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Widespread regulatory mechanisms based on RNAs in bacteria

» Adaptive responses ;

» Metabolic, physiological processes 5,\{ J
\é&éééié. REC R S

* Virulence in major pathogens

Staphylococcus aureus, Listeria monocytogenes, Streptococcus pyogenes

Diversity of regulatory mechanisms

- Direct effector binding (« riboswitch ») (c-di-GMP) ﬁ?_°_>

- Protein binding (RNAP, CsrA, Hfqg, ProQ) nﬁ\/\;

- Foreign DNA/RNA binding (CRISPR RNA)

- SRNA-mRNA duplex formation (frans and cis riboregulators) .
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Direct effector binding by riboswitches
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L. Waters and G. Storz. Cell. 2009
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Regulatory RNA acting by protein binding

sRNA
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L. Waters and G. Storz. Cell. 2009
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--:{'SRNA Regulatory RNA acting by duplex formation

Trans localisation Cis localisation

DNA
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RNase RNase
sRNA acting in cis

sRNA acting in trans _/'\
Partial duplex Complete duplex

Hfq protein requirement /a\l\_p

RNA duplex formation — negative or positive effect on target mRNA

J. Gripenland. et al. Nature reviews. Microbiology. 2010
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Prokaryotic defense systems
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CRISPR-Cas system

CRISPR (clustered regularly interspaced short palindromic repeats)-Cas system
found in 90% of archaeal and 40% of bacterial genomes, prokaryotic immune system

CRISPR-associated

E (cas) genes E CRISPR cassette

leader

ltranscri ption ¢ repeat
pre-crRNA

D spacer

l processing by
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linterference

{ ) plasmid DNA crRNA o
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target DNA

Bhaya et al. Annu. Rev. Genet. 2011
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CRISPR-Cas system

CRISPR-associated

(cas) genes CRISPR cassette
O STeTeTeReleTeme o 00oloNom¢
leader ‘ epeat
D spacer

2005 - some spacer sequences match plasmid or viral DNA

l

CRISPR-Cas - prokaryotic immune system?



CRISPR-Cas system

CRISPR-associated

(cas) genes CRISPR cassette
DD 600Nl etomo oL 0lolioNele
leader ‘ repeat
Experimental evidences: D Spacer

CRISPR provides acquired resistance against viruses in prokaryotes.
Barrangou ef al., Science. 2007, 315(5819):1709-12.

Streptococcus thermophilus: . . .
phage infection — new spacer incorporation — phage resistance

Small CRISPR RNAs guide antiviral defense in prokaryotes.
Brouns et al., Science. 2008, 321(5891):960-4.

Escherichia coli:
artificially engineered CRISPR locus containing A phage DNA-
matching spacer » A phage resistance

CRISPR interference limits horizontal gene transfer in
staphylococci by targeting DNA.

Marraffini & Sontheimer, Science. 2008, 322(5909):1843-5.

Staphylococcus epidermidis: . . .
CRISPR-Cas system provides a barrier against plasmid
conjugation/transformation



CRISPR-Cas system expression

CRISPR-associated
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l processing by
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Bhaya et al. Annu. Rev. Genet. 2011
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CRISPR-Cas system function
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CRISPR/Cas System and Its Role in Phage-Bacteria Interactions. f
Deveau H, Garneau JE, Moineau S. Annu Rev Microbiol. 2010, 64:475-493.




CRISPR-Cas system function: interference

CRISPR cas operon

—=lll—IrODDD

Foreign DNA

adaptation l
y O Cas proteins

malturation

interference

Peter C. Fineran , Emmanuelle Charpentier
Memory of viral infections by CRISPR-Cas adaptive immune systems: Acquisition of new information

Virology Volume 434, Issue 2 2012 202 - 209



CRISPR-Cas system function: adaptation

A naive acquisition

CRISPR cas operon

Foreign DNA —ll-—rOD DD
\.
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B priming acquisition

J crikRNA

Cascade-crRNA/Cas3

Strand-specific
incorporation ——

1 Cas1-3, Cascade-crRNA

Peter C. Fineran , Emmanuelle Charpentier
Memory of viral infections by CRISPR-Cas adaptive immune systems: Acquisition of new information

Virology Volume 434, Issue 2 2012 202 - 209



Distinctive features of strict anaerobes

Anaerobic metabolism (ancient group, Clostridia)

Fe-S enzymes for energy metabolism ’

Amino acid fermentations (Stickland reactions) _

Oxidative stress response mechanisms I
(absence of SOD, catalase)

v' Establishment of sporulation

v Link between metabolism and virulence

AN

Biotechnological applications

v Solvents production, biosynthesis of biofuels
(C. acetobutylicum, C. thermocellum)

Amino acids
(cysteine) Growth phase

T\ S e

RegLIIation An::ri:::ature /\ Biotin
v' Specific regulators, particular pathways ﬁL/ Q
v Toxin production control by glucose and amino acids /.

(cysteine) PaLoc - - = /_\ IR 2 S g W el

. 3 i i

v -

RNA-based mechanisms s\stNA @F @

\mnm LABS. L inmaaan %
Pathogenecity locus (PaLoc)
O
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RNA-based regulation in Clostridia

Clostridium acetobutylicum Control of sulfur metabolic operon by an antisense RNA
(Andreé ... Soutourina, NAR 2008)

cysteine

. . methionine
tRNA,; aminoacylation level s
M

SA
p |" T-ﬁ (P IubiG>‘ mccﬂw mccA>(P 6 _J}
P
mRNA S-box
Premature termination of transcription: = ( Anti ¢ iot
T-box and S-box riboswitches nhsense franscrip

Clostridium perfringens Control of toxin-encoding genes by 4 non coding RNAs
(Okumura et al, 2008; Ohtani et al, 2010)

Clostridium difficile Control of virulence determinants ?

sRNAs contributing to regulatory networks
governing C. difficile physiology and pathogenesis ?

Introduction
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Clostridioides (Clostridium) difficile

v'Gram positive spore forming

v'strictly anaerobic bacterium
v'colonization of intestinal tract

v’a major nosocomial enteropathogen

C. difficile became a public health issue

v'95% cases of pseudomembranous colitis (PMC)
v'10-25% cases of antibiotic-associated diarrhoea (AAD)

v'Most common cause of hosocomial infectious diarrhoea in adults

Emergence of hypervirulent and epidemic strains (as 027 strain)
Economic burden in the developed countries (3 billions € or $ of costs in US and EU)

Risk factors of C. difficile infection (CDI): Antibiotic exposure and old age (over 65)

C. difficile



o> » therapy

Contamination by spores ﬂl]l:> Implantation of C. difficile

D¢ Antibiotic

Infection cycle of C. difficile

Alteration of colonic microflora

| Multiplication in host

Sporulation

Destabilisation of
the actin
cytoskeleton

af \ A {\;
‘..,?.}-:... fii'?f"f}.";'v
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TcdB - TcdA

Cytotoxin " % Enterotoxin

5:
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7

Adhesion
Germination
Colonization

Metabolic adaptations
Stress response
Interactions with phages

-

Regulatory RNAs

Intestinal cell lysis - Inflammation

% Diarrhoea, pseudomembranous colitis, megacolon-perforation C@

Regulatory RNAs could be involved in several stages of the infection cycle

C. difficile



Genome-wide identification of SRNAs in C. difficile

Comparative genomics
and bioinformatics

RNA-seq, dRNA-seq

94 intergenic region
(IGR) sRNAs

12 CRISPR RNAs

Potential \%;S"\ %
trans S )5

‘( l"‘\
riboregulators f/&f*‘ﬂ

=D e oo TeRe—

91 Antisense sRNAs

Potential
cis
riboregulators

)

66 riboswitches

16 cyclic di-GMP riboswitches | > &

About 185 sRNAs (35/40 detected by Northern blot)

Soutourina et al. PLoS Genetics. 2013

C. difficile
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B Role of the regulatory RNAs in C. difficile physiology

N AN
I ore than 250 ncRNA & large diversity of mechanisms in CD
- - (CRISPR RNAs, trans and cis antisense RNAs and riboswitches)

TSS-mapping ‘
RNA-seq %&,mf\"
In silico \%

NncRNA : :
, . E Germination
)
Sporulation/Biofil ¥ > Colonization

C. difficile infection cycle Growth
Metabolism
Stress response

— Soutourina et al. PLoS Genetics. 2013
Boudry et al. J. Bacteriol. 2014

Boudry et al. mBio. 2015

ncRNA Soutourina. Curr Opin Microbiol. 2017
Maikova et al. NAR. 2018

Maikova et al. Front Microbiol. 2018

Soutourina. Toxins. 2019, Maikova et al AEM. 2019

Soutourina et al. Frontiers in Microbiol. 2020

Peltier et al. Communications Biol 2020

Piattelli et al. Genes 2020, Kreis & Soutourina Current Opinion Microbiol 2022
Boudry et al. RNA Biol. 2021, Maikova et al. mBio 2021

Muzyukina et al. mSphere 2023, Muzyukina & Soutourina. Biochimie. 2023

Virulence factors )
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e /@ Role of the regulatory RNAs in C. difficile physiology

N BTN
More than 250 ncRNA & large diversity of mechanisms in CD
(CRISPR RNAs, trans and cis antisense RNAs and riboswitches)

¥

Original aspects of RNA-based control in regulatory function

- Riboswitches responding to c-di-GMP involved in cellular processes

@ - RNA chaperone protein Hfq in the ncRNA network

?%\ _ - Function and regulation of CD CRISPR-Cas system

H Antisense RNAs within type | toxin-antitoxin systems




CRISPR-Cas system
clustered regularly interspaced short palindromic repeats

Interference
cas genes 1 CRISPR locus S~
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A \ : Pre-crRNA [0 CrRNAS
Biogenesis
of crRNAs

transcript

Nature Reviews | Microbiology



Current classification of CRISPR-Cas systems

Class 1
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Class 1 type | CRISPR-Cas systems

Archaeoglobus fulgidus
| A AF1850, AF1870-AF1879

cas6 csaS cas/ cas5 cas8al casS’ cas3" cas cas4 casl cas
By T > S B | e ek s
v CKL_2758-CKL_2751
casb cas8bl cas7/ cas5 cas3 cas4 casl cas2
) S I ) S S aa
BH0336-BH0342
cas3 cas5 cas8c cas7 cas4 casl cas2
Geobacter sulfurreducens
I-U  GSU0051-GSU0054
GSU0057-GSU0058
cas3 cas8c cas7 cas5 cas6b cas4 casl cas2
GSU0054

- : G r—> |—1>‘——Jl >m _.n Cyanothece sp. PCC 8802
— ‘ i Cyan8802_0527-Cyan8802_0520

Class 1

cas3' cas3" cas10d cas7 cas5 cas6 cas4  casl cas?
csc2 cscl

I-E Escherichia coli K12

’ v ygcB-ygbF
cas3 cas8e cse? cas’/ cass casé casl cas?
csel
- N — \ ; Yersinia pseudotuberculosis YPIII
' >= L, e ' — -F YPK_1644-YPK 1640
casl cas2  cas3 cas8f cas5 cas7  cas6f

Adapted from: Makarova et al. Science. 2015



Function and regulation of C. difficile CRISPR-Cas system

5 Protospacer
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Nature Reviews | Microbiology

In CD strain 630 : 12 CRISPR regions exist and are expressed
In epidemic CD strain 027: 9 active CRISPR arrays

.. A total of 819 spacers from nine CD strains
Large defence capacity within phage-rich gut communities

CRISPR



CRISPR RNAs identified by dRNA-seq

CRISPR (clustered regularly interspaced short palindromic repeats)-Cas system

CRISPR16
CRISPR-associated
(cas) genes r» CRISPR cassette

=1000 nt
=700 nt 3 ! !
pre-crRNA - -
1300t S Ieader
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pre-crRNA pre—chNA
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=66 nt - - l processing by
crRNA Cas proteins
linterference
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crRNA
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PrOJect 1: CD CRISPR Cas system function and regulatlon
Skoltech Q)
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Boudry et al. mBio. 2015
g = —___ Maikova et al. NAR. 2018
Maikova et al. Frontiers Microbiol. 2018

\. Maikova et al. AEM. 2019

@\ Maikova et al. PhD thesis
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Endogenous system for CD genome editing

Sensitive high-resolution CRISPR-based typing for epidemiology & CD microevolution survey
Self-targeting, autoimmunity

Great potential for genome editing and therapeutic applications



Project 1: CD CRISPR-Cas system function and regulation

#2608l

Boudry et al. mBio. 2015
Maikova et al. NAR. 2018

_ Maikova et al. Frontiers Microbiol. 2018

cas or! Maikova et al. AEM. 2019
Maikova et al. PhD thesis
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Partial cas set

foreign DNA

In CD strain 630 : 12 CRISPR regions exist and are expressed
In epidemic CD strain 02{: 9 active CRISPR arrays
.... A total of 819 spacers from nine CD strains
Large defense capacity within phage-rich gut communities



5t I CRISPR analysis in C. difficile

dRNA-seq/ RNA-seq: expression of all 12 CRISPR RNAs:
2 associated with cas genes (type I-B)
5 in phage regions (3 highly expressed), strategy for limiting competing phages ?
complex regulation by stress- and biofilm-related stimuli, link with TA systems

CD2982-CD2975

cas operon
N
& CR16
4]
&8 CRi15
£
C. difficile 630 chromosome
4,290,252 bp R3
R4
CR12
CD2455- CR6 ¢,
CD2451 cas 35*
operon CR7

CR11

CR10

1-0€9A0!ud

—

CD2982 CD2981 CD2980 CD2979 CD2978 CD2977 CD2976 CD2975
cas8b  cas7 cass cas3 cas4 casl cas2

casé6

—

CD2455 CD2454 CD2453 CD2452 CD2451
caséb cas7 cass cas3

CRISPR



o

= . f B CRISPR analysis in epidemic C. difficile strain of 027 ribotype

ol

: CDR20291_2998-2994 oyi
cas operon

CR20

—

—| e )y - - - —

CDR20291 CDR20291CDR20291 CDR20291 CDR20291 CDR20291 CDR20291 CDR20291

2817 _2816  _2815 2814 2813 2812 2811 _2810
CDR 2 02 9 1_2 8 1 7-2 8 1 0 cas6 cas8 cas7 cas5 cas3 cas4 casl cas2
cas operon
—>

CDR20291 CDR20291 CDR20291 CDR20291 CDR20291

2348 2347 _2346 _2345 _2344
cas6 cas7 cas5 cas3

CR19 C. difficile R20291 chromosome

4,191,339 bp

>

D () -m—-——

CDR20291 CDR20291 CDR20291 CDR20291 CDR20291
2998 _2997 _2996 _2995 _2994
cas5 casé cas7 cas3

CDR20291_2348-2344
cas operon

RNA-seq: expression of all 9 CRISPR RNAs:
 transcriptional orientation in the direction of replication
« 2 associated with cas genes (type I-B)

« additional cas operon specific to 027 ribotype strains*
« 3in phage regions

Boudry et al. mBio. 2015

CRISPR



Results:
|. Functionality of CRISPR-Cas
system in C. difficile



Function of C. difficile CRISPR-Cas system

Functionality of CRISPR system
Masmid DNA cleavw)
Cape
&) . —
' Phage Strain CRISPR Spacer match Phage sensitivity
PhiCD27 630 + R
@) Interference — i 027 + R
PhiCD38-2 630 + R
< 027 - )

Q) -~
’FHW “%O Correlation between phage resistance phenotype and

VA ek e / CRISPR spacer match
PAM-protospacer spacer
Large in silico CRISPR spacer Phage CRISPR
resistance array

homology analysis (9 strains/22 phages,
11 new phage genome sequencing):

—3—

» extensive targeting of clostridial phages;
« multiple targeting of conserved homologous

genes within related phages
Boudry et al. mBio. 2015

CRISPR



| Functionality of CRISPR system in C. difficile: interactions with
phages

Example of CRISPR spacer targeting of C. difficile phages

phiCD27

B —wmmmmmmmm =il HDDDMMDDMDDDDMD Cemit)

d4

" r

phiCD38-2

| o = 5 1) ) i 011

PAM-protospacer spacer

Phage CRISPR
resistance array
—38—>  —

Boudry et al. mBio. 2015.
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Interference

PAM identification by protospacer alignment
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target DNA - qtospacer

CRISPR

Boudry et al. mBio. 2015.




“oMANCE o, ™

@gFunction and regulation of C. difficile CRISPR-Cas system
(3

(}) Interference

. 4

D) |
4% o

Virus ONA cleaved /

./’

-

%

crRNA
5’ 3
3, TIILPAM g
farget DNA protospacer

PAM-protospacer

Interference

Functionality of CRISPR system

Active interference process in plasmid conjugation
efficiency assays in CD and in heterologous host E. coli

Boudry et al. mBio. 2015

spacer

CRISPR
array

Almost all CRISPR arrays are active for
interference !

Maikova. PhD thesis; Maikova et al. mBio 2021

CRISPR



Functionality of CRISPR-Cas system in C. difficile:
plasmid interference

PAM-protospacer

spacer

Conjugation

Conjugative vector CD cell

CRISPR



Functionality of CRISPR-Cas system in C. difficile:
plasmid interference

PAM-protospacer
spacer

Interference
CRISPR
l
3 LA
. ;
Conjugative vector l CD cell

No or less transconjugants

CRISPR



Functionality of CRISPR-Cas system in C. difficile:
plasmid interference

PAM-protospacer
spacer

Interference
CRISPR
l
3 LA
. ;
Conjugative vector l CD cell

No or less transconjugants

ﬂl Conjugation Strategy for interference

efficiency

experiments

CRISPR



= Function of C. difficile CRISPR-Cas system

Functionality of CRISPR system

Clpe _ ,
¢ Experimental evidence for PAM 5’CCW:
= plasmid conjugation efficiency
(3) Interference ———— Number of Conjugation
PAM transconjugants efficiency
& —
) CCA PAM (o less than 1x107°
a/é » , CCT PAM 0-1 1x107
._ﬁ’;; ¢ GAG 138 5x1077
2P ; AAT 178 6x1077
vtk / 1st protospacer of CRISPR12
PAM-protospacer spacer
crRNA
5 Interference CRISPR
5[
3, TIILPAM g %—
farget DNA protospacer

Boudry et al. mBio. 2015

CRISPR



Functionality of C. difficile cas genes for plasmid interference in E. coli

E. coli strain Protospacer plasmid

7 KD623 strain pT7Blue empty vector
—

LDR |.|

15t spacer of CRISPR16 pT7Blue wt protospacer CR16

T7

cas
- pT7Blue mutated protospacer CR16 O

ND 10! 102 103 10%

- KD626 strain
—

LDR '

Leader, no spacer

pT7Blue empty vector

pT7Blue wt protospacer CR16

T7

a3

cas

- pT7Blue mutated protospacer CR16 O

Boudry et al. mBio. 2015

CRISPR



Functionality of CRISPR-Cas system in C. difficile:

adaptation assays

C. difficile 630E
R20291

C. difficile

Full operon

p—

cas6 cas8b cas7 cass cas3 cas4 casl

CD2982 CD2981 CD2980 CD2979 CD2978|

CD2977 CD2976 CD2975

cas2

—
CD2455 CD2454 CD2453 CD2452 CD2451
caséb cas7 cass cas3

Partial

*Casl and Cas2 are essential for
new spacer acquisition on all
CRISPR-Cas system types
*Potential role of Cas4 in CRISPR-
adaptation is actively discussed

CDR20291 CDR20291CDR20291 CDR20291 CDR20291 FDR20291 CDR20291 CDR20291

2817 _ 2816  _2815 2814 2813 2812 2811 2810
cas6 cas8 cas7 cas5 cas3 cas4 casl cas2
—

operon__w

CDR20291 CDR20291 CDR20291 CDR20291 CDR20291
2348 2347 _2346 2345 2344
cas6 cas7 cas5 cas3

>

- - =)

CDR20291 CDR20291 CDR20291 CDR20291 CDR20291
2998 _2997 _2996 2995 2994
cas5 cas6 cas7 cas3

cas operon specific to 027 ribotype strains*

CRISPR



Functionality of CRISPR-Cas system in C. difficile:

adaptation assays

Strategy
cas1 cas2 cas4 cas1 cas?
%Ptet k %Ptet
pDIA6103 pDIA6103
or >

CD cell with or without its own cas operons

+ same vectors
with mutated protospacers
for primed adaptation

v

Spacer acquisition PCR analysis

CRISPR



Functionality of CRISPR-Cas system in C. difficile:

naive adaptation assays

cas4 cas1 cas2

L

te

Conjugation Induction of Ptet
pDIA6103 > > Overexpression of
+ATc cas4-cas1-cas2 proteins
630E cell
v
TA-cloning of interesting fragments < Spacer acquisition
and sequencing PCR analysis

CRISPR



Functionality of CRISPR-Cas system in C. difficile:

naive adaptation assays

—

PCR analysis

l Adaptation

(new spacer acquisition)
—

—lm B W -

<=

* CRISPR-Cas system in CD 630E

is functional for adaptation

* New spacer acquisition was detected

in CR8 and CR9 arrays

* These arrays are also active for interference

* All new acquired spacers were from the plasmid

CRISPR



Functionalitx of CRISPR-Cas sxstem in C. difficile:

naive adaptation assays Maikova. PhD thesis
Maikova et al. mBio 2021

—
P m —
Adaptation
(new spacer acquisition) PCR analysis and NGS
pr—

Uniquely aligned spacers CRISPR8

Genome Plasmid
dir strand rev strand dir strand rev strand
2474 1884 119274 111496
1.1% 0.8% 50.7% 47.4%

CRISPR



Spacer acquisition hot spots in C. difficile

/ :
,
v

@ \- _a
P10  pgg o0

N2
)
,,'“t%

o

Q 00’90,0%

Adaptation hot spots on pCas1-2-4 plasmid are located in traJ and ori regions

Maikova. PhD thesis
Maikova et al. mBio 2021

CRISPR



Spacer acquisition hot spots in C. difficile

== presumptive oriC position presumptive terC position == Tn1549-like genes == CRISPR == Cas genes
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Adaptation hot spots on genome are located in terC and Tn1549-like gene regions

Maikova. PhD thesis
Maikova et al. mBio 2021
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ori

Planktonic state

%
;? éﬁ\ XL
RT:% / @ %

Biofilm

CD 630
chromosome

CR12
Partial cas set

Increase in CRISPR defence

Perspectives: Role of the CRISPR-Cas during infection

- Regulation of CRISPR-Cas expression in response to stress-related
factors (phages-biofilm)

Maikova A. PhD thesis

CRISPR



ori

CD 630
chromosome

TA CRI2
Partial cas set CR6¢,

Perspectives: Role of the CRISPR-Cas during infection

- Regulation of CRISPR-Cas expression in response to stress-related
factors (phages-biofilm)

- Link with Toxin/antitoxin (TA) systems of type | (defence islands)
- Mechanism of CRISPR array transfer (adaptation)

CRISPR



ori

TA & CRI6
<
TA §CRls
< CD 630
chromosome R33 A
=
TA CRI12 R4‘§ A
, Prophage
Partial cas set CR6¢, ) ;
TTA induction

Genomic analysis of 3,000 C. difficile strains

New lysogenic

strain

Acquisition of CRISPR array

- Conservation of cas operons, identification of 027-specific operon
- Co-localisation of CRISPR and TA (defence islands)

- Prophage localisation of CRISPR arrays (evolution)

CRISPR



Project 1: CD CRISPR-Cas system function and regulation

Toxin el g
CRISPR RNA ‘ T’

Boudry et al. mBio. 2015

e U Ar;'lt\lo'g\('” Maikova et al. NAR. 2018
~ foreign DNA Role of TA in prophage Maikova et al. PhD thesis
orl r 1N prophage o tier et al. Commun Biol 2020
74 cas stabilization
TA & cRi6
£
TA §CR15
@ CD 630
chromosome rs3 New lysogenic
5 TA strain
TA CRI2 3
Partial cas set CRée, Prophage

T TA  induction

CR7,.
R84
Acquisition of CRISPR array

In CD strain 630 : 12 CRISPR regions exist and are expressed
In epidemic CD strain 02‘7: 9 active CRISPR arrays
.... A total of 819 spacers from nine CD strains
Large defense capacity within phage-rich gut communities



Results:
1. Using of CRISPR-Cas system in C.
difficile for genome editing



PAM sequences in C. difficile 630E and R20291 strains

Maikova. PhD thesis
Maikova et al. mBio 2021

C. difficile

CRISPR
array

1.Conjugate
PAM library

E. coli /->

y N \
2. ldentify depleted
sequence motifs to
determine PAM

o J

Two PAM plasmid libraries:

1. Vector-NNNN (PAM)-protospacer 1
CRISPR16 CD 630

2. Vector-NNNN (PAM)-protospacer 1
CRISPR13 CD R20291

CRISPR



PAM sequences in C. difficile 630E and R20291 strains

Maikova. PhD thesis
Maikova et al. mBio 2021

C. difficile

HTS analysis

630 strain

1.Conjugate
PAM library

E. coli /

-

R

2. ldentify depleted
sequence motifs to
determine PAM

\./

R20291 strain

Functional PAMs CCN/TCN in accordance with interference efficiency experiments

CRISPR



Genome editing in C. difficile using the endogenous CRISPR-Cas system

Mini-array plasmid

Array promoter or inducible promoter

‘ O + CRISPR mini-array

Endogenous
Cas proteins

crRNP

™~

crRNA

/ll I

targe;\

— -
1L I
fy\*, JA‘»

Maikova et al. Frontiers Microbiol. 2018
Maikova. PhD thesis
Maikova et al. AEM. 2019.

PAM-protospacer

/

Wild type strain /

CRISPR autoimmunity
and cell death

CRISPR applications



Genome editing in C. difficile using the endogenous CRISPR-Cas system

Mini-array plasmid

Array promoter or inducible promoter

. O + CRISPR mini-array

Endogenous
Cas proteins

crRNP

™~

crRNA
/ll I

PAM-protospacer

targe;\

/

Wild type strain /

CRISPR autoimmunity
and cell death

Editing plasmid

X

Array promoter or inducible promoter

Array promoter or inducible promoter

CRISPR mini-array l / \ , ‘ CRISPR mini-array
NG o
l// N\ \l o
) Recombination l\ crRNP
/ | | AN Endogenous
/ | | \ Cas proteins
/ AN
/ | | AN crRNA

/Il

PAM-protospacer Wild type strain

Editing plasmid

P

=
l
’ ;7‘-'-'.'

.

Maikova et al. Frontiers Microbiol. 2018

Maikova. PhD thesis
Maikova et al. AEM. 2019.

Elimination of the plasmid

AT re +——/

Mutant strain

CRISPR applications



Genome editing in C. difficile using the endogenous CRISPR-Cas system

Maikova et al. Frontiers Microbiol. 2018
Maikova. PhD thesis
Maikova et al. AEM. 20109.

Induced endogenous CRISPR-Cas autoimmunity

o ®
pECrP_hfq 4“ é-é__“é

C. difficile cells Transconjugants Induction of the mini-array No colonies
Piet expression Self-cleavage

new type of drugs against CD ?

Mutant construction using plasmid with homologous arms

(-2 T

Transconjugants
"9 Induction of the mini-array Colonies to analyze

C. difficile cells (homologous recombination) .
expression

CRISPR applications



Genome editing in C. difficile using the endogenous CRISPR-Cas system

630Aerm

target
i— ?_ wt 600,

© 0.15,
g ] 400 T
—i% mutant s | T
3 0.10-: 200
(3]
< 0 :
oo m 630Aerm 2 ] AhfglP-pr,
P 0005 | |
2 -
= - 5
- 1 2 3wt © ]
2 —_ —— ]
2888_ — 0-00 T T
1500 — | 1 wt/P AhfqlP
— clones
630Aerm

wt/P  Ahfq/P Ahfq/P-hfg

10 kDa — - -

* Ahfqg mutants in 630 and R20291 strains
* Could not be obtained using other genome editing methods (codA allele exchange and ClosTron)
* Efficient plasmid loss

Maikova. PhD thesis
Maikova et al. AEM. 20109.

CRISPR applications



Results:
I1l. Regulation of CRISPR-Cas
system in C. difficile



w / Complex regulation of CRISPR system in C. difficile

» Optimization of CRISPR loci transcription (conserved
orientation in direction of replication)

» Induction within biofilm communities for efficient
defence against foreign DNA, role of biofilm-related

signalling molecules (c-di-GMP) _@}_ L
S

» Control in response to stress-related factors relevant
for C. difficile infection cycle (sigma B control,

interactions with phages, stress conditions inside the Phage infection

host) R
» Link with Toxin/antitoxin (TA) systems of type I, co-

localization and co-regulation of CRISPR and TA

systems within “defence islands” in C. difficile <= crispRaray= < >

chromosome

CRISPR



Regulation of C. difficile CRISPR system within biofilms

Planktonic state
// « » High c-di-GMP
) S Low c-di-GMP
B”"”‘&

High Low
@— C-di-GMP |— Biofilm formation A
¥ Riboswitch | Riboswitch Il m\‘
Negative control of target genes Positive control of target genes

Phage resistance mediated by CRISPR system

Riboswitch | associated with cis-antisense RNA
Positive control of crRNA expression

C-di-GMP
+1
precrRNA
P——| CRISPR array —
tzé t,| Riboswitch +1
4_
© «— 7 NN High c-di-GMP

Terminated transcript

«/VVVWVVVWVV\/\ Low c-di-GMP
Cis-antisense RNA

CRISPR - c-di-GMP



Results:
IV. Inhibitors of CRISPR-Cas system
in C. difficile



Potential inhibitors of CRISPR-Cas system in
C. difficile




Acr proteins in suppression of CRISPR-mediated immunity

e 777{?

Acr proteins

-
i) -
NI o
w o
Acr proteins block phage DNA binding
and/or DNA cleavage

CRISPR RNA-guided
surveillance complex

Cas nuclease

CRISPR interference

Phage DNA binding
and degradation f v 7 > . géa

Phages evade
CRISPR-Cas immunity

CRISPR-Cas system prevents
phage propagation




Mechanisms of anti-CRISPR Erotein activitx

b
CRISPR-Cas immunity Anti-CRISPR mechanisms
Q

o] /
§ 3 3 v : )7 # = . >
2 [ EE— ) P P e® €3 & Y wa

Cas genes CRISFR AcrliA4 AcrlIC3 AcrVA1 AcrVAS AcrlF AcrlIC1 ActlE1
2 —
8 %) A pre-crRNA (i) DNA-binding inhibition
] V. > 7
2 ) @ |
Q - A ~A s 0

- l ! Cas9 Cas9 | \ :

\ ; {/’) ‘ E Cas3
® P ‘ s ‘
§ Casi12 Casi12 Cascade
: |
5
i o (ii) DNA-cleavage inhibition

it i) 8@
s : E EE@ Cas3 5% %
S Cas9 % Cascade

Stanley and Maxwell, 2018



Potential applications of Acr proteins in C. difficile for phage therapy

Treatment of C. difficile infection

—
* long-term effects ?
* industrial production ?
L * risk of bacterial and viral
[ FMT ] pathogens transmission
* ethics

‘ Phage therapy

| Antibiotics | \-}‘

C. difficile - active against antibiotic-
resistant strains

* penetrate into biofilm

specific targeting

microbiota preservation

Y e & o o & /
\CCRE LR / o
\ \ / \
. =/ /
7 7 P SR
{ CCCETR?
N\ y /

active CRISPR-Cas system

» emergence of antibiotic
resistance;

* relapses;

» dysbiosis

+ inefficient against

\_ biofilm-forming bacteria/

limitations in bacteria possessing
CRISPR-Cas systems

Natural or engineered phages producing Acrs
for suppression of CRISPR immunity can
improve the efficacy of phage therapy




Potential applications of Acr proteins in C. difficile for genome editing

Genome editing in C. difficile using
endogenous CRISPR-Cas system

The use of Acr proteins in genome
editing can provide:

o
_-—-—ﬂ © % Acr * precise temporal control of

CRISPR-Cas activity through
“ON-OFF” regulation

C. difficile genome

 decreasing off-target effects

* reducing the toxicity of self-
targeting CRISPR-Cas system



Putative anti-CRISPR loci of C. difficile phages

A. Borges, J. Bondy-Denomy e - putative anti-CRISPR (A
I - putative anti-CRISPR
associated (Aca)

Source Putative Acr Putative Aca Putative Acr Putative Aca
o
< [ Dsm102859
@
*3 DSM102860, DSM102978 91% | >
O [ 7032985 |:>
m 0y
5| ecomz > > I
| > > I

Scale 50 aa D AcrI Bl




C. difficile conjugation experiment for AcriB1 efficiency testing

Self-targeting strategy

Plasmid

mini-array

ATC lem acriB1

AcriB1 +
self-targ

mini-array

Muzyukina et al. mSphere 2023

Conjugation in C. difficile Induction Effect
— \b — No effect

No transconjugants
(self-cleavage)
,‘ /—:\ AcriB1
‘ﬁi b o Cas
\‘ : \_// target ©
Transconjugants

(inhibition of self-cleavage)




acrlB1 gene expression inhibits CRISPR interference in C. difficile
Self-targeting strategy

10 104 105 10

self-targ

AcriB1 +
self-targ




acrlB1 gene expression inhibits CRISPR interference in C. difficile

Effect of anti-CRISPR self-targeting inhibition on bacterial growth in BHI liquid medium
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AcrIB1 + self-targ (-ATc) S 10°4 O self-targ
3 empty (+ATc) e 104 i O AcriBl + self-targ
S 103+
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-o- AcriB1 + self-targ (+ATc) 1014
0.0 T T T ™ 10° T T T T T
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Time (h) Time (h)

Muzyukina et al. mSphere 2023



acrlB1 gene expression inhibits CRISPR interference in C. difficile

Effect of anti-CRISPR self-targeting inhibition on bacterial growth in BHI liquid medium
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109+ _ _
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Effect of self-targeting and anti-CRISPR inhibition of self-targeting on genomic DNA content
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Deletion of Eartial cas operon disables CRISPR inhibitog activitx

10° 10 102 10% 104 10° 10° 10° 10" 102 10° 104 10° 10°
N

E self-targ

acr +

self-targ
empty |
CD2981 97! CD2977 CD2975 »
€D29 825058bc b2 9 cas5CD2%78cqs4€D2976 457 3
casé cas3 casl = self-targ
effector adaptation =
module module se,,‘ffa’r; 3

H RSN

CD2455 CD2454 CD2453 CD2452 CD2451
cas6 cas8bll cas7 cas5 cas3

effector module

Muzyukina et al. mSphere 2023



Deletion of partial cas operon disables CRISPR inhibitory activit

NN NN NN

CD2981 CD2979 CD2977 CD2975
D29 “'?anstC D2980,455€D2978cqs4 P2 917 6cas2
cas

casé6 as7 cas3
effector adaptation
module module

CD2455 CD2464 CD. CD2452 CD2451
cas6 cas8bll cas7 cas5 cas3

effector module

Muzyukina et al. mSphere 2023
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Deletion of partial cas operon disables CRISPR inhibitory activit

10° 10" 102 10° 10¢ 105 10° 10° 107" 102 10° 10¢ 105 10°
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casé cas7 cas3 casl §
effector adaptation =
module module

self-targ |

Apartial cas

CD2455 CD2g464 CD. CD2452 CD2451

cas6 cas8bll cas7 cas5 cas3
acr +

effector module

self-targ

Adouble cas

acr+
self-targ

Muzyukina et al. mSphere 2023



|dentification of AcrIlB1 interacting proteins

Pull-down results for AcrIB1-N-Strep sample by LC-MS/MS

STREP-tag

i-CRISPR
@ - DNA-binding proteins
- RNA-binding proteins
@ - Cas proteins
- other proteins
v
=
g
Q
S
oo
S
tet
mini-a rray

Muzyukina et al. mSphere 2023
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Potential DNA mimicry mechanism of action of AcrIB1

Negatively charged amino acids (D — aspartic; E — glutamic acid)
Aromatic amino acids ( F— phenylalanine; Y — tyrosine; W - tryptophan)

>AcrIBl

J. Andreani
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FLEELOQKGIESCKQELONVIEN

« top view » « bottom view »
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Electrostatic potential
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evolutionary conservation
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Conclusions
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From molecules to infection Signals Dynamic model

v
) Bacterial g Host %'HCR%}
community miRN

Inflammatory
response

Clostridioides difficile

% B PR RNA Molecular mechanisms Hg
Toxin mRNA
. RNA

wi ~— c-di-GMP ﬂ s
; RNase

foreign DNA Antitoxin / RN,lA

RNA i

target

riboswitch
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Pathogenesis, metabolism, defence systems, biofilm, sporulation, stress response



Summary of RNA-based mechanisms in C. difficile-phage interactions
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Lytic transition
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episome

Phage protein

Phage translation

pre-crRNA

CRIsPRarray (1)
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Kreis & Soutourina. Current
Opinion Microbiol. 2022



o Potential RNA applications in C. difficile

N BoAw Toxin mRNA Hfq
CRISPR RNA
E Antitoxin % Illll 1111} %\
sRNA

RNA foreign DNA
» Biotechnology

/ (endogenous CRISPR editing & TA-based tools, Anti-CRISPR)

o »> Epidemiology
» Applications _ (CRISPR typing, ncRNA markers for epidemic strains)

> New antimicrobials
(Antisense RNA, sRNAs as drug targets

CRISPR autoimmunity, TA induction for self-targeting
Anti-CRISPR for phage therapy

Riboswitches targeting, Secreted RNAs ...)



