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ABSTRACT

PIWI-interacting RNAs (piRNAs) repress transposons to protect the germline genome fromDNA damage caused by trans-
poson transposition. In Drosophila, the Traffic jam (Tj) mRNA is consumed to produce piRNA in its 3′′′′′-UTR. A cis element
located within the 3′′′′′-UTR, Tj-cis, is necessary for piRNA biogenesis. In this study, we analyzed the structure of the Tj-cis
RNA, a 100-nt RNA corresponding to the Tj-cis element, by the SHAPE and NMR analyses and found that a stable hairpin
structure formed in the 5′′′′′ half of the Tj-cis RNA. The tertiary structure of the 16-nt stable hairpin was analyzed byNMR, and
a novel stem–loop structure, the T-hairpin, was found. In the T-hairpin, four uridine residues are exposed to the solvent,
suggesting that this stem–loop is the target of Yb protein, a Tudor domain-containing piRNA biogenesis factor. The
piRNA biogenesis assay showed that both the T-hairpin and the 3′′′′′ half are required for the function of the Tj-cis element,
suggesting that both the T-hairpin and the 3′′′′′ half are recognized by Yb protein.
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INTRODUCTION

PIWI-interacting RNAs (piRNAs) are endogenous small
noncoding RNAs that protect the genome from trans-
posable elements in the germline (Czech et al. 2018;
Yamashiro and Siomi 2018). Animals lacking piRNA func-
tion exhibit defects in gametogenesis and infertility, and
their descendants are predisposed to inheritingmutations.
The piRNA pathway has evolved to repress transposons
transcriptionally and/or post-transcriptionally. In addition,
piRNAs have also been found in neuronal cells, suggesting
that the function of piRNAs is not limited to reproductive
tissues (Lee et al. 2011; Rajasethupathy et al. 2012).
piRNAs are generated through the primary processing

pathway and assemble RNA-induced silencing complexes
(piRISCs) with PIWI proteins. In germ cells of the ovary of
many animals such as Drosophila, piRNAs are subse-
quently amplified by a piRNA amplification loop known
as the Ping-Pong cycle. However, the Ping-Pong cycle is
inert in the somatic cells that surround the germ cells of
the ovary (Hirakata and Siomi 2016). In the primary pro-
cessing pathway, piRNAs are generated from primary tran-

scripts from piRNA clusters, intergenic elements filled
with transposon fragments. In contrast, the transcripts
from transposons are cleaved by piRISCs in the Ping-
Pong cycle. This suggests that the two processes, second-
ary piRNA generation and transposon silencing by cleav-
ing their transcripts, occur simultaneously.
piRNA biogenesis requires many factors other than PIWI

proteins, such as Tudor domain-containing proteins and
RNA helicases (Hirakata and Siomi 2016). In Drosophila
ovarian somatic cells, primary piRNA biogenesis occurs
through Yb bodies, cytoplasmic nonmembranous organ-
elles, and mitochondria. Several piRNA biogenesis factors
localize to Yb bodies. A Tudor protein, Yb, is central to the
formation of Yb bodies (Hirakata et al. 2019). Primary
piRNA precursors are processed into piRNA intermediates
by unknown nuclease(s) in Yb bodies. The intermediates
are then bound with Piwi, one of three PIWI proteins in
Drosophila, within Yb bodies, and the complex then trans-
locates to the mitochondrial surface with the RNA helicase
Armitage,whereanendonucleaseZucchini processesPiwi-
boundpiRNA intermediates tomature piRNAs (Ipsaro et al.
2012;Nishimasu et al. 2012; Ishizu et al. 2019;Munafò et al.
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2019). Two other mitochondrial proteins, Gasz and
Daedalus, function as the scaffold for Zucchini processing
(Munafò et al. 2019; Yamashiro et al. 2020).

As described above, piRNAs protect the germline ge-
nomes from transposons. In ovarian somatic cells ofDroso-
phila, transposon-targeting piRNAs
are mostly generated from transcripts
of piRNA clusters. However, piRNAs
are also produced from a subset of
mRNAs, especially their 3′-UTR (Rob-
ine et al. 2009; Saito et al. 2009).
Factors necessary for producing trans-
poson-targeting piRNAs are also
required for production of genic
piRNAs, which also assemble piRISCs
with Piwi. A representative example
of anmRNA that contains genic piRNA
isTraffic jam (Tj)mRNA (Fig. 1A),which
encodes TJ protein, a transcription
regulator. Recently, a 100-nt-long cis-
acting element within the 3′-UTR of
Tj mRNA was found to be essential
for the generation of Tj-piRNAs (Ishizu
et al. 2015). Similar cis-acting ele-
ments were found in piRNA cluster
transcripts, the major source of trans-
poson-targeting piRNAs (Homolka
et al. 2015; Ishizu et al. 2015). It was
also found that the generation of pri-
mary piRNA strongly depends on the
binding of Yb protein to the cis ele-
ment (Ishizu et al. 2015) and that
RNA fragments inserted downstream
from the cis element were able to pro-
duce artificial piRNAs while RNA frag-
ments inserted upstream of the cis
element were not (Homolka et al.
2015; Ishizu et al. 2015).

In the present study, to elucidate
how Yb protein recognizes and binds
to the Tj-cis element, the secondary
structure of Tj-cis RNA, a 100-nt
RNA corresponding to the Tj-cis ele-
ment, was analyzed. Several frag-
ments were designed from the Tj-cis
RNA based on the results of SHAPE
analysis and secondary structure
predictions. NMR spectra of these
fragments suggested that a stable
structure formed in the 5′ region of
Tj-cis RNA. The mutation and NMR
analyses revealed that a stable struc-
ture is formed for U17–G32, and the
tertiary structure of the region was de-
termined as a novel stem–loop struc-

ture, the T-hairpin. The piRNA biogenesis assay showed
that both the T-hairpin and the 3′ half of the Tj-cis RNA
are required for the function of the Tj-cis element, sug-
gesting that both the T-hairpin and the 3′ half are recog-
nized by Yb protein.

B

A

FIGURE 1. Structure of Traffic jam (Tj) mRNA and SHAPE analysis of Tj-cis RNA. (A) The Tj-cis
element is located in the 3′-UTR of the TjmRNA. The element is specifically recognized by Yb
protein, and piRNA is generated from the 3′ side of the element. (B) A single-stranded region
with structural fluctuation was detected by the effect of NMIA for the RNA corresponding to
the Tj-cis element, Tj-cis RNA. Colored bars indicate regions affected by NMIA; the 4–16,
21–25, 33–37, 45–50, 58–64, and 66–69 regions are indicated by red, orange, yellow, green,
blue, and purple, respectively. An intense band was observed for U23. Residues at the 3′ side
of position 75, indicated by black bars, were not clearly analyzed.
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RESULTS

Secondary structure analysis
of Tj-cis RNA

To analyze the structure of Tj-cis RNA,
the SHAPE analysis was applied
(Wilkinson et al. 2006). The estimated
single-stranded regions are indicated
by lines in Figure 1B. The single-
stranded regions of the 5′ half (1–50)
were not affected by deletion of 3′ re-
gions including 86–100, 70–100, and
51–100, suggesting that the 5′ half
forms a structural domain. Among
them, an intense band was observed
for U23, suggesting the formation of
a specific structure in this region. For
the 75–100 region, shownby theblack
line, bands for all residues were ob-
served and the effect of NMIA was
not clearly judged. The present study
focused on the specific structure in
the 5′ half.
Then, the secondary structure of full-

length Tj-cis RNA was predicted to
consist of five stem–loops, as shown
in Figure 2A. In thepredicted structure,
the 5′ half (1–50) is structurally inde-
pendent from the 3′ half (51–100), con-
sistent with the result of the SHAPE
analysis described above. Then, the
secondary structure of the 5′ half was
further analyzed to specify the region
forming the specific structure including
U23. For the 5′ half, a three stem–loop
structure, as predicted for the full-
length RNA, was predicted with the
lowest energy, and a two stem–loop
structure was also predicted with the
second lowest energy (Fig. 2B). The
free energy for the secondary struc-
tures (ΔG) was calculated with the
program vs_subopt were −7.46 and −4.87 kcal/mol, res-
pectively. The SHAPE analysis indicated that U23 is highly
reactive (Figs. 1B,2,orange), and this suggests the formation
of SL2′, because U23 is in a stem structure for SL2, whereas
it is in a loop structure for SL2′ (Fig. 2B). On the other hand,
theSHAPEanalysis suggested that the region for 4–16 is sin-
gle stranded (Figs. 1B, 2, red). Although the region mostly
corresponds to the loop structure of SL1, U4 and A16 are
in the stem structure in the lowest structure. In contrast,
this region corresponds to the single-stranded region in
the second lowest structure (Fig. 2B, right), also supporting
the formation of SL2′.

Identification of the region for the specific structure

Based on the information described above, Tj-cis RNAwas
fragmented for NMR analysis (Fig. 2C). The full-length
RNA (1–100) was fragmented into tj-1–74 to exclude the
region where the structure was not well defined by the
SHAPE analysis, and into the 5′ half, tj-1–50. Then, frag-
ments corresponding to the region for SL1 and SL2, tj-1–
32, and the region for SL2′, tj-17–32, were prepared.
Furthermore, to identify the region where the specific
structure is formed, 5′-deleted fragments of tj-1–32 were
prepared as tj-2–32, tj-6–32, and tj-8–32. The nucleotide

B
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FIGURE 2. Predicted secondary structures and design of the fragments for NMR measure-
ments. Predicted secondary structures of RNA sequences without additional G residues are
shown. (A) The predicted secondary structure of tj-1–100. (B) The lowest-energy (left) and sec-
ond lowest-energy (right) structures of the 5′ half (tj-1–50). Colors correspond to Figure 1B. The
U23 residues are indicated by orange circles. Stem–loops predicted in the 5′-half were indicat-
ed as SL1, SL2, SL3, and SL2′. (C ) Design of the fragments for NMR measurements. Colored
bars correspond to Figure 1B. Additional G residues added for the in vitro transcription reac-
tion are indicated by lower letters. The fragments without additional G residues were prepared
by chemical synthesis.
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sequences of the designed fragments are summarized in
Supplemental Table S1.

The NMR spectra in the imino proton region for the frag-
ments were shown in Figure 3. The two sharp signals at
12.1 and 13.2 ppm were observed for all spectra, suggest-
ing that a specific structure is formed for tj-17–32 and the
structure formed in all fragments and full-length RNA.
Signals at 13.9 and 13.1 ppm were observed for tj-1–32,
tj-2–32, tj-6–32, and tj-8–32. As described below, these
two signals were due to two A–U base pairs. In the case
of tj-17–32, the signal at 13.9 was broadened, and the sig-
nal at 13.1 ppm was slightly shifted to a lower field proba-
bly due to the lack of flanking residues of the specific
structure. Thus, the two A–U base pairs are formed for all
fragments. Signals around 11.5–10.5 ppm were probably
due to unpaired G and U residues, and the intensities of
signals in this region were decreased according to shorten-
ing of the RNA length for tj-1–32, tj-2–32, tj-6–32, tj-8–32,
and tj-17–32, suggesting that the specific structure is
formed in the region of 17–32, whereas residues of 1–16

form nonspecific structures. Spectra for tj-1–100, tj-1–74,
and tj-1–50 show more signals compared with that of tj-
1–32, indicating that some structures are formed in the
downstream from 1–32. Notably, formation of the SL3
stem–loop was confirmed by NMR analysis of the corre-
sponding 13-nt fragment (data not shown).

These results indicated that a specific structure is formed
in the regionofU17–G32.As shown inFigure4A, signals for
NOEs between H5 and amino protons, H41 and H42, were
observed for C28 and C29, indicating the formation of two
G–C base pairs. By the analysis of NOESY spectra, the two
sharp imino proton signals could be assigned to the twoG–

Cbase pairs. InterstrandNOEs for H2 andH1′ for A30–G19
andA31–U18were also observed, indicating the formation
of two A–U pairs, A30–U18 and A31–U17 (Fig. 4A). Thus,
the formation of SL2′ with two G–C base pairs and two A–
U base pairs is supported. To confirm this, threemutations,
G19U, C28U, and C29Uwere applied. Onmutation of C28
to U28 or C29 to U29, the sharp signals in the imino proton
region disappeared (Fig. 4B). For C28U andC29Umutants,
imino proton signals around 12–14 ppm indicate the for-
mation of SL1 stem–loop (Fig. 2B) and these signals disap-
peared by the deletion of the C residue at the 5′ terminal,
which destabilizes the SL1 stem–loop (data not shown).
Notably, ΔG values of the SL1 and SL2 formation were
not affected by these mutations but ΔG of the SL2′ forma-
tion is increased (datanot shown), supporting the formation
of SL1 and SL2 for these mutants. The variant of tj-1–32 in
which G19 was replaced by U showed no signals in the im-
ino proton region (Fig. 4B). These results also support the
formation of SL2′ in the fragments possessing the U17–
G32 sequence.

Tertiary structure determination of the novel
stem–loop

In NOESY spectra of tj-17–32, NOE signals due to the sta-
ble stem structure were observed; NOE signals for two G–

C base pairs and two A–U base pairs (Fig. 4A). In addition,
a signal for H2 of an adenine base was observed in the
higher field at 6.81 ppm, suggesting contiguous A–U
base pairs (Keane et al. 2015). These results indicate the
formation of the alternative stem–loop, SL2′, as shown in
Figure 2B. Then, the tertiary structure of tj-17–32 was ana-
lyzed by the NMR method.

NMR signals were successively assigned by assuming
the SL2′ structure (Supplemental Fig. S1). NOESY spectra
of tj-1–32 and tj-6–32 measured at 288, 298, and 303 K
were also used for signal assignments, and residue-specif-
ic 10% stable-isotopic labeled RNAs, tj-1–32-G5L and tj-1–
32-A25L, were used to confirm the assignment (data not
shown). NOEs between signals of the two G–C base pairs
were observed, indicating that the two G–C base pairs
stack together, and these G–C base pairs were assigned
to G19–C29 and G20–C28. The imino proton signals of

FIGURE 3. Comparison of NMR spectra of Tj-cis RNA and its frag-
ments. Imino proton spectra of RNA fragments are shown to indicate
the structural similarity with the full-length Tj-cis RNA (tj-1–100).
Asterisks indicate the signals of G19 and G20; for tj-1–32 and shorter
fragments, the assignments were confirmed by NOESY spectra.
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these G–C base pairs did not show any change in the
chemical shift for 288–303 K, indicating that the structure
is stable at least in the temperature range. Notably, no sig-
nals in the region for H6/H8/H2–H1′/H5 showed chemical
shift changes >0.1 ppm in the NOESY spectrameasured at
288 and 298 K. Based on HOHAHA spectra, U17–G20 and
C28–G31 were found to be the C3′-endo form, suggesting
that U17–G20 and C28–G31 form a stem structure. For the
loop region, U21 and G24 were in the C3′-endo form,
and A25 and U27 were in the C2′-endo form (Supplemental
Fig. S2). U22 and U23 were not fixed to the C3′-endo
form (Supplemental Fig. S2); these residues are not in-
volved in a stem structure. The sugar pucker for U26 was
unknown because the H1′ signal of U26 could not as-
signed due to signal overlap. Surprisingly, NOEs between
A25 and C28 were observed (Supplemental Fig. S1), sug-
gesting that A25 and C28 stack together and U26 and U27
bulge out. H2 of A25 showed NOEs with H1′ of G24 and
C28 (Supplemental Fig. S1), also suggesting the specific
structural connectivity’s for G24–A25–C28. On the other
hand, H2′ and H3′ of A25 did not show any interresidual
NOEs, indicating the specific conformation of A25.

Notably, H8 of A25 showed NOE with the amino proton of
C28 (data not shown), which is also not observed for the
RNA-A type geometry. In addition, an NOE between H6 of
U27 and H5 of C29 was observed, suggesting that U27 is lo-
cated in the major groove of the stem. It is noted that resi-
dues of U6 to A16 were not fixed to the C3′-endo form in
tj-6–32, suggesting that the 5′ region, 6–16, is flexible.
Based on the structural restraints obtained from the

NMR analysis, structure calculations were performed
(Supplemental Table S2). The NOE distance restraints
were obtained from the NOESY spectrum with a mixing
time of 200 ms measured at 298 K. As a result of structure
calculation trials, U21 and A25 were found to be in the po-
sition forming a reverseHoogsteen base pair and the struc-
tureagreeswith the specificNOEsofA25describedabove.
Furthermore, a sharp imino proton signal of G20 indicates
that the G20–C28 base pair is located inside of a stem and
is stacked by base pairs from both sides. Thus, the three
constraints for the reverseHoogsteenbase pair, two hydro-
gen-bond distances and one planarity, for the U21–A25
base pair were included in the final calculation to obtain
chemically appropriate structures. In the final structure,
U21–A25 stacked to G20–C28 and, as a result, a stem con-
sisting of 5 bp was formed (Fig. 5A,B). U22, U23, and U26
were located outside of the molecule and U27 was in the
major groove of the stem. Again, the obtained structures
agree with the characteristic NOEs of A25 (Supplemental
Fig. S1). Hereafter, the determined structure of tj-17–32 is
called the T-hairpin (Fig. 5C). The secondary structure
probing by the SHAPE method showed that U23 is highly
sensitive, and this is consistent with the obtained structure
in which U23 forms a sharp turn and is exposed to the sol-
vent. As shown in Figure 3, the imino proton signals of G19
and G20 were observed in all fragments sharing the se-
quence U17–G32, indicating that the T-hairpin structure
is formed in all these fragments including tj-1–100, the
full-length tj-cis RNA. Notably, the pyrimidine H5–H6
cross-peaks in HOHAHA spectra for tj-17–32 overlapped
well with those of tj-1–100, except for U17 and U18 (data
not shown), also supporting that the T-hairpin structure
formed in tj-1–100.
MD simulations of 100 nsec were performed with the

lowest energy, second lowest energy and third lowest en-
ergy structures obtained by the structure calculation as the
initial structures. For all three simulations, the four base
pairs in the stem formed stably during the simulation, ex-
cept for U17–A31, which opened during the simulation
for the second lowest energy structure (data not shown).
In most cases, the U21–A25 base pair was formed for the
simulation time (Supplemental Fig. S3), except for the low-
est energy structure for which one of the two hydrogen
bonds of the U21–A25 base pair opened at 65 nsec and
the base pair opened at 90 nsec. To evaluate the dynamics
of the T-hairpin structure, the atomic fluctuations during
the simulation were calculated for the periods when the

B

A

FIGURE 4. NMR spectra of 5′-half fragments. (A) NOESY spectra of tj-
17–32 showing the formation of two G–C base pairs and A–U base
pairs. For G–C base pair, NOEs between H5 and amino protons,
H41 and H42, can be observed. It is noted that NOE signals for
C29H5-H41 and C29H5-H41 were overlapped to each other. For A–
U base pair, interstrand and intrastrand NOEs for H2 and H1′ can be
observed. (B) Imino proton spectra of tj-1–32 and its mutants.
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U21–A25 base pair was maintained. Figure 5D showed
that U22, U23, U26, and U27 showed higher fluctuations
than the other residues in the loop, as expected.
Fluctuation of G24 is rather small probably due to the
stacking with A25.

Function of the novel stem–loop, T-hairpin

To analyze the structure–function relationship, sequence
modifications and mutations were applied to the piRNA
biogenesis assay (Fig. 6A). Figure 6B shows the effect of
modification of each structural region, the T-hairpin, SL3,
or 3′ half, indicating that the T-hairpin and the 3′ half are
required for piRNA biogenesis. Mutations in the T-hairpin
and 3′ regions affected the piRNA biogenesis activity of
the Tj-cis element, whereas a mutation in the SL3 region
did not affect the activity. The structure–activity relation-

ship was further examined bymutagenesis (Fig. 6C). A mu-
tation, C28C29 to G28G29, which disrupts the T-hairpin
structure, decreased the activity. Thus, the T-hairpin struc-
ture is involved in piRNA biogenesis. A mutation, C41C42
to G41G42, which altered the SL3 structure, did not affect
the activity, indicating that the SL3 region is not necessary
for piRNA biogenesis. The SHAPE analysis confirmed the
disruption and formation of the T-hairpin structure for mu-
tations C28C29 to G28G29 and C41C42 to G41G42, re-
spectively (Supplemental Fig. S4). These results indicate
that the T-hairpin is required for the function of the Tj-cis
element.

DISCUSSION

Secondary structure analysis of Tj-cis RNA showed the for-
mation of a characteristic stem–loop and a possible
stem–loop in the 5′ half, as summarized in Figure 5C. In
the 5′ half, a unique and stable stem–loop structure, T-hair-
pin, is formed with four uridine residues exposed to the sol-
vent. The exposed uridine residues may be recognized by
other molecules as described below. Because the piRNA
biogenesis assay indicated the requirement of the 3′ half,
it is possible that some specific structures in the 3′ half could
be a key structure for recognition in the pathway. Further
structural analysis for the 3′ half is in progress.

The T-hairpin, the characteristic stem–loop structure
found in the 5′ half, contains a structural motif with a 7-nt
loop. A schematic drawing of the 7-nt loop of the T-hairpin
with the closing base pair G20–C28 is shown in Figure
7A. The U and A in position 1 and 5, respectively, of the 7-
nt loop form a reverse Hoogsteen base pair, and the 2 nt
in positions 6 and 7 are flipped out from the structure. In
tj-17–32, the G residue in position 4 is stacked to the A res-
idue in position 5. Similar motifs were found in a 3D motif
data base, RNA 3D Motif Atlas (Petrov et al. 2013), as
HL_33239.1 for the T-loop of tRNAs and HL_08002.1 for
loops in riboswitches and rRNAs (Fig. 7B–E). For these mo-
tifs, the7-nt loops are interactingwith other loops. For exam-
ple, the T-loop interacts with the D-loop in tRNA; a base
from the interacting loop (D-loop for tRNA) is stacked be-
tween two purine bases in positions 4 and 5 of the 7-nt
loop. The flipped-out residues in positions 6 and7 also inter-
act with other loops in thesemotifs. In contrast, the loopof tj-
17–32 forms the structure independently. The purine bases
in positions 4 and 5 stack together and the uridine residue in
position 7 is located in the major groove of the adjacent
stem. Thus, the stem–loop structure determined in this study
is structurally different from themotifs described above, and
thus, the T-hairpin is a novel RNA structural motif. The super-
position of the T-hairpin and T-loop (Fig. 7A, right) indicates
the structural similarity between the twomotifs especially for
the G–C and UA base pairs. Because the T-hairpin is formed
independently, the T-loop motif can be a variant of the
T-hairpin motif. The combination of the reverse Hoogsteen

B
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C D

FIGURE 5. Solution structures of tj-17–32, T-hairpin. (A) Superposi-
tion of ten lowest energy structures. The stem region, U17–G20,
and C28–A31 are superposed. Each molecule was colored gradually
from 5′ in blue to 3′ in red, except for U21, U26, and U27 in magenta,
purple, and light-sea green, respectively. (B) The minimized average
structure. (C ) The secondary structure of tj-17–32, T-hairpin. Each res-
idue was colored as in A and B. (D) Structural fluctuations during the
MD simulations. The lowest energy structure (1–65 nsec, blue), the
second lowest energy structure (1–100 nsec, orange) and the third
lowest energy structure of tj-17–32 (1–100 nsec, gray) are shown.
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U–A base pair and two flipped out residues (U26, U27) may
be important for the stability of these structural motifs. Nota-
bly, theΔGdifference between the twopredicted secondary
structures shown in Figure 2B was 2.59 kcal/mol, and this
is smaller than the energy for the reverse Hoogsteen U–A
base pair and additional stackings. The exposed four U res-
idues in the T-hairpin may contribute to interactions with
other molecules, including Yb protein, during piRNA bio-
genesis. The piRNA biogenesis assay suggested that the
T-hairpin, as well as the 3′ half, are necessary for the function
of Tj-cis RNA.

The method of elucidating the RNA
secondary structure by comparing
the NMR spectra of its fragments
has been successfully applied for sev-
eral RNAs (Okui et al. 2016; Ohyama
et al. 2020). In the previous work,
RNAs with stable structures and giv-
ing sharp NMR signals were selected
as targets for analyses. In contrast,
RNAs, such as full length Tj-cis RNA
with fluctuating structures and broad
NMR signals, have not been subject-
ed to NMR analyses. In the present
study, the secondary structures were
extensively analyzed by a combina-
tion of NMR and fragmentation/
base-substitution methods, and a sta-
ble stem–loop, the T-hairpin, was dis-
covered. Inmany eukaryotes, the G–C
contents are low, and most RNA mol-
ecules show structural fluctuation, like
Tj-cis RNA. Thus, the method applied
in this study, in which structures were
fragmented and substituted based
on the predicted secondary struc-
tures, are especially useful for the
analysis of functional and fluctuating
RNAs.

MATERIALS AND METHODS

Design of RNA fragments for NMR
analysis

RNA fragments of Tj-cis RNA were de-
signed based on the results of SHAPE
analysis (Wilkinson et al. 2006) and sec-
ondary structure predictions by the pro-
grams vsfold5 and vs_subopt (Dawson
et al. 2007, 2014) for the full-length RNA.
For each fragment, the secondary struc-
ture was analyzed by vsfold5 and/or
vs_subopt to confirm that similar second-
ary structures to the full-length RNA were
predicted. For vsfold5 and vs_subopt, de-

fault parameters were used. It was confirmed that the predicted
secondary structures were not affected by the addition of G resi-
dues for the in vitro transcription.

Preparation of RNA samples for NMR
measurements

The nucleotide sequences of the fragments used for NMR mea-
surements are summarized in Supplemental Table S1. RNA sam-
ples were prepared by in vitro transcription or chemical synthesis.
For tj-1–100, tj-1–74, and tj-1–50, RNA samples were synthesized

B

A

C

FIGURE 6. piRNA biogenesis assay. (A) Location of modifications and mutations in the Tj-cis
element. The blue letters indicate the replaced or inserted sequences. Red circles indicate the
location of point mutations. For T-hairpin MT, the sequence corresponding to residues 1–31
were randomized. (B) Replacement and insertion analysis of the three structural elements.
(Left) MT-9 and tj-cis indicate without and with the plasmid carrying the Tj-cis element and
the repeat sequences, respectively. The 3′ MT, SL3 MT, and T-hairpin MT indicate the muta-
tions in the corresponding region in the Tj-cis element. Repeat probe shows the expression of
repeat sequences inserted downstream from the Tj-cis element. WT probe shows expression
of intrinsic piRNA production. (Right) Relative activity was calculated by normalizing the repeat
probe signal to theWT probe signal. Bars and error bars represent means±SEM values of four
independent experiments. P-values were calculated by bootstrap resampling. (∗∗) P<0.01,
(∗∗∗) P<0.001, (ND) not detected. (C ) Point mutations in the three structural elements. (Left)
MT-9 and tj-cis indicate without and with the plasmid carrying the Tj-cis element and the re-
peat sequences, respectively. (Right) Relative activities obtained from the image shown in
the left panel.
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by in vitro transcription and purified by denaturing polyacryl-
amide gel electrophoresis (PAGE). T7 RNA polymerase
solution was purchased from Taiyo-Nippon Sanso Corporation.
DNA templates for in vitro transcription were prepared by PCR
with cDNA from Tj-cis mRNA. The in vitro transcription reactions
were performed under conventional conditions, including 4 h at
37°C. After denaturing PAGE purification, transcripts were ex-
tracted from the gel, concentrated by ethanol precipitation,
and washed by water using ultrafiltration with Vivaspin 2 (molec-
ular weight cutoff of 3000, Sartorius). Finally, the solvent was ex-
changed to NMR buffer, 20 mM sodium phosphate buffer (pH 6
.5) with 50 mM NaCl, by ultrafiltration. For NMR measurements,
5% D2O was added for each sample. Chemically synthesized
RNA samples for tj-1–32, tj-2–32, tj-6–32, tj-8–32, and tj-17–32
including their mutants were purchased from Hokkaido System
Sciences. Each sample was dissolved in water, then NMR buffer
and D2O were added. For residue-specific labeled RNA samples,
10% 13C/15N-labeled phosphoramidate units were purchased
from Taiyo-Nippon Sanso Corporation, and oligonucleotides
were synthesized by Hokkaido System Sciences. For each sam-
ple, the concentration was evaluated by UV absorption at
260 nm for a sample diluted 100 times. The purities and

conformational homogeneities were eval-
uated by denatured and native PAGEs, re-
spectively.

SHAPE analysis

The SHAPE analysis was performed as pre-
viously described (Wilkinson et al. 2006).
DNA templates for Tj-cis RNAs were am-
plified by PCR and transcribed into RNA
using T7 RNA polymerase. The RNAs
were purified using 6% denaturing PAGE,
excised from the gel, and eluted in 400
µL of 0.4 M NaCl on rotation overnight at
4°C. The eluted RNA was ethanol precipi-
tated, then 200 ng of RNA was refolded in
100 mM HEPES (pH 8.0), 100 mM NaCl,
and 10 mM MgCl2. After folding, all
RNAs were modified in the presence of
13 mM N-methylisatoic anhydride (NMIA)
and incubated for 140 min at 25°C. No-re-
agent controls, containing neat dimethyl
sulfoxide rather than NMIA, were per-
formed in parallel. Following modification
and precipitation with ethanol, both re-
agent and control RNAs were subjected
to reverse transcription with SuperScript
III (Invitrogen) using a radiolabeled primer
that targeted the 3′ structure cassette. A
reverse transcription sequencing reaction
using ddATP or ddGTP and the radiola-
beled primer was also performed to allow
sequence alignment. We performed the
separation step using 10% denaturing
PAGE. The primers used are listed in
Supplemental Table S3.

Measurements and analyses of NMR spectra

All NMR spectra were measured by an Avance 600 NMR spec-
trometer (Bruker BioSpin). Sample concentrations were 0.1–0.37
mM. The measuring temperature was 288 K unless otherwise
mentioned. Water signals were suppressed by a jump-and-return
pulse (Plateau and Guéron 1982) with a delay of 50 µsec for one-
dimensional imino proton spectra. For other spectra, a 3–9–19
pulse (Piotto et al. 1992) was used for water suppression with a de-
lay of 70 µsec for measuring all regions and 139 µsec for focusing
on the CH region. The NMR spectra were measured and analyzed
with the conventional method (Wüthrich 1986; Varani et al. 1996;
Sakamoto et al. 2018). Homonuclear Hartmann–Hahn spectro-
scopy (HOHAHA) spectra were measured with a mixing time of
50 msec and nuclear Overhauser effect spectroscopy (NOESY)
spectra were measured with mixing times of 150 to 300 msec.
For some measurements of the HOHAHA spectra, the clean-
HOHAHAmethod was used (Griesinger et al. 1988). For structural
determination, a NOESY with a mixing time of 200 msec and data
points of 8192 and 1980 for the F2 and F1 dimensions, respec-
tively, was measured at 298 K and processed with data points
of 8192 and 4096. The observed data were processed by

E

B

A

C

D

FIGURE 7. Structural comparison between the T-hairpin of Tj-cis RNA and similar structures.
(A) The T-hairpin of Tj-cis RNA. Theminimized averaged structure (middle) and a superposition
with yeast tRNAPhe (PDB ID: 6TNA) (right) are shown. T-loop of the tRNA was colored in ma-
genta and, G18 and G19 of D-arm were colored in tan. (B) Yeast tRNAPhe (PDB ID: 6TNA).
(C ) E. coli 23S rRNA (5J7L). (D) Cobalamin riboswitch (4FRG). (E) FMN Riboswitch (4YCO).
For each panel, the schematic drawing of the 7(6)-nt loop structure with the closing G–C
base pair is shown. Positions in the 7-nt loop are indicated by italics.
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TopSpin (Bruker BioSpin) and analyzed by Sparky (Goddard and
Kneller 2008). The window functions of half sine bell or gaussian
function were used. For the residue-specific labeled RNAs,
13C-1H single quantum coherence spectroscopy (SQC) spectra
and/or 15N-1H heteronuclear multiple quantum coherence spec-
troscopy (HMQC) spectra were measured.

Structure calculations

For the determination of the structure of tj-17–32, 88 nuclear
Overhauser effect (NOE) distance restraints for nonexchangeable
protons were obtained using the NOESY spectrum (a mixing time
of 200 msec) measured at 298 K in H2O (5% D2O). Twelve dis-
tance constraints to maintain the hydrogen bonds were used for
the base pairs for which the formation was confirmed by the imino
proton analysis, except for U21–A25 as described below.
Constraints for the planarity of base pairs were also used. Sugar
pucker was judged by the signal between H1′ and H2′ in the
HOHAHA spectra measured with a mixing time of 50 msec.
Dihedral constraints for sugar packer (C2′-endo for A25 and
U27 and C3′-endo for U21 and G24) and the RNA-A stem struc-
ture including the anti-conformation were used for U17–G20
and C28–A31. Structure calculations were performed 100 times
by CNS_SOLVE (Brünger et al. 1998) with the protocol described
previously (Otsu et al. 2017) to obtain 72 accepted structures. Ten
structures with the lowest energy were selected and a minimized
average structurewas calculated. In the final stage of the structure
calculation of tj-17–32, 89 constraints for van der Waals distances
were used to prevent a clash between atoms. Molecular images
were produced with UCSF Chimera (Pettersen et al. 2004).
Atomic coordinates and NMR information for the reported struc-
ture have been deposited with the Protein Data Bank under ac-
cession number 7EXY and BMRB ID 36422.

Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed with
AMBER12 (Case et al. 2012) with the protocol described previ-
ously (Otsu et al. 2017). The calculated structures with lowest en-
ergies of tj-17–32 were used as the initial structures. The force
field ff12SB was used. Productive simulations in constant volume
without positional restraints were performed for 100 nsec
(10,000,000 steps). For the MD simulation of tj-17–32, 15 sodium
ions were added to the system. For the lowest energy, the second
lowest energy and third lowest energy structures of tj-17–32,
3501, 3586, and 3068 water molecules were added, respectively.
The trajectories of the productive simulation were processed by
the program ptraj in the AMBER suite. The atomic fluctuations
were shown as the temperature factor in the X-ray crystallography
(B-factor, Å2×8π/3).

piRNA biogenesis assay

Plasmids used for the piRNA biogenesis assay were produced by
inverse PCR, using EGFP-tj-cis vector (Ishizu et al. 2015) as tem-
plates. MT-9 (Ishizu et al. 2015) was used as a negative control.
A piRNA biogenesis assay was performed as described previously
(Ishizu et al. 2015). Briefly, ovarian somatic cells (OSCs) weremain-

tained as described previously (Saito et al. 2009) and transfected
with plasmids using Xfect Transfection Reagent (Takara) following
the manufacturer’s instructions. RNAs were isolated from OSCs
with ISOGEN II (Nippon Gene), followed by DNase treatment.
piRNAs were detected by northern blotting as described previ-
ously (Saito et al. 2006) and quantified using ImageJ (National
Institutes of Health). Bootstrap tests were performed with
BootstRatio (Clèries et al. 2012). All primers and probes used in
the assay are listed in Supplemental Table S3.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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