTPT3O (Figure 4E). As
shown in Figure 4B, a broader AHp, and 2Ac¢ are observed in the CW-EPR spectra of

the present RNase P RNAs, indicating that at these labeling sites, the nitroxide spin label
attached to the RNA backbone is more rigid than that attached to the base of rTPT3. These
results are consistent with the sharp distance distributions for the present DSL RNase P
RNA (Figure 4D).%1 Nevertheless, both rTPT3%C-based and rTPT3,s-based DSL RNase P
show three peaks in the distance distributions, which could result from the local dynamics of
the substituted residues (Figure S10).
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Distance Measurement of 3’SL by XSI.

Purified singly and doubly rTPT3,s-modified 3’SL were subjected to Nanogold labeling in
the presence of two- or fivefold excess of 1.4 nm monomaleimido Nanogold (Figure 5A).
The excess free Nanogold and Nanogold-labeled RNAs were separated by using a HiTrap

Q anion-exchange chromatography column (Figure S11). The successful conjugation of
monomaleimido Nanogold to PS-modified 3°SL RNAs can be verified by the absorbance at
420 nm of the Nanogold. The Nanogold labeling efficiency can be determined by measuring
the UV-vis absorbance of the Nanogold-labeled RNAs at 260 and 420 nm, respectively,

as previously reported.® The efficiencies of the singly Nanogold-labeled (at sites of A67 or
U97) and the doubly Nanogold-labeled (at sites of both A67 and U97) 3’SL RNAs are 54,
60, and 61%, respectively (Table S2).

To demonstrate the applicability of PS-based Nanogold labeling of large RNA, we measured
the distance distributions between sites of A67 and U97 in 3’SL by XSI. The scattering
profiles of the quartets of 3’SL and the free AUNP were normalized against / and are shown
in Figure 5B. When compared with the native 3’ SL sample, the two singly labeled and
doubly labeled 3”SL showed a prominent increase in scattering intensity at an elevated g
range from 0.05 to 0.30 A, which is consistent with stable conjugation of the RNAs with
one or two Nanogolds that scatter X-ray strongly. The overall structural parameters derived
from scattering profiles are shown in Table S1. The full set of scattering profiles of the

RNA quartets and the free Nanogold were combined to derive the Nanogold—Nanogold
scattering interference profile and the center-to-center distance distribution between the
pairs of Nanogold for the 3”SL by following the previously described protocols.4243 The
Nanogold—Nanogold scattering interference profile shows obvious oscillation, suggesting a
rigid distance distribution (Figure 5C). Transformation of the scattering interference profiles
results in distance distribution with mean values of 75.8 A and a variance of 48.5 A2 (Figure
5D). The distance between P1 atoms of A67 and U97 is 84.0 A in the atomic model of
3"SL.#4 Given the radius of Nanogold and the length of the linkers, the mean AUNP-AuUNP
distance of 75.8 A in 3’SL RNA is reasonably consistent with the atomic model. The
Nanogold—Nanogold scattering interference profiles and distance distributions of the 3’ SL
RNAs prepared with the rTPT3,s-based and rTPT3A-based labeling schemes were further
compared (Figure 5E). Clearly, the PS-based backbone Nanogold labeling scheme results in
a larger first oscillation dip in the interference profile and shorter but sharp (covariance: 48.5
vs 52.7 A2) distance distribution than the previous base-based Nanogold labeling scheme
(Figure 5B,D).

Conformational Dynamics of the 3’SL RNA Characterized by SmFRET.

The single-stranded positive-sense RNA genome of flavivirus undergoes conformational
transitions between the linear and circular forms to fulfill its diverse roles in translation,
replication, and packaging.32:33 The circular form of genomic RNA is mediated by long-
range RNA-RNA interaction, and according to the current model, 3’SL is supposed to
undergo significant conformational change during genome cyclization (Figure S2C-D). To
demonstrate the transition between the two conformations of the flavivirus genome, the
97-nt 3’SL and the 719-nt DENV-mini RNAs from dengue virus 2, which represent the
linear and circular conformations of the flavivirus genomic RNA, have been site-specifically
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Nanogold-labeled and characterized by XSI.° To demonstrate the applicability of PS-based
fluorophore labeling in the characterization of conformational dynamics of large RNASs

by sSmFRET, purified rTPT3,s-modified 3’SL3q at the site of U86 (3" SL3q.,s) and DENV-
minigg at the site of U708 (DENV-minizg_,s) (Figure S12) were subjected to site-specific
labeling with sCy3 maleimide (Figure 6A). The labeling efficiencies were estimated to be
34 and 40%, respectively, by quantifying the UV-visible absorption at 260 and 549 nm

of sCy3-labeled RNAs (Table S2). The EMSA assay indicated that both wild-type and
sCy3-labeled 3"SLzq integrated with 5 SLB-DAR to form the complex, showing that sCy3
labeling had minimal perturbation on the function of 3’SL 3 (Figure S13).

The sCy3-labeled RNAs were further annealed with 5”-biotin- and 3”-Cy5-labeled DNA
oligonucleotides to generate orthogonally labeled RNAs and achieve surface immobilization.
The time-dependent sCy3 and Cy5 fluorescence signals emitted from the respective dye-
labeled RNAs were collected and are shown in Figure 6B,C. The FRET efficiencies (ErreT)
were calculated from the sCy3 and Cy5 intensities of hundreds of individual molecules,
which reflects the intramolecular distance between sCy3 and Cy5 labeling sites.*® The
FRET efficiency histograms, in which the number of FRET events was plotted against FRET
values, display a major peak for both 3”SL3q.,s and DENV-minisg.,s, whose peak centers
and populations were further extracted via Gaussian fitting. The peak EpgeT values for
3"SL30.45 and DENV-minigq_,s are 0.80 + 0.01 and 0.99 + 0.01, respectively. In addition,
the 90% traces of the ErreT Value of 0.99 have Cy5 bleached first accompanied by sCy3
increase, followed by sCy3 bleaching later, which means that there may be little or no dye-
dye quenching between Cy5 and sCy3. Therefore, the change in FRET efficiency indicated
that 3”SL undergoes a significant conformational change and the distance between the
labeling sites in 3’ SL becomes shorter upon genome cyclization. These results are consistent
with the directly measured distances between the P1 atoms of residues in the atomic models
of 3’SL (U86 and U97: 2.89 nm) and DENV-mini (U708 and U719: 1.85 nm), respectively,
since U97 and U719 are expected to be close to the Cy5 labeling sites.

Previously, an amine-derivatized rTPT3TP (rTPT3ATP) has been utilized to achieve site-
specific Nanogold labeling of large RNAs at the rTPT3 base through the UBP system.?

To compare the effects of different RNA fluorescent labeling schemes on the FRET
efficiency histograms, a new 3’SL3g RNA with sCy3 labeled at the rTPT3 base (3"SL30-pase)
was prepared using rTPT3ATP and the UBP system by following similar procedures

(Figure 6D). The 3"SL3g.pase is further annealed with 5”-biotin- and 3"-Cy5-labeled DNA
oligonucleotides to generate orthogonally labeled RNAs and achieve surface immobilization.
As shown in Figure 6E, the FRET efficiency histogram of 3’SL30.pase RNA under the same
condition shows a broader distribution with peak Erret values of 0.63 = 0.01. Given the
bulky size of rTPT3” and its longer linker, it is reasonable that the distance between sCy3
and Cy5 labeling sites of 3’ SL3g.pase becomes longer. Furthermore, the FRET efficiency
distribution for 3" SL3g.pase RNA is broader than that for 3”SL3g.,5 RNA. These results are
consistent with the above PELDOR and XSI observations that functional probes labeled at
the internal phosphate backbone results in narrower distance distributions than that at the
base.
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DISCUSSION

In this work, we synthesize an a-thiophosphorylated triphosphate of ribonucleotide TPT3
(rTPT3,sTP) and have demonstrated its applicability to empower the molecular rulers of
PELDOR, XSI, and smFRET for accurate distance distribution measurements, which are
fundamental to understanding the structure, conformational dynamics, and function of large
RNAs. Our results demonstrate that by site-specific incorporation of one and/or two PS
triesters into the backbone of large RNAs, commercially available maleimide-based spin
labels, gold nanoparticles, and fluorescent dyes can be covalently attached to large RNAs
via the thiol-maleimide reactions in an efficient manner. Compared with the nucleotide
base-based covalent labeling schemes, in which the functional groups are usually large,
RNA labeling schemes through the PS triester backbone modifications cause minimal
perturbations to the structure and function of RNAs and result in narrower distance
distributions and thus can increase the accuracy of the distance distribution measurements.
PELDOR, XSlI, and smFRET are complementary techniques. For example, both PELDOR
and XSI generally provide ensemble-averaged distance distributions, but FRET can be
performed at both the ensemble and single-molecule levels. While PELDOR and smFRET
can measure a distance in the typical range of 20-80 A, XSI can provide information

about distance distribution for a considerable range of distances ranging from 50 up to 400
A. Thus, starting from the same DNA templates, different types of labeling can be easily
achieved and allow for comprehensive structural and dynamic characterization for the same
RNA using complementary molecular rulers.

Our work also demonstrates the potential for future applications of PS-modified RNA
through covalent modifications. Currently, there are a few examples of applications of
PS-modified DNAs. For example, proteins, gold nanoparticles, photosensitive molecules,
and functional tags can be precisely assembled to the PS sites of DNAs for various
applications.2® By contrast, applications of PS-RNAs are even less pursued. One of the
reasons could be that it is challenging to site-specifically incorporate PS triesters into

large RNAs. Facilitated by transcription of the expanded genetic alphabet containing NaM-
TPT3 UBP system, our RNA polymerase-catalyzed strategy overcomes the size limits in
conventional chemical synthesis methods (in this work: 97-719 nts), and it is expected that
the demonstrated strategy can have wide applications in RNA nanotechnology or surface
sciences; for example, functional groups can be covalently attached to the PS sites in

RNA origami or nanostructures of several hundred to thousands of nucleotides. Since T7
RNAP only accepts S, diastereomer as a substrate, chiral pure PS-RNAs can be efficiently
prepared. This differs from the solid-phase chemical synthesis approach, which usually
requires postsynthesis processing to obtain chiral pure PS-RNA.46 This will not only benefit
biophysical studies presented in this work but also could enable additional applications,

for example, investigating the role of metal coordination in RNA folding and catalysis.
Nevertheless, the coupling efficiencies via thiol-maleimide reactions reported in this work
are somewhat lower than the previous “click chemistry” method. This could be explained by
the relatively lower reaction activity between the thiol group and the maleimide group when
compared with the “click chemistry” reaction.4748
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MATERIALS AND METHODS

Materials.

The phosphoramidites of dNaM and dTPT3, triphosphorylated nucleotides of dNaM,
dTPT3, rTPT3, and amine-derivatized rTPT3 (rTPT3A) were custom-synthesized by
WuXi AppTec, China, as previously reported.® The maleimide spin label (MSL) A-(1-
Oxyl-2,2,6,6-tetramethyl-4-piperidinyl) maleimide was purchased from Toronto Research
Chemicals Inc. The 1.4 nm monomaleimido Nanogold was purchased from Nanoprobes,
Inc. The sCy3 maleimide and sCy3 NHS ester were purchased from Lumiprobe
Cooperation. 2x Golden mix of Tag DNA polymerase (supplied with buffer and natural
dNTPs mix) was purchased from TSINGKE Biological Technology Co., Ltd. (Beijing,
China). The T7 RNAP was homemade as previously described.? Plasmids encoding

the RNase P RNA from B. stearothermophilus, the pre-tRNAPhe from yeast, the

3’SL, and the DENV-mini RNAs of Dengue Virus 2 with an upstream T7 promoter

were the same as previously reported.®10 All DNA oligonucleotide primers (containing
natural and/or unnatural nucleotides) were synthesized by regular solid-phase chemical
synthesis and purified by OPC purification. The 5’-biotinylated and 3’-Cy5-modified
DNA oligonucleotide (5" -biotin-CCTGGTCCGGTGGTCCGCCTGCTGGTC-Cy5-3") was
synthesized by Sangon Biotech (Shanghai, China).

Preparation of Native or UBP-Modified DNAs.

The procedures to generate double-stranded DNA (dsDNA) templates for IVT are similar
to those previously reported.®11 In brief, to generate dsDNA templates for IVT of native
RNAs (RNase P, tRNAPhe 3”SL, and 3"SL3q), PCRs were performed using a forward
primer (pMVF) targeting a common sequence 624 bp upstream of the T7 promoter and

a reverse primer specific to the respective cDNAs in the plasmids. To prepare unnatural
dsDNA templates containing one or two NaMs at the template strands for IVT of singly or
doubly UBP-modified RNAs, two-step overlap extension PCRs were performed. In step I,
reverse primers containing dNaM nucleotides were used to introduce the dNaM and dTPT3
into the intermediate DNA fragments by PCR. The intermediate DNA fragments were
recovered and mixed to assemble the full-length DNA templates by PCR in step Il, which
can be further PCR-amplified to produce the respective dsDNA templates for subsequent
large-scale IVTs.

Preparation of Native or UBP-Modified RNAs.

The IVT systems for native or UBP-modified RNAs are similar as previously reported.%-11
Prior to large-scale RNA preparations, the optimal MgCl, concentrations for the respective
RNAs were screened in a 20 4L IVT reaction system. As T7 RNAP only accepts S,
diastereomer of rNTP as a substrate (see Results), the final concentrations of S,-rTPT3,sTP
and rTPT3ATP in the reactions are 1 mM. The native dsDNA templates were used for

the preparation of the respective wild-type RNAs (RNase P RNA, pre-tRNAP", 3'SL and
3’SL3p). The unnatural dsDNA templates containing one or two NaMs at the template
strands were used for the preparation of site-specifically TPT3 - or TPT3A-modified
RNA:s.
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The purification protocols for the respective RNAs are similar to those previously
reported.®19 For native or rTPT3-modified RNase P and 3"SL RNAs which were subject
to subsequent spin or Nanogold labeling, since the transcription products migrate as a single
major band on native PAGE, the transcription supernatants were directly applied to Superdex
200 and Superdex 75 Increase 10/300 GL columns, respectively, and purified by SEC.

The SEC buffer contains 100 mM KH;PO4/KoHPO4, 1 mM EDTA, pH 7.0. For rTPT3 4¢-
or rTPT3A-modified 3"SL3g and DENV-minizg RNAs which were subject to subsequent
fluorophores labeling, as only little RNAs were required, the RNAs were purified by native
polyacrylamide gel electrophoresis using the “crush and soak” method and recovered with
FRET buffer containing 20 mM NayHPO4/NaH,POy4, pH 6.7, 100 mM KCI, 1 mM EDTA,
and 1 mM TCEP (Tris (2-carboxyethyl) phosphine hydrochloride). The purified RNAs were
collected and concentrated with the Amicon Ultra centrifugal filter devices (Sigma-Aldrich)
and stored at —80 °C for further use.

Hydrolytic Stability of PS-Containing RNA.

rTPT3-modified, rTPT3,s-modified, or rTPT35-labeled RNAs (5 pmol) were incubated at
4 or 65 °C at different buffer conditions and then assayed on 12% denaturing PAGE gel.

Small-Angle X-ray Scattering.

All the natural and unnatural RNA samples were exchanged into the final SAXS buffer
containing 20 mM HEPES, 150 mM NaCl, 1 mM MgCl,, 5 mM DTT, and 5% (v/v)
glycerol, pH 7.0, using the Amicon Ultra centrifugal filter devices (Millipore). All natural
and unnatural RNA samples without Nanogold labeling were diluted to final concentration
series of 0.75-3 mg/mL. The data collection and processing procedures are similar to those
described before.* In brief, SAXS data were collected at room temperature at the Beamline
12-1D-B of the Advanced Photon Source, Argonne National Laboratory. The setup was
adjusted to achieve scattering g values of 0.005 < g < 0.089 A=, where g= (47/2) sin
Band 26 is the scattering angle. 30 2D images for each buffer or sample were recorded
using a flow cell with an exposure time of 1 s for natural or unnatural RNAs so as to
minimize radiation damage and obtain a good signal-to-noise ratio. The 2D images were
reduced to one-dimensional scattering profiles by MATLAB script onsite. The scattering
profile, the forward scattering intensity (/), the radius of gyration (/) the pair distance
distribution function (PDDF) p(r), and the maximum dimension, Dy, Of the RNA samples
were calculated using the same procedures as described before.** The volume of correlation
(V) was calculated by using the program Scatter, and the molecular weights of natural
RNAs were calculated on a relative scale using the Ry/ V power law.4°

Pre-tRNA Processing Assay.

The pre-tRNA processing assay was performed as previously reported.19:50 In brief, the
enzymatic activity of the native and PS-modified RNase P RNAs was tested by performing
the pre-tRNA processing assay, in which the yeast pre-tRNAPhe substrate (40 nM) was
mixed with native or PS-modified RNase P RNAs (10, 25, 50, and 100 nM, respectively).
The reactions were carried out in the SEC buffer with the addition of 15 mM MgCl, and
400 mM KCI. The mixtures were incubated at 50 °C for 30 min, and subsequently, the
reactions were quenched by adding 8 M urea and 5 mM EDTA. All reaction mixtures were
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denatured at 95 °C for 10 min and loaded directly on a 15% denaturing polyacrylamide gel.
The polyacrylamide gel was stained with Gelsafe (YPR-Bio) and imaged with a Tanon 2500
Gel Imaging Systems. The kinetics of pre-tRNA processing by RNase P was performed

by incubating 20 nM native or spin-labeled RNase P RNAs with a 40 nM pre-tRNAPhe
substrate under the same condition as just mentioned; sampling was performed at 5, 10, 20,
and 30 min for analysis.

Electrophoretic Mobility Shift Assay.

The EMSA was performed by following the previously published protocol.? In brief, 2 pmol
of wild-type, rTPT3s-modified, or sCy3-labeled 3’SL RNAs was mixed with 1/2/3 pmol
of 5" SLB-DAR RNA, and the mixtures were incubated at 37 °C for 30 min. The reaction
mixtures were then analyzed using 10% nondenaturing PAGE. After electrophoresis, the
gels were stained with 1:1000 diluted Gelsafe (YPR-Bio) for 7 min and imaged with a
Tanon 2500 Gel Imaging Systems. The grayscale was analyzed with ImageJ.

Site-Specific Incorporation of Nitroxide Spin Labels into RNase P RNA.

The MSL nitroxide spin label was freshly dissolved with DMSO to a final concentration of
200 mM. Prior to nitroxide labeling, the singly (at the site of U67 or U86) or doubly (at

the sites of both U67 and U86) rTPT3,5-modified RNase P was supplemented with freshly
prepared 1 mM TCEP and incubated at room temperature for 10 min. Then, the RNAs were
precipitated with ethanol and redissolved with buffer containing 100 mM KH,PO4/KoHPQOy,
pH 7.0, 50% (v/v) DMSO. The singly or doubly rTPT3,5-modified RNase P RNAs were
mixed with MSL with a molar ratio of 1:200 and 1:500, respectively; then, the reactions
were carried out at room temperature overnight.°> The mixtures were further purified with
HiTrap Q column pre-equilibrated with buffer A (20 mM HEPES pH 7.0, 20 mM KCI, 20%
(v/v) acetonitrile), and then eluted with a salt gradient to 100% buffer B (20 mM HEPES pH
7.0, 1 M KClI, 20% (v/v) acetonitrile). The fractions of MSL-labeled RNAs were combined
and concentrated.

EPR Spectroscopy.

The protocols for sample preparation, data collection, and processing of EPR spectroscopy
were similar to those previously described.10 In brief, the MSL-modified RNase P RNAs
were first lyophilized and then redissolved with 50% (v/v) glycerol/water prior to EPR

data collection. For CW-EPR measurement, 10 L samples of MSL-labeled RNA with
concentrations of 100 M were loaded into a borosilicate glass capillary sealed at one end.
CW-EPR spectra were obtained on a Bruker EMX X-band spectrometer. The experimental
parameters were the same as previously reported. The CW-EPR spectra were processed
and counted as a previous procedure.1941 For PELDOR EPR measurement, 30 /L of
doubly MSL-labeled samples with a concentration around 200 /M were loaded into a
round quartz capillary sealed at one end, and were flash-frozen in liquid nitrogen. The
PELDOR EPR parameters were the same as previously described.1? The accumulation time
was set to 20 h with 100 shots per point. Raw time domain PELDOR data was background-
corrected using LongDistances1020 (developed by Christian Altenbach, available at
www.biochemistry.ucla.edu/Faculty/Hubbell).52 The interspin distance distributions were
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computed from the resulting dipolar evolution data using the model-free regularization
analysis in LongDistances.

Site-Specific Gold Nanoparticle Labeling of DENV2 3'SL.

The 1.4 nm monomaleimido Nanogold containing a single reactive maleimide was dissolved
in 40% (v/v) DMSO/DEPC H,0 solution following the product instruction manual (http://
www.nanoprobes.com/). Prior to Nanogold labeling, singly or doubly rTPT3,s-modified
3’SL RNAs were treated with freshly prepared 1 mM TCEP at room temperature for 10
min. TCEP was removed by ethanol precipitation, and the RNAs were redissolved with 100
mM KHyPO4/K,HPO,, pH 7.0. By mixing 8 nmol of singly or doubly rTPT3,s-modified
3’SL RNAs with 16 or 40 nmol of monomaleimido Nanogold, respectively, the coupling
reactions were carried out at room temperature overnight. The Nanogold-labeled 3’SL
RNAs were further purified with HiTrap Q column (GE Healthcare) as previously reported.®

XSI Data Collection and Processing.

The protocols for XSI sample preparation, data collection, and processing are similar to
those previously reported.® In brief, all the Nanogold-labeled RNAs were conditioned into
XSI buffer containing 20 mM HEPES, 100 mM KCI, 5 mM MgCl,, 0.5 mM TCEP, 5%
(v/v) glycerol, pH 7.0, and diluted into final concentrations of 50 4M. The free Nanogold
sample was concentrated to 100 M. The exposure time for Nanogold-labeled RNA samples
is 0.1 s for each image. The scattering profiles of the RNA quartets of 3’SL including the
native 3"SL, two singly Nanogold-labeled and one doubly Nanogold-labeled 3’SL, and the
free Nanogold was used to calculate the Nanogold—Nanogold scattering interference profiles
(/au—au(s)), from which the Nanogold—Nanogold distance distributions were inferred with
the MATLAB scripts in AUSAXSGUI (https://github.com/thomas836/AuSAXSGUI) shared
by the Jan Lipfert group.42:43

Site-Specific Fluorescent Labeling of RNAs.

The purified rTPT3s-modified (at the site of U86) 3’SL3g and DENV-minisg (at the site
of U708) products were precipitated with ethanol and then dissolved with FRET buffer

to a final concentration of 150 tM. The sCy3-maleimide (dissolved in 100% DMSO to
improve the solubility and maintain the properties) was added with a molar ratio of 1:30 for
fluorescent labeling. The reacting mixtures were incubated at room temperature overnight.
Then, the sCy3-labeled RNAs were precipitated by ethanol three times as described above
and resuspended in FRET buffer. Similarly, the rTPT3A-modified (at the site of U86) 3’'SL
RNA was buffer-exchanged into 0.1 M NaHCO3 (pH 8.0) and subjected to fluorescent
labeling. The sCy3 NHS ester (dissolved in 100% DMSO) was added with a molar ratio

of 1:15 for rTPT3A-modified 3'SL RNA. The coupling reaction was incubated at room
temperature overnight and then precipitated by ethanol three times and resuspended in FRET
buffer.

smFRET Data Collection and Processing.

For single-molecule experiments, sCy3-labeled 3’ SL3g and DENV-minisg were annealed
with 5’-biotin- and 3’-Cy5-modified DNA substrates in FRET buffer with a molar
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ratio of 1.3:1, and the mixture was then incubated at 95 °C for 2 min and cooled

fast on ice. Samples were diluted 1000 times in the FRET buffer and immobilized

on the glass slides by biotin—streptavidin interactions. The SMFRET experiments were
performed at 25 °C in FRET buffer with an oxygen-scavenging system containing 3
mg/mL glucose, 100 pg/mL glucose oxidase (Sigma-Aldrich), 40 4g/mL catalase (Roche),
1 mM cyclooctatetraene (COT, Sigma-Aldrich), 1 mM 4-nitrobenzylalcohol (NBA, Sigma-
Aldrich), and 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid (Tro-lox,
Sigma-Aldrich).53 Single-molecule fluorescence and FRET measurements were carried out
on a home-built objective-type TIRF microscope, based on a Nikon Eclipse Ti-E with an
EMCCD camera (Andor iXon Ultra 897), and solid-state 532 and 640 nm excitation lasers
(Coherent Inc. OBIS Smart Lasers). Fluorescence emission from the probes was collected
by the microscope and spectrally separated by interference dichroic (T635lpxr, Chroma).

The smFRET movies were collected using Cell Vision software (Beijing Coolight
Technology). Collected movies were analyzed by a custom-made software program
developed as an ImageJ plugin (http://rsh.info.nih.gov/ij). Fluorescence spots were fitted

by a 2-D Gaussian function, matching the donor and acceptor spots using a variant of the
Hough transform.” The background-subtracted total volume of the 2-D Gaussian peak was
used as raw fluorescence intensity I. FRET traces displaying stable fluorescent signals were
picked and further analyzed. The FRET efficiency was calculated via the equation

In )—1

E=1+—-—7F
( Ix— xIp

where /p and /p are the raw fluorescence intensity of the donor and acceptor, respectively,
and y is the cross-talk of the donor emission into the acceptor channel.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Compounds used in this study. (A) Chemical structures of the S, and A, diastereomers

of rTPT3,sTP. (B) Schematic for covalent conjugation of rTPT3,5-modified RNAs with
maleimide-modified probes via the thiol-maleimide reaction. (C) Chemical structures of the
monomaleimido Nanogold, nitroxide spin label, and fluorescent dye (sCy3).
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Figure2.
Site-specific PS modification of large RNAs by transcription of an expanded genetic

alphabet containing TPT3-NaM UBP. (A) General procedure for site-specific PS
modification of RNA. The double-stranded DNA template containing one or two dNaM
modifications at the template strand can be prepared by PCR using a plasmid DNA template
and single-stranded UBP-modified DNA primers. PSs can be site-specifically introduced
into RNAs by IVT using an rNTP mix supplemented with (S)-rTPT3,sTP. (B) Native
PAGE analysis of IVT of native or UBP-modified DNA templates encoding (upper) RNase
P and (lower) DENV2 3’SL using Sp and R, diastereomers of rTPT3,sTP. T7 RNAP only
accepts (Sp)-rTPT3,sTP as a substrate for IVT. Transcription of native DNA template using
rNTP mix results in one single band. rTPT3 or (&)-rTPT3,s can be efficiently incorporated
into RNase P RNA and 3"SL by an IVT reaction catalyzed by T7 RNAP. If no rTPT3TP

or only (Rp)-rTPT3,sTP is added to the IVT reaction, no full-length RNAs but only short
abortive transcripts are observed.
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Figure 3.
Phosphorythionate modifications have minimal effects on the global structure and function

of RNAs. (A-C) The experimental scattering profiles (A), dimensionless Kratky plots (B),
and PDDFs (C) of PS-modified RNase P (blue) and 3’SL (red) RNAs are superimposable to
those of the corresponding wild-type RNase P (gray) and 3’SL (black) RNAs. (D) Pre-tRNA
processing assay. Left: secondary structure of the yeast pre-tRNAP and the intermediate
tRNAPNe product. Right: PS-modified and wild-type RNase P show a similar processing
activity. The concentration of both wild-type and PS-modified RNase P RNAs increase from
10, 25, 50, to 100 nM, while the concentration of pre-tRNAPM® js constant. No obvious
differences in concentration dependence of enzymatic activities can be observed between
wild-type and PS-modified RNase P RNAs. (E) EMSA of 5'SLB-DAR in the absence

or presence of wild-type or PS-modified 3”SL RNAs. The concentrations of 3’SLs are
constant. The 5"SLB-DAR:3’SL molar ratio is 0.5:1, 1:1, and 1.5:1, respectively.
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Figure 4.

PS-based site-specific spin labeling of RNase P RNA and distance distribution measurement
by PELDOR. See also Figure S7 for additional PELDOR data and analysis. (A) Schematic
for covalent conjugation of MSL to rTPT3,s-modified RNA via the thiol-maleimide
reaction. (B) CW-EPR spectra of the rTPT3,5-based (red) U67 (top) or U86 (middle)

SSL and U67/U86 (bottom) DSL RNase P RNAs. CW-EPR spectra of rTPT3%C-based
(gray) singly and DSL RNase P RNAs at the same sites were overlaid for comparison. (C)
Background-corrected time trace of DSL RNase P. (D) Interspin distance distributions of
the rTPT3 5-based (red) and rTPT3C-based (gray) U67/U86 DSL RNase P RNAs obtained
using the Tikhonov regularization approach. (E) Schematic for the click chemistry reaction
between RNA containing alkyne-functionalized rTPT3 and azide-modified nitroxide.
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Figureb.
PS-based site-specific Nanogold labeling of 3"SL RNA and distance distribution

measurement by XSI. (A) Schematic for covalent conjugation of monomaleimido Nanogold
to rTPT3,s-modified RNA via the thiol-maleimide reaction. (B) /,-normalized scattering
profiles of U67 singly Nanogold-labeled (yellow), U97 singly Nanogold-labeled (red),
U67/U97 doubly Nanogold-labeled (blue), and unlabeled 3’SLs (black). (C) Scattering
interference patterns of the two rTPT3s-conjugated (blue) or rTPT3A-conjugated (gray)
Nanogold labels in 3’SL RNAs. (D) Probability distribution of the center-to-center distance
distributions between the two rTPT3 ,s-conjugated (blue) or rTPT3A-conjugated (gray)
Nanogold labels in 3’SL RNAs. (E) Schematic for covalent conjugation of mono-su/fo-
NHS-Nanogold to rTPT3A-modified RNA via the amine-N HS ester reaction.
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Figure®6.

PS-based site-specific sCy3 fluorophore labeling of 3"SL3g and DENV-minizg RNAs and
conformational dynamics measurement by smFRET. (A) Schematic for covalent conjugation
of maleimide-modified sCy3 to rTPT3,s-modified RNAs via the thiol-maleimide reaction.
(B,C) Representative SmFRET traces (left) and FRET histogram (right) of (B) DENV2
3’SL3g and (C) DENV-minizg RNAs with rTPT3,s-conjugated sCy3. The corresponding
FRET intensity trajectories are shown by the black trace. N denotes the total number of
traces used to generate the histograms. (D) Schematic for covalent conjugation of rTPT3A-
modified RNA with the sCy3 NHS ester via the amine—NHS ester reaction (right). (E)
Representative SmFRET trace (left) and FRET histogram (right) of DENV2 3’SL 3g-base
with rTPT3A-conjugated sCy3. The FRET distribution of 3”SL3q with rTPT3,s-conjugated
sCy3 is displayed for comparison.
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