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Abstract

Incorporation of modified or labeled nucleotides at specific sites in RNAs is critical for gaining
insights into the structure and function of RNAs. Preparation of site-specifically labeled large
RNAs in amounts suitable for structural or functional studies is extremely difficult using current
methodologies. The position-selective labeling of RNA, PLOR, is a recently developed method
that makes such syntheses possible. PLOR allows incorporation of various probes, including
2D/13C/15N-isotopic labels, Cy3/Cy5/ Alexa488/Alexa555 fluorescent dyes, biotin and other
chemical groups, into specific positions in long RNAs. Here, we describe in detail the use of
PLOR to label RNAs at specific segment(s) or discrete sites.

Keywords
PLOR; RNA,; Specific labeling

1. Introduction

Knowledge about RNA structures and dynamics is fundamentally important to understand
RNA'’s functions. First of all, high-resolution structures of macromolecules are invaluable
for better understanding their functions in biological systems. NMR and X-ray
crystallography are the two main methods used to solve atomic-resolution structures of
proteins and RNAs, and account for >97% of the RNA structures in the Protein Data Bank.
Specific labeling of RNASs offers several advantages for both of these methods. Selective
isotopic labeling of RNAs, especially those larger than 50 nt, can greatly alleviate NMR
peak overlap, thereby simplifying spectra interpretation to allow extraction of structures
and dynamics information that would otherwise be difficult to obtain [1-8]. With the
availability of high-field NMR spectrometers, the use of selectively isotopically labeled
RNASs is now one of the primary strategies for RNA structure determination. In X-ray
crystallography, the calculation of electron density maps requires determination of the
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phases of the diffraction data, which is usually done either by molecular replacement (MR)
with a known, homologous structure, or by anomalous phasing by incorporating heavy
atoms into the crystal [9-16]. Since known, homologous structures are rarely available

for RNAs, de novo phasing of RNA crystal data can be achieved through site-specific
incorporation of heavy-atom-labeled nucleotides. Secondly, SmFRET is a very powerful
tool to study conformation space and dynamics. RNA labeled with fluorophores offers the
capability to characterize dynamics of individual molecules [17-19] Lastly, RNA molecules
are used as biosensors and labeled RNAs with various probes have broad applications in
disease diagnosis, substance detection and molecular imaging [20-22].

The most widely used methods to introduce labels into RNAs during synthesis are /n vitro
transcription and solid-phase chemical synthesis. /n7 vitro transcription has been routinely
used to prepare RNASs in large quantity, in which nucleotide types are homogeneously
labeled, but is not readily adapted to allow labeling of nucleotides by position [7,23,24].
Chemical synthesis provides greater flexibility in labeling RNA at specific positions. In
theory it is possible to use the chemical synthesis method to generate small RNAs selectively
labeled at any position, provided that all labeling chemical reagents are commercially
available. However, its primary limitations are size and cost [23-26]. Neither of these two
methods is practical for preparing multi-milligram amounts of large RNAs with position-
specific isotope labels for NMR.

Recently, we reported a method, PLOR, to synthesize selectively-labeled RNA on a
milligram scale [27]. We demonstrated PLOR by synthesizing RNAs with various labeling
schemes and labeling reagents. Those RNAs include a specifically labeled 104-nt TCV RNA
(Fig. 1) from the 3" untranslated region of turnip crinkle virus [28-30], and a series of 71-nt
riboA71 RNAs (Fig. 1) that form the aptamer domain of an adenine riboswitch [29,31-33].
Isotope-labeled (13C, 13N, and 2D), fluorescent (Cy3, Cy5, Alexa 488, and Alexa 555), or
biotinylated derivatives of riboA71 were also generated by PLOR, in which the labeled
nucleotides were incorporated into a single helix (Fig. 1c and j), a single hairpin (Fig. 1d and
f), an internal loop (Fig. 1e), multiple hairpins (Fig. 1g), multiple discrete positions (Fig. 1h,
k, and I), or, a single position (Fig. 1i), and subsequently used in NMR and SmFRET studies.

2. Theory

In vitro transcription catalyzed by T7 RNA polymerase has a slow, unstable initiation phase,
followed by fast chain and highly processive elongation at about 200 nucleotides per second
[34,35]. It has been shown that the elongation complex composed of DNA:RNA:T7 RNAP
is extremely stable once it is formed, and that transcription by this ternary complex can

be paused and resumed [36]. PLOR exploits this ability to pause and resume transcription
by the elongation complex by omitting and adding back the NTPs required to proceed
pause positions. Polymerase ‘walking’ is not unique to T7 RNA polymerase, such ‘walking’
has been observed for other RNA polymerases to study RNAP mechanism [37]. PLOR
combines aspects of both liquid-phase transcription and solid-phase chemical synthesis. The
DNA template in PLOR is coupled to a solid support, which allows stepwise buffer and
NTP changes. The PLOR reaction is divided into three stages: initiation, elongation, and
termination (Fig. 2) [27]. The transcription reaction is initiated by gentle mixing of T7
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RNAP, NTPs and bead attached templates in a reaction vessel. One or more types of NTPs
are excluded in the reaction mixtures, which causes the RNA polymerase to pause at the
positions where it requires the missing NTP(s). After removing the residual NTPs by SPE
and rinsing the beads thoroughly, a new NTP mix is added to allow the transcription to

be resumed to the next stop. Each of these pause/resume steps constitutes one elongation
cycle, and modified NTPs can be introduced during each of these cycles to allow specific
labeling of the transcribed RNAs. The number of elongation cycles depends on the labeling
scheme and RNA sequence. When labeling at the desired positions is achieved, all four types
of NTPs are added simultaneously to complete transcription in the final termination step.
The whole process can be repeated a number of times depending on the desired quantity of
RNAs. By varying the NTP combinations in the elongation cycles, practically any specific
labeling scheme can be performed. This process can be performed automatically using a
robotic platform and a customarily made reaction module. As a proof of concept, we have
designed and fabricated such a reaction module that performs reactions and executes gentle
mixing, washing, filtration cycles at a given temperature driven by a customarily made
computer program written in SQL language. The robotic platform was purchased from
Zinsser Analytic, Germany [27].

3. Experiments and procedures

The DNA templates used in the PLOR reactions were generated by PCR, and the forward
and reverse primers contained biotin, and 2”-O-methylguanosine (mG), respectively, at the
5’-ends (the template sequences for riboA71 and TCV are listed in Table 1). The biotin at
the 5”-end is for immobilization of DNA on the neutravidin-coated agarose beads [38] and
mGs at the 5"-end of the coding strand is to reduce the formation of non-templated N +

1 transcripts [39]. The PCR-generated DNAs were then incubated with neutravidin-coated
agarose resin at 4 °C. The NTP additions in PLOR vary with labeling schemes [27]. For
example, for generating Lp2-CN-riboA71 (single 13C1°N-labeled segment, Lp2, Fig. 1f),
T7RNAP (20 uM) was mixed with the DNA-beads (20 uM, 25 mL) at 37 °C for 10 min,
followed by the addition of ATP (1.92 mM), GTP (1.92 mM) and UTP (192 pM) and
incubation for 15 min at 37 °C. The liquid phase in the initiation stage was removed by
SPE and the beads were rinsed 5 times to ensure the removal of residual NTPs. ATP (40
M), CTP (40 uM) and UTP (40 pM) were then added and incubated for 10 min at 25 °C
in the reaction vessel, followed by SPE and bead rinsing 3 times. Subsequent elongation
cycles and the termination were performed in the same manner as cycle 1 but with different
NTP additions for each cycle: ATP(60 uM)/GTP(140 uM)/UTP(160 uM) (cycle 2), ATP(60
UM)/CTP (60 uM)/UTP(20 pM) (cycle 3), ATP(20 uM)/GTP(40 uM) (cycle 4), 13C15N-
CTP(40 uM)/A3CI5N-UTP (40 uM) (cycle 5), 13CI5N-ATP (60 pM) (cycle 6), CTP(40
UM)/GTP (20 uM)/UTP (60 uM) (cycle 7), and ATP(40 uM)/CTP(80 uM)/UTP (100 uM).
The temperature of the reaction vessel was dropped to 4 °C prior to sample collection. The
above protocol was repeated to synthesize various riboA71 and TCV derivatives, with only
the elongation cycles and NTP additions varied between different syntheses.
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4. Results and discussion

The 1H13C-TROSY spectra of S1 + Lk1-CN-riboA71 (the first 13 residues in the Helix 1
plus Linker 1 were 1H/3C/15N isotope-labeled in this sample) and Lp2-CN are shown in
Fig. 3a and b, respectively [27]. The peaks in the C6-H6 or C8-H8 region of the spectra
matched our labeling schemes, and the peaks from the non-labeled residues are invisible,
which greatly alleviate peak crowdedness in the spectrum for CN-riboA71 (uniformly
13C15N-labeled riboA71, prepared by conventional in vitro transcription, Fig. 3c). This
significantly improved the accuracy of peak identification and analysis. RNA consists of
only four building blocks: A, U, G and C. These four building blocks differ only in
nucleotide bases but are otherwise identical. Even among the bases, the chemical structures
of adenine and guanine are very similar, as are uracil and cytosine. In addition to these
similarities, more than 70% of RNA structural blocks are duplexes. All of these chemical
and structural similarities result in very similar chemical shift environments, resulting a
very narrow chemical shift dispersion and severe NMR signal overlaps. For example, in
the case of the aptamer domain of the adenine riboswitch, the aromatic chemical shift
signal overlapping among the residues A4, A5, A7, and A9 in Helix 1 was observed in

the spectrum of S1 + Lk1-CN-riboA71 (Fig. 3a). To resolve these peaks and confirm

their assignments, we produced S1 + Lk1-H by PLOR, in which only Helix 1 and Linker

1 were protonated while the rest of the residues were deuterated. This labeling scheme
resulted in a greatly simplified spectrum (Fig. 3d) compared to that of riboA71 (all residues
protonated, Fig. 3e), and the strategy of an NOE-walk in a regular helix region was applied
for assignment purposes based on sequential connectivity. In addition to being used to
isotopically label specific RNA segment(s), PLOR was also applied to place multiple
isotope-labeled residues at discrete positions or at a single position for studying RNA
dynamics.

NMR is powerful for detecting multiple conformers of RNA in solution as revealed by the
presence of multiple cross peaks associated with the same residues. However, such detection
is impractical when signals from other residues are nearby. Therefore, it is critical to be
able to detect signals from the residues of interest while signals from other residues are
suppressed. With PLOR, it is possible to accomplish this. For example, the imino group

of U39 forms a hydrogen bond with the adenine ligand [33,40], so we applied PLOR to
introduce a single H/13C/1°N isotope-labeled residue at this structurally important position
to probe the conformations of riboA71 upon binding adenine [27]. Four peaks in the
spectrum reveals that four conformations may co-exist in the binding pocket (Fig. 3f).
FRET data of the U24Cy3-C55Cy5-B sample generated by PLOR (U24, C55 and 3’-end
labeled with Cy3, Cy5, and biotin, respectively.) also supports the conclusion that multiple
conformations co-exist and that the high-FRET conformation is formed both in the absence
and presence of adenine [41,42].

5. Conclusions

Many new techniques for RNA labeling are constantly being developed, yet the demand
is rising in this era full of breakthroughs in RNA [23]. PLOR, a hybrid solid-liquid phase
transcription method, combines the robustness of solid-phase synthesis with the efficiency
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of /n vitro liquid-phase transcription for long RNAs. This method is applicable to synthesize
long RNAs with discrete labels that are difficult to be obtained with high yields by using
enzymatic ligation method. By using PLOR-generated RNAS, we were able to observe
chemical signals from only the labeled residues and obscure signals from non-labeled sites.
This not only greatly simplifies interpretation of NMR spectra, but also makes it possible

to explore details of structure and dynamics in a desired region or position that would
otherwise be difficult to study. The capability of PLOR to label discrete residues or a

single position in the aptamer domain of the adenine riboswitch allows one to selectively
monitor signals from structurally or functionally significant residues and to unambiguously
identify the coexistence of conformers. Theoretically, all the labeling schemes described
here can be achieved by ligations, however, it is not practical to introduce isotope-labels

to multiple discrete segments by using ligations. This can, however, be readily achieved
using PLOR. Another distinct advantage of PLOR is that it is able to produce labeled RNA
on the milligram scale. Overall yields ([product]/[template]) in the PLOR syntheses for
isotopically labeled RNAs decreased with elongation cycle numbers: more cycles led to
lower yields, and the yields for generating riboA71 derivatives ranged from 8.5 to 40.3%
[27]. The experimental yield for H1-TCV was close to the expected yield that was calculated
by using the initiation and elongation efficiencies of the riboA71 system. This indicates that
the PLOR vyields are not related to RNA length, since TCV contains 104 nt, about 50%
longer than riboA71. In principle, PLOR is not limited by RNA size since T7 RNAP has
been routinely used to synthesize RNAs ranging from tens to thousands of nucleotides in
length [43,44]. Instead, PLOR yields depend primarily on the number of elongation cycles
or steps required for achieving a desired labeling scheme, rather than the lengths of the
transcripts. However, ‘walking’ the RNA polymerase to a desired site in a long RNA may
require more elongation cycles than for a shorter RNA, which can lead to lower yields using
the batch methodology in the current version of PLOR.

PLOR differs from a conventional liquid-phase transcription, in which hundreds of rounds
of transcriptions are usually carried out on each DNA template. Therefore, PLOR requires
significantly more DNA template (for example, 20 uM in the Lp2-CN synthesis) to generate
sufficient quantities of labeled RNA for NMR experiments in one round of transcription.
Fortunately, DNA templates can be generated readily using efficient PCR protocols. In
addition, the templates for PLOR are immobilized on beads, and can be recycled. The
ability to reuse the templates allows syntheses to be scaled up (by combining products from
multiple PLOR rounds) or used to prepare distinctly labeled RNAs, which makes PLOR
both convenient and economical for generating large amounts of specifically-labeled RNAs.
The micromolar NTP concentrations used in PLOR are much lower than in conventional in
vitro transcription (where they are usually millimolar). Lower NTP concentrations reduces
the consumption of expensive reagents, such as isotopically-labeled, fluorescent, or other
modified NTPs, and, therefore, reduces the cost of generating selectively labeled RNAs. We
further investigated the fidelity of both the sequence and three-dimensional structures of

the PLOR-generated RNAs. Superposition of the NMR spectra or crystal structures of the
PLOR-generated RNAs with those of the RNAs synthesized by conventional transcription
indicates that the RNA samples prepared by using PLOR has the same sequence as designed
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and the pause/resume synthesis schemes used in PLOR do not affect the folding of these
RNAs (Fig. 4).

The potential applications and utility of an RNA-labeling method depend on its flexibility
in allowing a variety of different labels to be placed at desired positions. PLOR has been
used to place isotopically labeled, fluorescent, biotinylated, or chemically modified groups
at desired positions in RNAs for structural and functional studies. We have also used
PLOR to incorporate bromo- or iodo-labeled nucleotides at specific positions in an RNA
(data not shown), which is likely to be useful for de novo phasing of diffraction data
obtained by X-ray crystallography. The main obstacle of the PLOR method is efficiency,
not of the method itself but its implementation: inefficient washing and toleration of RNA
polymerase. Inefficient washing can be improved by application of better vacuum filtration
or replaced with a microfluidic methodology during bead rinsing. T7 RNAP is used in
current PLOR, however, it may not be the most efficient enzyme for PLOR, and efficiency
can potentially be improved by using other RNA polymerases that are better-tolerated for
bulky madifications. It should be possible to introduce other modified NTPs with bulky
groups at specific sites in RNAs by using PLOR as long as the modifications can be
tolerated by RNA polymerase.
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Fig. 1.

Site-specific labeling of RNA by PLOR. a-b, Secondary structure of a, riboA71,and b, TCV.
c-m, riboA71 and TCV with specific labels. Non-labeled residues are shown as grey dots.
13C15N- and 2D-isotopic residues are represented by red and blue dots, respectively, in ¢ (S1
+ Lk1-CN-riboA71), d (Lp1-CN-riboA71), e (Lk2-CN-riboA71), f (Lp2-CN-riboA71), g
(Lpl + 2-CN-riboA71), h (4nt-CN-riboA71), i (U39-CN-riboA71), j (S1 + Lk1-H-riboA71),
and m (H1-TCV). The fluorescent dyes, Cy3 and Cy5, in k (U24Cy3-C55Cy5-B-riboA71)
are represented by green and red stars, respectively. The fluorescent dyes, Alexa 488 and
Alexa 555, in | (U24A555-U65A488-B-riboA71) are represented by pink and purple stars,
respectively. The green diamonds in k and | represent biotin groups.
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Fig. 2.
Diagram of PLOR synthesis. The biotin-tagged DNA templates were attached to

neutravidin-coated agarose beads (zoomed view shown in orange circle). PLOR is

divided into three stages: initiation (green background), elongation (blue background), and
termination (red background). In the initiation, an NTP mix (excluding at least one NTP
type) and T7 RNAP were added to DNA-beads in the reactor, and gently rotated for 15
min at 37 °C. T7 RNAP was paused at the first position corresponding to the missing NTP.
SPE was performed to remove residual NTPs and abortive products, followed by rinsing of
the beads 5 times to avoid cross contamination. In cycle 1 of elongation, transcription was
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resumed for 10 min at room temperature by the addition of a new NTP mix, followed by
SPE and 3 bead-rinsing cycles. Transcription was paused and resumed in elongation cycles 2
through n with various NTP combinations according to the desired labeling schemes. In the
termination cycle, all four types of NTPs were added, and the reaction was incubated for 12
min to complete synthesis of the desired transcripts, which were collected by elution at 4 °C.
This figure is adapted from reference [27].
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Fig. 3.

PLOR-generated NMR and FRET samples. a—c, The C6/C8-H6/H8 region of the 1H13C-
TROSY spectra of a, S1 + Lk1-CN-riboA71, b, Lp2-CN-riboA71, ¢, CN-riboA71
(uniformly 13C15N-labeled, synthesized by using conventional i vitro liquid-phase
transcription), and f, U39-CN-riboA71. d—e, The H1'/H5-H6/H8 region of the 1H1H-
NOESY spectra of d, S1 + Lk1-H-riboA71, and e, riboA71. 13C15N-labeled, 2D-labeled
and non-labeled residues are shown in red, blue, and grey dots, respectively. The “Ade”
in the assignments refers to the ligand adenine. NMR spectra were collected using an 850
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MHz Bruker magnet at 25 °C with 0.3-0.5 mM RNAs in 0.5-5 mM adenine. This figure is
adapted from reference [27].
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RMSD: 0.3 A

PDB:4TZX
PDB:4XNR

PLOR-generated RNA maintain both sequence and structural fidelity. a, Superposition of
the 1H13C-TROSY spectra of CN-riboA71 (black) with Lp2-CN (red). b, Superposition
of the 1HI5N-TROSY spectra of 104nt-TCV (black) with H1-TCV (red). CN-riboA71
and 104nt-TCV were uniformly labeled by using /n vitro liquid-phase transcription, and
Lp2-CN and H1-TCV were produced by using PLOR. ¢, Structural superposition of

the riboA71 generated by PLOR (PDB accession number: 4XNR) and by /n vitro liquid-
phase transcription (PDB accession number: 4TZX). These results support that the RNA
synthesized by PLOR fold same as their counterparts synthesized by /n vitro liquid-phase

transcription. This figure is adapted from reference [27].
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