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RNA structure in the influenza A virus (IAV) has been the
focus of several studies that have shown connections between
conserved secondary structure motifs and their biological
function in the virus replication cycle. Questions have arisen on
how to best recognize and understand the pandemic properties
of IAV strains from an RNA perspective, but determination of
the RNA secondary structure has been challenging. Herein, we
used chemical mapping to determine the secondary structure of
segment 8 viral RNA (vRNA) of the pandemic A/California/04/
2009 (H1N1) strain of IAV. Additionally, this long, naturally
occurring RNA served as amodel to evaluate RNAmapping with
4-thiouridine (4sU) crosslinking.We explored 4-thiouridine as a
probe of nucleotides in close proximity, through its incorpora-
tion into newly transcribed RNA and subsequent photo-
activation. RNA secondary structural features both universal to
type A strains and unique to the A/California/04/2009 (H1N1)
strain were recognized. 4sU mapping confirmed and facilitated
RNA structure prediction, according to several rules: 4sU
photocross-linking forms efficiently in the double-stranded re-
gion of RNA with some flexibility, in the ends of helices, and
across bulges and loops when their structural mobility is
permitted. This method highlighted three-dimensional proper-
ties of segment 8 vRNA secondary structure motifs and allowed
to propose several long-range three-dimensional interactions.
4sU mapping combined with chemical mapping and bio-
informatic analysis could be used to enhance the RNA structure
determination as well as recognition of target regions for anti-
sense strategies or viral RNA detection.

Influenza A virus (IAV) is a fast-evolving RNA virus that
causes annual epidemics and frequent pandemics (1). Five
documented influenza pandemics occurred in the 20th and
early 21st centuries (1889, 1918, 1957, 1968, and 2009), where
the virus circulated in nonseasonal patterns from human to
human, causing excess morbidity and high mortality levels
(2–5). The emergence of pandemic strains has been connected
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to antigenic shifts, which occur when influenza strains ex-
change entire gene segments during coinfection of a host (6).
A/California/04/2009 (H1N1) influenza virus (CalvRNA8) is
one such strain and is still circulating worldwide by way of
human hosts.

Great work has already been performed in the analysis of
influenza RNA secondary structure. Many of influenza’s viral
processes have been tied to RNA structures, and key motifs are
highly conserved across strains (7–11). Previously, the sec-
ondary structure of three entire viral genomic segments (8, 7,
and 5) of A/Vietnam/1203/2004 (H5N1) was determined
(12–15). Connections between viral RNA structure variances
and their pandemic potential have been shown in several cases
(16–18).

RNA structure is closely related to RNA function. Several
experimental methods exist for the analysis of secondary and
tertiary structure of long RNAs (19–22). Most chemical re-
agents show a preference for reacting with single-stranded or
flexible nucleotides: dimethyl sulfide (DMS), 1-cyclohexyl-(2-
morpholinoethyl) carbodiimide metho-p-toluene sulfonate
(CMCT), kethoxal, and selective 20-hydroxyl acylation and
primer extension (SHAPE) reagents (23–26). Lead ion cleavage
and in-line probing can also provide information about flex-
ible, unpaired nucleotides (27, 28). Several approaches have
been developed for identification of RNA-RNA helices.
SPLASH and PARIS are two relatively recent methods for
identifying RNA-RNA intramolecular interactions (29). Both
of these methods rely on the use of reversible UV crosslinking
and psoralen, an intercalating small molecule. While these
approaches provide for a very powerful analysis of RNA
structure and its interactions, they do have their limitations.
Psoralen has vaguely defined sequence and structural prefer-
ences that affect its affinity for intercalation and thus its cross-
linking efficiency. Additionally, psoralen intercalation distorts
the native helical conformation and can therefore affect RNA
structure and stability. As an alternative to intercalating re-
agents, new methods for base pair detection (including tertiary
interactions) would be beneficial. Historically, only enzymatic
mapping could provide information about both paired and
unpaired regions of RNA; however, enzymatic approaches (due
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vRNA8 IAV structure—application of 4sU crosslinking
to their large size) cannot provide single-nucleotide resolution,
and the need for specific enzyme sequences and conditions
limits their general applicability. Additionally, few reagents
(DMS, some SHAPE reagents, and lead ion cleavage) are able
to be used in cells.

Applying several methods with different reaction mecha-
nisms allows one to better determine RNA structure, as each
distinct approach can offer complementary, nonoverlapping
data. These datasets could be crucially important in the design
of therapeutics targeting pathogenic RNA. Therefore, it is of
great importance to provide additional methods to broaden
our structure determination capabilities.

4-thiouridine (4sU), in comparison to uridine, has a sulfur
atom at C-4 rather than an oxygen. The base pairing properties
of 4sU are the same as unmodified uridine, preserving RNA
secondary structure (17). Additionally, 4sU can be incorporated
into RNA during transcription (17, 30) and is not cytotoxic (31).
This modification occurs naturally in some bacterial and
archaeal tRNAs, as natural 4sU is proposed to be a physiological
sensor for near UV radiation exposure (32, 33). 4sU can be
efficiently photoactivated by wavelengths in the 330 to 366 nm
range and induces photocross-linking with substrates (nucleic
acids or amino acids) in close proximity (34). 4sU cross-linking
is used to detect RNA–protein interactions in vivo by forming
adducts. That feature is utilized in such methods as Photo-
Activatable Ribonucleoside enhanced Cross-Linking and
ImmunoPrecipitation (PAR-CLIP) (35) and viral Photo-
Activatable Ribonucleoside Cross-Linking (vPAR-CL) (36).
4sU was also used as a label to track RNA from synthesis to
degradation and identify their associated RNA-binding proteins
(37) and RNA indicators (38, 39). Additionally, site-specific 4sU
photocrosslinking in RNA was used to solve several structural
problems (17, 40) such as monitoring the formation of
ribozyme–substrate complexes as ribozymes proceeded along
their folding pathways (41), interactions in RNA of yeast spli-
ceosomes (17, 42), and the arrangement of the central pseu-
doknot region of 16S rRNA in the 30S ribosomal subunit
(17, 43). Many 3D and RNA-RNA intramolecular interactions
can be distinguished by site-directed or random incorporation
of 4sU followed by photocrosslinking, including 16S rRNA
(43, 44) and RNA components in the spliceosome (17, 42).

Although 4sU was previously used as a tool for solving very
specific RNA structural problems or RNA–RNA, RNA–
Figure 1. Reaction between 4-thiouridine (4sU) and c
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protein interactions it had not been utilized for the global
structural mapping of RNA. 4sU photocrosslinking of RNA
possesses several useful features. 4sU is able to form photo-
adducts with both pyrimidines and purines, reducing sequence
dependency in data (Fig. 1). However, the reactivity with each
base is not equal (in decreasing order: U, A, G, and C) (45).
Previous studies have shown that 4sU crosslinks formed effi-
ciently at double-stranded regions of RNA with some flexi-
bility, in the ends of helices, and across bulges and loops when
their structural mobility is allowed (45, 46). Additionally, long-
range 3D interactions have been recognized (17).

This paper presents the secondary structure of CalvRNA8,
which is proposed based on classical chemical mapping,
bioinformatics analysis, and the new application of 4sU
photocrosslinking. Comparison of standard mapping methods
with the 4sU method allows us to validate the new 4sU
mapping method and highlight several tertiary features of
CalvRNA8. Further, we define features universal for type A
strains, as well as those unique to CalvRNA8.

Herein, 4sU crosslinking data verified and greatly enhanced
the secondary structure prediction of CalvRNA8 based on
chemical mapping data. It is important to note that the 4sU
method can be used both in vitro and in cellulo, and that high
crosslinking efficiency allows for usage of low-cost detection
methods such as capillary electrophoresis. In this work, we
introduce quantification and clear application of obtained data
in the facilitation of RNA structure determination.
Results and discussion

Secondary structure of segment 8 genomic RNA of
A/California/04/2009

The secondary structure of genomic segment 8 RNA of
A/California/04/2009 (CalvRNA8) was determined using
chemical mapping. CalvRNA8 was obtained from in vitro
transcription, and the RNA folding was optimized to obtain
single-molecule folding to avoid homodimer formation
(Fig. S1 in Supporting Information 3). Also, refolding of RNA
prior to secondary structure determination is a confirmed way
to obtain native folding and removes unnatural base pairings
formed during preparation and storage. Different folding
buffers with range of natural concentration of ions and native
pH (50 mM HEPES, pH 7.5, 100–300 mM NaCl, and
ytosine during irradiation, forming a photoadduct.



vRNA8 IAV structure—application of 4sU crosslinking
5–20 mM MgCl2) were tested. Finally, buffer containing
300 mM NaCl, 5 mM MgCl2, 50 mM HEPES, pH 7.5 was
selected in which CalvRNA8 forms a single-molecule structure
(which was true for other conditions, but with no dimer
occurrence). Folded CalvRNA8 was mapped with canonical
chemical reagents—DMS (methylates N1 of A and N3 of C
when unpaired), CMCT (modifies N3 of U and N1 of G when
unpaired), and NMIA (SHAPE method) (23, 47, 48). Mapping
was carried out at 37 �C. The mapping data were analyzed by
reverse transcription followed by capillary electrophoresis.

DMS strongly modified 76 nucleotides (nts) and moderately
modified 38 nts, which is 27% of all A and C within CalvRNA8.
CMCT modified 30% of all U, especially the highly reactive
regions 202 to 210, 270 to 279, 333 to 342, and 733 to 746.
NMIA strongly modified 91 nts and moderately modified
93 nts, representing 21% of the CalvRNA8 segment. Re-
activities from SHAPE correlate with classical chemical map-
ping results. Several CalvRNA8 regions (220–249, 270–279,
300–321, 384–401, 509–539, 732–763) characterized higher
than average reactivities, whereas regions 550 to 600 and 358
to 383 lower than average.

Using these chemical mapping results, RNAstructure 6.0.1
(49) was used to determine the secondary structure of
CalvRNA8 (Fig. 2, Supporting Information 1). Also, selected
conserved base pairs for influenza virus type A were included
in prediction according to previous analysis of all available
Figure 2. The secondary structure of influenza virus segment 8 vRNA for
6.0.1 using experimental chemical mapping data as constraints. Strong D
were used. Additionally, medium reactivity DMS and CMCT are annotated. Yel
also as restrains. The numbering of CalvRNA8 is from its 50 end.
sequences of segment 8 vRNA (vRNA8) (12) and secondary
structure of strain A/Vietnam/1203/2004 (H5N1)
(VietvRNA8) (Experimental procedures). The chosen
conserved base pairs correlate with chemical mapping results,
with conservation greater than 95% (Fig. 2).

CalvRNA8 is strongly structured in vitro, with 58% of nu-
cleotides forming base pairs across four domains (Fig. 2).
Domain I (1–28/890–850) (the designation means that region
1–20 nt is base-paired with region 850–890 nt) contains the
panhandle motif, a well-known conserved influenza motif that
takes part in viral propagation (18, 50). Domain II (29–168) is
relatively unremarkable, while domains III (169–468) and IV
(469–849) are the most reactive, containing hairpins and in-
ternal loops. SHAPE and chemical mapping show ten relatively
large flexible regions across these domains (171–176, 244–249,
272–277, 333–342, 384–389, 509–515, 425–434, 530–535,
655–660, 732–741), each with at least six reactive nucleotides.

Additionally, the ProbKnot algorithm (51) of RNAstructure
was used to predict possible pseudoknots within CalvRNA8.
The partition function mode was used, in which all experi-
mental constraints were implemented. This resulted in one
predicted pseudoknot region (500–547) (Fig. S2 in Supporting
Information 3), which is in agreement with chemical mapping
data and 4sU crosslinking. In the secondary structure model of
CalvRNA8, a hairpin is formed in this region. It is possible that
either the hairpin or pseudoknot is formed depending on the
A/California/04/2009 (H1N1) (CalvRNA8) as predicted by RNAstructure
MS, CMCT, as well as SHAPE reactivities converted to pseudo-free energies
low lines indicated conserved base pairs among influenza virus type A used
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specific stage of replication. This situation is common in
influenza virus in order to regulation of viral replication (12).
However, this pseudoknot region does appear to be strain-
specific; it cannot be created in A/Vietnam/1203/2004 and
A/WSN/1933 (H1N1) due to sequence differences that pre-
vent the formation of crucial base pairs.

Base pairing probabilities for segment 8 genomic RNA of
A/California/04/2009

RNAstructure 6.0.1 (49) was used to calculate base pairing
probabilities for the secondary structure of CalvRNA8 (Fig. 3).
This calculation indicates the accuracy of a proposedmodel. For
the partition function calculation, experimental data were
included. Results indicate that the motifs with highest probable
accuracy are predicted in domains I, II, and IV. There are several
regions with secondary structures (certain base pairs and un-
paired nucleotides) with a greater than 90% probability: 1–76/
876–890, 74–141, 646–665, 710–796. Domain III characterized
fewer base pair probabilities than the other domains.

Base pair conservation across type A influenza

Base pair conservation was calculated comparing our pre-
dicted CalvRNA8 secondary structure to a database of influ-
enza sequences (Supporting Information 2). This conservation
estimates the universality of the model across type A influenza.
In calculations, all available (34,248) IAV sequences were
Figure 3. Predicted probability of nucleotides being paired or single stra
tructure. Probabilities lower than 50% are in black text. The partition function c
and converted pseudo-energy reactivities from SHAPE.

4 J. Biol. Chem. (2021) 297(6) 101245
downloaded from the NCBI Influenza Virus Database. On
average, canonical base pairing in CalvRNA8 is 89% conserved.
The highest levels of conservation are seen in the panhandle
region (1–16/890–876, 98.2%) and in several hairpins (82–133,
89.6%; 217–258, 94.2%; 261–288, 97.2%; 293–347, 97.2%)
(Fig. 4).

Covariance analysis

The cm-builder script (52) with the RNAFramework (53)
toolkit (which automates steps in covariance analysis with the
Infernal (54) suite and R-Scape (55)) was used to analyze
covariance within the whole segment secondary structure, as
well as the predicted tertiary interactions. Structural motifs
were assembled into dot bracket notation and analyzed against
the same NCBI Influenza Virus Database used for base pair
conservation. Resulting data showed no statistically significant
covariation within our model. This result is unsurprising,
however, as prior research (56) has shown a lack of covariance
across influenza subtypes due to the sheer genetic diversity
within the species. Covariance data is available as part of the
supporting information (Supporting Information 4).

Mapping of segment 8 genomic RNA of A/California/04/2009
using photocrosslinking of 4-thiouridine

Application of 4sU for structure mapping requires random
incorporation of 4sU in transcribed RNA. CalvRNA8 with 4sU
nded in segment 8 vRNA A/California/04/2009 as calculated by RNAs-
alculation incorporated constraints from strong reactivity of DMS and CMCT



Figure 4. Conservation of segment 8 vRNA A/California/04/2009 secondary structure in type A viruses. Colors indicate the percentage of canonical
base pairings preserved across type A influenza strains for segment 8 vRNA.

vRNA8 IAV structure—application of 4sU crosslinking
was obtained from transcription in vitro using 4-thiouridine-
50-triphosphate. 4sU was incorporated with a stoichiometry of
one modification per one RNA. Next, CalvRNA8 with 4sU was
folded as described in Experimental procedures and irradiated
at 365 nm. Different times of irradiation were tested: 10 s, 15 s,
30 s, 15 min, 30 min, and 45 min 10 s was selected as the
optimal time for all experiments. Sites of photocrosslinking of
CalvRNA8 were analyzed by reverse transcription followed by
capillary electrophoresis. Rules to recognize the strength of
hits (strong, medium, and weak) were established
(Experimental procedures). Folded CalvRNA8 with 4sU that
was not irradiated served as control. Interpreting reverse
transcriptase termination events from 4sU-X conjugates allows
for recognition of crosslinking sites. 80 U, 6 A, 6 G, and 3 C
were identified as photoadducts in the modified CalvRNA8.
This is consistent with the known preference of 4-thiouridine
to form photoadducts (45).

Identified photocrosslinks correlate with chemical mapping
data and the proposed secondary structure model of
CalvRNA8. Photoadducts were observed at or adjacent to GU
pairs and at the ends of helices. In terms of the helical oc-
currences, most hits were detected at the first or second
Watson–Crick base pair of a proposed helix. There were only
two exceptions (U32, U165 in a 6-bp helix with five A-U pairs)
that are thermodynamically weak and probably unstable. All
these hits could be related to the flexibility of local secondary
structure motifs, such as hairpins with internal loops and
bulges. There are also observed 4sU hits opposite of hairpin
regions (marking local interactions such as hairpins: 549–593,
603–644). There are hairpins with crosslinking sites in hairpin
loops and one side of stems at U and C (e.g., 517–541, 40–64)
that could result from the preference of 4sU cross-links to U
and C. Additionally, 4sU at certain sites could (and usually
does) react with several nucleotides in close proximity, which
in turn gives higher stop signals from U in comparisons to
other nucleotides (A, C, G). Crosslinking confirmed the
modeled large hairpin loops if the distance in the primary
sequence allowed for conjugation reactions. There was also
crosslinking in single-stranded junction sequences between
local motifs whose occurrence could be explained by the 3D
folding of the local domains (e.g., domain I), as often these hits
are in “blocks” of several nucleotides. Interestingly, there are
secondary structure motifs without any 4sU crosslinking sig-
nals: helices 710–733/782–767 and 261–270/288–279, and
hairpin 305–335. These regions could be highly structured and
rigid, which would make 4sU crosslinking impossible. We
established the following criteria to verify the RNA structure
model via 4sU mapping and deduce if the crosslinking hits
come from a local structural motif or a long-distance inter-
action (e.g., between two motifs placed in sequence distance
from each other): (1) For a local motif, the hit should be in the
terminal or penultimate base pair of a helix, at or adjacent to a
GU pair, in a hairpin loop, in a bulge, or in an internal loop. (2)
Verifying long-distance crosslinking in single-stranded regions
of predicted 2D RNA structure requires further analysis. First,
find accessible complementary regions using bioinformatics
J. Biol. Chem. (2021) 297(6) 101245 5
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and manual validation; the proposed interaction should be
possible between regions. Second, 4sU crosslinking needs to be
detected at or near predicted base pairings to confirm that
both single-stranded regions are located in near proximity (45)
and can create interactions. It is assumed that proposed long-
range interactions are flexible and rather weak, so the regions
may be partially accessible to chemicals. It needs to be noted
that one 4sU can crosslink with several partners, all possibil-
ities of which we see in our data (45).

One of the above two requirements, either criteria 1 and 2,
must be met for all 4sU hits to positively verify the RNA sec-
ondary structure model (Fig. S5 in Supporting Information 3).
In the above long-distance interaction criteria, we narrowed
the possibilities to thermodynamically stable classic Watson–
Crick and G-U base pairs. In this way, the most possible
long-distance base pairing interactions were proposed and
confirmed by both complementarity of several nucleotides and
presence of 4sU crosslinking. In the long distance interactions,
following the general rules of 4sU crosslinking, the close
proximity and flexible structure of proposed interacting re-
gions are assumed for efficient crosslinking.

Following the criteria described above, several long-distance
interactions were considered. We present the most probable
and stable long-distance interactions according to our data,
which sometimes involve the unfolding of other interactions.
Additionally, these interactions were analyzed with bio-
informatic analysis via base pair conservation. Potential long-
range interactions longer than 3 nts were considered, with
Figure 5. Proposed long-range interactions in segment 8 genomic RNA of
pairs were considered. Arrows marked with letters indicated interaction betwe
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putative long-range interactions shown in Figures 5 and 6.
These interactions are proposed within specific domains, such
as several hairpin loop–internal loop interactions (272–275/
361–358; 360–365/432–427; 605–612/658–651), as well as a
proposed interaction between two internal loops (384–395/
457–449 or 383–395/745–733). A hairpin loop (46–50) and
single-stranded junction region (148–143) are also proposed to
interact.

Interactions are also possible between domains. For
example, a hairpin loop (426–432) interacts with a junction
region (483–477). Two internal loops interactions are pro-
posed (384–395/745–734; 383–395/745–733), as well as two
examples of internal loop–hairpin loop interactions (384–395/
457–449; 374–381/528–535).

The probability of the proposed base pairings is supported
by conservation across type A influenza, with ranges from
87.5% (427–432/365–360) to 69.1% (384–395/745–734) with
some pairs exceeding 90% conservation (Supporting
Information 2).

Multiple loops and internal loops take part in tertiary
interactions, making CalvRNA8 highly folded. 4sU mapping
analysis also shows that for two cases one region can
interrelate with two other regions. Likely, these tertiary in-
teractions are flexible and rather weak, highlighting the
universality of type A interactions. However, it cannot be
excluded that less conserved or additional interactions occur
that rule the tertiary folding of CalvRNA8 and are strain-
specific.
A/California/04/2009. All likely tertiary interactions longer than three base
en regions highlighted in dark orange.



Figure 6. Proposed long-range interactions in segment 8 vRNA of A/California/04/2009. Panels A-H show base pairing in each proposed long-range
interaction. Numbers identify the RNA nucleotide sequence from the 50 site. Yellow and orange circles indicated detected sites of strong or medium 4sU
photocrosslinking after irradiation, respectively.

vRNA8 IAV structure—application of 4sU crosslinking
Interestingly, some regions were modified strongly by both
CMCT and 4sU, such as between 384–395 and 734–745. It is
possible because the 3D interaction between these regions
contains internal bulge, GU pair as well as base pairs adjacent
to GU that are easily mapped by chemical reagents (Fig. 6).
Also, 4sU crosslinking is known to occur in structurally flex-
ible regions like these (45).

Comparison of our model to chemical mapping data shows
full agreement in the long-distance interactions 360–365/432–
427 and 383–395/745–733. This indicates that they are
preferred to possible interactions 426–432/477–483 and 384–
395/734–745 or 385–395/449–457, respectively (Fig. 6).
Moreover, the moderate NMIA hits are evidence of structural
dynamics that support our assumption that the long-range
interactions are flexible (Fig. S4 in Supporting Information 3).

We also investigated if any 4sU long-range interactions were
preserved across different strains. Published data from in virio
psoralen studies of vRNA showed that the pattern of intermo-
lecular interactions is flexible and different in virion of different
strains (57). Also, “hot spots” of interactions (regions involved
in multiple bindings) are recognized, from which few are
conserved for different strains (58). An important region in
vRNA8 of A/WSN/1933 (H1N1) is 605–780 nt, which is
involved in the binding of vRNA1, vRNA3, and vRNA7. Further
involvement of the 500–550 and 800–850 nt regions of vRNA8
in binding vRNA5 has also been reported (58) for the same
strain. Our CalvRNA8model forms a hairpin region at 500–548
containing a helix of high BP probability (Fig. 3) and high
conservation among type A influenza (87.3%) (Fig. 4). Inter-
estingly, regions 605–780 and 800–850 belong to domain IV,
which is present in both VietvRNA8 and CalvRNA8. The
CalvRNA8 domain IV is characterized by high BP probability of
helices. Additionally, two hairpins (603–644 and 719–782) are
highly structurally conserved for IAV (86.5% and 93.6% base
pairs conservation, respectively). Based on these results, it ap-
pears that domain IV and its putative motifs are responsible for
intersegmental interactions, potentially during viral packaging.

Dadonaite et al. (57) detected a general pattern of long-
range interactions in the vRNA of A/WSN/1933 (H1N1).
The data showed interactions between three distinct vRNA8
regions 220–400, 460–620, and 700–800. While the pattern of
long-distance base pairing for CalvRNA8 (Fig. 5) is unlikely to
perfectly match A/WSN/1933, several interactions were
revealed by s4U mapping between the abovementioned re-
gions: 384–395/745–734 (Fig. 6E), 384–395/457–449 (Fig. 6F),
and 374–381/535–528 (Fig. 6G). One interaction falls within
J. Biol. Chem. (2021) 297(6) 101245 7
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domain III and two fall between domains III and IV. The
highest base pair conservations calculated for these in-
teractions are 73.0% for 374– 381/535–528 and 76.7% for 384–
395/457–449. These interactions are not among those high-
lighted for A/WSN/1933; although they are sequentially
possible, they would be weaker due to two sequence mis-
matches. Despite sharing some general similarity, the long-
range interactions are predicted to be different between
these two strains. Intersegmental interactions could be over-
shadowing the vRNA8 structure in A/WSN/1933, resulting in
the observed structural differences. Also, there may be flexi-
bility in the interaction between domain III and IV during
virion assembly, allowing domain IV to engage in interseg-
mental bindings.

We have shown that 4sU mapping is a valuable method that,
when coupled to chemical mapping and structure conserva-
tion bioinformatics analysis, gives information about the flex-
ibility of local motifs and 3D folding properties with possible
long-distance interactions.
Antiviral effects of antisense oligonucleotides support the RNA
structure model

A previous study involving antisense oligonucleotides
(ASO) complementary to CalvRNA8 showed significant in-
hibition of A/California/04/2009 replication in Madin–Darby
canine kidney (MDCK) cells (59). The most effective ASOs
targeted single-stranded (63–73, 861–874) and partially
single-stranded (160–176, 181–194, 404–412) regions of
determined herein secondary structure that supports our new
model. These five ASOs inhibited viral propagation 5- to 25-
fold, with the highest inhibition caused by ASOs 187-14L and
404-14L targeting the last listed regions. In terms of their
accessibility, the structure of the five targets did not signifi-
cantly change when compared with a previous in silico
vRNA8 model. It is possible that these motifs exist in vivo
and perform important functions. Interestingly, the most
effective ASOs target domains correlated to s4U mapped
long-range interactions. The disruption of the domain’s
structural organization seems to be crucial for significant
inhibitory effects.

Recently, a study has been published investigating RNA
secondary structures in influenza using SHAPE-MaP coupled
to NGS (57). The structure analysis was carried out on A/
WSN/1933 (H1N1) vRNAs associated with proteins in vRNP
(in virio), purified from deproteinated virus particles (ex virio),
and transcribed (in vitro). The analysis was focused on local
secondary structure motifs with a maximum pairing distance
limited to 150 nucleotides. Results from the in virio experi-
ments show that, within vRNP complexes, vRNAs are able to
form a number of stable secondary structure motifs. Structural
analyses of vRNA8 revealed nine secondary structure motifs
with high base-pairing probability exceeding 80%. Four of
them are also present in the CalvRNA8 secondary structure
model presented herein. Common motifs are formed in re-
gions: 261–263/288–286, 265–284, 293–298/37–342, 312–
317/327–322, 751–755/763–759, and 797–799/809–807.
8 J. Biol. Chem. (2021) 297(6) 101245
These strains possess 85% sequence identity. Interestingly, first
two motifs were also present in the previously published
in vitro secondary structure model of VietvRNA8, an avian-
origin strain (12). This similarity is shown in Figure 7. In the
same paper, there was also in silico analysis of vRNA8 folding
carried out on over 14,000 sequences obtained from the NCBI
Influenza Virus Database. This study revealed that the
abovementioned regions—forming common secondary struc-
ture motifs—encompass stems at 261– 270/277–288 and 312–
317/322–327, with base pair conservation of 97.2% and 94.9%,
respectively (12). Further analyses on A/WSN/1933 (H1N1)
vRNA8 showed that in the absence of proteins (ex virio and
in vitro conditions), RNA is more structured (57). These pre-
dictions revealed other structural similarities between strains.
A/WSN/1933 (H1N1) vRNA8 is characterized by a high
probability of base pairing (>80%) in the regions 611–615/
640–636, 647–650/664–661, and 710–733/796–767, which are
also present in the CalvRNA8 secondary structure model
determined by us (Fig. 7). These findings are meaningful, as
our studies were performed in a protein-free environment
where the structural constraints of RNA are strongly man-
ifested. Overall, the presence of conserved secondary structure
motifs indicates their important role in the influenza replica-
tion cycle and suggests that RNA conformation is preserved
for certain functions. These RNA regions may also serve as
universal targets for anti-influenza strategies.
Conservation analysis of model structure

The determined secondary structure of CalvRNA8 was
compared with a model of segment 8 genomic RNA A/Viet-
nam/1203/2004 (H5N1) (VietvRNA8) that was published in
2016 (12). The sequence identity between CalvRNA8 and
VietvRNA8 is 83% (Fig. S6 in Supporting Information 3),
allowing for analysis of both inclusive and strain-specific
folding. Sites of CMCT, DMS, or NMIA modifications of
CalvRNA8 mainly correlate with those found to be reactive in
homologous regions of VietvRNA8.

Many RNA structural motifs are the same between
VietvRNA8 and CalvRNA8. Several examples include: 717–
789, 1–28/850–890, 261–288, 293–347, 421–424/437–434,
175– 179/468–464, 696–704/811–802, 710–713/796–793, and
98–102/122–113 (Fig. 7). There are also regions that fold
differently such as base pairs shifts and different folding pat-
terns. These examples include: 484–602, 217–258, 201–215/
374–365, and 40–64. CalvRNA8 shows an overall 89% base
pair conservation, which is higher than that of VietvRNA8
secondary structure (82.6%). Several helical motifs are
conserved across the models. For example, hairpin 217–258
(94.2%), helix 201–215/374–355 (88.6%), and motif 500–547
(87.3%) (Fig. 3). Additionally, numerous base pairings and
motifs (261–262/288–286, 265–284, 293–298/347–342,
312–327, 710–713/796–793, 717–733/789–767, 751–763) are
conserved across CalvRNA8, VietvRNA8, and A/WSN/1933
(H1N1) vRNA8 (Fig. 7). Data and modeling also show 50 and 30

interactions forming a panhandle structure in all compared
vRNA8 strains (11, 57).



Figure 7. Comparison of segment 8 vRNA secondary structures of A/California/04/2009, A/Vietnam/1203/2004 (H5N1) and A/WSN/1933 (H1N1).
Red rectangles indicate the conserved base pairs for A/California/04/2009 and A/Vietnam/1203/2004 (H5N1) vRNA8. Green rectangles indicate conserved
base pairs for A/California/04/2009 and A/WSN/1933 (H1N1) vRNA8.
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Analysis of VietvRNA8 secondary structure led to the
determination of two possible long-range interactions
(400–404/431–428, and 426–430/852–848). It should be
noted that VietvRNA8 and CalvRNA8 are nearly identical in
sequence, with CalvRNA8 having a 15 nucleotide insert be-
tween VietvRNA8’s nucleotide 614 and 615. Both interactions
are possible in CalvRNA8 when taking into account the
sequence conservation between these two strains, chemical
mapping profile, and crosslinking data on only one side (for
that reason they are not marked in Figs. 5 and 6). A third
interaction (227–231/409–405) through changes in sequence
would be weaker in CalvRNA8, as it would contain a
mismatch. However, there is no confirmation of 4sU cross-
linking data and mapping data to prove this interaction.
Conclusion

Secondary structure and tertiary interactions were deter-
mined for CalvRNA8 based on the experimental data from
several mapping methods and bioinformatics analysis. The
secondary structure of CalvRNA8 allows for the validation of
structural conservation for type A and strain-specific motifs.
The new data show that vRNA8 secondary structure for type A
is largely universal, but there are a few essential differences
that are believed to be strain-specific.

The incorporation of 4sU into natural RNA could be used in
a new method of RNA structure mapping where photocross-
linking with proximal nucleotides is generated. In this
method, 4sU is randomly incorporated into RNA during
transcription with stoichiometrically one modification per
RNA, which can be easily optimized for studied RNA. Pro-
posed quantification and interpretation of detected cross-
linking sites make the method straightforward and readily
applied to other RNA studies. Results on the model CalvRNA8
showed that photocrosslinking of 4sU occurred in flexible
regions near or in double-stranded RNA, allowing for sec-
ondary and tertiary interaction recognition. In-cell culture
studies showed that 4sU could photocrosslink with other RNA,
DNA, or proteins, and any analysis or interpretation via this
method should take this into account. Further, naked RNA
needs to be used as a control for cellular experiments. In
general, the 4sU mapping method is a valuable technique for
getting more detailed information on RNA folding.

Studies of RNA structure using 4sU photocrosslinking can
be performed in vitro and in vivo. Exposure of cells to 4sU
results in rapid uptake, phosphorylation to 4sU-triphosphate,
and incorporation into newly transcribed RNA (60, 61). Next,
UV exposure will generate cross-linking, which is already a
well-understood and routine procedure where 4-thiouridine is
apply for assorted applications (38, 61, 62). The ability to use
this mapping method in cells is a big advantage. Additionally,
high 4sU-crosslinking efficiency allows for a low-cost, fast
interpretation method for hits detections. Coupling 4sU
mapping with chemical mapping and structure/sequence
J. Biol. Chem. (2021) 297(6) 101245 9



Table 2
Primers for reverse transcription

Name Length (nt) Sequence 50→30

1_8 23 AGCAAAAGCAGGGTGACAAAAAC
2_8 22 ACATGACCCTCGAGGAAATGTC
3_8 25 CTTGAATGGAATGGTAACACGGTTC

Each primer was labeled with 6-TAMRA, 5-FAM, 6-JOE, 5-ROX at 50 end.

vRNA8 IAV structure—application of 4sU crosslinking
analysis can support discovery of regions prone to antisense
strategies or detections of viral RNA.

Experimental procedures

Experimental constructs

DNA template for the synthesis of CalvRNA was obtained in
several steps. First, 0.1 MOI (multiplicity of infection) of A/
California/04/2009 (H1N1) (a gift from Prof. Luis Martinez-
Sobrido, Texas Biomedical Research Institute) was used to
infect MDCK cells. Infected MDCK cells were incubated at 33
�C in the air with 5% CO2 for 24 h. Next, total RNA was
isolated from infected MDCK cells, and reverse transcription
was carried out using SuperScript III (Invitrogen) with a spe-
cific primer (ATGAGTCTTCTAACCGAGGTCG), which is
complementary to the 22 nucleotides at the 30 end of
CalvRNA8. Next, PCR reactions using cDNA as template and
TTCTGCAGTTACTCTAGCTCTATGTTGACAAAATGAC
CATC and TTGAATTCATGAGTCTTCTAACCGAGGTC
GAAAC primers were done to add an EcoRI site on the 50 end
and a Pst I site on the 30 end of the template of segment 8
A/California/04/2009. DNA was purified using a PCR/DNA
Clean-up Purification Kit (Eurx). The DNA template was
cloned into pUC19 and sequenced using TGTAAAACGA
CGGCCAGT, TCACACAGGAAACAGCTATGAC, CAAGA
AGGTCATCTTTCAGACCAG primers for confirmation of
proper sequence.

Oligonucleotide synthesis and labeling

Primers for PCR and reverse transcription (Experimental
Constructs, Tables 1 and 2) were synthesized by the phos-
phoramidite approach on a MerMade12 synthesizer. Primers
were deprotected and purified according to published protocols
(63–65). Concentrations of all oligonucleotides were measured
using a UV Spectrophotometer (NanoDrop2000 Thermo Sci-
entific). Primers for reverse transcription were synthesized with
aminolinker on the 50 end and, after deprotection and desalting,
were labeled from the 50 endwith fluorophores: 5-FAM, 5-ROX,
6-TAMRA, and 6-JOE (dyes from ANASPEC). For labeling, a
reaction mixture containing 300 μg primer (11 μl in H2O),
220 μg of diluted in DMSO fluorophores (14 μl), 75 μl 0.1 M
sodium tetraborate, at pH 8.5 was incubated overnight at room
temperature in a shaker oscillating at low speed. Labeled primers
were precipitated with ethanol and purified by electrophoresis
on a 12% denaturing PAGE.

RNA synthesis

In vitro transcription was performed using an Ampliscribe
T7 Flash kit (Epicenter) according to manufacture protocol.
Table 1
Primers for polymerase chain reaction using to obtain DNA template
for CalvRNA8

Name Length (nt) Sequence 50→30

FC8 48 GCGTAATACGACTCACTATAGGGAGTAG
AAACAAGGGTGTTTTTTATC

RC8 29 AGCAAAAGCAGGGTGACAAAAACATAATG

The underlined nucleotides residues are the polymerase T7 promoter.
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DNA template for transcriptions was obtained from PCR re-
action with FC8 and RC8 primers (Table 1) and pUC19 with
cloned segment 8 A/California/04/2009 sequence. DNA and
RNA were purified using PCR/DNA Clean-up Purification Kit
(Eurx) and RNeasy MiniElute Cleanup Kit (Qiagen), respec-
tively. RNA quality was checked on an agarose gel.
RNA synthesis with 4-thiouridine-50-triphosphate

In vitro transcription with 4-thiouridine-50-triphosphate
(Tebu-Bio) was performed using modified Ampliscribe T7
Flash (Epicenter) manufacturer’s protocol. Briefly, 2.5 mM 4-
thiouridine-50-triphosphate, 5.63 mM UTP, 7 mM of each
ATP, CTP, GTP, 2 μl T7 RNA polymerase, and 1000 ng DNA
temple were used. The reaction was incubated for 3 h at 37 �C.
Next, 1.5 μl DNase I (Epicenter) was added and sample was
incubated for 15 min. In the end, RNA was purified using
RNeasy MiniElute Cleanup Kit (Qiagen). RNA quality was
checked on an agarose gel.
RNA folding

Before each experiment, RNA was folded using the same
protocol. RNA was heated to 80 �C in water for 5 min and
slowly cooled to 50 �C. Once at this temperature, the sample
volume was doubled using 2× folding buffer (the final folding
buffer contained 300 mM NaCl, 5 mM MgCl2, 50 mM HEPES,
pH 7.5), and samples were slowly cooled to 37 �C (1 �C/min).
After this folding procedure, the RNA was folded into a single-
molecule structure (Fig. S1 in Supporting Information 3).
Photocrosslinking

Before each experiment, RNA was folded as described
above. Steady-state photolysis experiments were performed in
a 0.1 × 1 cm rectangular cell on an optical bench irradiation
system using a Genesis CX355STM OPSL laser (Coherent),
with 355 nm emission wavelength (the output power used was
set at 60 mW). Samples were irradiated for 10 s, 30 s, 15 min,
30 min, and 45 min. Finally, 10 s was selected as the optimal
time for experiments. For each experiment, a nonirradiated
sample containing 4-thiouridine was used as control.
Photocrosslinking was performed in the Faculty of Chemistry
of Adam Mickiewicz University. Irradiation products were
analyzed by primer extension with primers shown in Table 2
and read out with capillary electrophoresis as described
below. The experiments were performed in at least technical
triplicate with the average results presented. For the obtained
reactivity of each nucleotide, the standard deviation (SD) was
calculated (Supporting Information 1).
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Chemical mapping using NMIA, DMS, and CMCT

Folding of RNA was carried out as described above.
Chemical mapping was conducted according to published
procedures with appropriate optimizations (23, 47, 48). Briefly,
28.2 mM of NMIA (N-methylisatoic anhydride) or 30 mM
of CMCT (1-cyclohexyl-(2-morpholinoethyl) carbodiimide
metho-p-toluene sulfonate) or 0.18% of DMS (dimethyl sul-
fate) was used to study secondary structure of CalvRNA8.
Chemical mapping was performed at 37 �C with DMS, CMCT,
or NMIA for 15, 20, or 40 min, respectively. Parallel control
reactions were done in the same condition but without map-
ping reagents. Modified nucleotides were read out by primer
extension using a stoichiometry of 2 pmol primer/1.5 pmol
RNA. Primer extension was performed at 55 �C with reverse
transcriptase SuperScript III (Invitrogen) using the manufac-
turer’s protocol. Primers labeled with 6-JOE were used for
detection of modification by DMS, CMCT and NMIA. Primers
labeled by 5-FAM were used for detection of reverse tran-
scription products that serve as a control of the quality of
RNA. For each primer labeled with 5-ROX and 6-TAMRA,
there were prepared ddNTP ladders (most often ddGTP and
ddATP). cDNA fragments were separated by capillary elec-
trophoresis (Laboratory of Molecular Biology Techniques at
Adam Mickiewicz University in Poznan). All experiments were
performed at least in technical triplicate with the average re-
sults presented. For the obtained reactivity of each nucleotide,
the SD was calculated (Supporting Information 1).
Processing of chemical mapping and 4sU mapping data

ShapeFinder program was used to analyze mapping data
according to the published method (66). Quantitative NMIA
reactivities for individual datasets were normalized to a scale in
which 0 indicates an unreactive site and the average intensity
at highly reactive sites is set to 1.0. The normalization factor
for each dataset was determined by first excluding the most
reactive 2% of peak intensities and then calculating the average
for the next 8% of peak intensities. All reactivities were then
divided by this average. Reactivities ≥0.7 are treated as strong,
0.5 to 0.7 as medium and <0.5 as weak. All calculated re-
activities were used in the prediction of RNA secondary
structure. Nucleotides with no data were designated as −999.
Normalized SHAPE reactivities from extension reactions of
each primer were processed independently. DMS and CMCT
modifications analysis was conducted similar to NMIA reac-
tivity calculations, except that only strong modifications were
used in RNAstructure prediction.

4sU photoadducts were detected using reverse transcrip-
tion. The crosslinked nucleotides cause RT stops and were
detected and analyzed in the same manner as classical chem-
ical mapping with assignment of strong and medium cross-
linking sites. For each mapping method (SHAPE, DMS,
CMCT mapping, and using 4sU photocrosslinking), at least
three datasets were obtained from each primer (three technical
repeats) and the average of results was used.

Classical chemical mapping methods results were used in
RNAstructure 6.0.1 (49) for the prediction of secondary
structure of CalvRNA8. Normalized SHAPE reactivity (as
described above) was used in “Read SHAPE reactivity—pseudo
free energy” mode with a slope of 1.8 and an intercept
of −0.6 kcal/mol (24). DMS and CMCT strong reactivities
were introduced in the same prediction using “chemical
modification” mode (67, 68). Additionally, conserved type A
base pairs (conservation >95%, in agreement with chemical
mapping results) were used as constraints.
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