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Abstract

Clostridioides difficile CD25890 is a YicC-like endoribonuclease involved in regulating sporulation initiation, a process critical for the host—host
transmission of this anaerobic pathogen. Using comparative transcriptomics we identified a small RNA, SQ528, that accumulates at higher levels
ina CD25890 deletion mutant and we show that purified CD25890 cleaves SQ528in a metal-dependent manner. Moreover, the overexpression of
SQ528increases sporulation under certain nutritional conditions phenocopying a CD25890 deletion mutant. CD25890 is an hexamer in solution
and in vivo. An N-terminal domain, which self-interacts as assessed by size exclusion chromatography and a two hybrid assay, is essential
for oligomerization of CD25890. A C-terminal domain harbours residues H230, E254, and E258, conserved among orthologues, important for
catalysis. AlphaFold2 modelling and cryo-EM suggest an elongated barrel-like structure with an internal cavity lined with basic residues that may
aid in RNA binding. We show that CD25890 forms a complex with polynucleotide phosphorylase which combines the endoribonuclease activity
of the first with the exonucleolytic activity of the latter and leads to the complete degradation of SQ528. This study identifies a native substrate
for the YicC-family of ribonucleases and advances our understanding of the role of CD25890 in sporulation initiation in C. difficile.
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Introduction

In their natural habitats, bacteria endure recurrent exposure
to stressful and shifting environmental conditions and have
evolved mechanisms to perceive the surrounding environment
and adjust their gene expression patterns to suit the prevailing
conditions. At the onset of sporulation, both internal and ex-
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ternal cues signal the vegetative cell to halt growth and initiate
the formation of a metabolically inactive, resistant spore capa-
ble of long-term survival [1]. In most spore-forming bacteria,
as in Bacillus subtilis, sporulation is triggered by unfavourable
growth conditions, including extreme nutrient depletion [2].
Conversely, bacteria such as Clostridioides difficile sporulate
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at a low but continuous rate, even under nutrient-rich condi-
tions [1, 3, 4].

Clostridioides difficile is an anaerobic enteric pathogen in
which the etiologic agent is the oxygen-resistant spore, while
the toxins produced by vegetative cells are the main cause
of the disease symptoms [5-8]. In this pathogen, formation
of the highly resistant spore is an important factor in persis-
tence in the environment and in the host, causing high rates
of disease recurrence [1, 9]. Moreover, C. difficile toxins, ex-
pressed by sporulating cells, associate in their active forms
with spores, making spores toxin-delivery vehicles [10]. En-
try into sporulation requires the SpoOA transcriptional reg-
ulator which is post-translationally activated by phosphory-
lation [1, 9, 11]. Once activated, SpoOA induces the expres-
sion of genes required for cell-type-specific gene expression
during sporulation [1, 12, 13]. We have shown before that
CD25890 is involved in the control of sporulation initiation
in response to nutritional signals. CD25890 represses sporula-
tion by indirectly inhibiting spo0OA expression [14]. The mech-
anism by which CD25890 modulates gene expression and in-
fluence spore formation remains unknown.

CD25890 is the C. difficile member of a novel family of bac-
terial ribonucleases, the YicC family, widely conserved across
bacteria and involved in small RNA (sRNA) degradation [15-
18]. To date, characterization of this family has focused on
the proteins from the model organisms Escherichia coli and
B. subtilis, called YicC and YloC, respectively. YloC and YicC
were shown to be hexameric, metal-dependent enzymes that
catalyse cleavage of synthetic single-stranded RNA [16-18].
Both enzymes were shown to form a complex with the polynu-
cleotide phosphorylase (PNPase) [15, 17]. Escherichia coli
YicC was proposed to work as an adaptor for the degrada-
tion by PNPase of ryhB, a noncoding RNA involved in the
degradation of messenger RNAs (mRNAs) that encode iron-
utilizing proteins [15]. So far, however no direct physiological
substrate was identified for this family of ribonucleases.

Here, we identify the sSRNA SOS528 as a putative substrate
of CD25890. Comparative transcriptomic analysis showed
that SO528 accumulates at higher levels in the CD25890 mu-
tant than in the wild-type (WT) strain, even though transcrip-
tion remains unchanged. Overexpression of SQ528 from an
inducible promoter increases sporulation under certain nu-
tritional conditions. We further show that purified CD25890
assembles into a hexamer with ribonuclease activity against
SOS528. The N-terminal domain is required for the forma-
tion of the hexamer and sufficient for binding nucleic acids,
while residues required for catalysis are present in the C-
terminal domain of the protein. Structural insights from struc-
tural modelling and Cryo-electron microscopy (cryo-EM) sug-
gest that CD25890 adopts an elongated, barrel-like structure
with cavity lined with basic residues that may facilitate RNA
binding. Additionally, similar to YloC and YicC, we show
that CD25890 forms an active complex with PNPase, po-
tentially implicating CD25890 in broader RNA processing
mechanisms.

Materials and methods

Bacterial strains, media, and general methods

Bacterial strains and their relevant properties are listed in
Supplementary Table S2. All plasmids constructions were con-
ducted in E. coli DHS5a (Bethesda Research laboratories),

BL21 (DE3) (Novagen) was used for protein production,
strain HB101 (RP4) was used as the donor in conjugation ex-
periments [19] and strain BTH101 was used in bacterial two
hybrid assays [20]. Routine growth of E. coli strains was done
at 37°C in Luria-Bertani (LB) medium. When needed, ampi-
cillin (100 pg/ml), chloramphenicol (15 pg/ml) or kanamycin
(30 pg/ml) was added to the culture medium. All C. dif-
ficile strains used in this study are derivatives of the WT
strain 630Aerm [19] and were routinely grown anaerobi-
cally (5% Hj, 15% CO;, 80% N3) at 37°C in Brain Heart In-
fusion (BHI) medium (Oxoid). When necessary, cefoxitin (25
pg/ml) or thiamphenicol (15 pg/ml) was added to the cul-
ture medium. For sporulation induction, strains were grown
in liquid sporulation medium (SM [21]) and on 70:30 agar
medium [22] and incubated at 37°C. When indicated, anhy-
drotetracycline (aTc) was added to the culture medium to a
final concentration of 50 mM. To determine the total num-
ber of cells, the cells were serially diluted and plated on BHI
with 0.1% taurocholate (TA; Sigma—Aldrich) to ensure effi-
cient spore germination. To determine the number of spores,
the cells were heat killed by incubation for 30 min at 70°C
prior to plating on BHI with 0.1% TA. Sporulation effi-
ciency (%) was calculated as the total number of heat-resistant
spores divided by the total number of viable cells. Statisti-
cal analysis was carried out using GraphPad Prism (version
7.0; GraphPad Software Inc.). All plasmids and primers used
in this work are listed in Supplementary Tables S3 and S4,
respectively.

Construction of His-Tagged CD25890 N- and
C-Terminal Domains

DNA fragments encoding the CD25890 N-terminal and
CD25890 C-terminal were generated by polymerase chain re-
action (PCR) from C. difficile 630 Aerm genomic DNA using
primers CD25890_BamHI_Fw/CD25890_NTER_NotI_Rev,
CD25890_CTER_BamHI_Fw/CD25890_Notl_Rev, respec-
tively. The resulting DNA fragments, 453 and 429 bp, were
cut with BamHI and Notl and cloned between the same sites
of pETDuet-1 (Novagen) to produce pDM67 and pDM72.

Construction of His-Tagged CD25890/2304,
CD25890F?%4A, CD258905258A, CD25890E254A/ E256A
and PNPase

Mutations generating single Ala substitutions
(H230A, E254A and E258A) were introduced in
CD25890 by Quick Change mutagenesis using
primers CD25890_Fw_H230A/CD25890_Rev_H230A;

CD25890_Fw_E254A/CD25890_Rev_E254A; CD25890_
Fw_E258A/CD25890_Rev_E258A, and plasmld pDM35
[14] as template. The double Ala substltutlon (E258A/E254A)
was obtained using primers CD25890_Fw_E254A/
CD25890_Rev_E254A and plasmid pDM86 as template. This
created plasmids pDMS81 (His6-CD25890H2304) pDM84
(His6-CD25890525#4), pDMS86 (His6-CD25890525%4), and
pDM94 (His6-CD25890F2584/E2544y PN Pase gene was gen-
erated by PCR from C.difficile 630Aerm genomic DNA
using primers PNPase_Ncol Fw/PNPase_BamHI_Rev. The
resulting DNA fragment, 2112 bp, was cut with Ncol and
BamHI and cloned between the same sites of pACYDUET-1
(Novagen) to produce pDM97.

GZ0Z JoquisnoN |z Uo Jesn obior opaeoly "I 8pnes ep "0BN ‘ISl 00202 Aq £+086 1 8/7oreMB/E |L/SS/al0e 1B W00 dNo"0lWapeoe)/:sdRy WO.) POPEOIUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf644#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf644#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf644#supplementary-data

Bacterial two hybrid assay and plasmids
construction

The proteins CD25890FF, CD25890N, CD25890¢, and
PNPase were fused to the T18 and T25 fragments of the
CyaA protein. The fragments to be fused to T25 CyaA
were generated by PCR from 630Aerm genomic DNA us-
ing primers CD25890fL_pKT25_Fw_Bglll/CD25890"
_pKT25_Rev_EcoRl, CD25890_pKT2S5_Fw_Bglll/
CD25890N_pKT25_Rev_EcoRI, CD25890¢_pKT25_Fw_
Bglll/CD258 9OFL_pKT25_Rev_EcoRI, PnPase_pKT25_Fw_
Bglll/PnPase_pKT25_Rev_EcoRI. The resulting DNA frag-
ments, 882,453,429, and 2112 bp respectively, were cut with
Bglll and EcoRI and inserted between the same sites of pKT25
[20] to produce pDM68, pPDM65, pDM63, and pDM66, re-
spectively. The fragments to be fused to T18 CyaA were gen-
erated by PCR from 630Aerm genomic DNA using primers
CD25890™_pUT18_Fw_Bglll/CD25890_pUT18_Rev_
EcoRI, CD25890F_pUT18_Fw_Bglll/CD25890N_pUT18_
Rev_EcoRI, and CD25890¢_pUT18_Fw_Bglll/CD25890F_
pUT18_Rev_EcoRI. The resulting DNA fragments, 882,
453, and 429 bp, respectively, were cut with BglIl and
EcoRI and inserted between the same sites of pUT18 [20]
to produce pDM61, pD62, and pDM64, respectively. The
E. coli strain BTH101 was co-transformed with com-
binations of the different T18 and T25 fusion proteins.
The activity of B-galactosidase was determined with the
substrate o-nitrophenyl-B-d-galactopyranoside or in LB
agar plates supplemented with 5-bromo-4-cloro-3-indolyl-3-
D-galactopyranoside (X-Gal) (EUROMEDEX protocol).

Construction of Pya-SQ528

To construct a PtetA-SQS528, SO528 was amplified by PCR
using primers SQS528_Fw_Notl/SQ528_Rev_Sacl, yielding
a 350 bp. The fragments were digested with Notl and
Sacl and inserted between the same sites of pAM25 [23],
yielding pDM91. This plasmid was introduced into E.coli
HB101 (RP4) and then transferred to strains 630Aerm and
ACD25890 by conjugation.

Construction of Psps05-gusA

The promotor region of the SO528 was amplified by PCR
using primers SQ528_Fw_Sacl/SQ528_Rev_Notl, yielding a
350 bp fragment. The fragment was then digested with NotI
and Sacl and inserted between the same sites of pRPF185 [24],
yielding pDM69. This plasmid was introduced into E. coli
HB101 (RP4) and then transferred to strains 630Aerm and
ACD25890 by conjugation.

Overproduction and purification of proteins

Plasmids were introduced into E. coli BL21 (DE3) cells and the
resulting strains were grown in autoinduction medium [25].
The cells were then harvested by centrifugation (4000 x g,
for 10 min, at 4°C) and the sediment resuspended in lysis
buffer (20 mM phosphate, pH 7.4, 10 mM Imidazole, 1 mM
Phenylmethylsulfonyl Fluoride (PMSF)) containing 1 pg/ml
DNase I (Sigma). The suspension was lysed using a French
pressure cell (at 18 000 1b/in) and the lysate cleared by cen-
trifugation (15 000 x g, 30 min at 4°C). Then, the supernatant
was loaded onto a 1 ml Histrap column (Cytiva). The bound
protein was eluted using lysis buffer with 300 mM of imida-
zole, followed by the addition of 50 mM ethylenediaminete-
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traacetic acid (EDTA) to the elution. This step was performed
to ensure the removal of any metal complexes. The protein
was dialysed against 50 mM Tris, pH 7.5 with 150 mM of
NaClL.

Size exclusion chromatography

Purified proteins were loaded onto a S200 Increase 10/300GL
(GE Healthcare), previously equilibrated with a buffer com-
posed of 50 mM Tris—=HCI, pH 7.5, 150 mM NaCl. The col-
umn was calibrated with the gel filtration molecular markers
Dextran Blue and Gel Filtration Standard proteins (Bio-Rad,
Hercules, USA; thyroglobulin 669 kDa; ferritin 440 kDa; al-
dolase 158 kDa; conalbumin 75 kDa; ovalbumin 44 kDa; ri-
bonuclease A 13.7 kDa; rubredoxin 6.6 kDa), which was pre-
pared in the same buffer used for equilibration of the column.

Limited trypsin digestion

The substrate protein, CD25890, was purified as described be-
fore, and dialysed in 100 mM Tris—HCI at pH 8.5, overnight
at 4°C. The protein concentration was estimated using Brad-
ford Protein Assay, in order to add 100 pg of protein to 2 ug of
trypsin. The digestion occurred for 4 h at 37°C. Samples cor-
responding to 10 pg of substrate were collected from the reac-
tion solution at 5, 15, 30,45, 60, and 240 h after the beginning
of the experiment. The digestion profile was traced by resolv-
ing the protein content, at each time, in a 12.5% sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).

Blue native—polyacrylamide gel electrophoresis
and immunoblotting

Cell extracts were obtained by withdrawing 20 ml samples
from BHI cultures of C. difficile 6, 8, 10, and 12 h af-
ter inoculation. The cells were collected by centrifugation
(4000 x g, for 5 min at 4°C), the cell sediment was sus-
pended in 1 ml French press buffer (10 mM Tris, pH 8.0,
10 mM MgCl,, 0.5 mM EDTA, 0.2 mM NaCl, 10% glyc-
erol, 1 mM PMSF). The cells were lysed using a French pres-
sure cell (18 000 lb/in2). Proteins (10 ug) were resolved on
Blue native—polyacrylamide gel electrophoresis (BN-PAGE)
using gradient gels (5%-15%). Also, 3 ug of His-tagged pu-
rified CD25890 was analysed by BN-PAGE. Native Mark
Unstained Protein Standard (Thermo Fisher) was used as a
molecular weight (MW) marker.

For immunoblot analysis, following separation by BN-
PAGE, the proteins were transferred by electrophoresis to
Polyvinylidene Difluoride (PVDF) membranes (Millipore Im-
mobilon P). Anti-CD25890 was used at a 1:1000 dilution, and
an antirabbit secondary antibody conjugated to horseradish
peroxidase (Sigma) was used at a 1:10 000 dilution. The im-
munoblots were developed with enhanced chemiluminescence
reagents (Thermo Scientific). Images were adjusted, cropped,
and quantified using Image] (http://rsbweb.nih.gov/ij/).

Negative staining and transmission electron
microscopy

Purified protein were diluted to 0.2 mg/ml in a buffer solution
containing 50 mM Tris—-HCI, pH 7.5,250 mM NaCl, and pro-
tein complexes were adsorbed for 2 min to glow-discharged,
400 mesh carbon-coated grids. The grids were washed on
4 drops of distilled H,O and negatively stained with 2%
(w/v) uranyl acetate. Grids were imaged on a Hitachi H-7650
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Microscope equipped with an AMT digital camera operated
at 120 keV.

Cryo-EM

The protein solution was sent to the CSIC CryoEM Center
(Madrid, Spain), for analysis. Samples were prepared on EM
grids at various concentrations. Initially, 3 ul of the protein
solution at different concentrations (1-0.5 mg/ml, and 1:3,
1:6, 1:10, and 1:50 dilutions) were applied to distinct grids
with varying quantifoil hole sizes and materials. The grids
were vitrified using a Vitrobot (Thermo Fisher Scientific) un-
der different conditions. These variations were analysed us-
ing a Talos Arctica microscope (Thermo Fisher Scientific) un-
der cryogenic conditions to assess particle distribution within
the grid holes and check for the presence of ice. Low magni-
fication grid atlases were collected for this purpose. A small
dataset was acquired on the Talos Arctica to obtain initial
2D classes. The data were processed using Scipion software
[26], a framework which integrates state-of-the-art software
for Single Particle Analysis. Movies were motion-corrected
with Relion 3.1 [27] CTF estimation was carried out with
getf [28] and particle picking with crYOLO [29]. Finally, 2D-
classification, 3D-classification, and nonuniform refinement
were performed with cryoSPARC [30, 31].

AlphaFold-Multimer modelling

AlphaFold-Multimer models were generated using Colab-
Fold [32, 33]. Structures were predicted for six repeats
of the sequence of the CD25890 protein using the “al-
phafold2_multimer_v3” model and default selection for addi-
tional parameters (without template structures). The highest-
ranking model (scored by ipTM, a metric of predicted ac-
curacy at protein—protein interfaces) was analysed out of
five structure predictions made using different AlphaFold-
Multimer weights [34]. All five predictions were in broad
agreement and the predicted structure is largely consistent
with structures published to date. However, we consistently
obtain predictions with approximate six-fold symmetry; pub-
lished structures lack this symmetry outside of the hexamer-
ization domain. Structural representations were generated us-
ing PyMOL Molecular Graphics System (Schrodinger, LLC).

Assay of 3-glucuronidase activity in whole cell
extracts

Whole cell extracts were obtained by withdrawing 1 ml sam-
ples from SM cultures of C. difficile 10 h of after inoculation.
The cells were collected by centrifugation (4000 x g, for §
min at 4°C). The activity of B-glucuronidase was determined
with the substrate 4-nitrophenyl-3-D-glucuronide. Statistical
analysis was carried out using GraphPad Prism (version 7.0;
GraphPad Software Inc.).

RNA extraction and quantitative reverse
transcriptase-polymerase chain reaction analysis
Sporulating cells were collected from cultures of the 630 Aerm
strain and the ACD25890 mutant after 10 h of growth in SM.
RNA was extracted from two independent cultures using the
RNeasy Mini Kit (Qiagen), according to the manufacturer’s
instructions. Complementary DNA (cDNA) was synthesized
from 4 pg of total RNA using 1 ul of reverse transcription
(RT) primer (targeting the SO528 or rpoC), 4 ul of deoxynu-

cleoside triphosphates (10 mM each), 1 ul of RNase inhibitor,
and 10 ul of RT buffer in a final volume of 50 ul (Roche).
Samples were heated at 80°C for 5 min, then slowly cooled.
cDNA synthesis was carried out at 37°C for 2 h using avian
myeloblastosis virus reverse transcriptase (Roche).

Real-time quantitative PCR was performed in a 20 ul re-
action containing 20 ng of cDNA, 10 ul of SYBR Green PCR
Master Mix (Applied Biosystems), and 400 nM gene-specific
primers. Amplification and detection were conducted using
the LightCycler 480 system. For each sample, the quantity of
c¢DNA corresponding to the sSRNA SQ528 was normalized to
the quantity of cDNA for the 7poC gene. The primers used
for each marker are listed in Supplementary Table S4. Rel-
ative transcript changes were calculated using the 2"~AACt
method, as previously described [35]. Statistical analysis was
carried out using GraphPad Prism (version 7.0; GraphPad
Software Inc.).

In vitro transcription

For in vitro transcription of SQ3528. The corresponding
primers SO528 Fw_T7/SQ528 Rev_T7 were used for tem-
plate generation via high fidelity Phusion DNA polymerase
(from Thermo Fisher Scientific). PCR products were purified
and concentrated using the NZYGelpure (Nzytech) to pre-
vent the production of side products during iz vitro transcrip-
tion. In vitro transcription was performed using the HiScri-
beTM T7 Hight Yield RNA Synthesis Kit (from New Eng-
land Biolabs) in 20 pl reactions according to the manufac-
turer’s protocol, followed by DNase treatment (2 U TURBO
DNase for 30 min at 37°C). RNA products were purified
and concentrated using RNeasy® Mini Kit (Qiagen). Purified
RNA was eluted in 30 ul of RNase-free water and stored at
—80°C. Resulting RNA fragments were separated on a dena-
turing urea—polyacrylamide gel electrophoresis (urea-PAGE)
with 6% polyacrylamide and 8 M urea, followed by ethid-
ium bromide (Carl Roth) staining for 10 min and imaging us-
ing an Gel Doc system. Bands of correct size were cut out in
small pieces and transferred into 2 ml tubes. For RNA elu-
tion, 750 ul RNA elution buffer (0.1 M NaAc, 0.1% sodium
dodecyl sulfate, 10 mM EDTA) was added, and the sam-
ples were incubated at 4°C and 1000 rpm overnight. Fol-
lowing centrifugation at 5000 g at 4°C for 1 min, the su-
pernatants were transferred to new tubes and RNA extrac-
tion was performed using a single phenol-chloroform ex-
traction step (phenol/chloroform/isoamyl alcohol). Purified
RNA was resuspended in 20 pul RNase-free water and stored
at —80°C.

Ribonuclease activity assays

Activity assays were performed by incubating 5 uM of RNA
either alone or with 0.5 uM of CD25890 proteins, for differ-
ent times (0, 15, 30, 60, and 90 min). All components were
mixed to a final concentration of 1x structure buffer (20 mM
HEPES, pH 8,40 mM NaCl, and 10 mM KCl). Manganese or
other bivalent ion (when indicated) were added to 10 mM. Re-
sulting RNA fragments were separated on a denaturing urea—
PAGE with 6% polyacrylamide and 8 M urea, followed by
ethidium bromide (Carl Roth) staining for 30 min and imag-
ing using an Gel Doc system. The stained acrylamide gels
were scanned and the amount of RNA at each time point was
quantified using Image] 1.37v [36] and the activity defined as
(1 — [SQ528]t,/[SQ528]to) x 100.
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Fluorescence endoribonuclease assay

A dual-labelled fluorogenic RNA substrate, 5’-6-FAM-
dArUdAdA-6-TAMRA-3’, was synthesized and HPLC-
purified (custom-ordered from Metabion). The probe includes
a 6-carboxyfluorescein (6-FAM) fluorophore at the 5’ end
and a 6-carboxytetramethylrhodamine (TAMRA) quencher
at the 3’ end. Endoribonuclease activity was monitored in
a total volume of 20 ul containing 50 mM Tris—=HCI (pH
7.5), 150 mM NaCl, 10 mM MnCl,. The fluorogenic RNA
probe was used at a final concentration of 100 nM. CD25890
was added at the indicated concentrations to initiate the
reaction. Fluorescence was monitored in real-time at 37°C
using a fluorescence microplate reader (LightCycler 480) with
excitation at 485 nm and emission at 528 nm. Cleavage of the
probe separates the 6-FAM fluorophore from the TAMRA
quencher, resulting in increased fluorescence. Fluorescence
intensity was recorded every 30 s.

Fluorescence in situ hybridization

Cells were collected from cultures growing in SM for 10 h in
the presence of aTc and fixed in Histochoice solution (VWR)
for 15 min at room temperature and then for 30 min on ice.
The samples were centrifuged three times at 3000 x g for 2
min and washed in PBS. The cell pellets were resuspended in
100 ul GTE buffer (50 mM glucose, 20 mM Tris—=HCI, pH 7.5,
10 mM EDTA, pH 8.0). Sixteen microliters of a 10 mg/ml mu-
tanolysin solution (prepared in GTE buffer containing 4 mM
vanadyl ribonucleoside complex and 10 mg/ml mutanolysin)
were added to 48 ul of the cell suspension. The mixture was
incubated for 10 min at room temperature. The samples were
then centrifuged at 3000 x g for 2 min and gently resuspended
in 100 ul of GTE. The suspension was immediately applied to
0.1% poly-L-lysine-coated multi-well slides and incubated for
10 min at room temperature. Excess liquid was aspirated, and
the cells were allowed to air dry completely. Once the slides
were dry, a 100 pl drop of 0.1% Triton X-100 was added to
the cells and incubated for 5 min at room temperature. The
excess liquid was aspirated, and the cells were allowed to air
dry completely. The slides were then washed twice with 100 ul
of 2 x SSCT buffer (300 mM sodium chloride, 30 mM sodium
citrate, 0.1% Tween-20, pH 7.0) for 5 min each at room tem-
perature in a humid chamber. The slides were subsequently
incubated in a solution of 50% formamide and 2 x SSCT for
30 min at 37°C in a humid chamber. The probes (20ng/ul)
were added to the hybridization solution (composed of 1.75 g
sodium chloride, 0.882 g sodium citrate, 1 g dextran sulfate,
and 5.5 ml formamide, brought to a final volume of 10 ml
with ddH,0), which was then incubated at 95°C for 5 min
and centrifuged at 16 000 x g for 1 min. Slides were placed
on a heat block at 95°C, and 25 ul of the hybridization so-
lution was added. The slides were incubated for 4 min, then
coverslips were applied and the slides incubated in a humid
chamber for 12 h at 42°C. After hybridization, slides were
washed in 25% formamide and 2 x SSCT at 37°C for 30 min,
followed by three washes in 2 x SSCT at room temperature
for 5 min each. The slides were then briefly rinsed five times
in PBS. Fluoromont-G™ solution (Invitrogen) was added to
each well, and the slides were covered and sealed with clear
nail polish. The slides were either visualized immediately or
stored in the dark at =20°C. The sequences of the CyS5 labelled
probes (FISH_SQ528_Cy5_1 and FISH_SQ528_Cy5_2) are
given in Supplementary Table S4.
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Fluorescence microscopy and image analysis

Samples were withdrawn from SM cultures at the desired
times following inoculation, and the cells collected by centrifu-
gation (10 min, 4000 x g, at 4°C). The cells were washed with
1 ml of phosphate-buffered saline (PBS; 137 mM NaCl, 10
mM Phosphate, 2.7 mM KCl, pH 7.4), and resuspended in 0.1
ml of PBS supplemented with the lipophilic styryl membrane
dye N-(3-triethylammoniumprpyl)-4-(p-diethylaminophenyl-
hexatrienyl) pyridinium dibromide (FM4-64, Molecular
Probes, Invitrogen; 10 ug ml~!) [37]. Images were acquired
using a Leica DM6000B upright microscope equipped with
an Andor iXon 885 EMCCD camera and controlled with the
MetaMorph V5.8 software. The images were acquired with a
100 x 1.4 numerical aperture (NA) immersion objective and a
1.6 x optovar, the fluorescence filter sets TX2 and phase con-
trast optics.

Cell segmentation was conducted using Cellpose (version
3.1.1.1), a generalist deep learning-based algorithm for cellu-
lar segmentation [38]. Depending on batch size, the software
was operated via its Python-based graphical user interface
or command-line interface. The estimated cell diameter was
set to 30 pixels, based on empirical measurements and Cell-
pose’s automatic estimation. Input images were processed in
greyscale mode. Quantitative image analysis, including pixel-
based measurements and downstream processing, was con-
ducted using Fiji/Image] [39]. Statistical analysis was carried
out using GraphPad Prism (version 7.0; GraphPad Software
Inc.).

RNA-seq data analysis

RNA extraction and RNA-sequencing was performed as
described previously [14]. Sequencing reads were aligned
with bwa to the genome of the C. difficile strain 630Aerm
(CP016318.1 and CP016319.1). Tables of read counts per
gene were obtained using featureCounts with the Genbank
gene annotations, extended with an extra set of sSRNA an-
notations from [40]. Differential expression analysis was per-
formed using the edgeR R package. Namely, count data was
normalized using the TMM normalization [41], and moder-
ated bayesian statistics [42] was applied to obtain differen-
tially expressed genes between conditions. For visualization
purposes, alignments were used to estimate normalized counts
per million (CPM) in 10 bp windows using the bamCoverage
tool from Deeptools.

Results

sRNA SQ528 accumulates in a CD25890 deletion
mutant

It is likely that, similar to other members of the YicC-family,
CD25890 also participates in sSRNA regulation. Previous re-
search has identified sSRNAs involved in initiating sporu-
lation that modulate spo0A translation [43]. Thus, we in-
vestigated whether CD25890 regulates the activity of these
or other sSRNAs whose functions remain unidentified. In
our previous study we compared the transcriptome between
ACD25890 mutant and WT cultures after 10 h of growth
in SM, a medium that induces sporulation [14]. We uti-
lized this data set to identify small, noncoding RNAs [40,
44] differentially expressed between the ACD25890 mutant
and WT. From this new analysis, we identified 11 sRNAs
that accumulated at higher levels in the mutant (SQ528,

GZ0Z JoquisnoN |z Uo Jesn obior opaeoly "I 8pnes ep "0BN ‘ISl 00202 Aq £+086 1 8/7oreMB/E |L/SS/al0e 1B W00 dNo"0lWapeoe)/:sdRy WO.) POPEOIUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf644#supplementary-data

6 Martins et al.

A Transcription C D
Citrate Aconitase Isocitrate  factor MarR P SQ52 3-gusA
synthase hydratase dehydrogenase family N-acetyltransferase
~ p — O - 07 . 1
f sqs2s @O S % £ "
wT SE 304 g_ 69 ¢
S 30 _ ACD25890 Sg o 2
o o9 85
225 - SR 20 37 4] e
5 Sy S=
€ 15 _ as 10 A =] 2 4
= < =
g 10 w a
£ 0
§ 5 _ SQ528 B
O 0 i o WT
T T T T T 1
ACD25890
1014000 1015000 1016000 1017000 1018000 1019000 °
Genome Position (bp)

B

CPseszs Y

3...CAATAAATGATATTAAGTACAAGGAATTAAAGTTACAAAAAGGE
-10 -35 :
}ACAATTTASATTTTTGACAAGAATCTGTGAAAATCCTGGTATAAE

ATCTTGTGGAATTATCAAATATGTTAAAGGTAGACAAGGCTACA;

I
I
I
I
U U U

Figure 1. The sRNA SQ528 is more abundant in a CD25890 mutant. (A) RNA-Seq transcriptomics data on the SQ528 genomic region in WT and
CD25890 mutant, visualized as normalized CPM per 10 bp windows. The sRNA SQ528 (in green) is antisense to the 5’ end of the gene CD08350,
coding for a transcription factor of the MarR family. Upstream of CD08350 are the three genes coding for the enzymes involved in the oxidative part of
the Krebs cycle (citrate synthase, aconitase and isocitrate dehydrogenase). (B) SQ528 promotor region. A putative o' promoter on is represented. In red
are the -35 and —10 consensus sequence recognized by C. difficile o' [45] and in green the annotated 5’ terminus of SQ528. (C) Quantification of the
expression of SQ528 by gRT-PCR. Total RNAs were extracted from C. difficile 630Aerm and ACD25890 strains grown in SM for 10 h. The graph shows
the fold change of the differential expression of SQ528 between the ACD25890 and WT. Dots correspond to the mean of four technical replicates in two
biological replicates. Error bars correspond to standard deviations from two biological replicates. * P < .05 by by a Student's t-test. (D) Expression of
Psas28-gusA was monitored in the WT and CD25890 mutant. Strains were grown for 10 h in SM, samples were taken and assayed for 3-glucuronidase
activity. Endogenous levels of (3-glucuronidase activity were determined in a WT strain carrying a plasmid with a promoter less gusA and subtracted
from the values obtain in the other strains. Error bars correspond to standard deviation from five biological replicates. Differences between the WT and

CD25890 means are nonsignificant (ns) by a Student'’s t-test.

CD630_n00210, CD630_s0591, SO2591, SQ1001, SQ758,
CD630_n00820, CD630_n00760, CD630_n00710, SQ1366,
and SO2284; Supplementary Table S1).

Since the hyper-sporulating phenotype of the ACD25890
mutant is only seen under certain nutritional conditions, we
chose SO528 (with a fold change of ~6) for further analysis,
as it is located in the intergenic region between the operon
coding for the enzymes of the oxidative half of the Krebs cy-
cle and a transcriptional factor from the MarR family (Fig.
1A). To validate the RNA-seq results, we performed quantita-
tive Reverse Transcription-Polymerase Chain Reaction (qRT-
PCR) using RNA isolated from the ACD25890 mutant and
the WT (Fig. 1C). The average transcript levels for SO528
was increased (~30-fold) in the ACD25890 mutant rela-
tive to the WT in agreement with the RNA-seq data. To de-
termine whether increased SO528 levels arise from reduced
degradation or increased transcription, we constructed a tran-
scriptional fusion of the promoter region of the sRNA (218
bp; Fig. 1B) to the reporter gene gusA, which codes for f3-
glucuronidase. Activity assays were done in samples collected
from cultures after 10 h of growth in SM showed that SQ528
is transcribed at similar levels in the WT and ACD25890 mu-
tant. Thus, CD25890 does not significantly affect transcrip-
tion of SO528 (Fig. 1D). Given that our transcriptome data
show higher levels of SO528 in the absence of CD25890, this
suggests that the sSRNA SQS528 is stabilized, rather than more
actively transcribed, when CD25890 is absent. We manually
searched for a possible promoter located upstream of the an-
notated SQ528, and identified a sequence consistent with the

consensus for promoters recognized by SigH (Fig. 1B [45]).
SigH is an alternative sigma factor involved in the transition to
the post-exponential growth phase in C. difficile, which is con-
sistent with our observation of SQ528 expression after 10 h
of growth in SM [45].

Overexpression of the sRNA SQ528 phenocopies a
CD25890 mutant

Since CD25890 appears to play a direct or indirect role in
the degradation of SO528, we reasoned that SO528 accu-
mulation could be responsible for the ACD25890 pheno-
type. If so, overexpressing SO528 would trigger an increase
in sporulation, as observed in the CD25890 deletion mutant.
The CD25890 deletion mutant exhibited enhanced sporula-
tion efficiency compared to the WT strain when cultured in
SM, but not when grown on 70:30 agar plates. Both media
are known to promote sporulation in C. difficile [14, 22]. To
overexpress SQ528, we fused the sSRNA to the anhydrotetra-
cycline (aTe) inducible promoter (Psy4) in a multicopy plas-
mid, and introduced it in the WT and ACD25890 strain.
As a control, we used strains carrying a plasmid with only
the P;sa promoter (empty plasmid [24]). To confirm SQ528
overexpression, we performed fluorescence in situ hybridiza-
tion (FISH) using two CyS-labelled antisense RNA probes
specific to SO528 in both WT and mutant strains grown
in SM for 10 h (Supplementary Fig. S1). FISH imaging and
quantification revealed increased fluorescence intensity in the
ACD25890 strain compared to the WT, both in strains car-
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Figure 2. Overexpression of SRNA SQ528 increases sporulation. Sporulation efficiency of the WT and the CD25890 mutant carrying Pe:a-SQ528 or
Peta-empty. Strains were grown in SM (A) or 70:30 medium (B) for 24 h and the cultures were plated in BHI medium supplemented with 0.1%

TA before (to estimate total CFUs/ml) and after heat treatment at 70°C for 30 min (spores/ml). The results shown are averages and standard deviations
for three biological replicates. Asterisks indicate statistical significance determined with a Student's ttest (**P < .01). (C) Samples of an SM culture of
the WT strain with Pie;a-SQ528 and ACD25890 mutant strain with P;.:a-SQ528 were collected at 8, 10, 12, and 24 h after inoculation, stained with the
membrane dye FM4-64 and examined by phase-contrast or fluorescent microscopy. The stages in the sporulation pathway are represented
schematically at the bottom of the panel: asymmetric division of the sporangium, intermediate stage in the process of engulfment of the forespore by
the larger mother cell; engulfment completion, isolating the forespore from the surrounding medium, synthesis of the spore surface layers, the spore
cortex, and the coat and exosporium. Percentage of cells in the morphological classes represented relative to the total viable cell population is
quantified. At minimum of 150 cells were counted at each hour for each strain in each biological replicate. The data represent the mean =+ standard
deviation of three independent experiments. The panels on the right, showing data for 12 and 24 h after inoculation, have an extended y-axis scale
compared to the graphs in the panels on the left. (D) Phase-contrast and fluorescence images of sporulating cells from the indicated strains (see also
Supplementary Fig. S1). The cells were collected after 12 h of growth in SM and stained with the membrane dye FM4-64. Yellow arrows indicate
asymmetric division of the sporangium or an intermediate stage in the engulfment of the forespore by the mother cell; blue arrows indicate sporangia in
which engulfment is completed, and green arrows highlight sporangia of mature spores. Scale bar, 1T um.

rying the empty vector, supporting the RNA-seq findings (see
above), and in those overexpressing SO528. Furthermore, flu-
orescence intensity was consistently higher in strains harbor-
ing the SO528 overexpression plasmid (Supplementary Fig.
S1). Strains were grown in both SM and 70:30 plates, each
supplemented with 50 nM of aTc, and the percentage of heat-
resistant spores was estimated after 24 h of incubation. As
reported previously [14], the ACD25890 mutant sporulates
nearly five times more than the WT in SM (empty plasmid
control in Fig. 2A). Induction of SQ528 expression in a WT
background has no impact on the efficiency of sporulation
but it increases the sporulation efficiency by 10-fold in the
mutant background (Fig. 2A). This result suggests that, in a
WT background, enough CD25890 is present in the cell to

deal with the increased expression of SO528 from the tetA
promoter. Although the difference in fluorescence intensity de-
tected by FISH between the SQ528-overexpressing strain and
the ACD25890 mutant was modest, it appears to be suffi-
cient to account for the enhanced sporulation phenotype ob-
served in the ACD25890 mutant (Supplementary Fig. S1).
In contrast, in the mutant, accumulation of SO528 leads to
an increase in sporulation efficiency. As anticipated [14], on
70:30 plates all the strains sporulated with similar efficiency
(Fig. 2B).

We then proceeded to track the morphological stages of
sporulation in SM using phase-contrast and fluorescence mi-
croscopy (Fig. 2C and D and Supplementary Fig. S2). Both WT
and mutant strains were grown in SM, with samples collected
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Figure 3. CD25890 is a hexamer in in vitro and in vivo. (A) BN-PAGE of affinity purified Hisg-CD25890. The two observed species (a and b) are
indicated. MW markers are shown in kDa. (B) SEC of affinity purified Hisg-CD25890 on a S200 10/300 GL column. On the top is indicated the position of
the elution peaks of MW standards (thyroglobulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 44 kDa; ribonuclease A,
14 kDa). The insert shows SDS-PAGE analysis of the peaks (a, b, and c). Hisg-CD25890 is indicated by the black arrow and brackets represent
degradation products. (C) BN-PAGE with extracts of the WT and the CD25890 mutant. Strains were grown in SM and samples were collected at 6, 8,
10, and 12 h after inoculation for western blot analysis using anti-CD25890 antibody (*, cross-reactive species). A presumed hexameric

species (approximately 232 kDa) and a less abundant species of CD25890, which, based on its apparent size (approximately 440 kDa), may represent a
complex with PNPase, are indicated by arrows. The position of MW markers (in kDa) is indicated on the left side of the panels.

at 8,10, 12, and 24 h post-inoculation. Prior to microscopic
analysis, the cells were stained with the membrane dye FM4-
64. Over time, we observed a higher percentage of sporulating
cells in the CD25890 mutant compared to the WT, as expected
[14]. Consistent with the heat resistance test results (Fig. 2A),
overexpression of SO528 did not affect sporulation progres-
sion in the WT background. However, when SO528 was ex-
pressed from the P4 promoter in the CD25890 mutant back-
ground, an increased number of cells completing asymmetric
division were observed by hour 10, and phase-bright spores
accumulated at higher levels by hour 12 and 24. (Fig. 2C and
D and Supplementary Fig. S2). These findings indicate that,
while CD25890 inhibits the initiation of sporulation, SO528
appears to be also involved in later stages of the process.

CD25890 is a hexamer in vitro and in vivo

YicC from E. coli and YloC from B. subtilis were shown to
form hexamers in solution, although the oligomeric state of
the proteins in vivo was not reported [16-18]. To uncover
the oligomeric state of CD25890, the full-length protein, Hisg-
CD25890", was produced in E. coli BL21 (DE3) and purified
over a Ni?*-column, as previously described [14]. The final
yield of purified Hisg-CD25890 (estimated MW 35.4 kDa)
was approximately 3 mg/l of culture. Oligomer formation
by Hisg-CD25890 was tested using BN-PAGE and size ex-
clusion chromatography (SEC). Using BN-PAGE, two species
were observed that exhibited MWs compatible with a hexam-
eric or heptameric form (a, around 245 kDa, the most repre-
sented species) and a higher-molecular-weight species of near
586 kDa (b, approximately twice the MW of a) (Fig. 3A).
When the Hisg-CD25890 protein was eluted through a SEC,
at an initial concentration of 10 pM, three distinct peaks were
observed (a, b, and ¢ in Fig. 3B) all of which contained the
protein (insert in Fig. 3B). Comparison of the elution volumes
relative to marker proteins filtered through the same column

indicated a molecular mass of 35.3 kDa for peak c. This peak
presumably represents monomeric Hisg-CD25890. The cal-
culated mass for the larger peak (b) was 216.3 kDa, which
is consistent with formation of hexamers. Quantification of
the peak area indicated that 89% of total protein was hexam-
eric. Peak a has a species with a calculated size of 360.6 kDa
which most likely results from a complex with nucleic acids,
as shown by the absorbance at 254 nm; this species may cor-
respond to the band of higher MW observed by BN-PAGE
(Fig. 3A, b). The differences in the sizes between the BN-PAGE
and SEC analysis may result from the presence of dodecyl
maltoside in the samples separated by BN-PAGE which in-
creases apparent MWs. The re-injection of the major peak (b)
in a SEC column revealed only one peak corresponding to the
same size, showing that the Hisg-CD25890 oligomer is stable.
We further investigated the oligomeric state of CD25890
in vivo during growth and sporulation in SM. Immunoblot
analysis of C. difficile extracts resolved by BN-PAGE shows
that CD25890 accumulates as a species with a MW compat-
ible with a hexamer (234 kDa), both during growth (6-8 h
after inoculation) and when cells start to sporulate (10 h af-
ter inoculation; Fig. 3C). A less abundant band just below
the 440 kDa marker may correspond to CD25890 in com-
plex with nucleic acids (corresponding to peak a in Fig. 3B).
Alternatively, it may represent a complex of CD25890 with
other proteins, possibly with PNPase (see below). These find-
ings suggest that CD25890 is a hexamer iz vivo and that the
hexamer is the physiologically relevant form of the protein.

The N-terminal domain of CD25890 is responsible
for oligomerization

Sequence alignment shows that the YicC-family of proteins
have N- and C-terminal conserved domains linked by a less
conserved sequence (Fig. 4A and Supplementary Fig. S3). The
C-terminal domain includes the DUF1732 domain that is pre-
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Figure 4. CD25890 is a two-domain protein. (A) Schematic representation of the organization predicted for the CD25890 protein. The different
domains are labelled: the N-terminal YicC-like family domain and at the C-terminal the DUF1732 domain that is predicted to bind to nucleic acids. (B)
Limited trypsin digestion of Hisg-CD25890 along time. Positions of bands corresponding to Hisg-CD25890 and the N-terminal domain, as determined by
MALDI-TOF mass spectrometry, are indicated. MW markers are shown in kDa. (C) Bacterial Adenylate Cyclase Two-Hybrid (BACTH) analysis of
protein—protein interactions. Cultures of transformed BTH101 expressing the indicated fusion proteins were grown in liquid medium until mid log and
3-galactosidase activity measured. Results are presented as means =+ standard deviation from experiments carried out in biological triplicate. The insert
shows colony growth on solid plates for the different combinations of CD25890-, CD25890N, and CD25890° proteins, with blue colonies indicating
interaction between the different proteins or domains. (D, E) SEC of affinity purified Hisg-CD25890N (residues 1-151) and Hisg-CD25890C (residues
152-293) on a S200 increased 10/300 GL column. The insert shows SDS-PAGE analysis of the peaks indicated in the graph. On the top of panel C is
indicated the position of the elution peaks of MW standards (thyroglobulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa;

ovalbumin, 44 kDa; ribonuclease A, 14 kDa).

dicted to bind nucleic acids (residues 208-293 [46]). To ex-
amine the domain structure of CD25890, we subjected pu-
rified Hiss-CD25890™ to limited proteolysis with trypsin
(Fig. 4B). After 5-15 min of incubation, trypsin cleaved Hisg-
CD25890F into 17 and 18 kDa fragments; after longer incu-
bations, (at least 1 h), one stable fragment of approximately
17 kDa accumulated (Fig. 4B). After 4 h of digestion Hisg-
CD25890™ is completed degraded. We then subjected the 17
kDa Hiss-CD25890 fragment to mass spectrometry analy-
sis. Given the size of this fragment, the specificity of trypsin
for lysine and arginine residues, and the mass spectrometry
sequence information, this fragment corresponds to the N-
terminal of the protein, with the C-terminus of this fragment
predicted to be located at arginine 148 (Fig. 4A and B).

To gain insight into the domain involved in the oligomer-
ization of Hiss-CD25890 we first tested the ability of each
domain to self-interact using the BACTH analysis [20]. For

this purpose, full-length CD25890 (CD25890f), CD25890
from residue 1-151 (CD25890N) and from residue 152-293
(CD25890°) were individually fused to the C-terminus of the
T25 fragment and to the N-terminus of T18 of the adenylate
cyclase (cyaA) catalytic domain (Fig. 4C). The different com-
binations of CD25890"" with CD25890N and CD25890¢
were tested for interactions. In this system, association be-
tween the N- and C-terminal moieties of adenylate cyclase
results in production ¢c-AMP and B-galactosidase produced
from the lacZ reporter gene [20]. The interactions between
full-length CD25890 and separate domains were quantified
by measuring the activity of 3-galactosidase. Our BACTH
analysis confirmed that CD2589'" interacts with itself (Fig.
4C; 840.55 4+ 30.21 Miller units, MU). Moreover, we de-
tected self-interaction of CD25890N (502.92 + 19.48 MU)
and CD25890€ (2343.86 + 19.77 MU), and interaction of
each domain with CD25890 in at least one orientation
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Figure 5. Ribonucleolytic activity of CD25890. (A) Time dependent cleavage of SQ528 sRNA by CD25890 (WT), CD25890H2304,
CD25890F2544/E258A and CD25890N. Resulting RNA fragments were separated on a 8 M urea—6% polyacrylamide gel followed by staining with ethidium
bromide for 30 min and imaging using an Gel Doc system. Quantification of these assays (means =+ standard deviation, of at least three replicates) are
shown in panel (C). (B) The alignments show highly conserved residues in the vicinity of H230, E254, and E258 shown before to be important for the
activity of YloC from B. subtilis and YicC from E. coli. (D) Time-dependent cleavage of the dual-labelled oligonucleotide 5'-6-FAM- dArUdAdA-6-TAMRA-3
by different concentrations of CD25890"" or CD2589052544/E258A | the intact substrate, FAM fluorescence is quenched by TAMRA via Férster
Resonance Energy Transfer (FRET). Cleavage at the rU site separates the fluorophores, resulting in increased 6-FAM fluorescence, which serves as a

readout of endoribonuclease activity.

(Fig. 4C). An interaction of CD25890F" with CD25890N was
only was observed when it was fused to T25 fragment, rather
than when fused to the T18 fragment (Fig. 4C). The detec-
tion of interactions in only one direction suggests that, in this
context, the orientation of the proteins has a significant influ-
ence on protein—protein interactions. No 3-galactosidase ac-
tivity was detected when the plasmids containing the different
domains of CD25890 fused to T25 or T18 were paired with
plasmids expressing T18 or T25 alone (Fig. 4C). Thus, both
domains of CD25890 have the ability to self-interact.

To assess the oligomeric state of CD25890N (residues 1—
151) and CD25890C (residues 152-293) both domains were
fused to a His¢-tag, produced in E. coli BL21 (DE3) and pu-
rified over a Ni**-column [14]. While a yield of 5 mg/l of cul-
ture was obtained for CD25890N (estimated MW 19 kDa),
CD25890¢ (estimated MW 18 kDa) was mainly insoluble
with only 0.7 mg/I of culture being recovered in the soluble
fraction. SEC of purified Hisg-CD25890N revealed two main
peaks (2 and b in Fig. 4D) both of which contained the pro-
tein (insert in Fig. 4D). The larger peak (b) corresponds to a
species with a calculated size (125 kDa), similar to that of a
Hisg-CD25890N hexamer (Fig. 4D). The smaller peak (a) cor-
responds to a species with a calculated size of 229 kDa, which
may correspond to two hexamers (Fig. 4D). SEC of purified

Hisg-CD25890¢ revealed two main peaks that contain pro-
tein (b and ¢ in Fig. 4E). Peak ¢ corresponds to a monomer
(19.1 kDa) and peak b to a possible dimer (26.3 kDa). No
protein was detected in peak @ and it may correspond to nu-
cleic acids given the higher optical density (OD) at 254 nm ob-
served for this peak. These results suggest that the N-terminal
domain alone is able to form a hexamer, and that it may be
the domain responsible for the oligomerization of CD25890.

CD25890 shows metal-dependent ribonuclease
activity

The B. subtilis and E. coli members of the YicC-family, YloC,
and YicC, have Mn?*-dependent endoribonuclease activity
[16-18]. To test whether CD25890 has ribonuclease activity,
the Hisg-CD25890" protein, purified by Ni**-affinity chro-
matography followed by SEC, was incubated with $SQO528,
the sSRNA previously identified by RNAseq as a possible
CD25890 substrate. The reaction mixture, which included
Mn?*, was resolved by electrophoresis in a polyacrylamide
gel stained with the nucleic acid dye ethidium bromide. Incu-
bation results in accumulation of a smaller size product over
time, concomitant with the disappearance of SO528 (Fig. 5A).
This intermediate could result from 3’ exonuclease processiv-
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ity, or it could result from endonuclease activity. We favour
the latter hypothesis since orthologues YloC and YicC were
previously shown to

have endonuclease activity [15, 17, 18]. To test this, we mea-
sured CD25890 activity as a function of enzyme concentra-
tion using a real-time fluorescence-based assay (Fig. 5D). Us-
ing a target RNA with an internal cleavage site flanked by a
fluorophore and a quencher is a sensitive method for detect-
ing endoribonuclease activity [16, 47]. In this assay, we used
a tetranucleotide substrate, 5’-6FAM-dArUdAdA-6TAMRA-
3'. Cleavage at the single riboU releases the fluorophore from
the FRET quencher, allowing detection of fluorescence in real
time. CD25890 was added to the reaction at concentrations
ranging from 0 to 12 uM, and the rate of cleavage was mea-
sured over 4000 s (Fig. 5D). Activity increased with enzyme
concentration but not when a catalytically inactive allele was
added to the reaction (see below). These results indicate that
CD25890 is indeed an endoribonuclease.

As observed for YloC and YicC, cleavage was not observed
when Mn?* was absent from the reaction (Fig. SA [16-18]).
Similar to YloC, CD25890 was active in the presence of Mg?*
and Co?*, but not in the presence of Ca®* (Supplementary Fig.
S4A, upper panel). In the presence of Zn?*, the SRNA SO528
was completely degraded; however, this degradation was also
observed in the absence of the protein (Supplementary Fig.
S4A, bottom panel), suggesting that it may result from zinc-
mediated RNA cleavage, as previously reported [48, 49]. In
contrast to YloC, we were able to detect CD25890 activ-
ity in the presence of Cu®* [17]. The differences observed
may stem from the use of different substrates between our
study and previous ones (26-nt oligonucleotide [17]). In any
case, our results indicate that CD25890 is a metal-dependent
ribonuclease.

The C-terminal domain of CD25890 harbours
residues essential for ribonuclease activity

We also tested whether CD25890N alone has activity us-
ing SO528 as a substrate. We were not able to detect any
ribonuclease activity, suggesting that the C-terminal part
of the protein contains at least some of the residues di-
rectly involved in catalysis (Fig. 5B and C). The highly con-
served H230, E254, and E258, residues located in the C-
terminal domain were previously shown to be important
for YloC and YicC activity [16-18] (Fig. 5B). We pro-
duced and purified CD25890 alleles carrying substitutions
of the conserved residues H230, E254 and E258 to alanine,
and cleavage activity on SQ528 was assessed as described
above. CD25890H230A CD25890E254A and CD25890E258A
still show activity although reduced relative to the WT form
(Fig. 5B and C, and Supplementary Fig. S4B). In contrast, no
activity was detected for CD25890E254A/E258A (Fig SB and C).
Alanine substitutions of H228 and E256 of YloC, homolo-
gous to H230 and E258 of CD25890 (Fig. 5B), were also ob-
served to reduce ribonuclease activity [17].

The different forms of CD25890 may have reduced activity
due to impaired substrate binding, impaired self-interaction
to form the hexamer or because the residues changed to ala-
nine play direct roles in catalysis. SEC was used to test the
oligomeric state of the different variants of Hisg-CD25890.
The elution profiles for all the variants were similar to that
of the WT with approximately 89% of the protein eluting
as hexamers (Fig. 6A). Given these results, loss of activity is

The CD25890 endoribonuclease of C. difficile 1"

unlikely to be due to impaired hexamer formation. We used
electrophoretic mobility shift assay (EMSA) assays to test the
ability of the different variants of CD25890 to bind SQ528.
The formation of the complexes was visualized in a 6% native
polyacrylamide gel electrophoresis (PAGE) stained with ethid-
ium bromide (Fig. 6B and Supplementary Fig. S4C). Remark-
ably, although all forms of CD25890 interacted with SO528,
the inactive variants CD25890F254A/E258A and CD25890N
bound more strongly to SO528 than did full-length CD25890
(Fig. 6B). These results suggest that the active complex ex-
hibits a dynamic behaviour, while the inactive enzyme stabi-
lizes the complex by forming a stronger interaction with the
RNA substrate.

Cryo-EM single-particle analysis shows a dynamic
CD25890 hexamer

Due to the considerable size of the hexamers, it becomes fea-
sible to visualize individual CD25890 particles using electron
microscopy. Negative staining of the WT protein isolated from
the SEC column was performed (peak b, Fig. 3B) and re-
vealed individual particles. Thus, the sample was submitted
to CryoEM analysis; the electron micrographs (Fig. 7A) reveal
a monodisperse population of well-separated single particles.
The 2D particle classification of the single-particle analysis re-
vealed top and bottom projections of a clearly defined donut-
shaped, hexameric structure (Fig. 7B). Side projections were
almost absent, suggesting a tendency to adopt a preferential
orientation within the ice layer.

In our pursuit of structural insights into the CD25890 hex-
americ protein, we employed AlphaFold-Multimer to generate
a structural model (Fig. 7C and D, and Supplementary Fig. S5).
In its monomeric form, CD25890 is predicted to be a lengthy
bent molecule with a prominent long helix, reminiscent of
YicC [15, 18]. The N-terminal domain, is formed by four
antiparallel B-strands followed by «-helices, with a long «-
helix, from residues 126 to 195 imparting linear characteris-
tics to the molecule, extending to approximately alanine 208
before coiling back to form a coiled-coil structure (Fig. 7D and
and Supplementary Fig. S5B). The C-terminal domain adopts
a three-helix bundle configuration in an antiparallel confor-
mation, which together with part of the long helix from the
N-terminal domain forms a four-helix bundle. The catalytic
residues identified thus far (H230, E254, and E258) are lo-
cated within this domain. The resulting hexameric model has
a barrel-like structure with an internal cavity rich in basic
residues, which were predicted in E. coli YicC to aid in RNA
binding (Fig. 7E and Supplementary Fig. S3) [18]. Notably, the
N-terminal domain exhibits a ring-shaped appearance when
viewed from the top, aligning well with the 2D averages (Fig.
7B and C). However, the lack of side views and the flexibility
beyond the hexamerization domain (see C-terminal densities
moving around in the 2D averages) prevented from obtaining
a reconstruction at higher resolution.

CD25890 forms an active complex with PNPase

Recent research has suggested that E. coli YicC may act as
an adaptor, directing specific RNAs for degradation by PN-
Pase, and B. subtilis YloC was shown to interact with PN-
Pase [15, 17]. To test for an interaction between CD25890
and C. difficile PNPase (CD13180), we utilized the BACTH
system (as described above; Fig. 8A). Interactions were quan-
tified by assessing 3-galactosidase activity. Our BACTH anal-
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10/300 GL column. The protein present in the major peak, corresponding to the hexameric form was used in the endoribonucleolytic activity assays. On
the top is indicated the position of the elution peaks of MW standards (thyroglobulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa;
ovalbumin, 44 kDa; ribonuclease A, 14 kDa). (B) RNA-binding ability of CD25890 WT and different variants to the sSRNA SQ528. SQ528 was incubated for
10 min at 37°C with increasing amounts of each recombinant protein (from 0.25 to 8 uM). RNA-protein complexes were resolved in a 6%

nondenaturing polyacrylamide gel, and stained with ethidium bromide.

ysis confirmed the interaction between CD25890" and PN-
Pase (Fig. 8A; 843.04 4+ 16.66 MU). No B-galactosidase activ-
ity was observed when the plasmid containing PNPase fused
to T25 was paired with a plasmid expressing T18 alone or
with CD25890€. Although light blue colonies were observed
with the combination of CD25890N and PNPase, suggesting
that the two proteins interacted, no activity was detected when
the cells were grown in liquid medium (Fig. 8A). These results
suggest that the full-length form of CD25890 is necessary for
the interaction.

As an independent test, we produced C. difficile PNPase in
E. coli as a Hisg-tagged protein, purified it by Ni?*-affinity
chromatography and used SEC to assess its oligomeric state.
In SEC, PNPase eluted as a single peak corresponding to a cal-
culated size of 234 kDa (Fig. 8B). This is consistent with the
predicted size of a trimer (233.4 kDa) and in line with studies
in other species, such as E. coli, that also revealed a PNPase
trimer in solution [50, 51]. When purified CD25890" and
PNPase were mixed and applied to a SEC column, the proteins
co-eluted in a single peak with a calculated size of 445 kDa
(Fig. 8B), consistent with the predicted size of 445.8 kDa for
the complex. SDS-PAGE confirmed the presence of CD25890,
PNPase or both proteins in the peak fractions (Fig. 8B). Thus,
the CD25890 hexamer forms a complex with a PNPase trimer.
Alongside PNPase, a smaller-sized band is eluted (Fig. 8B), po-
tentially representing a degradation product that continues to
form a complex with PNPase and co-purifies with it. An inac-
tive variant, CD25890F254A/E258A 5 4150 able to form a com-
plex with PNPase (Fig. 8B). Therefore formation of the com-
plex is independent of CD25890 activity.

We evaluated the catalytic activity of the complex using
SQ528 as a substrate. Reaction mixtures, including Mn2*
in all conditions, were subjected to PAGE and visualized
with ethidium bromide staining. In contrast to CD25890,
which exhibited the accumulation of smaller degradation in-
termediates over time, PNPase facilitated complete degrada-
tion of SO528 without the formation of detectable inter-
mediates (Fig. 8C). Notably, when the complex was incu-
bated with SQ528, degradation was completed at the earli-
est time point (Fig. 8C). In an attempt to better establish the
enhancement of SO528 digestion by the complex, we eval-
uated catalytic activity at lower protein concentrations (0.3
uM; Fig. 8D and Supplementary Fig. S6). Under these condi-
tions, CD25890 activity was substantially reduced, with only
~50% of the substrate degraded. PNPase alone, although
slower, still achieved complete degradation of SQS528 after
90 min. This activity was significantly enhanced when the ac-
tive complex was present, resulting in total degradation of
SO528 within the first 15 min. In contrast, the catalytically
inactive variant CD25890F254A/E258A "\when in complex with
PNPase, severely inhibited PNPase activity. These findings in-
dicate that, although both proteins can independently degrade
SOS528in vitro, the complex is significantly more efficient.
Moreover, PNPase activity appears to depend on CD25890
activity within the complex, reminiscent of dominant-negative
effects observed in some enzyme assemblies [52]. This suggests
that physical interaction may modulate PNPase activity—
possibly by blocking substrate access, altering its conforma-
tion, or enabling the sequential action of the two enzymes dur-
ing RNA degradation.
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Figure 7. Structural model of the CD25890 hexamer. (A) A representative micrograph of the CD25890 specimen by cryo-EM. (B) Gallery of
representative 2D class averages from a 2D-classification of CD25890 particles. (C) An AlphaFold-Multimer model of side view and top view of the
hexameric form of C. difficile CD25890. The model highlights the different monomers with different colors. (D) An AlphaFold-Multimer model of the
monomer form of C. difficile CD25890. (E) View of the internal part of the CD25890 hexamer revealing positive electrostatic surface potential (blue).

Discussion

The YicC-family proteins have gained significant attention
across various species, including in model organisms such as
E. coli and B. subtilis. Despite the inability to predict func-
tion from their primary sequence, these proteins have been
demonstrated to possess endoribonuclease activity and to
play a role in sRNA silencing [15, 17, 53]. Here, we present
functional and structural characterization of the CD25890
protein of C. difficile, which shares 29% sequence identity
with YicC from E. coli and 40% identity with B. subtilis
YloC (Supplementary Fig. S3). We have shown previously that
CD25890 plays a role in regulating sporulation initiation in
C. difficile [14]. C. difficile is an anaerobic enteric pathogen,
where the oxygen-resistant spore acts as both the infectious
agent and toxin-delivery vehicle. Toxins produced by actively
growing cells are primarily responsible for the disease symp-
toms [1, 4, 7, 10]. In this pathogen, the formation of highly
resistant spores is crucial for persistent infection, leading to
high rates of disease recurrence and facilitating transmission
[9]. Thus, insight into the mechanisms by which CD25890 im-
pacts gene expression to regulate spore formation sheds light
on a regulatory network that is a potential target to disrupt
C. difficile persistence and virulence.

Using RNAseq we identified an sRNA, SQ528, that accu-
mulates to higher levels in a ACD25890 mutant, compared to

the WT. Even though RNAseq lacks the ability to distinguish
between direct from indirect RNase targets, SO528 is likely to
be a direct, physiological target for CD25890 because SQO528
accumulation in the ACD25890 mutant does not result from
increased transcription, and also because purified CD25890
cleaves SO528 (Fig. 1; see also below). Little is known about
the substrate specificity of enzymes of the YicC family. Previ-
ous studies have shown that YicC from E. coli cleaves at dif-
ferent positions within an RNA hairpin. However, it remains
unclear whether enzymes of this family exhibit sequence speci-
ficity or simply recognize a secondary structure of a certain
length [18]. In the future, identifying additional native SRNA
substrates will enable comparative analyses of RNA sequence
and structure to identify shared or conserved sequence motifs
or secondary structures.

S§0O528 shows complementary base pairing with the mRNA
encoding a transcription factor identified before as MarR
from C. difficile (CD08350) [54]. Initially characterized in
E. coli, MarR family members constitute a versatile group
of transcriptional regulators responsive to environmental cues
and governing the expression of genes involved in various cel-
lular processes [54-58]. These processes include, for exam-
ple, metabolic pathways, stress responses, virulence mecha-
nisms, and the detoxification of phenolic compounds, antibi-
otics, and household detergents. [59-62]. MarR of C. difficile
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(thyroglobulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 44 kDa; ribonuclease A, 14 kDa). In the insert is shown the
SDS-PAGE analysis of the peaks indicated in the graph. The asterisk marks a degradation product of PNPase, as confirmed by mass spectrometry. (C)
Time dependent cleavage of SQ528 sRNA by CD25890 - (WT), PNPase and the complex CD25890/PNPase. Resulting RNA fragments were separated
on a 8 M urea—6% polyacrylamide gel followed by staining with ethidium bromide for 30 min and imaging using an Gel Doc system. Quantification of
these assays (means + standard deviation, of at least three replicates) are shown in the graph below. (D) Quantification of the time dependent cleavage
of SQ528 sRNA by CD25890- (WT), CD2589082544/E258A  PNPase and the complexes CD25890/PNPase (0.3 uM of protein; see also

Supplementary Fig. S6). Compared to the panel on the left, the panel on the right feature an extended x-axis ranging from 0 to 15 min.

shares structural similarity with the MarR proteins from E.  nals with the Krebs cycle to modulate the rate of sporula-
coli and Staphylococcus aureus, indicating that it might also tion initiation in C. difficile. In any event, the overexpres-
function as a DNA-binding protein and participate in related  sion of SO528, while enhancing the sporulation efficiency of
processes [54]. the CD25890 mutant, appears to predominantly increase the

The genes encoding MarR proteins are often divergent rela- number of sporulating cells at a late stage in development fol-

tive to the genes or operons they regulate [55,60,61].In C.dif-  lowing the completion of prespore engulfment by the mother
ficile, MarR is situated downstream of the operon that codes  cell, including cells with mature phase-bright spores (Fig. 2).

for enzymes involved in the oxidative half of the Krebs cycle,  Since the primary effect of CD25890 is on the number of cells
including citrate synthase, aconitase hydratase, and isocitrate initiating sporulation [14], this suggests the potential involve-
dehydrogenase (Fig. 1A). In Streptomyces coelicolor, a mem- ment of additional CD25890 substrates in sporulation initia-
ber of the MarR family known as TamR has been demon-  tion. In line with this inference, several sSRNAs are expressed

strated to regulate, among other genes, those encoding aconi- in C. difficile [19, 21], and the SpoX and SpoY sRNAs have
tase and isocitrate dehydrogenase [60]. TamR may respond to previously been shown to modulate spo0A translation, which
metabolites such as citrate to modulate metabolic flux through is essential for sporulation initiation [19]. However, these sR-
the Krebs cycle [60, 61]. Given our finding that the increased =~ NAs were not identified as potential CD25890 substrates by
sporulation phenotype of a ACD25890 mutant is contingent ~ RNA-seq.

upon the culture medium, we speculate that CD25890 may Using a combination of SEC, bacterial two hybrid assays,
be part of a regulatory network that integrates metabolic sig-  AlphaFold-Multimer modelling and direct visualization by
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sporulation. Solid line, direct effect; dotted line, indirect effect.

electron microscopy we show that, like YicC and YloC [17,
18, 53], CD25890 is a hexamer (Figs 3 and 7; but see also
below). Importantly, CD25890 is also detected as a hexamer
in extracts prepared from C. difficile cells (Fig. 3). Together,
our structural and functional data strongly suggests that the
hexamer is the active form of the protein. CD25890 con-
sists of an N-terminal domain involved in multimerization
and a C-terminal domain that harbours the putative catalytic
residues (Figs 4 and 5). The hexamer exhibits metal-dependent
RNase activity against SQ528, which is completely abolished
upon dual substitution of glutamates 254 and 258, in the C-
terminal domain, with alanine (E254A/E258A; Fig. 5). Gluta-
mate residues E216,F217,E252, and E281 of YicC, conserved
among orthologues of the protein, are proposed to participate
in catalysis via metal ion coordination (Supplementary Fig.
S3). Since the E254A and E258A substitutions in CD25890
eliminate RNAase activity, we propose that the two replaced
residues are also involved in metal coordination [17, 18,
53]. Strikingly, however, while E258 is homologous to YicC
E252, CD25890 E254 is homologous to YicC E248, not
previously implicated in catalysis (Supplementary Fig. S3).
We suggest that residue E248, conserved among orthologs
(Supplementary Fig. S3) is also important for catalysis in
YicC. Conversely, the residues homologous to YicC E216,
E217, and, E281, are likely to be required for the activity of
CD25890 (E222, E223, and E287; Supplementary Fig. S3).
Interestingly, even though CD25890F254A/E258A (displays re-
duced catalytic activity, it exhibits enhanced binding to SO528
compared to the WT protein (Fig. 6). This effect may result
from a decrease in the protein’s overall negative charge. In
any event, the reduced activity does not seem to result from
deficient SRNA binding, but rather from a direct role of E254
and E258 in catalysis. In YicC, a cluster of arginine residues
(R30,R251, and R280 [18]; Supplementary Fig. S3) has been
shown to mediate RNA binding through electrostatic interac-
tions. In the case of CD25890, the N-terminal domain is suf-
ficient for binding to SO528. However, additional positively

charged residues in the C-terminal domain may contribute to
nucleic acid binding in the context of the full-length protein.

The cryo-EM structure of YicC bound to a 26-mer RNA
revealed a predominant closed complex configuration, resem-
bling a barrel [18, 53]. This closed RNA complex exhibits
pseudo-dimeric characteristics, with one trimer recessed and
the other trimer extending outward. This inherent asymme-
try allows the hexameric complex to present distinct sets of
residues on each side of the RNA, with the RNA centrally
bound within the barrel. In the absence of the substrate, the
complex undergoes a conformational transition, opening into
two trimers, forming a tight hexamer primarily at the N-
terminal region of the protein. Based on this structural insight,
the authors postulated that glutamate residues near the 5’
proximal cleavage site play an essential role in catalysis, likely
through manganese coordination, reminiscent of the double
metal-ion mechanism of RNase H [18].

Our AlphaFold-Multimer modelling consistently predicted
a CD25890 hexamer with six-fold cylindrical symmetry (Fig.
7). This differs from structures of apo and RNA-bound YicC,
where symmetry is broken outside of t