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Abstract

Vectorial folding of RNA during transcription can produce intermediates with distinct biochemical
activities. Here, we design an artificial minimal system to mimic co-transcriptional RNA folding
in vitro. In this system, a pre-synthesized RNA molecule begins to fold from its 5’-end, as it is
released from a heteroduplex by an engineered helicase that translocates on the complementary
DNA strand in the 3’-to-5’ direction. This chemically stabilized, “superhelicase” Rep-X
processively unwinds thousands of base pairs of DNA. The pre-synthesized RNA enables us to
flexibly position fluorescent labels on the RNA for single-molecule fluorescence resonance energy
transfer analysis and allows us to study real-time conformational dynamics during the vectorial
folding process. We observed distinct signatures of the maiden secondary and tertiary folding of
the Oryza sativa twister ribozyme. The maiden vectorial tertiary folding transitions occurred faster
than Mg2*-induced refolding, but were also more prone to misfolding, likely due to sequential
formation of alternative secondary structures. This novel assay can be applied to studying other
kinetically controlled processes, such as riboswitch control and RNA—protein assembly.
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Accurate folding is essential for many RNA functions. Because the 5’-end of an RNA
molecule begins to fold before the 3’-end is synthesized, co-transcriptional folding can
produce intermediates with biochemical activities that are distinct from refolded RNA /n
vitro (Figure 1a top).1—°

Co-transcriptional RNA folding has been studied by various methods.19 11 For example,
chemical footprinting was combined with next-generation sequencing techniques to map the
co-transcriptional RNA folding pathway at nucleotide resolution /7 vitro and in vivo.12: 13
Unlike structure probing methods, single-molecule methods can resolve different folding
pathways within an RNA population.14 An optical-trapping assay was developed to study
co-transcriptional folding of the pbuE adenine riboswitch.1> Recently, a single-molecule
fluorescence resonance energy transfer (FRET) assay was developed to study the thiM
thiamine pyrophosphate riboswitch.16

Here, we describe a superhelicase-based method that mimics the vectorial nature of co-
transcriptional RNA folding with real-time single-molecule observation (Figure 1a bottom).
In this vectorial folding assay (VFA in Methods), a fluorescently labeled RNA is synthesized
and annealed to its complementary DNA (cDNA) to form a DNA-RNA heteroduplex (Figure
Sla,b). A highly processive superhelicase Rep-X, engineered from E£. coli Rep helicase
through chemical crosslinking to stabilize the unwinding active conformation,”: 18 is loaded
on the heteroduplex in the absence of MgCl, and ATP. After incubation, free Rep-X is
washed out and an unwinding buffer containing MgCl, and ATP is added to start duplex
unwinding. The RNA strand begins to fold as the bound helicase translocates 3’-to-5" along
the cDNA strand, unwinding the duplex and releasing the RNA strand in the direction of
transcription. We detect real-time folding events of single surface-tethered molecules
through FRET between strategically positioned fluorophores.

Although this pseudo-co-transcriptional folding scheme cannot recapitulate specific
interactions with elongation factors® or sequence-dependent pausing,* 19 an important
aspect of co-transcriptional RNA folding, the vectorial directionality can be mimicked. In
this study, we used the naturally occurring Oryza sativa (Osa) twister ribozyme (Figure 1b
and ref. 20) to demonstrate how this assay can reveal differences between refolding and
vectorial folding of pre-synthesized RNA.

Nearly the entire population of molecules that have fluorescently active donor (Cy3) and
acceptor (Cy5) fluorophores stayed in the heteroduplex before unwinding [FRET efficiency
(ErreT) ~ 0.05, Figure 1c top]. After loading Rep-X (20 nM) and subsequent addition of 20
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mM MgCl, and 1 mM ATP, about one third of the doubly labeled molecules displayed
ErreT transitions between ~0.2 and ~0.9 (Figure 1¢ middle and Figure S1c), corresponding
to transitions between the 2D structure and folded 3D structure.20 Although higher than
physiological concentrations, we chose 20 mM MgCls, the 3D folding midpoint of Osa
twister20, because frequent folding and unfolding transitions facilitate the search for the
native structure.2! The folding and unfolding rates at equilibrium were similar whether the
RNA was folded vectorially (VFA) or refolded by adding MgCl, (RFA in Methods, Figure
1c bottom and Figure S1d,e), suggesting that the helicase and cDNA strand were released
and did not alter the folding properties of the tethered twister molecules.

The normalized unwinding yield was 35% (Figure 1d, unwinding yield normalization in
Methods). Controls lacking either Rep-X or ATP showed <3% yields (Figure 1d). This
baseline yield is likely due to residual unhybridized RNA. Replacing the cross-linked Rep-X
with an uncrosslinked double-cysteine mutant Rep (RepDM) greatly reduced the normalized
unwinding yield (<10%, Figure 1d), consistent with the previous finding that cross-linking
increases the Rep helicase activity by stabilizing the unwinding active conformation.17: 18
We determined the dissociation constant between the heteroduplex and Rep-X to be 9.2 nM
during pre-incubation (Figure S2). We also demonstrated that the superhelicase-based VFA
works at a wide range of salt and ATP concentrations (Figure S2).22 Optimized con ditions
for helicase loading and unwinding were used for the rest of the study (Methods).

From real-time single-molecule fluorescence signals, we observed an intensity peak in the
donor signal after adding the unwinding buffer, which we interpreted as protein-induced
fluorescence enhancement (PIFE) when the helicase translocated past the Cy3 fluorophore
attached to U24 (Figure 2a blue arrow and Figure $3).23 24 Following the PIFE peak, we
observed a transient spike in ErreT (Figure 2a green arrow) through which the Erget
increased from ~ 0.05 to ~ 0.2. We interpreted this spike as coiling of the single-stranded
RNA (higher Ergret 0.4-0.6), 17: 25 followed by the maiden 2D folding transition (ErreT ~
0.2). The subsequent maiden 3D folding transition resulted in an Egggt increase from ~ 0.2
to > 0.3, which includes native and non-native 3D structures (Figure 2a magenta arrow).

Trajectories showing maiden 2D or 3D transitions, indicating successful unwinding, were
further analyzed. Among the trajectories with successful unwinding, ~ 30% showed all three
signatures (the PIFE peak and the maiden 2D and 3D folding transitions). The possible
reasons for missing one or two signatures in the remaining trajectories include the limited
time resolution and signal-to-noise ratio of our measurements, as well as premature
photobleaching. Similar changes in PIFE and FRET were observed when Rep-X was
replaced by another superhelicase PcrA-X with a slower unwinding speed (Figure S4).17

We synchronized multiple “flow-in” movies to offset the difference in their ATP injection
times (Methods) and plotted the times when the PIFE peaks and the maiden 2D folding
transitions occurred, respectively (Figure 2c¢). The time delay between the average PIFE
peak center and the average maiden 2D folding time (Abp_y24 = <bp> — <fjyp4>) was 1.4 s.
Given that 2D structure typically forms in tens of microseconds to milliseconds,1: 2 most of
Abp_p4 Was spent by Rep-X unwinding the last 30 bp of the heteroduplex (from U24 to
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G54). Therefore, the estimated unwinding speed of Rep-X was ~ 21 bp/s, close to the lower
limit measured on double-stranded DNA.17

In VFA, the maiden 3D folding transitions occurred faster than in RFA (Figure 3a). 40%
(21/53) of all maiden 3D folding transitions in VFA occurred within 1 s after the maiden 2D
folding transitions, while only 14% (8/57) of all maiden 3D refolding transitions occurred
within 1 s after MgCl, addition. Most of the “fast” maiden 3D folding transitions in VFA
formed the native conformation as reported through Ergret > 0.75 [86% (18/21)], consistent
with theoretical predictions of folding free energy landscapes.!

Overall, 25% (13/53) of the released twister molecules misfolded in their first attempts with
a EgreT value lower than the native conformation (Egget 0.3 to 0.75, Figure 3b,e and Figure
S5). Most of the initially misfolded molecules recovered at equilibrium; only 12% (13/112)
stayed misfolded after 5 min (Figure 3c,e and Figure S5). The maiden 3D folding transition
in VFA was more heterogeneous than later folding transitions, as twister often misfolded
first and subsequently unfolded and formed its native structure.

To further investigate the cause of heterogeneity in the maiden 3D folding, we performed
RFA of twister molecules. In this assay, the 2D structures of twister were fully equilibrated
before we initiated refolding by supplying MgCl, (Methods). Only 16% (9/57) of twister
molecules misfolded in their first attempts and 7% (8/116) remained misfolded at
equilibrium (Figure 3b,c,e and Figure S5). The higher propensity for maiden 3D misfolding
in VFA suggested that some of the maiden 2D structures were incorrect, leading to non-
native 3D structures, although we cannot exclude the potential interference of folding by the
single-stranded cDNA.

To directly probe the maiden formation of 2D structure in VFA, we relocated the Cy3
fluorophore to the 5’-end of the RNA (C1) (Figure S6). We observed a large ErggT increase
from ~ 0.05 to ~ 1.0 following the PIFE peak, representing the maiden 2D folding
transitions. The time delay between the average PIFE peak center and the average maiden
2D folding time (Abp_c1 = <bp> — <lc1>) was 2.3 s (Figure S6), yielding an unwinding
speed (~ 24 bp/s) close to that obtained with the Cy3 fluorophore at U24. Most of the
released twister strands could form a stable 2D structure (ErreT ~ 1.0, Figure S6), although
40% (17/43) of them went through misfolded intermediates (EcreT < 0.5, Figure S7). These
results suggested that the freshly released twister strands could access non-native base-
paired structures.

Simulation of the co-transcriptional folding pathway of twister revealed a plausible non-
native 2D structure where a subtle 3-bp shift in the P1 stem blocked the two guanine bases
(G47 and G48) essential for forming pseudoknot 2 (PK2, Figure 3f), suggesting the PK2
perturbation could be a source of the observed maiden folding heterogeneity. However, our
labeling strategy is insensitive to probe the small distance change indicated by the
simulation. Therefore, we mutated G48 to A to directly perturb PK2. Equilibrium RFA with
the Cy3 fluorophore at U24 showed that G48A mutant RNA formed 3D structures only
transiently, and often formed 3D structures with Erget < 0.7 [40% (28/70), Figure 3d,e and
Figure S8], similar to the misfolded population of the wild-type twister during maiden
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folding in VFA. Instability of the P1 stem was also found to cause misfolding of the env-22
twister ribozyme, further suggesting P1 as a likely source of folding heterogeneity.26

In summary, we utilized chemically engineered superhelicases to mimic co-transcriptional
RNA folding /n vitro. We observed distinct signatures of 2D and 3D structure during the
maiden round of folding in real-time. Vectorial folding differs most from refolding when the
lifetimes of 5 RNA structures exceed the elongation time. We find that this can be achieved
even with the 54-nt twister ribozyme. The maiden 3D folding transitions in VFA occurred
faster than in RFA. VFA allows some twister molecules to access misfolded maiden 2D
structures, and these misfolded 2D structures lead to a higher propensity for 3D misfolding
in VFA. This novel assay can be applied to studying other kinetically controlled processes,
such as riboswitch control and RNA—protein assembly.
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Characterization of VFA at equilibrium, (a) Schematics of co-transcriptional vs. vectorial
folding. TEC: transcription elongation complex. (b) 2D structure of the Osa twister
ribozyme (length 54 nt). Two pseudoknots are indicated by the blue and red dashed lines.
U24 (green) is labeled with the Cy3 fluorophore. The 3’- and 5’-end of the tether strand hg
labeled with the Cy5 fluorophore (red) and biotin (grey), respectively, (¢) ErreT histograms
of twister molecules before (top) and after (middle) the unwinding buffer addition in VFA
and in RFA (bottom). Both assays were performed at 20 mM MgCls. (d) The normalized
unwinding yields of VFA. The helicase loading concentration was 20 nM (Rep-X or
RepDM). During unwinding, 20 mM MgCl, was used in all conditions of VFA. *
Independent repeats (n = 9) and the error bar represents the standard deviation.
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Figure 2.
Real-time observation of the unwinding and folding signals in VFA. (a) FRET trajectories

showing the PIFE peaks (blue arrow) and the maiden 2D (green arrow) and 3D (magenta
arrow) folding events. The center of each PIFE peak was determined by Gaussian fitting, (b)
Schematics of the “order-of-events” in VFA. (c) Time histograms of the PIFE peak centers
and the maiden 2D folding transitions, respectively. Gaussian fitting determined the average
times (as marked by the dotted lines). The Abp_yp4 Was 1.4 s.
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Figure 3.

Characterization of the maiden 3D folding transitions, (a) Cumulative time histograms of all
maiden 3D folding transitions (native and non-native). In VFA, molecules that remained as
heteroduplex after unwinding buffer addition could not undergo 3D folding transitions
(Figure Ic middle), therefore they were not included in this analysis. After rejecting the
heteroduplex population, the cumulative folded fraction in VFA reaches the same level as
RFA (normalized to 1.0). The vertical line indicates the average time of the maiden 2D
folding transitions in VFA and the time of MgCl, addition in RFA. (b—d) Transition scatter
plots of EcreT before vs. after 3D folding transitions (bottom) and EgreT histograms of 3D
structures (top) from the maiden folding events of the wild type (b), from the equilibrium
folding events of the wild type (c) and G48A mutant (d). (¢) The percentage of misfolding in
various conditions. Error bars represent the standard error estimated by bootstrapping, (f)
Simulation of the co-transcriptional 2D folding vs. the number of nucleotides synthesized.
The high-lighted region represents the blocked nucleotides that otherwise form PK2.
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