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Prokaryotes VS Mobile Genetic Elements

Coevolution between prokaryotes and their predators has led to
sophisticated defence mechanisms

Prokaryotes employ:

Innate defence

o Preventing phage adsorption
o Restriction of invading DNA
o Abortive infection

Adaptive defence

o CRISPR-Cas system
Stores memory of the past infections and, upon
‘ | reinfection, uses RNA-guided nucleases to silence
phage or other mobile genetic elements (MGESs)



CRISPR-Cas main actors ——%4
Cas1-Ca32”

Integration of
protospacer

 CRISPR array - archive of previous infections T |
Genomic locus: \. B
us: | - o A
o Repeats: identical sequences recognized by Cas 282 Chre SELSHR anes
o Spacers: derived from integration of protospacers crRNA Maturation 1
(= DNA fragments from past infections) g u
Transcribed as pre-crRNA = processed to crRNA ‘;RNA R Q#
rocessing o as protein
pre-crRNA  or celblar

* Cas - nuclease proteins with active role in:

1. Adaptation (= spacer acquisition) Matur’echNA!g) | (g) | (g)

2. crRNA biogenesis l

Interference

3. Interference = Cas use crRNA
as guide to degrade foreign DNA

Invading [
DNA

]

AND T WILL You 4
ede _—




CRISPR-Cas systems Classification

Class 1 Class 2

multi-protein Cas complexes for interference Single Cas for interference

Type | Type lll Type IV Type ll Type V Type VI

Effector Cascade
complex +
Cas3 9°©

Csm (lllI-A) or ?
Cmr (lll-B) +
Cas10 9©

Cas9 (HNH and | Cas12 (only RuvC
RuvC domains) domain) 9¢

R

Cas13 (HEPN
domain) 9¢

Guide crRNA crRNA crRNA + crRNA crRNA
tracRNA
Target through PAM 5'repeat ? through PAM T-rich PAM RNAs
recognition portion of complementarity
crRNA to crRNA
unbound
Cutting ssDNA break DNA being ? blunt dsDNA dsDNA breaks ssRNA
intermedium transcribed break (with overhangs) + collateral host
first, then and RNAs distal from PAM ssSRNAs
dsDNA break




1. Adaptation — memory creation

Incorporation of protospacers from invading nucleic acids into the host's CRISPR
array, generating spacers

* Catalytic integrase

MaChinery (for almost all Gas1-Cas?2

CRISPR-Cas systems in E.Coli) e Structural role

Adaptation steps:
* Detection of foreign genetic elements

* Selection & processing of

protospacers for integration — e.g. type 1 &
Il recognize, and than remove, protospacers with PAM

complementary to a Cas1 subunit / \
* Integration of spacers - preferentially at the Cast-Casd
leader end of the CRISPR array
Challenge: integrate ONLY invader T
genome to avoid lethal autoimmunity h > > >

PAM
Integration of
protospacer




2. crRNA biogenesis - memory retrieval

Class 1

Co s Ll Bo-laE -

Casb O\

CRISPR array is transcribed in long pre-crRNA,
his maturation leads to crRNA having:

* Repeats - for Cas recognition
» Spacer - for target binding

Types I-C, I-D, I-E, I-F Il

—>Class 1 crRNA maturation

Cas6 recognizes and cuts hairpin formed by palindromic
sequences in repeats portion

—>Class 2 crRNA maturation
Type ll: needs duplex pre-crRNA:tracrRNA and RNase |l

Type V & VI: effector proteins are sufficient

|

Type V-A

S Q2.

/as12w
\\ ==

ﬁ

\ \
= \ ===

= ~

J N

.%;

Unknown
RNase

C-?l

\‘

Class 2




Type |

3. Interference - defence activation \,-:-@

crRNA guides sequence-specifically the Type I @3@ .

effector machinery to cleave invading . OV tracrRNA
H : as ‘ \
nucleic acids o |
/" __crRNA i |

* Crucial challenge - prevent autoimmunity:
cut only invading DNA and not CRISPR array

» Solution - effectors recognize PAM, which
are ABSENT in CRISPR array

Phages defend themselves form
CRISPR-Cas system

Acr (anti-CRISPR) proteins are a /
strategy employed by some phages to ucesse

circumnvent CRISPR-Cas immunity
ll(Dl-



CRISPR-Cas comes with fithess costs
Limited adaptation — l T~

Acquisition of beneficial MGE-

encoded traits is restricted by Aqt0|mmqn|ty ,
CRISPR-Cas systems Adaptation machinery can’t

distinguish self- vs non-self DNA

Metabolic burden
Maintaining these complex
systems is costly

How to balance these costs with the benefits of CRISPR-Cas systems?

/ Regulatory networks \

for context-dependent induction
of CRISPR-Cas immunity

Effective Avoid
antiviral defence autoimmunity

— | Careful regulation of
immunity is a universal
k / principle of cellular life!




- ncRNA-based regulatory networks of CRISPR-Cas immunity

Diverse families of ncRNA regulate crRNA or Cas production acting on the transcriptional

or post-transcriptional level

CRISPR-like
regulatory
sRNAs RNAP CRISPR cas RNAs
1 ' 75' -
. Rhox " ; ¥ 1  — . : 4
Transcriptional | RISPR
termination lgxpr%ssion " Promoter
Anti- Transcription binding and
termination  pre-crRNA repression
— |
Leader
N G- v
—_
RNA 4 Complex cee
N assembly,
(A) - RsmA C) | crIRNAs
ribosome\ ( )
RsmA ' .ﬁ
‘ Translation
— ——— inhibition :
RsmA Translation —
sequestration 5'UTR l
N '_/'\ _ (D)| tracr-L |
®) [Fsme ] g »

Some regulatory ncRNA
act as non-canonical
guides that guide Cas

to cas promoter for
transcriptional
autoregulation

4 )

CRISPR effector
is not just an
Immune effector
but also a
gene regulator!

J




- CRISPR effectors as gene regulators

Transcriptional regulation is based on PARTIAL or LIMITED spacer-protospacer

complementarity

RNAP
CRISPR effector

S /...Eiii. \VAYAYAY > Repression of target promoter

' Hmimh
(protospacer)

Partial matching

!

NO cleavage of self DNA /

cas genes (Cas autorepression)

Virulence-related genes

Type VIl Toxin-Antitoxin system

Genes subjected to this kind of regulation:

~




Type Vill Toxin-Antitoxin system CreAT

Crel sequesters a rare Arg-tRNA

The regulatory role of type I-B CRISPR effector complex Ci%’ - le?‘d‘”gto cell dormancy/death
CreA (CRISPR repeat-like antitoxin): 7 UWGEEREEET CreTRNA

creA creT

-t

« crRNA-like RNA (crlRNA) transcribed 280
from a degenerated mini-CRISPR

* within type I-B CRISPR-cas loci of % handle
Haloarcula hispanica > handle o8 - Shande— N )

e 3 __cas8__ cas7 cass __cas3 _cas4 casicas? CRISPR
lpS wR | >‘ >| 1' / ) @-

Haloarcula hispanica ATCC 33960
\ Cascade-CreA : Cascade-crRNA

5% Mature CreA (mainly 41 nt)
anq, W \ i fl : g
5"GU © LpS '/ij ]/ W dthitdmin A N}J\i \l\“'\ J‘li'lﬂy /{"}/ T ‘1"\{{}}\ Y\W}\”\‘
Ug J :
AAGUECUUGGGCUA UGUCCCGAUCCCAGUUCAUUUU 3' Partial matching : Full matching
TATA-box BRE [titin 1111l
3'-TTTATAAAAGGGAACACGAT TGGGATCTTGATATATACTACG—5 L l :
5’ -AAATAT TT CTTGTGCTA CCCTAGAACTATATATGATGC Sl
PAM A Seed — : ,
37 -69 : v
Target in PcreT DNA /‘— — I‘P /
creA creT :
Gene repression DNA interference

CreA antitoxin reprograms
Cascade to transcriptionally
repress the RNA CreT toxin
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In this study:

Haloarcula hispanica type I-B CRISPR-cas loci

cas6 CreAcreT /PAM cas8 cas7 cas5 cas3 cas4  cas1 cas?2 CRISPR

DD D mm)) 2w

_Cascade
Cascade-crRNA
Competition crRNA vs CreA \‘J
CreA— for Cascade binding
affects
CreA target site includes a previously CreA-Cascade synchronously
overlooked cas8 promoter represses creT and cas

A new regulatory network for context-dependent
cas expression to avoid autoimmunity
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1. Demonstrating that H. hispanica CreA
represses also cas transcription

PcreT Pcasé

creA ci}" ﬁii

CreA —

Cascade



1. Demonstrating that H. hispanica CreA represses also cas transcription

Previous study: a H. hispanica ATA mutant showed 70-90% reduction of cas transcripts
except for cas6 => An overlooked promoter precedes cas8

creA creT /P M
|

[ N

Haloarcula hispanica ATCC 33960

cas4  cas! cas2 CRISPR

4 e alrey

cass

cas7

~300 bp intergenic region
deleted in ATA

- Reanalysis of previous RNA-seq data - cas8 TSS identification 12 bp upstream cas8 ORF
=> Prediction of archaeal promoter elements BRE and TATA box

Haloarcula hispanica ATCC 33960
cas6 CreAcreT /PANI cas8 cas7 cas5 cas3 cas4 cas? cas2 CRISPR

D =] =D D D T -
/

5’ -CCTGATCGTGGCTGGCATGAGTGTTTCCAAGGACAGATGCCAGCCAGAGTATCATCTTCTCAT eiier Vo) :Neleley e NNe N6y Ve e/ ey v elelc e 0y:\e;

37 -GGACTAGCACCGACCGTACTCACAAAGGTTCCTGTCTACGGTCGGTCTCATRAGTAGAAGAGTA &/ e:N GAAGAACAGTTGTGTAAGTTGGCCGTG
ey e — -
mini-ORF SD TSScreT

PAM 10 BRE TATA-box TSScass cas8 ORF
CACAAAATATT 1 CCTTGTGCTATACCCTAGARC TATATA TGATGCGACAGAATATACGAT TAGACGTCACTAT SN I NT N N U eIV .V Y
GTGTTTTATAAAAGGGAACACGATATGGGATCTTGATATATACTACGCTGTCTTATATGCTAATCTGCAGTGAT AN ciiNccic Ry i iy g i

TATA-box BRE




1. Demonstrating that H. hispanica CreA represses also cas transcription

Validation of cas8 promoter

cas8 TSS identification allowed to predict archaeal promoter elements BRE and TATA box

- VALIDATION:
S 80000
o
ATA cells 2 ATA
-
O 600001 =
> 8
Pcass-gfp  [BIEI] gfo S 40000 _}
BRE TATA o
7
S 20000
= _
GFP-reporter system to evaluate the activity of: = s
wt tata| wt tata bre
c wtP__ Vector
PcreT Pcass
* TATA-mutated P_,
" BRE-mutated P, P__, activity nullified by mutating

archaeal promoter elements sequences



1. Demonstrating that H. hispanica CreA represses also cas transcription

Validated cas8 promoter

PcreT Pcasé

rrun divergently and tightly flank CreA target site

P...gsand P,

cas

TGATCACCCTTCTTGTCAACACATTCAACCGGCAC
GAAGAACAGTTGTGTAAGTTGGCCGTG

-CCTGATCGTGGCTGGCATGAGTGTTTCCAAGGACAGATGCCAGCCAGAGTATCATCTTCTCAT

GGACTAGCACCGACCGTACTCACAAAGGTTCCTGTCTACGGTCGGTCTCAT GTAGAAGAGTA|&7:\edV:
mini-ORF SD TSScreT

BRE TATA-box TSScass cas8 ORF

CACAAAATATTTTCCCTTGTGCTATACCCTAGAACTATATATGATGCGACAGAATATACGAT TAGACGTCACTAT egyeic oer voXo{or o) v v W o) v v v v Sl
GTGTTTTATAAAAGGGAACACGATATGGGATCTTGATATATACTACGCTGTCTTATATGCTAATCTGCAGTGAT AleXelele(cpineleyyed v aNe i biElol

5’
3’

el Evho :;ggéél}t}éc;éc'n'ﬂ'aﬁueucCCGAUCCCAGUUCAUUUU -3 T
o! - '\NG se'ed Sk
| 4
9
Is P, .galso repressed by CreA?



1. Demonstrating that H. hispanica CreA represses also cas transcription

Is P, .galso repressed by CreA?

What happens if we impair CreA binding to its
target site by mutating CreA sequence?

Problem: Abolishing CreA-mediated repression
would lead to CreT toxin expression!

a rare Arg-tRNA

ll dormancy/death
v —

Solution: mutate CreTl to make it non-toxic

Tm mutant cells - CONTROL

PcreT Pcasé

» creT mutated = non-toxic if expressed
e creAwt

TA double mutant cells — No CreA biding

PcreT Pcas8

* creT mutated =2 non-toxic if expressed
* creA mutated 2 impaired complementarity
to its target site => abolished repression




1. Demonstrating that H. hispanica CreA represses also cas transcription

Is P, .galso repressed by CreA? Haloarcula ispanica ATCC 33960
cass creA creT PAM cas8 cas7 cas5 cas3 cas4  cas? cas2 CRISPR
D D D ) A |
Tm mutant cells - CONTROL Relative RNA abundance
(Normalized 274
PcreT Pcasé O 2.5 59 7.5
o8 ;,e 2 : cas6-E P=0.0512
cas8 A P=6.38e-06
i —
* creT mutated 2 non-toxic if expressed
* CreAwt CaS7 {— 0 000
I cas5 + =0.
TA double mutant cells — No CreA biding — F=0-0002
cas3 { P=0.0006
7
PcreT Pcaség
CaS {— P=0.0001
cas1 § e
o — P=0.0001
* creT mutated = non-toxic if expressed cas2 b p=0.0030  ETAdm

» creA mutated - impaired complementarity —

to its target site => abolished repression )
15- to 54-fold up-regulation of cas8

and downstream cas in TAdm;
no significant changes for cas6



1. Demonstrating that H. hispanica CreA represses also cas transcription

Is P_..s also repressed by CreA?

a) WT cells
) PcreT Pcas8 — PcreT-gfp ﬁ grp
e BT *
Pcass-gfp j gfp
*
b) Tm cells PcreT Pcass8 I:,creT'gf p or Pcass'gf P

wt or with substitutions of

creA creT ?=
A A2
[cas6 > * 5t or 10t seed nt within the

TARGET SITE of CreA

GFP-reporter assay to evaluate P__ ., and P, activity
depending on CreA capability to bind its target site

Fluorescence/OD600

80000 BWT OTm |
60000+
40000 -
20000 -
- m m10 mb mO
PcreT-gfp Pcas8-gfp
P...s @and P_,.; are both de-repressed in

m5 and m10 in WT and Tm cells when
the seed sequence is mutated



1. Demonstrating that H. hispanica CreA represses also cas transcription

Is P, ..also repressed by CreA?

1

cas8

Conclusion: P, g and P,,.rare synchronously downregulated by CreA

PcreT Pcas8
~

Cascade



2. CreA-guided cas regulation shifts from
reducing autoimmunity to enhancing
iIimmunity against imperfect targets




2. CreA-guided cas repression reduces autoimmune risk

Can cas overexpression lead to a more proficient CRISPR immunity?

Model: Tm & TAdm + construct with synthetic mini-
CRISPR with v10 spacer (targeting HHPV-2 virus)
under the control of P, .. constitutive promoter

- Cells are infected with HHPV-2

Methods: immunity level reveled by Plaque Assay

Result: equivalent viralimmunity levels in both
Tm and Tadm
- Strong response also with wild levels of Cas

BUT viruses can escape CRISPR immunity by
mutating the protospacer, generating
imperfect targets

Relative Virus Immunity

HHPV-2
infection

3

Plasmid

<t

Tm or TAdm H.Hispanica

BTm
B TAdm

p=  p=
05833 06668 0.6368

S LEIE L

#1  #2  #3

3

1-bp mismatch
proximal to PAM

mlsmatches al
the PAM-distal end (bp)



2. CreA-guided cas repression reduces autoimmune risk

Can cas overexpression lead to more efficient immunity against imperfect targets?

Model: Tm & TAdm + construct with synthetic mini-CRISPR with v10 spacer (targeting HHPV-2 virus) with
different mutations under the control of P, .z constitutive promoter

- Cells are infected with HHPV-2

Methods: immunity level measured by Plaque Assay
introducing mismatches to target

N T8

/ \

v10 spacer

<—\
<)
<

o' -TTTCGCAGACCACGACGGGGGCCGGGTATAGCGA-3'
Lrrrrrrrr et err et

37 —T}I\.Cl-‘x'Il' (ISIM\Cl%AAAGCGTCTGGT GCTGCCCCCGGCCCATAT CGCT?(IECIKI:?—S ’

5’ -ATCACHETT TCGCAGACCACGACGGGGGCCGGGTATAGCGAACGGA-3"

R protospacer on HHPV-2 genome



2. CreA-guided cas repression reduces autoimmune risk

Can cas overexpression lead to more efficient immunity against imperfect targets?

2 =
Single nt mutation proximal to PAM = 108 '
Result: TAdm higher immunity level than Tm E
Little mismatches in the PAM-distal end 5 104
Result: TAdm higher immunity level than Tm > 102

o)

=
Big mismatch in the PAM-distal end I
Result: neither TAdm & Tm can activate CRISPR L 10°

immunity

P=

100902292 . p- . 00038

BETm
B TAdm

D, 3833 0. BBEB 0. EE-BS

i1 0 b

W #1 #2 #3

3

1-bp mismatch
proximal to PAM

Interference step

mlsmatches at

the PAM-distal end (bp)

[

The overexpression of cas leads a more proficient CRISPR immunity, against J

some escape mutants that interact weakly with crRNA




2. CreA-guided cas repression reduces autoimmune risk

As cas genes are involved in adaptation, can their up-regulation lead to more
effective primed spacer acquisition?

Model: WT, Tm and TAdm + construct for 7O :
overexpression of crRNA s13 HHPY-Z g Zg {:Ad;:?\?_tgy
iInfection =

crRNA s13 = a H. hispanica spacer that can Plasmid —PphéR s13 O_
activate primed adaptation (70% identity with
HPPV-2) F—

Chr — Leader<>|s_1<>—

=1

- Cells are infected with HHPV-2 virus in

different quantity (multiplicity of infection = MOI) The s13-encoding plasmid makes all cells

express the same quantity of crRNA s13
- the results will reflect only the
difference in cas expression



2. CreA-guided cas repression reduces autoimmune risk

Knowing that cas genes are involved in adaptation, can their up-regulation lead
to a more effective primed spacer acquisition?

HHPV-2 a ~70% identity

Methods: it h h PCR infection to Hb-lPV—2

ethods: measure new spacers acquisition throug Prasmid —[BRIER = :
Result: TAdm show higher frequency of incorporation of new F—
spacers in the CRISPR array compared to WT and Tm, in both low Chr  — Leader<> sl<>—
(0.1) and high (40) MOI

MOI=0.1 MOI=40
WT Tm TAdm bb M  WT Tm TAdm

Adaptation step
/ . \ 388 ]‘ Expanded
The overexpression of
100 4Parental

cas leads a more
100%-

100% - P=0.0014

proficient primed

Cars

P=0.0002

-

Expanded
Ratio
(6)]
o
X

spacer acquisition
\>P d Y,

Expanded
Ratio
()
o
X




2. CreA-guided cas repression reduces autoimmune risk

BUT

Can cas up-regulation lead to a higher risk of acquisition ALSO of self-derived

spacers?

TAdm

Result: [llumina seq data reveal > TAdm

0.692

mistakenly acquires self-derived spacers at a
higher frequency than Tm, leading to 0.647
autoimmunity 0.114
0.237

TAdm 1.69% vs Tm 0.08%
self-derived spacers

Tm

0.027

/
99.920 0.080 Ll 1 003

0.033

B HHPV-2
®Chr1
BChr2
@ pHH400

] Plasmid



2. CreA-guided cas repression reduces autoimmune risk

Does the accumulation of self-targeting spacers compromise the fithess?

Model: Tm & TAdm in long-term co-culture

Methods: measure cell percentage by high-throughput DNA seq / The fitness is mainly

compromised because

< 607 . .
120 £ of autoimmunity related
1:40 : L )
Tm N B 40 \to the cas overexpressmnj
£
e it N 2
|_
5 20
~ =
(1))
Adm| | “1:40 l l o
a
Genomic DNA Genomic DNA 0 7 14 21 28
GEquURNCR SAqUencing Duration of co-culturing (day)

Result: Tm outcompeted (= have a better fitness) TAdm over time, with proportion of TAdm dropping to 3.05%



2. CreA-guided cas repression reduces autoimmune risk

Conclusion: the repression of cas genes is
necessary to balance viral immunity with the
prevention of autoimmunity



3. The entity of CreA-guided gene
repression depends on crRNA levels

crRNA and CreA both bind Cascade:
* crRNA + Cascade = immunity effector machinery

competition?

* CreA + Cascade =repression complex = suppression of P, g

Cascade
PcreT Pcasé 4 Cascade-crRNA
crRNA
Competition crRNA vs CreA \‘J
for Cascade binding l

Gene repression | I’P

DNA interference



3. The entity of CreA-guided gene repression depends on crRNA levels

Does crRNA abundance affect CreA repression of P__ ., ?

Hyp: ¥ crRNA => 1 CreA-mediated cas repression

Model:

* WTcells

 ACRISPR cells

* Asp2-13 (= CRISPR array with only 1 spacer) cells

Methods: quantify cas8 transcription by RT-gPCR

Result: in ACRISPR & Asp2-13 cas8 expression decreases

by ~20% compared to wt

(= more repression if less crRNA are present)

H. hispanica chromosome

wT [ KEKRKEIRICICEKEKIO
Asp2-13 K00 O
ACRISPR [ |

P=0.0024
£=0.0061

100% -
80% -
60% -
40%
20% -

i

(Normalized 2°4¢Y)

Relative RNA abundance
of cas8

WT Asp2-13 ACRISPR



3. The entity of CreA-guided gene repression depends on crRNA levels

Does crRNA abundance affect CreA repression of P__ ., ?

Hyp: ¥ crBRNA => 1 CreA-mediated cas repression

H. hispanica chromosome

wWT
Model: WT, ACRISPR & Asp2-13 + P___,-gfp or P f S—
P cass81P O Ferer8TP Asp2-13 O
ACRISPR [ ]
Methods: evaluate P, 4 or P, ; activity at different
crRNA levels by gfp-reporter assay +
T ) or L |
PcreT-gfp Pcas8-gip
Result: in ACRISPR & Asp2-13 promoters P__.; and P=7.11e-07
o
P_,.ractivity decreases by 10%-20% QS 4000 P=0.0001 F=0.0007
8 P=0.0002
S 30007 2 & e
g CreA tightl P...s & A § i Wt
reA tightly suppresses P__ § 5000 @ Asp2-13
P_...rin case of fewer or absence 2 _ DACRISPR
of CRISPR spacers (crRNA) ) T

Vector  PcreT-gfp  Pcas8-gip



3. The entity of CreA-guided gene repression depends on crRNA levels

Does crRNA abundance affect CreA repression of P__  ?

Hyp: ® crRNA => ¥ cas repression CreA mediated

Supplement CRISPR back
No promoter Leader () GIOIOBOROECCICIOROROROKIO
CRISPR promoter Leader (+) [LeaderOICHOBOBOBORIOIORORORORONO crRNA expression
Strong promoter PphaR st~;:~;f’0|0|0

Evaluate cas8 transcription Tm-ACRISPR
through RT-qPCR

Q -
c
& & . P=0.0078
Result: crRNA expression leads E L P=0.0059 O Vector 4 CreA-guided gene A
_ : cQ D - - , .
p. g ® " E /// O Leader (+) alleviated by expanding
hosts having empty vector or % = 1 % O Ponar the erRNA pool
o pha
leader-less array L _ : N\ P %




3. The entity of CreA-guided gene repression depends on crRNA levels

Does the overexpression of CreA lead to tighter repression of P__g?

Hyp: ® cas repression CreA mediated => ¥ _crRNA

Model: WT + constructs:

*  Empty vector
* Strong promoter P, . upstream CreA - overexpression of CreA

Methods: quantify cas8 transcription by RT-qPCR FP=0.00052

100% -

Result: relative aboundance of cas8 transcript PohaR creA
decreases by 60% in cells overexpressing CreA

N
CreA overexpression leads to an
enhanced repression of cas genes

of cas8
(Normalized 24
N A O O
O O O O
X X X KX

J

Relative RNA abundance

Vector creA+



3. The entity of CreA-guided gene repression depends on crRNA levels

Conclusion: cas autorepression can be fine-tuned by altering the relative
transcripts abundance of the defensive RNA guides crRNA and regulatory CreA

Tight repression

cas genes 4 F’JO—

i CRISPR
,~‘
T oo -
Regulatory Cas effectors Cas protein equilibrium Immune Cas effetors
(guided by CreA) (guided by crRNA)

¥ CRISPR growth/upregulation

r

AT MO L1 I 100 1014 TER T evTIey

I M |
Mvr:w i 5 :

| Relaxed repression Sk TN
‘O<K>T: cas genes "m’)ojgw o0 *. 0

[T
— . .. More crRNAs ftr '
away Cas proteins




4. Inspecting the wider distribution of
CreA in different CRISPR-Cas systems

CRISPR Classification
Class 1 Class 2
*Cascade complex* *Single Cas*
Typel Type lll Type IV Type ll Type V Type VI
Cas3 effector  Cas10 effector 77 effector Cas9 effector  Cas12 effector Cas13 effector
|
T T 1T 1T 11
I-A I-B I-C I-D I-E I-F I-G IV-A IV-B IV-C I-A 1I-B HI-C VI-A VI-B VI-C VI-D
F1 F?2 F3 c1 c2 B1 B2
T 11 [T [ 1 1 |
m-A Wi-B MW-C w-p M- m-r V-A VB V-C V-D V-E V-F V-G V-H V-I V-U
B1 B2 F1 F2 F3 Ul uz U3 uva Us

(VK)



4. Inspecting the wider distribution of CreA

Sequence analysis of more CRISPR-Cas systems revealed creA-like elements also in:
various type | systems (Cascade complex) & dozens of type V-A systems (Cas12a)

CRISPR Classification
In most cases CreA targeted the | |

promoter of cas genes Class 1 Class 2

*Cascade complex* *Single Cas*

Type lil Type IV Type I @e v > Type Vi
Cas10 effector 7? effector Cas9 effector |\ Cas12 effector J/ Cas13 effector

Many of these creA-like elements
DO NOT co-locate with a toxic gene!

Cas3 effector

cas6 CreA creT /PAM I-A I-G IV-A IV-B IV-C -A 1I-B II-C VI-A VI-B VI-C VI-D
} F1 F2 F3 c1 c2 B1 B2
— |
1 T 1 T 1 @ T 1 1 T T 1
l n-A W- m-c m-b m-g m-F V-B V-C V-D V-E V-F V-G V-H V-l V-U
ror PV «standalone» creA 5 82 i 2 R o s
LK
genes will be referred
.- as creR (cas- Cas autoregulation directed by CreA or CreR

appears to be a general mechanism of both

regulating RNA) class 1 and class 2 CRISPR systems



Experimental validation of CreR regulatory role in directing the autorepression circuit:

Class 1
*Cascade complex*

5. CreRin class 1 type I-E CRISPR system P

Class 2
*Single Cas*

6. CreR in class 2 type V-A CRISPR system '

Conclusion: Cas autoregulation directed by CreA or CreR is a

general mechanism of both class 1 and class 2 CRISPR
systems and monitors crRNAs abundance in the cell




/. Phage Acr proteins can relieve or subvert
CreR-guided Cas autorepression

cas autoregulation circuit can surveil
phage attack

Anti-Anti-CRISPR effect:

Arc proteins can relieve or subvert the CreR
repression leading to the increase of new Cas
production for phages defeat




7. Phage Acr proteins can relieve or subvert CreR-guided Cas autorepression

NO

inhibit the CRISPR-
Cas effectors + crRNA = Cas system \_)/’ interference

Cas effectors + CreR = |nh|.b|t the CreR mw €Xpression of cas
repression of cas genes
s T
Enhanced CRISPR-Cas

Acr © Relaxed repression
O
® cas genes
L g @ y immune response

R R Hp0 | @ -
regulatory effectors QQ/\Q .é

‘gAnti-CRISPR (Acr) attack
Tight repression

Arc proteins
bind & repress

cas genes

o W

Regulatory Cas effectors Cas protein equilibrium Immune Cas effectors
(guided by CreR) (guided by crRNA)
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Model of CreA or CreR-guided Cas autorepression

/ Tight repression \

creR . cas genes
Regulatory Cas effectors ) L Immune Cas effectors
K (guided by CreR) Cas protein equilibrium (guided by crRNA) /

‘ CRISPR growth/upregulation or Acr expression

/ Relaxed repression N
- cas genes

;Acr | More crRNAs titer =
Wi I H ‘ away Cas proteins  comr—
=) |
)
Less active I e ‘
Kregulatory effectors 'Acr >Acr (\/)




Cas autoregulation circuit directed by crlRNA CreA or CreR:

Balances benefits Might represent a With Crel, might have
and downsides of distinct anti-anti- promoted persistence
CRISPR-Cas CRISPR strategy of CRISPR-Cas in

prokaryotes
N Y
°I- % 57
4 )
Revealing molecular parallels to =2
Exploring ncRNA in e conserved eukaryotic antiviral pathways q )
bacterial immunity and -
h nterattack 4 . . . N
phages counterattack  ~_ Developing novel biotechnologies —1
Control strategies for CRISPR-Cas biotechnologies é
Improving antimicrobial phage therapy efficacy @

- J
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1. Adaptation

Methods spacer acquisition:

A. Naive: from previously unconfronted MEGs
B. Primed: from pre-existing spacers partially
complementary to previously encountered MEGs
C. Interference-driven: from interference degraded
MEGs
B Primed spacer C

acquisition

— PAM
."E“lunu'%

AN

NpapZEr ] B
STREERVNENE

|

"Y

Cas1-Cas2-dependent
recruitment of Cas3

A Naive spacer acquisition

PAM
Integration of
protospacer

g
Cas1-Cas?2 * “
LS W

Interference-driven
spacer acquisition

Target degradation “



Crel toxic RNA

UCU

QQG GA’%

9
) Q
) e
O @
OOU A,DQ'
CreTRNA A_”y
- Stem-loop
C—G
G=C
G =X
Rare Ar -
_ Start codonsg Stop 8:%
SD motif codon ———— codon G—C
5’ AAGAAGGGUGAUCACRUGAGAAGAUGAUACUCU —ACGAUCAGG. . . 3

*LI1Innl
3" UCCUCCACUAGGUCGGCGUCUAAGGAGAUGCCGAU. . . b’

Anti-SD Site 1 Site 2 3’ end of 16S rRNA

—

ucN
AUGAGAAGA

Crel sequesters a rare Arg-tRNA
leading to cell dormancy/death

CreT RNA



Adaptation machinery lacks intrinsic ability to distinguish self- and
non-self DNA 2 autoimmunity risk

E. coli: . ) 83 3
DSB/linear DNA => RecBCD indiscriminately ull X y RecBCD o o
unwinds/degrades DNA until the nearest Chi site complex

| '

Generated DNA fragments = substrates for =l

spacer acquisition by Cas1-Cas2

Segment eligible
for spacer acquisition ¥ Chi sites density on foreign DNA = more

A . .
extensive RecBCD processing

[
Chi

_ e .
Foreign DNA — more substrate for spacer acquisition
, _ , _ f 1 Chi sites density on chromosome = less
Chi Chi Chi Chi Chi RecBCD processin
Self DNA P g

=>reduced self-derived spacer acquisition

A matter of «preferential acquisition» rather than «recognition» of non-self DNA




1. Demonstrating that H. hispanica CreA represses also cas transcription

Validation and characterization of cas8 promoter

s 80000 -
= ATA
a
© 60000 - }
ATA cells &
c
> S 40000 - il
Pr-gfo ] gfp 2 i
5 20000 -
™
GFP-reporter system to compare the activity of: e T e o T r
. p Vector PphaR Pcas6 PcreT Pcas8
cas8
P
PcaSG P_..s €xhibits 135 times the activity of P, , and
crel outperforms P, ;and P, .. by 1.4 and 2.0 times
* P,nar (strong constitutive promoter)



1. Demonstrating that H. hispanica CreA represses also cas transcription

Is P_..s also repressed by CreA?

a) WT cells =
) PcreT Pcasé

b) Tm cells
PcreT Pcasé

i iy -
* —

c) TAdm cells

creA
P

PcreT Pcasé

*

I:)creT_g fp

j 9

GFP-reporter assay to evaluate P_, s and P, activity
depending on CreA capability to bind its target site

BWT BTm OTAdm

(= P=9.36e-06

o P=4.01e-06 _—_

@ 500001 “pozse0s | 2% 26%05
O 1

E 40000 }Z_ 1

é 30000 -

@ 20000

S 10000 { P=0.7662 P=0.0063

™ emp— —

P..ss @and P_,.;are both >10-fold more

active in TAdm compared to WT and Tm



2. CreA-guided cas repression reduces autoimmune risk

Are self-derived spacers gained through primed or naive acquisition?

Model: WT, Tm & TAdm + empty vector
Methods: measure new spacers acquisition through PCR

0.713 EChr1 BChr2
OPlasmid @ pHH400

bp M WT Tm TAdm

200
100

Expanded
(new spacers
inserted)

Chr

Parental

Result: Without virus infection TAdm show inefficient acquisition of endogenous spacers

Maybe the 13 pre-existing spacers in the CRISPR array partially match the endogenous DNA



2. CreA-guided cas repression reduces autoimmune risk

Are self-driven spacers gained through primed or naive acquisition?

Model: WT, Tm-ACRISPR & TAdm-ACRISPR ACRISPR
= no possibility of primed acquisition of new spacers =

Methods: measure new spacers acquisition through PCR T —R'

Adaptation plasmid

Result: TAdm-ACRISPR has new spacers without infection through naive acquisition

cas up-regulation increases the
adaptation frequency but with a Expanded
. . . (new spacers
higher risk of self- targeting inserted)
Parental

\through naive spacer acquisition/




2. CreA-guided cas repression reduces autoimmune risk

Does the accumulation of self-targeting spacers compromise the fithess?

Model: Tm-ACRISPR & TAdm-ACRISPR in
long-term co-culture

Methods: measure cell percentage by gPCR

Result: Tm-ACRISPR outcompeted TAdm-
ACRISPR over time, but with a slower decrease

-

The fitness is mainly compromised
because of autoimmunity, but also
other metabolic disadvantages

N related to the cas overexpression

J

Tm
(Tm-ACRISPR)

TAdm
(TAdm-ACRISPR)

~
0
]

o0
o
b—ip+

TAdm percentage (%)
N
o,
1

(N

1-40 1:20 1:20
3d 3d 3d ‘
1:40 l I
qPCR gPCR gPCR gPCR
A Tmvs TAdm
g § O Tm-ACRISPR vs
= TAdm-ACRISPR

T T T
3 6 9

Duration of co-culturing (day)



3. CreA-guided gene repression monitors crRNA levels

Does the shown result relay on CRISPR-array expression that leads
crRNA transcriptincrease?

Model: Tm-ACRISPR + same plasmids
Methods: measure crRNA transcription by Northern Blot assay

Result: CRISPR-expressing cells DO produce significantly more crRNAs than the controls

x\

A
\ Supplement CRISPR back RNA é}é Qrbbé:@bé \6‘\&
CreA-guided gene | leasery  ORBBBRERIRING - il
repression can be | Leader ) [Eeadei BRI KR . € 2
alleviated by Pphar (g ORI 100 nt—&
expanding the l

. ‘ « Mature

crRNA
& & & & 47SRNA

RNA |
\ cr POO / { Tm-ACRISPR } Bk




5. Delving into the role of CreR in class 1 type I-E CRISPR system

Testing cas repression effect of Salmonella enterica CreR (SeCreR) in cas-expressing
E. coli MG1655 Ahns strain

3’ handle 5 handle
1 1

High sequence similarity of the CRISPR repeat between

S. ente WR1 TACCRTREETAAAATTA GGGATANAQC . i
S. ente WR2 [ eeeasidceta S, enterica ATCC 51960 and E. coli MG1655

SR CE GG TE CCCEEEEEACEECGCATARACEE ) . .
E. coliR [EAsgyelddectce cocddatviy e: => E, coli Cas probably recognises S. enterica CreR

F>AMCasA casB cas7e casbe casbe cas? cas?2 CRISPR

B

Salmonella enterica cas3 creR
|-E CRISPR-Cas

CATCTTTTTCCTGTAGCAGGGGGATTACAATGAAATCGATAATAAATTGGGATACGGGTAATTGGCCAGTTTTTTTGTCTGGATTAGGTTAT CCCCGCTG
GAAAAAGGACATCGT CCCCCTAATGTTACTTTAGCTATTATTTAACCCTATGCCCATTAACCGGT CAAAAAAACAGACCTAATCCAATAGGGGCGAC
cas3 start
GCGCGGGGAACGCTGCGCTATTAAGACTGTATCTACGGTTTATCCCATAATTTTAGGGAACGTATTAAAGATAACAGATAACTATAAAAAATACATAGTC
CGCGCCCCTTGCGACGCGATAATTCTGACATAGAT GCCAAATAGGGTATTAAAATCCCTTGCATAATTTCTATTGTCTATTGATATTTTTTATGTATCAG

YR2 . WS YR1

= -10
TGA m ACTGTATCTACTTTTTATTITATATTTTCGTCTTCGAGAAAATGTAGTATAACTCCGATGACAGTATTTAAGAGATACCT CAGGACGGAACC
ACTAAATTCTGACATAGATEEEAAATAAATATAARAGCAGAAGCTCTTTTACATCATATTGAGGCTACTGTCATAAATTCTCTAT GGAGTCCTGCCTTGG

casA start

TACCTATAGGTAGGTAATATTCCAAATTGGCTTAATAAATAGCCCTGCAGGAGTAAAGGT
ATGGATATCCATCCATTATAAGGTTTAACCGAATTATTTATCGGGACGTCCTCATTTCCA



7. Phage Acr proteins can relieve or subvert CreR-guided Cas autorepression

Phages have developed a range of Acr proteins to protect themselves against CRISPR-Cas
How does Cas autorepression respond to the action of Acr proteins?

What’s the effect of ArclC6*on P
CreRin S. enterica?

secasa KNown for being repressed by Cascade-

: E. coli
Model: Ahns E. coli cells + constructs: ~ Cascade

SeCreR-guided . AcrlC6*
* |PTG inducible promoter tacm3 repression disruption

*
upstream acriC6 Ptacm3_ aco
* S. entericacreR &P, .,.A-8P acrlC6*
lacl
pACYC pET28a

- Treated with increasing dosage of IPTG



7. Phage Acr proteins can relieve or subvert CreR-guided Cas autorepression

What’s the effect of ArclC6*on P
CreR in S. enterica?

secasa KNown for being repressed by Cascade-

Methods: measure P4 activation detecting fluorescence by gfp-reporter assay

Result: induction of arc/C6* with 5-30 uM IPTG increases fluorescence by a factor of 1.37-
24.51, but higher dosage does not result in further increases

o
S 150000
!
. P=0.0530
Even low levels of ArclC6* can relieve or o —_
. @ 100000 A s
subvert the repression effecton P .4 % #F &
— |-E Cas autorepression circuit can § 50000 J
respond to Acr, stimulating late mass §
production of new Cas effectors o L

+ 1+ + J'rcre'Rm
+ + + +
40 50 100 O

\ / SecreR+gip . ” '-

acriC6® = = = -
IPTG (uM) 0 200 0 200




7. Phage Acr proteins can relieve or subvert CreR-guided Cas autorepression

Studying ArcVA1-5 targeting cas system V-A in M. bovoculi

Conclusion: analogously to what demonstrated for I-E Cas
autorepression circuit by AcrlC6*, autoregulation circuit of
MbCas12a responds to vary AcrVA proteins
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