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Abstract

RaiA motif RNA is a family of bacterial noncoding RNAs (ncRNAs) found in over 2700 bacterial species. Although its cellular abundance is
comparable to that of rRNAs and tRNAs in the human pathogen Clostridioides difficile and its knockout results in pronounced phenotypes, its
function remains unknown. Sequence conservation analysis predicted a consensus secondary structure of raiA motif RNA with several major
subtypes that differ in the number and composition of stems. Here, we present cryogenic electron microscopy (cryo-EM) structures of three
raiA motif RNAs from three bacterial species, one from each subtype, at 3.0-3.5 A resolution, as well as a minimal variant with 113 nucleotides
at ~8 A resolution. Comparison of the structures reveals a conserved architecture, with a compact core comprising stems P3a—-P3b bent by an
asymmetric internal loop, P4, pseudoknot 1 (PK1), and PK2 with unusual tertiary interactions. While most of the peripheral stems vary, the length,
structure, and tertiary interactions of the closing P1 are remarkably conserved, suggesting an essential role. Our study defines the conserved
structural framework of raiA motif RNAs and provides a foundation for structure-based functional studies. This work also highlights the utility of
cryo-EM for de novo structure determination of ncRNAs.
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Introduction acterization of most ncRNAs remains limited due to the lack
Noncoding RNAs (ncRNAs) play essential roles in numer- of high-resolution structures. Cryogenic electron microscopy
ous cellular processes, including gene regulation, catalysis, and (cryo-EM) has recently been applied to the study of RNA-
molecular sensing [1]. Despite extensive functional studies re-  only structures [2-4]. Compared to other methods such as X-
vealing their diverse biological activities, the structural char-  ray crystallography and nuclear magnetic resonance (NMR),
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cryo-EM requires less sample, eliminates the need for crystal-
lization, is particularly well suited for larger RNAs, and, most
importantly, can capture multiple conformations under near-
physiological conditions [5]. This ability to visualize struc-
tural heterogeneity offers valuable insights into RNA dynam-
ics and functional mechanisms, thereby bridging the gap be-
tween structural and functional studies of ncRNAs [6-12].

RaiA motif RNA is a bacterial ncRNA first discovered in
2017 through bioinformatic analyses [13] and later identified
in over 2700 bacterial species [14]. It is predominantly found
in the phyla Bacillota and Actinomycetota and has an aver-
age length of ~200 nucleotides [14]. Transcriptome analyses
revealed that raiA motif RNA is highly abundant in cells de-
spite its gene being present at only a single locus per genome;
in Clostridium acetobutylicum, it is the fourth most abundant
RNA, excluding rRNAs and tRNAs [14], and in the human
pathogen Clostridioides difficile, its abundance is comparable
to that of some rRNAs and tRNAs [15]. Knockout of raiA
motif RNA in these bacteria leads to defects in sporulation
and aggregation, as well as a delayed transition from exponen-
tial growth into stationary phase in C. difficile [14, 15]. These
phenotypes can be rescued by restoring the expression of raiA
motif RNA, indicating that it functions i trans, rather than as
a cis-regulatory element like a riboswitch [14, 15]. In C. dif-
ficile, the sporulation defect caused by the loss of raiA motif
RNA (also known as ModT) was linked to an increased cel-
lular level of the second messenger cyclic di-GMP (c-di-GMP)
[15]. Grad-seq analysis in C. difficile revealed that raiA mo-
tif RNAs are abundant in a form of ribonucleoprotein (RNP)
complexes, and pulldown assays using raiA motif RNA as bait
significantly enriched two non-specific RNA binding proteins
(RBPs), KhpA and KhpB [16]. The widespread distribution
and high cellular abundance of 7aiA motif RNA suggest it
plays an essential role in fundamental physiological processes.
However, its function remains unknown.

A consensus secondary structure of raiA motif RNA, con-
sisting of five stems (paired region, P), P1, P3, P4, PS5, and
P6, and two pseudoknot (PK) stems, PK1 and PK2, was pro-
posed based on sequence conservation analysis [14]. Subtypes
include variants with an extra stem 2 (P2) or a multi-stem do-
main containing stem 7 (P7) and stem 8 (P8) or both [14].
Recently, cryo-EM structures of the raiA motif RNA from
Clostridium were reported, determined either alone [17, 18]
or with the assistance of a large RNA scaffold [19]. How-
ever, these structures all belong to a single subtype that has
P7-P8 but not P2. Here, we present four cryo-EM structures
of raiA motif RNAs, three at resolutions of 3.0-3.5 A and
one minimal variant at ~8 A resolution. These RNAs, de-
rived from four different bacterial species, represent distinct
structural subtypes. Comparison of these structures reveals a
highly conserved core with an extruding P1 stem. This work
not only establishes the conserved three-dimensional archi-
tecture of raiA motif RNAs, which is important to fulfill its
function, but also provides a structural foundation for future
structure-based function studies of this widely distributed and
highly abundant bacterial ncRNA.

Materials and methods

RNA preparation

All raiA motif RNA constructs (Supplementary Table S1) were
prepared by in vitro transcription using T7 RNA polymerase

P266L mutant [20] or G47A + 884G mutant [21] with syn-
thetic DNA templates (Integrated DNA Technologies), as de-
scribed previously [22]. Two G nucleotides were added to
the 5 ends of each construct to increase transcription effi-
ciency. Transcription mixtures (40 mM Tris-HCI, pH 8.0, 1
mM spermidine, 0.01% Triton X-100, 2.5 mM DTT, 20 mM
MgCly, 4 mM each rATP, rUTP, rGTP, and rCTP, 0.5 uM
DNA template, T7 RNAP) were incubated at 37°C for 6 h.
Transcribed RNAs were purified by 15% denaturing poly-
acrylamide gel electrophoresis (PAGE). The band correspond-
ing to the desired product was excised from the gel, crushed,
and soaked five times in elution buffer [20 mM Tris-HCI, pH
7.4, 0.3 M sodium acetate, 1 mM ethylenediaminetetraacetic
acid (EDTA)]. Collected RNA eluents were concentrated and
buffer exchanged into nuclease-free water using an Amicon
filtration system with a 3 kDa molecular weight cutoff mem-
brane (Millipore), then into high salt buffer (10 mM sodium
phosphate, pH 7.2, 1 mM EDTA, 1.5 M KCl), and finally
buffer exchanged back into nuclease-free water. Diluted RNA
(<100 uM) solutions were heated at 95°C for 5 min and
snap-cooled on ice for 1 h. RNAs were then concentrated and
stored at —20°C. RNA samples were diluted to ~30 uM in
EM buffer (20 mM HEPES-HCI, pH 7.5, 50 mM KCl, 10
mM MgCl,, 0.05% Igepal CA-630) before preparing cryo-
EM samples.

Cryo-EM specimen preparation and data collection

To prepare cryo-EM samples, 3 pl of the purified RNA sam-
ples were applied to glow-discharged Quantifoil grids (UltrA-
uFoil R0.6/1.0, 300 mesh), blotted with filter paper (595 filter
paper, Ted Pella), and flash-frozen in liquid ethane using an
FEI Vitrobot Mark IV at 10°C and 100% humidity. Cryo-
EM grids were loaded into a ThermoFisher Titan Krios G1
electron microscope operated at 300 kV for automated data
collection using SerialEM [23]. Movies of dose-fractionated
frames were acquired with a Gatan K3 direct electron detector
in super-resolution mode at a pixel size of 0.856 A. A Gatan
Imaging Filter (GIF) was inserted between the electron micro-
scope and the K3 camera and operated in zero-loss mode with
a slit width of 20 eV. The defocus was set between —0.5 pm
and —2.5 um. The total dose on the sample was set to ~50
electrons/A2, which was fractionated into 40 frames.

Cryo-EM data processing

Cryo-EM data processing workflows are outlined in
Supplementary Figs S1-S4 for the structure determination
of Ns-raiA (Nocardioides sp. 1s0805N), Ca-raiA (Clostrid-
ium acetobutylicum, ATCC 824), Mp-raiA (Mogibacterium
pumilum, ATCC 700696), and To-raiA (Thermosedimini-
bacter oceani, DSM 16646), respectively. Data were pre-
processed on-the-fly using cryoSPARC Live (v4.5.1) during
the data collection sessions and then further processed using
cryoSPARC [24], including steps of 2D classification, ab initio
reconstruction, heterogeneous refinement, homogeneous
refinement, CTF refinement, reference-based motion correc-
tion, and non-uniform refinement [25]. Topaz [26] was used
for particle picking within the framework of cryoSPARC.
Local resolution was estimated using cryoSPARC. Data
collection and processing statistics are summarized in
Supplementary Table S2.
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Model building and refinement

RNA models were built manually against cryo-EM density
maps in Coot (version 0.9.8.7) [27]. The distal regions of
stem—loops with local resolution lower than 4 A were mod-
eled with the assistance of AlphaFold3 [28]. All models were
refined using PHENIX (version 1.20.1) [29] in real space
with base pair restraints, manually adjusted using ISOLDE
[30] to resolve clashes and geometry outliers, and refined
again with PHENIX. The final models were validated with
PHENIX and the wwPDB validation server, and visualized by
ChimeraX [31]. Refinement statistics of the models are sum-
marized in Supplementary Table S2. Q-score analyses shown
in Supplementary Fig. S5 were performed using chimerax-
gscore [32]. Dot-bracket notations shown in Supplementary
Fig. S6A were generated from cryo-EM structures using
RNApdbee [33]. Sequence alignments were visualized using
Jalview [34].

Protein expression and purification

The ¢cDNAs encoding C. acetobutylicurn KhpA (UniProt ID:
Q97196) and KhpB (Q97CW 1) were purchased from IDT (In-
tegrated DNA Technologies), and cloned into pETDuet plas-
mids separately. KhpA has an N-terminal 6 xHis tag followed
by a TEV protease cleavage site, and KhpB has an N-terminal
6xHis—-MBP tag followed by a TEV protease cleavage site.
The plasmids were transformed into BL21-GOLD(DE3) com-
petent cells for protein expression. Cultures were grown at
37°C to an optical density at 600 nm (ODg() of 0.6, shifted
to 18°C for 1 h, and induced overnight with 0.5 mM IPTG.
Cells were harvested by centrifugation and resuspended in ly-
sis buffer (50 mM Tris—-HCIL, pH 7.5, 300 mM NaCl, 30 mM
imidazole, 1 mM TCEP, 5% glycerol) supplemented with pro-
tease inhibitor cocktail (Thermo Scientific Pierce, A32965);
for KhpA, lysis buffer with 500 mM NaCl and 10% glyc-
erol was used. Cells were lysed by sonication, and the lysates
were clarified by centrifugation and filtration through a 0.45
pum syringe filter. The supernatant was loaded onto a pre-
equilibrated 5 ml Ni-Sepharose affinity column (HisTrap HP,
GE Healthcare). The column was washed with 100 mM
imidazole and bound proteins eluted with 300 mM imida-
zole. Eluted fractions were dialyzed overnight against dialysis
buffer (20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM TCEP,
10% glycerol) in the presence of 1 mg TEV protease to cleave
the N-terminal tag. The dialyzed sample was reapplied to a
5 ml Ni-Sepharose column to separate cleaved proteins from
tag and uncleaved material, followed by size-exclusion chro-
matography (SEC; HiLoad 16/600 Superdex 75, GE Health-
care). For KhpA, an additional purification step using a 5 ml
heparin affinity column (HiTrap HP, GE Healthcare) was per-
formed to remove nucleic acid contaminants prior to SEC.
Fractions of KhpB collected from SEC were mixed with KhpA
at 1:1.1 ratio and incubated at 4°C for 1 h before another
round of SEC. The heterodimer was collected from peak frac-
tions and analyzed by SDS polyacrylamide gel electrophore-
sis. Proteins were concentrated using Amicon centrifugal fil-
ters (Millipore), and final concentrations were determined by
absorbance at 280 nm.

Electrophoretic mobility shift assay

RaiA motif RNAs and the KhpA-KhpB heterodimer, as well
as KhpA and KhpB individually, were prepared separately in
binding buffer (20 mM HEPES, pH 7.5, 200 mM NaCl, 1

Cryo-EM structures of raiA RNA 3

mM TCEP, 5% glycerol). RNA and protein were mixed at
various ratios in a total volume of 10 pl, with the RNA con-
centration at 0.2 uM for each mixture. The mixtures were
incubated at room temperature for 15 min prior to gel elec-
trophoresis on a 5.7% polyacrylamide gel (37.5:1 crosslink-
ing ratio) with 0.5x TBE buffer (45 mM Tris-borate, 1 mM
EDTA, pH 8.3). Gels were subsequently stained with SYBR
Gold (Invitrogen) and imaged by a Pharos FX Plus scanner
(Bio-Rad). The signal intensity of the free RNA was quanti-
fied with Image] software. The apparent dissociation constant
(Kd) was determined by fitting the fraction bound values (0)
to the following equation:

0= P/ (P +Kj),

Pf:Pt—(Pt—}—Rt—}—Kd—\/(Pt—i—Rt—l—Kd)z—4*P1*Rz>/2,

where Py is the unbound protein concentration, P; is the total
protein concentration, R; is the total RNA concentration, and
n is the Hill coefficient.

Results

Cryo-EM structure of raiA motif RNA with the
highest secondary structure complexity

The previously reported bioinformatics study of 2377 distinct
raiA motif RNA sequences revealed a consensus secondary
structure with five stems (P1, P3, P4, P5, and P6) and two
pseudoknot stems (PK1 and PK2), while 42% of the raiA mo-
tif RNAs contain an additional stem 2 (P2), and 68% have a
larger multi-stem domain consisting of stem 7 (P7) and stem
8 (P8) in addition to P6 [14]. To investigate the structure of
a raiA motif RNA with all eight possible stems (P1 to P8),
we selected the RNA from Nocardioides sp. Iso805N (here-
after referred to as Ns-raiA) for cryo-EM study, which is 253
nucleotides in length (82 kDa). UltrAuFoil holey grids were
used to prepare the cryo-EM sample, and surfactant (0.05%
Igepal CA-630) was added to optimize particle distribution
on the grids (Supplementary Fig. S1A). After extensive 2D
classification and heterogeneous refinement using cryoSPARC,
115 827 particles were selected for the final refinement, yield-
ing a reconstruction with an overall resolution of 3.0 A and
local resolution of the rigid core better than 2.5 A (Fig. 1A
and Supplementary Fig. S1). The high-resolution features of
the density map (Fig. 1B) enable ab initio model building of
195 nt (out of 253 nt) and allow accurate assignment of base
geometries for both canonical Watson—Crick base pairs and
non-canonical base pairs formed through the Hoogsteen or
sugar edges of the bases (Supplementary Fig. S5). The distal
regions of P1 and peripheral stem-loops P2, PS5, P7, and P8
exhibited lower resolution (~4-5 A, Supplementary Fig. S1F),
likely due to increased local flexibility, as indicated by 3D vari-
ability analysis (Supplementary Movie S1).

The 3D model (Fig. 2A) and 2D schematics of Ns-raiA
(Fig. 2B and C) reveal an unusually complex architecture, in
which most nucleotides participate in base-pairing interac-
tions. The eight stems of Ns-raiA are connected by one four-
way junction (4W]J) and two three-way junctions (3W]), J1,
J2, and ]3, respectively: J1 connects Plc, P2, P3a, and P4; J2
connects P4, PS5, and P6; J3 connects P6, P7, and P8 (Fig. 2B).
P5 and P6 are connected by a long linker (PK-L) that can be di-
vided into three regions: the 5’ region interacts with the linker
between P1lc and P4, forming the PK2 stem; the middle region

9202 YodJe\ /| uo Jasn Jap|nog e opelo|o) Jo Alsieniun Aq 17/ 1 158/58 1L 6ex6/G/yG/a101e/deu/wod dnoojwapede//:sdily woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag185#supplementary-data

4 He et al.

P5 G92 U112
g -,

Figure 1. Cryo-EM structure of raiA motif RNA from Nocardioides sp. 1so805N (Ns-raid) at 3.0 A resolution. (A) Cryo-EM density map of Ns-raiA shown
in three different views. Individual stem-loops are colorcoded as indicated. Pyramid diagrams indicate the orientation of Ns-raiA structure. (B) Overlaid
cryo-EM densities and models of P1c, P3a, PK1, P5, P6, and P8.
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Figure 2. Tertiary and secondary structures of Ns-raiA. (A) Atomic model of Ns-raiA shown in three different views. Individual stem-loops are
color-coded as indicated. Nucleotides in the conserved UUAGACGUAA linker connecting PK1 and P6 not resolved in the cryo-EM map are shown as a
dotted line. Secondary structures of Ns-raiA are shown in the canonical layout (B) as proposed in [14] or in a layout that more closely reflects the tertiary
structure (C). The nucleotides are colored as in the structure in panel (A). Black arrowheads indicate the backbone direction. Non-Watson—Crick base
pairs are indicated with Leontis—Westhof nomenclature symbols (inset) [55].
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interacts with the distal loop of P3b, forming the PK1 stem;
the 3’ region is the longest single-stranded region (10 nt) in the
whole structure and is solvent exposed (Fig. 2B). Notably, the
3’ region exhibits elevated flexibility, especially for the cen-
tral four nucleotides (A126-C129, shown as dashed lines in
Fig. 2A), as evidenced by their weaker densities compared to
neighboring nucleotides.

The overall structure of Ns-raiA adopts a trapezoidal-
based pyramidal architecture, with the central core compris-
ing P3a-P3b, P4, PK1 stem, and PK2 stem (Figs 1A and 2A).
The remaining stems, P1, P2, P5, P6-P7, and P8, form five ex-
tended arms that either protrude from or attach to the core.
P1, which is formed by pairing of the 5’ and 3’ ends of the
RNA, is divided into three segments by two bulges: P1a and
P1b stack together as a continuous helix, and P1c stacks with
P2 (Fig. 2C). These two helices, P1a-P1b and P1c-P2, are
anchored to the core via Plc, while most of Pla, P1b, and
P2 make no contact with the core. On the opposite side of
the core, P8 extends perpendicularly from the junction of the
stacked P6-P7 (Fig. 2A). P4 and P5, which stack on each other
to form a continuous helix, and together with P8 sandwich the
core, with P5 and the end of P8 extending out like a crab claw
(Fig. 2A). Taken together, we obtained a complete model of
Ns-raiA that encompasses all eight predicted stems.

Overall, the cryo-EM structure of Ns-raiA largely agrees
with the predicted consensus secondary structure of raiA motif
RNAs [14], including the Watson—Crick base pairs in the two
pseudoknot stems PK1 and PK2 (Supplementary Fig. S6A).
However, nucleotides within the predicted internal loops en-
gage in extensive non-Watson—Crick base-pairing and long-
range stacking interactions that help stabilize the central core
and maintain the pyramidal architecture, as described in the
following sections.

Structural comparison of three sub-types of raiA
motif RNA reveals a conserved architecture

The above cryo-EM structure of Ns-raiA represents the sub-
type of raiA motif RNA that contains both P2 and P8 (Figs
2 and 3A). To investigate whether other subtypes of raiA mo-
tif RNA share the same overall architecture as Ns-raiA and
to identify the minimal structural elements required to main-
tain this architecture, we selected two additional 7aiA mo-
tif RNAs for cryo-EM analysis: one from Clostridium aceto-
butylicum (Ca-raiA, 204 nt), representing the subtype with-
out P2, and another from Mogibacterium pumilum (Mp-raiA,
163 nt), representing the subtype lacking both P2 and PS.
The RNA samples were synthesized and prepared for cryo-
EM following the protocols described earlier and in the “Ma-
terials and methods” section, and their cryo-EM structures
were determined to an overall resolution of 3.0 A for Ca-
raiA (66 kDa) and 3.5 A for Mp-raiA (53 kDa) (Fig. 3B-E and
Supplementary Figs S2, S3, and S5). Notably, despite using a
comparable number of particles for the final reconstructions,
the structure of Mp-raiA was resolved at a lower resolution
than Ca-raiA (Supplementary Figs S2 and S3), likely due to its
smaller size, which poses greater challenges for single-particle
cryo-EM data processing.

As expected, Ca-raiA, which lacks P2, presents only four
arms (P1a-P1b, P4-P5, P6-P7, and P8) surrounding the core
(Fig. 3B and D), consistent with recently reported cryo-EM
structures of the same RNA at 2.9 and 3.0 A resolution [18,
19] and the closely related raiA motif RNA from Clostrid-
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ium sp. CAG 138 at 3.3 A resolution [17]. Comparison of
these structures reveals small differences at the distal ends of
P5 and P8 (Supplementary Fig. S6B), likely due to lower lo-
cal resolution in these regions across all structures, as well as
inconsistencies in the conformations of some bases between
9G7C and the other three structures (Supplementary Fig. S6C
and D), perhaps reflecting its origin from a different organism.

In Ca-raiA, since there is no P2, J1 is a 3W] instead of the
4W]J in Ns-raiA. The linker between P1c and P3b folds into a
tetraloop-like structure, formed by G20, A21, A22, and A183,
which is donated from PK2 region to form a base pair with
G20 via 3D folding and closed by U19-A23 reverse Hoog-
steen base pair (Fig. 3G). There is a sharp turn between G20
and A21, while A21, A22, and A183 stack sequentially, form-
ing a fold whose overall shape is almost identical to the well-
known GAAA tetraloop [35, 36]. We refer to this asa GAA(A)
tetraloop. The long-range interaction from A183 to complete
the GAA(A) tetraloop by pairing with G20 has precedent in
the tRNAA structure [17, 37] and in the ATP aptamer struc-
ture [38], where an AMP ligand inserts to pair with G, al-
though with a different base-pairing geometry. In contrast,
in Ns-raiA, Plc and P2 form a coaxially stacked helix, with
C21-US59, G20-A232 (equivalent to G20-A183 in Ca-raiA),
and U19-A60 stacking continuously at the junction (Figs 2C
and 3F). Remarkably, the long-range tertiary interaction be-
tween G20 in Plc and a bulge A (A183 in Ca-raiA) in PK2
is the same, and the connection to P3a is at the same posi-
tion of Plc for Ns-raiA and Ca-raiA (Fig. 3F and G). In ad-
dition to the absence of P2, Ca-raiA has a much shorter P7—
comprising only four base pairs—compared to the 14 base
pairs found in Ns-raiA (Fig. 3A and B). Aside from these differ-
ences, the rest of the Ca-raiA structure (including P1, P3-P6,
P8, and the two PK stems) is almost identical to that of Ns-
raiA (Supplementary Fig. S7), with a root-mean-square devi-
ation (RMSD) of 2.7 A, indicating that the absence of P2 has
minimal impact on the overall architecture of raiA motif RNA.

For Mp-raiA, which lacks both P2 and P8, only three pro-
truding arms (P1a-P1b, P4-PS5, and P6-P7) are present in the
structure (Fig. 3C and E). The connection between Plc and
P3 is also mediated by a GAA(A) tetraloop [G20-A21-A22-
(A142)], just as in the Ca-raiA, and the same long-range in-
teraction between G20 in the Plc loop and a bulge A (A142)
in PK2 is present (Fig. 3G and H). In both Ns-raiA and Ca-
raiA, P8 emerges from the coaxially stacked P6-P7 helix via a
3W] (Fig. 3A and B) and docks onto the core through ribose-
zipper interactions of its conserved E-loop motif [39, 40] and
PK1 (Fig. 31 and ]). In Mp-raiA, the absence of P8 (Fig. 3K)
results in a 5-nt bulge that disrupts the stacking of P6 and
P7 (Fig. 3C). The remainder of Mp-raiA (including P1, P3-P6,
and the two PK stems) is almost identical to that of Ns-raiA
and Ca-raiA (Supplementary Fig. S7), with RMSDs of 1.8 A
and 1.7 A, respectively. Taken together, the structural com-
parisons among Ns-raiA, Ca-raiA, and Mp-raiA reveal a con-
served overall architecture across the three subtypes of raiA
motif RNAs.

Triangular configuration of the core

The most prominent feature among the conserved structural
elements of raiA motif RNA is its central core (Fig. 4A and B
and Supplementary Fig. S8). In all three high-resolution struc-
tures we determined, the backbone of P3 adopts a sharply
bent configuration (Fig. 4C and Supplementary Fig. S8),
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Figure 3. Structural comparison of raiA motif RNAs from Nocardioides sp. 1so805N (Ns-raid), Clostridium acetobutylicum (Ca-raiA), and Mogibacterium
pumilum (Mp-raiA). Cryo-EM density map (left) and atomic model (right) of Ns-raiA (A), Ca-raiA (B), and Mp-raiA (C). The absence of P2 and distal P7 in

Ca-raiA and Mp-raiA, and the absence of P8 in Mp-raiA are indicated by dashed lines. Sequence and secondary structure of Ca-raiA (D), and Mp-raiA (E).

Black arrowheads indicate the backbone direction. Non-Watson—Crick base pairs are labeled as indicated. Insets show the schematics of J1 regions.

Zoom-in views of the P1c-P2-P3a junction in Ns-raiA (F), and the P1c-P3a junctions in Ca-raiA (G) and Mp-raiA (H), highlighting the GAA(A) tetraloop fold,

shown in the same orientation. Zoom-in views of the interface of P8 and PK1 stems in Ns-raiA (I) and Ca-raiA (J), and the PK1 stem in Mp-raiA (K),
shown in the same orientation.

9202 YodJe\ /| uo Jasn Jap|nog e opelo|o) Jo Alsieniun Aq 17/ 1 158/58 1L 6ex6/G/yG/a101e/deu/wod dnoojwapede//:sdily woly papeojumoq



Cryo-EM structures of raiA RNA 7

Figure 4. Structural details of the core of Ns-raiA. (A) Structure of the triangular-shaped core of Ns-raiA formed by P3, P4, PK1, and PK2 stems. Inset
shows schematic of the structure, including single-strand loop linking PK1 and PK2 (PK-L). (B) Secondary structure of the core. Long-range stacking
interactions are indicated by gray dashed lines. (C) Zoom-in view of the bend in the internal loop between P3a and P3b. (D) Zoom-in view of the junction
between P4 and PK2 stem. (E, F) Zoom-in views of the long-range stacking interactions in the dashed box regions in panel (A). Double-headed arrows in

C-F indicate base stacking.

resembling the kink-turn motifs originally identified in ribo-
somes [17, 41]. Its two stems, P3a and P3b, are connected
by an asymmetric, adenosine-rich internal loop formed by
A65-U66 on one strand and A80-A81-A82-G83 on the op-
posite strand (residue numbering follows Ns-raiA hereafter
unless otherwise indicated). In the middle of the loop, A65
and A82 form a propeller-twisted base pair, with A65 stack-
ing on G67 and A82 stacking on G64 (Fig. 4C). This A65-A82
base pair, together with the hydrogen-bond interactions be-
tween the P3a and P3b backbones, stabilizes the sharply bent
architecture.

P4 is connected directly to P3a on its 5’ strand, while its 3’
strand is linked to Plc through an 8-nt linker (G227-G234)
of notable structural complexity (Figs 2B and 4A and B).
G228 and A233 form an internal base pair, orienting the back-
bone so that G227, G231, and C230 can pair with A114,
C1135, and G116 in the PK-L loop (Fig. 2B) between P5 and
P6, respectively (Fig. 4D). Notably, only the C115-G231 and
G116-C230 pairs were annotated as PK2 in the previously re-
ported consensus secondary structure [14]. However, as these
four base pairs stack continuously and are conserved across
all three structures we determined, we include the two non-
canonical G-A base pairs as part of the PK2 region (Fig. 4D
and Supplementary Fig. S8).

Separated by a single nucleotide (G117), the subsequent
nucleotides on PK-L (U118-C123) pair with the apical loop
of P3b (G71-A76) to form PK1 stem—a six-base-pair helix
that stacks directly on P3b (Figs 2B and 4A). Additional long-
range stacking interactions further stabilize the core, including
those between G234 and G61 at the end of P3a (Fig. 4E), A70
and G117 at the PK1-PK2 junction (Fig. 4F), and A65 and
AB80 at the P3a-P3b junction (Fig. 4C). Together, the triangu-

lar arrangement of P3a, P3b, and the two PK stems linked
by PK-L, along with conserved tertiary interactions, locks
the structure into a compact and stable core, which is pre-
served even in Mp-raiA that lacks the peripheral stems P2 and
P8.

P1 is remarkably conserved

In addition to the triangular core, another conserved struc-
tural element across the three structures is P1, which is the
closing stem formed by the 5" and 3’ ends of raiA motif RNAs
(Fig. 3A-C and Supplementary Fig. S9A-C). P1 consists of
three sub-stems—P1a and P1b, which stack as a continuous
helix, and Pl¢, which bends 90 degrees from P1b (Fig. SA
and B). These stems are connected by two highly conserved
bulges: a GU bulge between P1a and P1b, and a GGU bulge
between P1b and Plc (Fig. 5C and Supplementary Fig. S9D
and F). In Ns-raiA, a long-range stacking interaction between
G10 and G240 brings the two bulges together, while G10 also
forms a major-groove base triple with G14 and C242 in P1b
(Fig. 5B and C). Additionally, A81 and G83 on the internal
loop between P3a and P3b insert into the junction of P1b and
Plc, stacking with G240 on the P1b side and G239 on the Plc
side, respectively (Fig. 5B and C). The G-G-C base triple and
stacking interactions at the interface are also observed in the
structures of Ca-raiA and Mp-raiA (Supplementary Fig. S9D
and F) and are highly conserved (>97% identity) across all
identified raiA motif RNAs [14], suggesting that they are im-
portant in maintaining the stable association of P1c with the
core, as well as orienting Pla and P1b as a continuous long
arm protruding from the core.

To investigate whether these structural features of P1 are
conserved across raiA motif RNAs, we further analyzed the
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Figure 5. Structural details of P1 and its interactions with the core. (A) Overall view of P1 (shown as colored ribbon for backbone and filled bases and
sugars) and its position relative to the core (colored ribbon) in the structure of Ns-raiA. Other stems are shown as white ribbons. (B) Close-up view of the
interface between P1 and the core, in dashed box region in panel (A). The two insert panels highlight the long-range A81-G240-G10 stacking and the
G10-G14-C242 base triple, respectively. (C) Secondary structure representation of the region shown in panel (B). Long-range stacking interactions are
indicated by gray dashed lines, while base triple interactions are marked with green lines. (D) Representative 2D class averages of To-raiA (left) and
enlargement with structure features labeled (right). (E) Cryo-EM density map and ribbon model of To-raiA. (F) Sequence conservation of raiA motif RNA
mapped onto the Ns-raiA structure. View on left highlights conservation of P1 and on right conservation of the core. Conservation scores were

calculated using the ConSurf server [56].

RNA from Thermosediminibacter oceani (To-raiA)—a “min-
imal” subtype of only 113 nucleotides—Dby cryo-EM (Fig. 5D
and E and Supplementary Fig. S4). Based on the predicted
secondary structure, To-raiA retains P3a, P3b, P4, and po-
tentially PK1 and PK2 stems that collectively form the core,
but lacks all peripheral stems except P1. 2D class averages of
To-raiA revealed an elongated duplex with clear features for
its major and minor grooves, corresponding to the stacked
helix of Pla and P1b (Fig. 5SD). Although the subsequent
3D refinement yielded a reconstruction at only ~8 A resolu-
tion, likely limited by its small size of 37 kDa, all predicted
structural elements of To-raiA can be assigned in the den-
sity map (Fig. SE). Several other conserved features are dis-
cernible at this resolution, including the bend from P1b to
Plc and the kink of the GAA(A) tetraloop in J1 (Fig. SE and
Supplementary Fig. S4G and H). Notably, the sequences of
P1b and P1c are highly conserved, comparable to P3, P4, PK1,
and PK2 in the core region, in contrast to the low sequence
conservation observed in all the other peripheral stems, in-
cluding P2, P5, P7, and P8 (Fig. 5F). Based on sequence con-
servation, the G-G-C base triple in P1 and the long-range A-
G-G and G-G stacking interactions from P3 to P1 described
above (Fig. 5C) also appear to be present in the minimal
To-raiA.

KhpA and KhpB bind raiA motif RNAs as a
heterodimer

Grad-seq analysis of ncRNAs and RBPs in C. difficile, a ma-
jor Gram-positive human pathogen, revealed that 7aiA motif
RNAs are highly abundant and form stable RNP complexes
[16]. Subsequent pulldown assays using raiA motif RNA as
bait significantly enriched two KH domain-containing pro-
teins, KhpA and KhpB [16]. Previous studies have shown that
these two proteins can function cooperatively, in the form of a
heterodimer, to bind a broad range of RNAs in S. preumoniae
[42, 43] and E nucleatum [44], and they are also capable of
each forming homodimers iz vitro [43, 45].

To investigate the interaction of KhpA and KhpB with
raiA motif RNA and to explore whether they are part of a
functional “raiA RNP,” we purified the full-length C. ace-
tobutylicun KhpA and KhpB recombinantly expressed in
Escherichia coli, reconstituted the KhpA-KhpB heterodimer
in vitro, and tested its interaction with Cag-raiA using
electrophoretic mobility shift assays (EMSAs). KhpA is a
small protein with a single KH domain, while KhpB con-
tains an N-terminal Jag_N domain, a central KH domain,
and a C-terminal R3H domain (Fig. 6A and B). Size ex-
clusion chromatography results indicate that KhpA and
KhpB can form a stable complex with a 1:1 stoichiometry
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Figure 6. KhpA-KhpB heterodimer binds with raiA motif RNAs. (A) Domain diagrams of KhpA and KhpB from C. acetobutylicum. The predicted interface
between the two proteins is indicated with gray shading. (B) AlphaFold3 model of KhpA-KhpB heterodimer shown as ribbon diagram. (C) Electrostatic
surface of KhpA-KhpB heterodimer shown in panel (B). (D) Representative EMSA of Ca-raiA with KhpA-KhpB heterodimer. The RNA concentration was
0.2 uM for each sample, and the protein:RNA ratios are labeled for each lane. Gels and binding curves for Ca-raiA with KhpA only and KhpB only are
shown in Supplementary Fig. S10D. (E) Summary of apparent dissociation constants of C. acetobutylicum KhpA-KhpB with all four raiA motif RNAs
used in this paper. K4 values were determined as described in the “Materials and methods” section. Results were based on three biological replicates.
Gels and binding curves for Ns-raiA, Mp-raiA, and To-raiA are shown in Supplementary Fig. S10E.

(Supplementary Fig. S10A and B). The KhpA-KhpB het-
erodimer structure predicted by AlphaFold3 [28] shows that
KhpA and KhpB interact with each other through their KH
domains (Fig. 6B), consistent with the interface previously
identified in their homologs in S. prneumoniae [43]. In the pre-
dicted model, the two KH domains adopt a pseudo-C2 ar-
rangement, with two «-helices from each protein contribut-
ing to the interface and jointly forming a four-helix bundle
(Fig. 6B). Similar interactions between two KH domains were
observed in the crystal structures of KhpB homodimer from
Clostridium symbiosum (PDB ID 3GKU) and Thermus ther-
mophilus [45] (Supplementary Fig. S11A and B). The pre-
dicted structure of KhpA-KhpB heterodimer also revealed two
prominent positively charged surfaces: one on the KH domain
of KhpA, encompassing the conserved GxxG loop motif, and
the other on the R3H domain of KhpB, containing the signa-
ture RxxxH motif (Fig. 6C and Supplementary Fig. S11D and
E). These positively charged surfaces may collectively engage
with RNA substrates, providing a potential mechanism for co-
operative recognition, resembling the RNA-binding surface of
KhpB homodimer [45] (Supplementary Fig. S11A).

We tested the binding of KhpA-KhpB heterodimer with
Ca-raiA using EMSA. We incubated Ca-raiA with increas-
ing concentrations of KhpA-KhpB and observed a clear mo-
bility shift of the RNA, with an apparent dissociation con-
stant (Kd) of 2.1 + 0.3 uM (Fig. 6D and E). At protein:RNA
ratio of 10:1, a shifted complex was observed, whereas at
higher protein:RNA ratios, the complexes migrated as a
broad, higher molecular weight smear, indicating the forma-
tion of larger, heterogeneous assemblies (Fig. 6D). For KhpB
only, no detectable gel shift was observed within the tested
protein:RNA ratios, although there was some decrease in
intensity of the RNA band, precluding reliable Kd fitting
(Supplementary Fig. 10D). This is in agreement with a pre-

vious finding that the KhpA-KhpB complex binds small non-
coding RNAs more strongly than KhpB alone in E nucleatum
[44]. For KhpA only, a small decrease in binding affinity com-
pared to KhpA-KhpB was observed (Kd = 2.9 + 0.6 uM).
Previous studies suggested that KhpA alone lacks detectable
RNA-binding activity [44] and is difficult to purify in isola-
tion [45]. Our results indicate that KhpA alone can engage
RNA, although its binding mode may differ from that within
the KhpA-KhpB heterodimer, e.g. through homodimerization.
We also tested the binding of KhpA-KhpB heterodimer with
Ns-raiA, Mp-raiA, and To-raiA using EMSA (Supplementary
Fig. S10E). They all exhibited clear mobility shifts with Kds
of 2.1 +£ 0.4 uM, 2.0 & 0.2 uM, and 1.7 & 0.2 uM, respec-
tively, comparable to that of Ca-raiA (Fig. 6E). Similar to Ca-
raiA, higher KhpA-KhpB concentrations drove the formation
of heterogenous complexes (Supplementary Fig. S10E). Taken
together, these results establish that KhpA and KhpB form a
stable heterodimer iz vitro and engage raiA motif RNAs with
low-micromolar affinity.

Discussion

Structured ncRNAs often adopt intricate folds that enable
diverse functions, as seen in self-cleaving ribozymes with
conserved catalytic cores, riboswitch aptamers with specific
ligand-binding pockets, and the recently discovered large
RNA nanocages assembled from the ROOL and GOLLD ncR-
NAs [18, 46—48]. Here, with the four cryo-EM structures of
raiA motif RNAs representing different subtypes, we define
the consensus architecture of raiA motif RNA and identify
conserved structural elements and interactions critical for fold
stabilization. Previously reported DMS-MaP experiments of
raiA motif RNA in C. difficile showed that the fold is pre-
served both in vitro and in vivo [15]. Our structures reveal
that the intrinsic stability of 7aiA motif RNA originates from
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the compact core formed by P3a-P3b, P4, PK1, and PK2,
together with the interactions between the core and the ex-
truding P1 stem, specifically P1b and Plc. By contrast, con-
tributions from the other peripheral stems are limited, as the
overall fold is maintained in Ca-raiA (lacking P2), Mp-raiA
(lacking P2 and P8), and To-raiA (lacking P2 and P5-P8).

Although the sequence of Pla is less conserved, its length
is highly conserved [14]. This is unusual, as P1a protrudes en-
tirely from the core without direct contact and would typi-
cally be expected to contribute only to bringing together the
5" and 3’ ends for structural stabilization, where strict length
conservation is generally not required. Based on these observa-
tions, we speculate that P1 may play a functional role, poten-
tially by mediating interactions or undergoing conformational
changes that are important for the yet-unclear function of raiA
motif RNA. Notably, unlike the single form of Ca-raiA de-
tected in C. acetobutylicum, two isoforms of raiA motif RNA
were detected in some bacteria, including C. difficile [15, 16].
The longer isoform, which is likely generated by read-through
transcription, has an additional stem loop attached to P1 at
the 3’ end [15]. DMS probing of the two isoforms revealed a
consensus structure of the shared region [15], similar to that of
Ca-raiA, suggesting that this additional terminal stem would
not alter the structure and the potential function of P1.

RaiA motif RNA has been shown to function in trans, in-
stead of as a cis element like a riboswitch, as the phenotypes
caused by its deletion can be rescued by restoring its expres-
sion [14,15].In C. difficile, raiA motif RNA regulates sporula-
tion and the transition from exponential growth into station-
ary phase by modulating the cellular level of the second mes-
senger ¢-di-GMP [15]. The consensus structure of 7aiA motif
RNA resolved in this work does not resemble that of known c-
di-GMP riboswitches [49-51], suggesting that it is unlikely to
function as a reservoir for the second messenger. Nevertheless,
we cannot rule out the possibility that it binds ¢-di-GMP in
a non-canonical manner or that c-di-GMP binding induces a
substantial conformational change. These possibilities remain
to be investigated.

In the three high-resolution structures of raiA motif
RNAs reported here, the 10-nt single-stranded linker be-
tween PK1 and P6 is solvent-exposed and less well-resolved
than its neighboring elements, indicating substantial flexibil-
ity (Fig. 2A and B). Our data show that KhpA-KhpB het-
erodimer binds raiA motif RNAs with low-micromolar affin-
ity (Fig. 6E). We propose that this exposed linker may be the
binding site of KhpA-KhpB, based on the following evidence:
(i) both KH and R3H domains preferentially engage single-
stranded RNA [52, 53]; (ii) Thermus thermophilus KhpB
binds single-stranded RNAs longer than 7 nucleotides, with
binding affinity saturating at 9 nucleotides [45]; (iii) this linker
is the only solvent-exposed single-stranded region longer than
7 nucleotides in the structure (Fig. 2B and C). Supporting this
idea, docking of the AlphaFold3-predicted KhpA-KhpB het-
erodimer structure onto this region, based on the recently re-
ported KhpB homodimer-RNA complex structure [45], re-
vealed no steric clashes. To further probe this interaction, we
generated 179 models of KhpA-KhpB bound to Ca-raiA using
HADDOCK [54], which were clustered into 11 groups. These
models revealed two major binding modes of KhpA-KhpB
heterodimer on the interface that includes the single-strand
region, both of which exhibit buried surface areas over 1000
A? at the interface (Supplementary Fig. S11C). The con-
served residues of KhpA-KhpB at the RNA binding interface

(Supplementary Fig. S11D and E) would explain why C. ace-
tobutalicum KhpA-KhpB can bind 7aiA motif RNAs from dif-
ferent bacteria with comparable affinity (Fig. 6E), suggesting
a shared recognition mechanism that likely involves the com-
positionally conserved, solvent-exposed single-stranded linker
between PK1 and P6. Notably, the sequence of this linker,
which is UUAGA(C/A)GUAA in the three structures, is highly
conserved in all 7aiA motif RNAs [14]. This conserved se-
quence does not appear to be critical for maintaining the
overall fold but may serve as a recognition site for sequence-
specific protein or RNA binding, which could be important
for the yet-to-be-discovered function of raiA motif RNA.

Together, the high-resolution structures of raiA motif RNAs
presented in this study reveal conserved three-dimensional
structural elements and interactions essential for maintaining
the overall fold, providing the structural basis for investigat-
ing the function of this abundant bacterial ncRNA. The ar-
chitecture of raiA motif RNA is novel and intrinsically stable,
which offers a promising framework for rational functional
RNA design.
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