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The parasitic nature of the SARS-CoV-2 virus demands selective packaging of its RNA genome (gRNA)
from the abundance of other nucleic acids present in infected cells. Despite increasing evidence that
stem-loop 4 (SL4) of the gRNA 5" UTR is involved in the initiation of this process by binding the nucleo-
capsid (N) protein, little is known about its conformational dynamics. Here, we unravel the stability,
dynamics and (un)folding pathways of SL4 using optical tweezers and a base analogue, tC°, that provides
a local and subtle increase in base stacking without perturbing hydrogen bonding. We find that SL4 (un)
folds mainly in a single step or through an intermediate, encompassing nucleotides from the central U
bulge to the hairpin loop. Due to an upper-stem CU mismatch, SL4 is prone to misfold, the extent of
which can be tuned by incorporating tC® at different positions. Our study contributes to a better under-
standing of SARS-CoV-2 packaging and the design of drugs targeting SL4. We also highlight the general-
izability of using base analogues in optical tweezers experiments for probing intramolecular states and
conformational transitions of various nucleic acids at the level of single molecules and with base-pair

rsc.li/nanoscale resolution.

Introduction

Coronavirus infectious disease 2019 (COVID-19) is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
leading to from mild to lethal respiratory infections." Like
other coronaviruses belonging to the Betacoronavirus genera of
the Coronaviridae family, e.g., SARS-CoV (2002 outbreak) or
MERS-CoV (Middle East respiratory syndrome-CoV; 2013 out-
break), SARS-CoV-2 contains a large (~30000 nt) and envel-
oped single-stranded RNA genome (gRNA; Fig. 1A)." A major
challenge for the virus is to distinguish its own gRNA from the
pool of cellular RNAs and its own subgenomic mRNAs
(sgmRNAs) in virion assembly.> The nucleocapsid (N) protein
is the protein largely responsible for binding, compacting, and
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packaging of the SARS-CoV-2 genome into the nascent
virion.>® Growing evidence indicates that the packaging
occurs through liquid-liquid phase separation (LLPS; Fig. 1B),
i.e., macromolecular self-assembly, leading to the formation of
functional micron-scale droplets (condensates) through multi-
valent interactions.>””® In vitro work has demonstrated that
the formation of gRNA-N protein condensates (Fig. 1B) is
initiated at specific regions of the gRNA sequence that have a
high affinity for the N protein (termed principal N protein-
binding sites; Fig. 1A), while many other regions are bound at
higher N protein concentrations.>* One of the principal
binding sites is flanked by stem-loop 4 (SL4) - the object of
this study.®® SL4 is a 44 nt long RNA hairpin in the 5’ untrans-
lated region (5’ UTR) of the SARS-CoV-2 gRNA (nts 84-127;
Fig. 1A and 2A).>° Interestingly, it is the double-stranded RNA
(dsRNA) structure of SL4, and not its sequence nor the single-
stranded RNA (ssRNA) sequence of the principal binding site,
that promotes gRNA condensation with the N protein,*
making conformational studies of SL4 particularly important.
Apart from playing a role in LLPS, SL4 is considered to func-
tion as a spacer required for sgmRNA synthesis, mediating a
proper relative orientation between SL1-3 and the open
reading frame 1a (ORFla) encoding non-structural proteins
(NSPs).’® Moreover, SL4 carries a short upstream ORF (uORF;
its AUG start codon is positioned in the SL4 hairpin loop -

This journal is © The Royal Society of Chemistry 2024
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A SARS-CoV-2 gRNA with the SL4 hairpin depicted
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(A) SARS-CoV-2 gRNA with the secondary structure of its 5" end containing the SL4 hairpin (red frame) depicted. Orange lines — N protein-

binding sites and arrows — principal N protein-binding sites. The secondary structure was retrieved from Iserman et al.® (B) Schematic representation
of the N protein-driven packaging of the SARS-CoV-2 gRNA into new virions through liquid-liquid phase separation (LLPS). Adapted from Jack

etal’

Fig. 2A, arrow) that could reduce translation initiation at the
ORF1a start codon.'® Furthermore, a recent study demon-
strated that RNA-binding protein 24 (RBM24) binds to SL4 and
inhibits the translation of viral polyproteins.'* The SL4 hairpin
is structurally conserved among Betacoronavirus genera and
does not change in SARS-CoV-2 variants.'®">™'* This suggests
that it is important for viral propagation and makes it interest-
ing not only for deciphering the infection process, but also as
a promising therapeutic target for novel drugs insensitive to
virus evolution.'®*?

Optical tweezers (Fig. 2B) is a powerful tool to investigate
structure and dynamics of RNAs,">™* but very few studies have
been reported so far, where this single-molecule force spec-
troscopy technique was employed to examine the
SARS-CoV-2 gRNA. The studies that exist focus on the pro-
grammed ribosomal frameshifting (PRF) pseudoknot.”*® Here,
we use optical tweezers to study the SARS-CoV-2 SL4 hairpin and
in that way define its dynamics and structural rearrangements, as
they may be useful to understand packaging of single
SARS-CoV-2 genomes into developing virions.

For the first time, we here expand the conformational
readout of RNA structures by optical tweezers by incorporating
base analogues (BAs) into the studied structure. BAs are syn-
thetic mimics of natural nucleobases designed, in overall, to
enhance and/or probe specific physicochemical properties of
nucleic acids without significantly perturbing their structure.
Until now, they were conventionally studied using ensemble
techniques, such as spectroscopy or thermal melting.>”"
Here we demonstrate that using BAs in optical tweezers pro-
vides a way to locally modify the RNA of interest and character-
ize its stability and conformational dynamics with base-pair

This journal is © The Royal Society of Chemistry 2024

resolution. In particular, it allows identification of structural
elements within the RNA that significantly influence these pro-
perties. The BA which we use here is a tricyclic cytosine, tC°
(Fig. 2C),*” yet our approach is general for any BA. tC° resembles
the natural cytosine (C) in that it forms three hydrogen bonds
with guanine (Fig. 2C) and preserves A-form for RNA
duplexes,””?* and B-form for DNA duplexes.”> However, due to
the extended aromatic system, it slightly stabilizes RNA/DNA
duplexes in most sequence contexts via increased base
stacking.>’**>* In a previous study, we used tC (differing in struc-
ture to tC° only in that the oxygen in the middle ring is replaced
by a sulfur)** in place of cytosine in a fully complementary 44 nt-
long DNA hairpin and observed an increase in its stability in
unfolding experiments with optical tweezers with the number of
tC incorporations.*® The added value of using BAs compared to
standard mutagenesis, where an intrinsic nucleobase is replaced
by another canonical base™>?"*>*® or where it is omitted,"® is that
more subtle, close-to-native effects can be observed and that
specific intramolecular interactions can be investigated.

In this work, we demonstrate how BA-modified RNA studied
using optical tweezers provides a detailed understanding of key
features of the SARS-CoV-2 SL4 hairpin, including its spatiotem-
poral dynamics and conformational ensembles. We identify a
large heterogeneity of the hairpin (un)folding that, to a large
extent, is explained by a CU mismatch in the upper stem. Our
observations may help to elucidate SL4’s interactions with, for
example, the N protein and how these interactions affect virus
propagation. Furthermore, our new method using BAs in optical
tweezers is general to any nucleic acid and complements exist-
ing techniques®” in determining intramolecular states and con-
formational transitions at the single-molecule level.
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Fig. 2 (A) The SARS-CoV-2 SL4 constructs studied. The wild type (WT; genomic numbering) and upper complementary (UC) hairpins are the lowest

free energy secondary structures predicted in UNAFold. The upper-single tC® (US), upper-double tC° (UD) and lower-double tC° (LD) structures are
drawn schematically (not predicted). GC, AU, and GU base pairs are marked by red, blue, and green dots, respectively. tC° modifications are depicted
as cobalt spheres. The start (AUG start codon) of the uORF is indicated with an arrow. (B) The optical tweezers’ setup used for studying SARS-CoV-2
SL4 (adapted from Wypijewska del Nogal et al.*®). Drawing is not to scale. (C) The structure of the tC° base analogue paired with guanine, G, in com-
parison to cytosine, C, paired with G. (D) Method for preparing RNA/DNA constructs for optical tweezers studies. The sequence of interest (here WT

or modified SL4) is contained in Oligo2 and is, in the final construct, flanked

Results
Design of the SARS-CoV-2 SL4 constructs

The lowest free energy (AG = —24.3 kcal mol™") secondary
structure of SL4 (encompassing nts 84-127; Fig. 2A, WT - wild
type), predicted using UNAFold (Integrated DNA Technologies.
https:/eu.idtdna.com/UNAFold (accessed on September 23,
2021)), is a hairpin with a non-perfect stem (containing a C92:

754 | Nanoscale, 2024, 16, 752-764

by a short (50 bp) dsDNA handle at each end.

C119 mismatch, a C100:U112 mismatch and a U95 bulge) and
a non-canonical 5 nt hairpin loop (5-UGCAU-3'). This agrees
perfectly with the secondary structure of SL4 determined by
selective 2'-hydroxyl acylation analysed by primer extension
(SHAPE) probing® and nuclear magnetic resonance (NMR)
spectroscopy.’*®

For the optical tweezers’ experiments, we designed five con-
structs containing either wild-type or modified SL4 sequences

This journal is © The Royal Society of Chemistry 2024
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(Fig. 2A and ESI Table S1t). In the upper complementary (UC)
construct (Fig. 2A and ESI Table S1t), uracil 112 was replaced
by guanine (U112G), providing Watson-Crick base pairing in
place of the C100:U112 mismatch. Its lowest free energy sec-
ondary structure (AG = -29.0 kcal mol™'; predicted in
UNAFold) was identical to the WT SL4 structure, except for the
complementary C100:G112 base pair instead of the C100:
U112 mismatch (Fig. 2A). The difference in AG between WT
and UC (4.7 kcal mol™") indicates that removing the C100:
U112 mismatch stabilizes the hairpin significantly. In the
other three modified constructs (Fig. 2A and ESI Table S17),
the tC° cytosine analogue®’ (Fig. 2C) replaced an intrinsic cyto-
sine either in the upper or lower region of the SL4 hairpin, in
positions C100 (upper-single tC® construct, US), C98 and C110
(upper-double tC® construct, UD) or C121 and C125 (lower-
double tC° construct, LD). The tC° BA has the same hydrogen
bonding as native cytosine (Fig. 2C), but slightly increased
base stacking.”” This makes it possible to modify different
sites within SL4 with minimal perturbation to its native struc-
ture and probe the importance of specific structural elements
within the hairpin (lower stem in LD, CU mismatch in US, and
upper-stem base-paired regions flanking the mismatch in UD).

To allow optical tweezers nanomanipulation, the RNA
sequences were flanked at each end by a short double-stranded
DNA (dsDNA) handle (50 bp; Fig. 2B and ESI Table S17) for the
attachment to beads functionalized with streptavidin and
digoxigenin, respectively, enabling formation of a tether
between the beads (Fig. 2B). A material- and cost-effective
design of the oligonucleotides was developed (Fig. 2D), where
each RNA hairpin was initially flanked only by 15 DNA nucleo-
tides at each end (Oligo2). In the subsequent steps (Fig. 2D),
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the hairpins were annealed and ligated to two dsDNA handles
with sticky ends (Oligo1 : Oligo4 and Oligo3 : Oligo4), universal
for all RNA sequences used in the study due to the sequence
complementarity between the sticky ends and the DNA flanks
of Oligo2.

(Un)folding pathways of the WT, UC, and tC°-modified
SL4 hairpins

Several types of (un)folding pathways were observed in our
optical tweezers’ measurements (Fig. 3A). They were classified
based on identifying unfolding (rips) and folding (zips) tran-
sitions in the pull and relax force-distance curves (FDCs),
respectively,">'®*"*? considering each relax curve with the suc-
ceeding pull curve®®?° (see ESI section 2f for classification
details). The (un)folding forces (F) and extensions (E) were
determined as described in Materials and methods.

For WT SL4, a majority of the FDCs (78%, Fig. 3B) showed
multiple unfolding and folding transitions between ~10-14
pN (referred to as native-native, ie., displaying a complete
folding from the single strand to the native hairpin and vice
versa in unfolding; Fig. 3A). The molecule extension during a
complete transition in unfolding (Ey = 18.8 + 0.4 nm) and
folding (Er = 18.6 + 0.5 nm) corresponded to 44.0 + 1.1 nt and
45.0 = 1.5 nt, respectively, which agrees with the number of
nucleotides in the SL4 hairpin (44 nt). The remaining 22% of
the FDCs revealed other types of unfolding and folding path-
ways (referred to as non-native). Among them, 7% demon-
strated folding to the native hairpin conformation at a low
force (<8 pN), as apparent from the signature of the sub-
sequent pull FDC being the same as for the native-native
process (referred to as low-native; Fig. 3A and B). In rare cases
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Fig. 3 (Un)folding pathways of the WT, UC and tC°-modified SL4 hairpins. (A) Representative relax FDCs (blue) with their consecutive pull FDCs
(red) illustrating different types of (un)folding: native—native, low-native, low—low and misfolding-rescue — observed for WT, US, UD, and LD (WT
FDCs are depicted), locked—locked for UD, and UC's native—native for UC. (B) Fractions of each (un)folding pathway for the different constructs

(statistical analysis in ESI Tables S2—S57). Colour code as in (A).
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(1%), when the hairpin folded at a low force, it also unfolded
at a low force (<8 pN, referred to as low-low; Fig. 3A and B).
Furthermore, a significant portion of the relax FDCs (14%)
indicated that WT SL4 can misfold. The consecutive pull FDC
always had a ‘rescue’ pattern, previously described in the
literature,"®*® where the hairpin folded to the native confor-
mation prior to unfolding. A pair of such curves is referred to
as misfolding-rescue (Fig. 3A and B). The number of nucleo-
tides released in the rescue curves is in a vast majority of the
curves lower than for the full hairpin, indicating that it is
indeed a misfolded hairpin (ESI Fig. S11).

In contrast to the heterogeneity of folding and unfolding
seen for WT SL4, UC, where the upper mismatch is replaced
by a complementary base pair, showed only one relax-pull
pattern. This pattern was termed as UC’s native-native (Fig. 3A
and B), as it resembled the native-native FDCs of WT except
for two features: the range of transitions was shifted to higher
forces (~13-17 pN) and both folding and unfolding always
occurred in two consecutive steps with multiple transitions
between the states. This behaviour of the UC hairpin indicates
that the heterogeneous dynamics observed for WT is due to
the unpaired bases in the upper stem of the hairpin.

For the tC°-modified constructs, the same (un)folding path-
ways as for WT SL4 were observed, albeit in different pro-
portions (Fig. 3B). For US, the occurrence of native-native (un)
folding was significantly increased compared to WT and
observed in 93% of the FDCs (Fig. 3B and ESI Table S27). In
addition, the occurrence of the low-native pathway (3%)
decreased (non-significantly) and the misfolding-rescue
pathway (4%) showed a significant decrease (Fig. 3B and ESI
Tables S3 and S5t). UD, in turn, had a (non-significant)
increase in low-native (11%) and low-low (8%) pathways and a
significant increase in misfolding-rescue (24%) compared to
WT (Fig. 3B and ESI Tables S3-S57). Native-native (un)folding
was significantly decreased and observed in 36% of the FDCs
for UD (Fig. 3B and ESI Table S2%). Moreover, UD was the only
construct displaying a ‘locked-locked’ pattern (21% of FDCs;
Fig. 3A and B), a type of a misfolding without rescue, where we
observed only two states in folding and unfolding FDCs (see
ESI section 51 for more information). (Un)folding of LD was
very similar to WT SL4 (Fig. 3B and ESI Tables S2-S57), indicat-
ing that the two tC° incorporations in the lower stem did not
significantly affect the dynamics of the hairpin.

Single vs. two steps in native (un)folding

The FDCs of the WT SL4 hairpin revealed dynamics in unfold-
ing and folding, with multiple transitions (hopping) between
three conformations: hairpin (F), intermediate (I) and single
strand (U) (Fig. 4A-D). These different conformations were
determined from the FDCs and analysed using a custom-made
MATLAB code (described in Materials and methods and ESIf),
resulting in (un)folding force versus extension (F(E)) plots
(Fig. 4E and K). The presence of three clusters of data points
in these plots suggests that unfolding proceeded either in a
single-step (F-U) or through an intermediate state (in two
steps, F-1, and I-U), as discussed further below. For folding,
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the reverse steps were identified (U-F, U-I, and I-F, respect-
ively). The approach applied for the identification of single vs.
two-step (un)folding transitions, and hence for determining
the presence of the intermediate state, is described in detail in
ESI section 3 and Fig. S2t. To confirm that there are indeed
two different pathways both in folding and unfolding we inves-
tigated the distribution of the lifetime of the intermediate
state in (un)folding, using only the first transition (see further
below). Approximately 90% of the intermediates existed for
less than 5 ms (ESI Fig. S3%), while lifetimes up to 244 ms
(folding) and 326 ms (unfolding) were also observed. This is
far more than expected from an exponential distribution of all
lifetimes and supports the existence of two different (un)
folding pathways. On the other hand, the lifetime distribution
of UC SL4 showed an exponential distribution with ~10% of
intermediates with a lifetime of less than 5 ms, suggesting the
existence of only one native pathway (ESI Fig. S47). The life-
time distributions of the tC°-modified SL4 constructs were
similar to WT, confirming the existence of two different native
pathways (ESI Fig. S5-S71) also for these constructs.

For the WT and tC°-modified constructs, there were from
4.6 (for US) to 7.0 (for WT) times more transitions between I
and U (red dots) than between F and I (blue dots) in unfolding
and from 4.5 (for US) to 9.6 (for WT) in folding (Fig. 4A-E, K,
ESI Fig. S8B-D, and Table S6t). In addition, the U-I transitions
occurred in a much broader force and extension range than
the I-F transitions and were enriched in transitions at short
extension and high force (Fig. 4E and K), indicating transient
base-pairing of short hairpin fragments due to the CU mis-
match in the upper stem. Accordingly, for UC SL4, the U-I and
F-I clusters in (un)folding showed a narrow extension range
(ESI Fig. S8AYT) as compared to other constructs (Fig. 4E and K,
and ESI Fig. S8B-D7), because the complementary upper stem
prevents the formation of transient short hairpin fragments.
Also, the ratio of the I-U to F-I transitions in unfolding (and
U-I to I-F in folding) was close to 1 for UC (Table S6%),
meaning that the dynamics of this hairpin before and after the
intermediate state is almost the same.

While all transitions inform on the complete dynamics of
the molecule between states, we next focused on the first com-
plete transition, ie., between fully folded hairpin and the
single stranded state, and vice versa. The first complete unfold-
ing transition happened either via a single-step (F-U) or in two
consecutive steps (F-I followed by I-U), and the reverse steps
were observed in folding. First transitions are denoted as
circles over dots (which represent all transitions) in the F(E)
plots in Fig. 4E and K, where they also can be seen in three
clusters. The mean extension of the first transitions overlapped
with the mean of all transitions for F-U and F-I (un)folding
(compare centres of the extension histograms; Fig. 4F vs. G
and L vs. M). For I-U (un)folding, the mean of all transitions
was lower than for the first transitions (extension histograms),
in line with the previous finding that single-stranded SL4 can
spontaneously hybridize on short fragments. A similar obser-
vation was made for the force: the mean force of all transitions
was similar to the mean force of the first transitions for F-U

This journal is © The Royal Society of Chemistry 2024
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single-step folding (C), and two-step folding (D). The insets depict the states between which each transition type occurs: F — folded, | — intermedi-
ate, and U — unfolded. Grey arrow — F—U/U-F transition, blue arrow — F-I/I-F transition, and red arrow — 1-U/U-I transition. Black arrows denote

the direction of the force ramp. (E) Force—extension (F(E)) plot for unfolding. (F and G) Extension (E) histograms for all (F) and first (G) transitions in
unfolding. (H-J) Force (F) histograms for first transitions in unfolding: single step (H) and two steps (I and J). (K) Force—extension (F(E)) plot for
folding. (L and M) Extension (E) histograms for all (L) and first (M) transitions in folding. (N-P) Force (F) histograms for first transitions in folding:
single step (N) and two steps (O—P). In (E)—(P), grey — F—U/U-F transition, blue — F—I/I-F transition, and red — I-U/U-I transition. In F(E) plots, dots

- all transitions and circles — first transitions. Rel. freq. — relative frequency.

and F-I (un)folding, and it was higher for I-U (un)folding
(compare the range of red dots vs. red circles in (un)folding
F(E) plots; Fig. 4E and K).

The (un)folding forces and nucleotide numbers were deter-
mined for the first transitions as has been proposed
before’>*° and are summarized in Table 1. In single step
unfolding (Fig. 4A), WT SL4 unzipped to the single strand at
Fy of 13.0 + 0.4 pN (Table 1; Fy distribution in Fig. 4H), which
corresponded to unfolding of 44.0 + 1.1 nt. In two-step unfold-
ing (Fig. 4B), the hairpin unzipped partially at 12.7 + 0.5 pN,
releasing 25.0 + 0.9 nt (corresponding to the lower stem, from
the 5'/3’ ends until the U bulge; Fig. 2A), before full unzipping
in which 22.0 + 0.9 nt were released (Table 1 and Fig. 41, ]).
This indicates a transient formation of an intermediate struc-
ture containing about a half of the hairpin before the complete
unfolding as also evident from the free energy landscape (FEL)
profile at zero force, calculated as a sum of AG per bp using
UNAFold (ESI Fig. S9At). On average, the second step occurred

This journal is © The Royal Society of Chemistry 2024

within the same force range as the first step (Table 1). This
further supports the conclusion that SL4 is a bipartite hairpin
with the central U bulge serving as a separator between the
two duplex regions.

The number of nucleotides folded in the single-step process
corresponded to the full length of WT SL4 (Table 1). The
measured length of the folding intermediate was the same as in
unfolding (Table 1) and corresponded to the upper part of the
SL4 hairpin from the U bulge to the hairpin loop. This suggests
that the two-step unfolding of the WT SL4 hairpin proceeds in
unzipping of its lower stem until the U bulge followed by unzip-
ping of the upper stem, and that folding is a reverse process
involving the same steps. Most (89%) of the pull FDCs showed
the single-step unfolding as the first transition and 11% showed
two-step unfolding (Fig. 5A). Similarly, single-step transitions
were dominant in folding (86% of FDCs; Fig. 5B).

Making the upper part of the stem fully base-paired, as in
UC, eliminated (un)zipping of the molecule in a single step
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Table 1 Force and number of nucleotides for the (un)folding of the WT, UC, and tC°-modified SL4 hairpins®

Unfolding Folding

F-U F-1 I-U U-F U-1 I-F
SARS-CoV-2 SL4 No of molecules No of FDCs Unfolding force, Fy (pN) Folding force, Fg (pN)
WT 9 1093 13.0+0.4 12.7 £ 0.5 12.7 £ 0.5 11.9+ 0.6 12.0+£ 0.4 11.8 + 0.7
ucC 5 548 NA 15.1 £ 0.5 14.9+£ 0.6 NA 14.5+ 0.5 14.7 £ 0.5
UsS 5 481 12.5+0.8 12.1+£04 11.8+ 0.4 12.5+0.9 11.6 £ 0.5 11.6 £ 0.8
UuD 5 228 13.3+£0.8 12.9+0.8 13.2+0.8 12.0 £ 0.8 12.3+0.4 12.1 £ 0.5
LD 6 686 13.1+£0.5 12.8 £ 0.5 12.7 £ 0.4 12.1 £ 0.6 12.2 £ 0.5 12.0 £ 0.8

Number of unfolded nucleotides Number of folded nucleotides
WT 9 1093 44.0+1.1 25.0+0.9 22.0£0.9 45.0+ 1.5 22.0+1.1 25.0+1.0
ucC 5 548 NA 23.0 + 0.6 23.0+1.1 NA 23.0+0.8 23.0+ 0.6
UsS 5 481 43.0+1.9 26.0 £ 1.2 22.0+1.3 43.0 + 2.1 22.0+1.8 27.0£0.8
UD 5 228 44.0 +1.2 25.0+0.8 22.0+1.1 44.0+1.9 22.0+1.4 25.0+1.0
LD 6 686 43.0 + 1.0 24.0+1.2 21.0+1.0 43.0+ 1.5 21.0+1.3 24.0+1.2

“The reported values are the median of measurements on five or more molecules + standard error of the median. Measured in 50 mM Tris-HCl,
140 mM Nacl, 5.0 mM KCl, 1.0 mM EDTA and 5.0 mM MgCl,, pH 7.4, at room temperature. NA - not applicable.

14% 100%

86% 80%

UNFOLDING
uc us
100% 19%
81%
FOLDING
uc us ub LD

70% 85%

Fig. 5 Fraction of single- (grey) and two-step (yellow) unfolding (A) and folding (B) for each SARS-CoV-2 SL4 construct (statistical analysis in ESI

Tables S7 and 87).

(Fig. 5A and B) and shifted both unfolding and folding of the
two-step transitions to significantly higher forces (Table 1 and
ESI Fig. S107; force distribution for UC can be seen in ESI
Fig. S8AT). As for the WT SL4, the number of nucleotides (un)
folded in the first step corresponded to the (un)zipping of half
of the hairpin (Table 1), in agreement with the FEL analysis
(ESI Fig. S9Bt). This difference between WT and UC agrees
with the analysis of the lifetime distributions in Fig S3-S7.t
The values of (un)folding force and number of nucleotides
were the same (within the error) for WT and the three tC°-
modified constructs (Table 1 and ESI Fig. S10;1 force distri-
bution for US, UD, and LD in ESI Fig. S8B-Dt). However, the
proportions between single- and two-step (un)folding varied
between the constructs (Fig. 5A and B). In unfolding, the per-
centage of two-step transitions showed a (non-significant)
increase from 11% for WT to 19% for US and a further (signifi-
cant) increase to 27% for UD (ESI Table S77). A similar trend
was observed in folding, where the two-step transitions
increased from 14% for WT to 20% for US and 30% for UD
(ESI Table S8t). The fraction of two-step transitions for LD
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(Fig. 5A and B) was similar to WT, both in unfolding (13%)
and folding (15%) (ESI Tables S7 and S8+).

Occurrence of hairpin, intermediate, and single-strand
conformations in native (un)folding

The above analysis revealed characteristics for the first com-
plete unfolding and folding of the SL4 hairpins via a single
and two steps. However, multiple transitions occur between
the three conformational states and force-dependent state
probability analysis of native FDCs (Fig. 6 and ESI Fig. S11,
and section 47) provides additional information on how the
occurrence of folded, intermediate, and unfolded states
changes with force. UC SL4 unfolded and formed an inter-
mediate at a significantly higher force than WT and all tC°-
containing constructs (Fig. 6A-C). The WT and LD SL4s
showed similar hairpin, intermediate, and single-strand popu-
lations (Fig. 6A-C). The other two tC®-containing SL4s, US and
UD, initiated unfolding and formation of the intermediate at
lower forces compared to WT, as well as formed the intermedi-
ate over a broader force range (Fig. 6B-C). Interestingly, while

This journal is © The Royal Society of Chemistry 2024
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the population of the US intermediate shifted to lower forces
in unfolding, it overlapped with the WT intermediate popu-
lation during folding (Fig. 6B vs. ESI Fig. S11B,} respectively).
This highlights that the tC® in the CU mismatch promotes
folding to the native SL4 hairpin, which agrees with the pre-
vious observation that native folding outcompetes other
folding pathways for US (Fig. 3B). We next compared the frac-
tion of a given state for folding and unfolding (Fig. 6D-F). For
WT, the intermediate state was more populated during folding
than unfolding, at the expense of the folded state, and, again,
the behaviour was very similar for LD (Fig. 6D-F). This could
be attributed to SL4 visiting the intermediate state while
sampling the conformational space prior to finding its native
folded conformation. This yields slower folding kinetics com-
pared to unfolding kinetics. For UC, this difference between
folding and unfolding is absent (Fig. 6D-F), which indicates
that folding of UC is faster than the corresponding kinetics of
WT. As determined also in the analyses presented above, US
displays features in between WT and UC, the difference in the
population of the intermediate state between folding and
unfolding was significantly reduced compared to WT, but not
negligible as for UC (Fig. 6D-F). The tC° in the mismatch posi-
tion in US thus speeds up the folding of the hairpin, but not to
the same extent as for UC. UD resembled, to a large extent, WT
SL4, although additional features, like broadening of the inter-
mediate population and smaller difference between folding
and unfolding for the unfolded state compared to WT, were
observed (Fig. 6D-F).

This journal is © The Royal Society of Chemistry 2024

Discussion

Increasing attention regarding the infection cycle of
SARS-CoV-2 is drawn to the intracellular liquid-liquid phase
separation of the gRNA driven by the N protein.>”*"*> This
genome packaging mechanism enables highly specific reco-
gnition and selection of the SARS-CoV-2 genetic material from
an abundance of viral and cellular RNAs present in infected
cells. The SL4 hairpin of the SARS-CoV-2 gRNA 5-end exam-
ined herein has been proposed as one of the N protein-
binding sites in the initiation phase of gRNA condensation®*
and a promising therapeutic target, structurally conserved
among SARS-CoV-2 variants and other Betacoronaviruses.'®'?
We now discuss how the specific regions within the SL4 struc-
ture contribute to its stability and conformational dynamics
using RNA BAs in combination with optical tweezers.

WT SL4

The experimentally determined structure®® and our theoretical
prediction of the SARS-CoV-2 SL4 structure is a hairpin con-
taining two mismatches, a bulge, and a 5 nt hairpin loop. Our
study shows that both the folding and unfolding of SL4 are
highly dynamic. The hairpin explores different pathways and
frequently hops between three conformational states: the
single-stranded form, an intermediate, and the full-length
hairpin (Fig. 7A). Given that SL4 contains the uORF,'® such a
conformational dynamic behaviour may facilitate access to its
AUG start codon (Fig. 2A, arrow). While most FDCs showed
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native folding at ~12 pN in a single or two steps, we also
observed folding at much lower force (~2-8 pN). In addition, a
significant portion of the FDCs revealed misfolding that was
rescued in the consecutive pull curve. This suggests that the
WT SL4 explores various folding pathways, although the ener-
getically most favoured intermediate is the one encompassing
approximately half of the molecule, with the middle deter-
mined by the U bulge. The experimental findings are well in
line with theoretical predictions from other groups, which
suggest that SL4 is a bipartite hairpin consisting of two base-
paired regions separated by the central U bulge.">****

Misfolding of viral hairpins, followed by a rescue mecha-
nism in unfolding, has been previously reported for the HIV
transactivation response region (TAR) RNA hairpin and was
attributed to its 3 nt bulge (UCU)."® Apart from the misfolding-
rescue pathway, the TAR RNA hairpin always unfolded in a
single step and without hopping.'® Similarly the human pre-
miRNA-377 hairpin from our previous study had only one
unfolding pathway via a single step, without hopping, while
the folding was heterogenous.'> Altogether, SARS-CoV-2
SL4 has outstanding dynamics with diverse (un)folding path-
ways and numerous conformational transitions between three
states. High dynamics and conformational heterogeneity of
the SARS-CoV-2 SL4 hairpin may be needed for gRNA conden-
sation with the N protein upon LLPS and to facilitate access to
its UORF starting in the hairpin loop.

LD SL4

The LD SL4 was designed to examine the stability and
dynamics of the lower stem by exchanging two Cs with tC°s.
LD turned out to have a very similar behaviour to the WT
hairpin. Not only were the (un)folding forces the same as for
WT, but also there were no significant differences in the
dynamics between LD and WT. In our previous optical twee-
zers study using the tC BA in a fully complementary DNA
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hairpin, we observed an increase in the hairpin’s mechanical
stability with tC incorporation.® tC is chemically similar to
tC® (ref. 34) and in UV melting studies, both tC® (ref. 27, 32
and 33) and tC** have been shown to have, on average, a stabi-
lizing effect on DNA/RNA duplexes. However, for certain
nearest neighbours of tC°/tC, no change or a decrease in
thermal stability (T,,) of duplexes has been observed,’** and
not all sixteen nearest neighbours have been
investigated.”’**?* In particular, the Ty, has not been exam-
ined for the RNA sequence contexts equivalent to the sur-
rounding of the tC° in our SL4 constructs. Therefore, the
observation that two tC° incorporations did not affect the
stability and dynamics of SL4 is not surprising.

UC SL4

The UC SL4 was designed to investigate the effect of the CU
mismatch in the upper part of the hairpin (bases at positions
100 and 112). UC always (un)folded in two steps (Fig. 7B) and
there were no other folding or unfolding pathways. The fact
that the mutation eliminated the non-native (un)folding,
strongly suggests that the upper mismatch is sufficient to
promote the heterogeneity in the conformational dynamics of
SL4. Moreover, transiently paired short fragments of the
hairpin (of low extension values) were not observed in UC’s
(un)folding, highlighting that the upper mismatch contributes
to their formation, fostering the spatiotemporal dynamics of
SL4 even further. Instead, both transition analysis and force-
dependent state probability analysis pointed out that UC SL4
is in a quasi-equilibrium between unfolding and folding at the
pulling rate used with faster folding kinetics compared to WT.
Finally, the unfolded and intermediate states occurred at a
higher force for UC than for WT SL4. This means that the
upper mismatch, as expected from our UNAFold prediction,
lowers the stability of the hairpin and enhances SL4’s
dynamics.

This journal is © The Royal Society of Chemistry 2024
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US SL4

The US SL4 was designed to alter the C100:U112 mismatch,
albeit to a lesser extent than in UC, given that the 100:112
base-pair remained mismatched in US. The fraction of mis-
folding and other non-native pathways was reduced for US
compared to WT, making this hairpin more similar to UC.
This further confirms that misfolding and other non-native
types of SL4 (un)folding can be attributed to the upper mis-
match. Moreover, the fraction of two-step transitions increased
for US compared to WT, but to a much smaller extent than for
UC. Hence, in contrast to LD, replacing C with tC® in the mis-
match does affect the dynamics of the hairpin, but to a
smaller extent than replacing the mismatch with a comp-
lementary CG base pair. The comparison of the population of
the different states during folding and unfolding revealed that
also the kinetics of US folding was in between that of WT and
UC.

UD SL4

The rationale behind the design of the UD SL4 was to alter the
stability/dynamics of the base-paired regions in the upper
stem by a double C-to-tC® exchange. The tC°s in UD are oppos-
ing complementary guanines, yet one of them is embedded
between a GU wobble base pair and the hairpin loop, which
makes the surrounding of the C100:U112 mismatch interesting
from a structural stability and dynamics point of view. The UD
construct behaved significantly different not only from WT
SL4, but also from US and UC. Native (un)folding was signifi-
cantly reduced and a majority of the FDCs corresponded to
non-native events. A unique and frequently explored ‘locked’
pathway of UD, not observed for any other construct, is pre-
sumably due to locking of the molecule in a non-native confor-
mation. One possibility is that it corresponds to the thermo-
dynamically second most stable structure of SL4 predicted by
UNAFold (ESI Fig. S12B & S13 and section 57), although other
approaches, especially molecular modelling, may provide a
greater insight into this matter. Similar locked states and
recovery to the native conformation after a single-few folding-
unfolding cycles (ESI Fig. S13C and S14}) have been reported
for the mechanical (un)folding of the cytochrome C protein.*
Given our previous optical tweezers study on the human pre-
miRNA-377,"> which revealed that a large hairpin loop
increases folding heterogeneity, we hypothesize that the
increased (un)folding heterogeneity of UD compared to WT
may be due to the upper tC° affecting the behaviour of the
hairpin loop. When it comes to the native folding and unfold-
ing pathways, the stability and dynamics of UD were similar to
WT SL4, although with a significantly higher fraction of two-
step transitions via the intermediate and broadening of the
intermediate population over the examined force range.
Overall, the results obtained for UD further emphasize that the
complex dynamics of the SARS-CoV-2 SL4 hairpin is due to the
upper stem.

This journal is © The Royal Society of Chemistry 2024
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Base analogues in optical tweezers as a powerful method to
study conformational dynamics of nucleic acids

In addition to unveiling important structural and dynamic fea-
tures of the SARS-CoV-2 SL4 hairpin, our study also demon-
strates how BAs can be used to locally vary the base stacking of
nucleic acids to investigate their conformational dynamics. In
a recent study, we showed that the tC BA can stabilize a fully
complementary DNA hairpin.*> Here we demonstrate how BAs
can be used in optical tweezers experiments to explore confor-
mational states of RNA structures and transitions between
them. Since BAs are similar in size to natural bases and typi-
cally designed to (1) maintain specificity for complementary
bases; (2) restore hydrogen bonds with their complements;
and/or (3) preserve the intrinsic secondary structure of nucleic
acids, their incorporation into an RNA/DNA of interest enables
studies of a selected region within the molecule with base-pair
resolution. Insight into the stability and dynamic properties of
individual structural elements within nucleic acids is impor-
tant for understanding their function, identifying new drug
targets, and developing novel therapeutics. Such properties
can be distinguished by using optical tweezers together with
substituting a natural nucleobase with its close mimic - a BA -
in the investigated structural motif. In this way, stability and
conformational dynamics of the WT RNA/DNA molecule can
be defined and compared with its BA-modified counterpart,
expanding the information from the behaviour of the entire
molecule to specific regions. A selection of BAs
exists®”?8344%46 and depending on the choice of a BA as well
as its surrounding in the RNA/DNA, the effect of the BA on the
stability and conformational transitions of the nucleic acid
can be prominent (see US and UD results) or negligible (see
LD results), making our new method suitable to a wide range
of applications. Our finding of LD being a faithful mimic of
WT SLA4 is very interesting and useful for future applications as
it showcases that depending on the BA and the position of its
insertion into the RNA/DNA sequence, the native stability and
dynamics of the studied nucleic acid may even be
unperturbed.

Novel method for synthesis of RNA/DNA constructs for optical
tweezers

Our study also provides a technical advancement for optical
tweezers. Instead of using the common few kbp-long
handles,?**>*7~*° we here used short DNA handles, only 50 bp
in length (Fig. 2B and ESI Table S1t). Short handles are advan-
tageous for data analysis, since as an effect of using them the
force changes approximately linearly with extension and the
signal-to-noise ratio is improved. In comparison to the short
DNA handles presented so far in a few DNA folding
studies,**° our protocol has the advantage that it does not
involve ligation in the studied nucleic acid sequence, which is
particularly important for stems containing secondary-struc-
ture elements, which are common in, for example, pre-
miRNAs and viral RNA hairpins. In addition, it involves a puri-
fication step (Fig. 2D) which has not been reported before for
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short handles yet is crucial to obtain data unbiased by inter-
actions between the RNA/DNA of interest and the components
of the ligation reaction mixture. Short handles have been used
for RNA only in our previous study on pre-miRNA-377, where
they were synthesized together with the studied sequence.'®
The separate synthesis of handles from the sequence of inter-
est presented herein facilitates material-, time-, and cost-
effective preparation of a larger library of constructs.

Conclusions

In conclusion, our study employing single-molecule optical
tweezers together with base analogue substitutions in the
sequence of the SARS-CoV-2 SL4 is the first, thorough study on
the stability, (un)folding dynamics, and conformational states
of this hairpin. We found that the hairpin dynamics is surpris-
ingly complex with frequent hopping between conformations,
as well as folding into non-native structures. Using the tC°
base analogue, we demonstrate that a vast majority of this
dynamic behaviour is due to the presence of the centrally situ-
ated bulge and, in particular, a mismatch in the upper stem of
the hairpin. Modifications to the lower stem, on the other
hand, do not affect the dynamics. These results are highly rele-
vant to the understanding how viral gRNA motifs control N
protein binding in the first steps of virion assembly using a
limited pool of proteins. They also aid in the design of drugs
targeting SL4 to alter liquid-liquid phase separation,
suggesting the upper stem as an attractive drug-target site for
impeding SL4’s dynamics.

Furthermore, our strategy of using base analogues to locally
modify the properties of RNA (and DNA) is general and can be
expanded to other nucleic acids as well as various base ana-
logues. It can, in combination with our new protocol for
synthesizing and purifying optical tweezer’s constructs with
short handles, be broadly used for studying the structural
stability and dynamics of nucleic acids, as well as their inter-
actions with proteins, small-molecule ligands, and other
nucleic acids, achieving base-pair resolution.

Materials and methods

Oligonucleotides

The oligonucleotides used in this study (ESI Table S11) were
purchased from Eurogentec, Liége, Belgium (0.2 umol scale
synthesis, RP-HPLC purification for DNA oligos and PAGE
purification for DNA-RNA-DNA hybrids, and MS QC). The pro-
tocol for the synthesis of constructs and determining the con-
centration is detailed in ESI section 1f.

Optical tweezers measurements

Optical tweezers experiments were carried out in an in-house
built instrument equipped with two counter-propagating laser
diodes (150 mW; 845 nm), forming an optical trap."” Data
were acquired using force-ramp method at 100 nm s™* velocity
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of the optical trap and a frequency of 1.0 kHz. The mechanical
force was applied on the anti-digoxigenin coated bead in the
optical trap, ramped up until the construct was completely
unfolded, and the ramped down to near zero to allow the RNA
to refold.

To avoid RNase contamination, the custom-made microflui-
dic chamber," together with tubing and syringes, was cleaned
in a series of washing steps with RNase-free water, RNase ZAP
(Sigma, ref. #: R2020), RNase-free water, ethanol 99.7%,
RNase-free water and finally, with the buffer. Polystyrene beads
coated with streptavidin were purchased from Kisker Biotech
(ref. #: PC-S-2.0; 2.0 to 2.9 mm diameter). Anti-digoxigenin
beads were prepared in-house from protein G-coated poly-
styrene beads from Kisker Biotech (ref. #: PC-PG-3.0; 3.0 to
3.4 mm diameter)." Prior to measurements, an SL4 construct
was incubated with anti-digoxigenin beads for 30 min at room
temperature, diluted in 1.0 mL of buffer and injected into the
upper channel of the microfluidic chamber. The streptavidin-
coated beads were diluted in buffer and injected into the lower
channel. The construct was then tethered between the optical
trap and the micropipette in the central channel. All measure-
ments were performed in 50 mM Tris-HCl, 140 mM NacCl,
5.0 mM KC], 1.0 mM EDTA and 5.0 mM MgCl,, pH 7.4, at
room temperature (ca. 23 + 1 °C).

Optical tweezers data analysis

The data were analysed using custom-written MATLAB pro-
grams and are presented as the median + standard error of the
median, with the size of the sample, N, being the number of
molecules. For each construct, several molecules, and hun-
dreds of force-distance curves (FDCs) were recorded (Table 1).
For details regarding the analysis and classification of the
FDCs, identification of all and first transitions in FDCs, and
force-dependent state probability analysis, see ESL.{
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