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REGULATION OF GENE EXPRESSION - 1

2) transcription

————

3) RNA processing

4) RNA export

5) translation (MRNA)

6) protein stability
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Chaikeeratisak et al, Science, 2017

COMPARTMENTALIZED BACTERIA

Eubacterium Gemmata obscuriglobus
has avmembrane bound nucle0|d
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Fuerst and Webb PNAS 1991

Nucleus-like structure during viral
replication in Pseudomonas chlororaphis

Planctomycetes-Verrucomicrobia-
Chlamydiae Superphylum have
membrane coat Ilke proteins

Santarella-Mellwig et al, PLOS Biology, 2010
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In Eukarya:
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capping (Pol Il transcripts)
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TRANSCRIPTION TERMINATION

Intrinsic termination Rho-dependent termination
Tranecription bubble Aras
CiMA [I'Iﬂ-l"'-'.B"":ﬂEtE-I‘ -IFQ;FHQ'EEE D_h-'-.-:l_'mn-tampa'.e + I_p.[.r:lnmgragg
Brand] wessss=-fe-scfoosd- R i -

rUTP=dATP

Hytorid
separator [tempiate
stramd|

Tarmination  1DNA
nairpin (template
R A tranacript strand|

AMA tranacript

- caused by a stem-loop structure - mediated by a hexameric helicase Rho

followed by the run of Us - binds to the nascent transcript

- RNAP pauses on the stem-loop - translocates along the RNA
- RNA-DNA hybrid is unwound - catches up with RNAP and stops at

- transcription bubble collapses pause sites
_ RNAP dissociates - changes RNA conformation resulting in

DNA-RNA hybrid destabilisation

Greive and von Hippel, Nat. Rev. Mol. Cell Biol., 2005
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GENE EXPRESSION: BACTERIA vs EUKARYA
TRANSCRIPTION AND TRANSLATION
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MRNA STRUCTURE AND TRANSLATION
BACTERIA vs EUKARYA
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- ribosome scanning for translation initiation

Belasco, Nat.Rev.Mol.Cell.Biol, 2012
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TRANSLATION in BACTERIA

Prokaryotic mRNA molecule

lFlibosome binding site

AGGA| |[AUG

UAG

Leader

Coding sequence

Trailer

Shine-Dalgarno sequence upstream
of AUG start codon helps to recruit

., the ribosome by interacting with the

complementary region in the 3’ end
of 16S rRNA

c 30s Ribosomal Subunit
9 nucleotide space % ‘{Q IF3
\ Q IF1

IOAGDN, | AL
5 ;

>
30s bound by the complementary } h

sequence CCUCC on the 16s

RNA

Q

70s inftiation complex, with tRNA™ r

tIRNA

2
IF2.GTP ﬁ

i 50s Ribosome Subunit

see the movie at:
http://pubs.acs.org/cen/mu

1the P site

ltimedia/85/ribosome/trans
lation__bacterial.html



PPP

MRNA DECAY BACTERIA vs EUKARYA
Ribosome-| Coding
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MRNA DECAY in BACTERIA E. coli
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MRNA DECAY in BACTERIA B. subtilis
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Silva et al, WIRERNA 2011
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Table 1 | Enzymes of broad importance for cytoplasmic mRNA decay

Kingdom Enzyme Specificity and/or function
Endonucleases
Bacteria REMaze E* and RMNase G* Single-stranded RNA
RMaze i Double-stranded BENA R N A E N ZY M E S
RMaze | Jingle-stranded RNA
RMaze Y Jingle-stranded RNA BACT E R IA VS E U KA RYA
Cmr complex: mikNA-CRISPR RNA duplexes
Eukaryotes  Argonaute mRMA—=IRMNA or mRMNA—miRMNA
duplexes that are fully paired
SMGE FTC-containing mRMNAs
5"-end modification
Bacteria RppH Pyrophosphate remaoval
Eukaryotes  DCFP2 Decapping of RNA polynucleotides
DCPS Decapping of RMA cligonuclectides
3"-end modification
Bacteria Foby(A) polymeraze (Pond) Folyademylation
Polynuclectide phosphorylase  Heteropolymeric tail addition
Eukaryotezs ~ CCR4-NOT Deadenylation
3* exonucleases PANZ-PAMN3 Deadenylation
Bactena Polynuclectide phosphorylase  Single-stranded 3' end FARN Deadenylation
RMase R Sanglr sirardad 3 and Cid1* and ZOCHC11* Oligouridylation
RNasell Single-stranded 3’ end
Oligoribonuclease RMNA cligonucleotides
Eukaryotes  Exosome 3" end not protected by PABP
5" exonucleases
Bacteria RMase | Meonophosphorylated 5 end

Eukaryotes  XRN1 Monophosphorylated 5" end Belasco, Nat.Rev.Mol.Cell.Biol, 2012



Endo-exonuclease Endonucleases

Exonucleases

RNase E

RNase Il

STRUCTURES of
BACTERIAL RNA
ENZYMES in
COMPLEX with
SUBSTRATES

Silva et al, WIRERNA 2011



SPECIALIZED mRNA DECAY:
NMD BACTERIA vs EUKARYA

Nonsense Mediated Decay:
degradation of aberrant mRNASs

S ———T— containing premature STOP codon
and rapid degradation

Sk
p- C—LUPF-UPFR-LUIPF3 complex
E:c:n juniction complex

\(@-ccm- NOT

%f @M&%WMD

| Rapid pohia) remcwal and degradation |

| Rapid internal cleavage and degradation | Belasco, Nat.Rev.Mol.Cell.Biol, 2012




REGULATION of GENE EXPRESSION by
SRNAS N BACTERIA
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RIBOSWITCHES more common in bacteria

* RNA elements that undergo structural change in response to binding of a

regulatory small effector molecule
 usually act in cis to regulate the transcript in which they are encoded

* used to sense cellular metabolism

ribosome

transcription

X translation
—>

_’
Uuuuu
anti-terminator ligand Oi
\ A .
terminator @
no transcription no translation

- 5 -

Uuuuuu

b= aptamer ==j b= aptamer ==—j
expression expression
platform y platform .

http://mww.umich.edu/~rnapeopl/WalterSummaryRiboswitch.htm



TYPES of RIBOSWITCHES

RNA switches

Thermosensors

sRNAs

T-boxes

Metabolites Coenzymes
Amino acids
Mucleobases

Magnesium

TPP

FMN
AdoCbl
SAM-I
SAM-II
SAM-IL(S,,)
Lysine
Glycine (|+1)

Guanine

Adenine
preQ,
mgtA

Gene control
Gene control
Gene control
Gene control
Gene control
Gene control
Gene control
Gene control
Gene control
Gene control
Gene control

Gene control

Gene control
Gene control

Gene control

Hfq
tRNA
TPP
FMN
AdoCbl
SAM
SAM
SAM
Lysine
Glycine

Guanine,
hypoxanthine

Adenine
preQ,
Mgh

Variable Phages, bacteria, eukaryotes

>85 Bacteria

190 Mostly Gram+ bacteria

100 Bacteria, archaea, eukaryotes (fungi, plants)
120 Bacteria

200 Bacteria

105 Mostly Gram+ bacteria

60 o- and -proteobacteria

80 Gram- bacteria

175 "+proteobacteria, Thermotogales, Firmicutes
110 Bacteria

70 Gram+ bacteria

70 Bacteria

35 Bacteria

70 Gram- bacteria

Serganov and Patel, Nat.Rev.Genet, 2007
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RIBOSWITCHES

TRAP released

Condon and Bechhofer, Cur.Op.Microbiol., 2011; Serganov and Patel, Nat.Rev.Genet, 2007



Storz et al, MCell, 2011
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SRNASs In bacteria
Regulation of translation initiation and/or mRNA decay

Negative Regulation
Blocking the RBS Recruiting Hfq to block the RBS Recruiting RNase E to induce premature mRNA decay
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Kavita et al, Curr Op Micro, 2018
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SRNAS in bacteria

Regulation of Rho-dependent transcription termination

Negative Regulation : Promoting Rho-Dependent Termination

Kavita et al, Curr Op Micro, 2018



SRNA functions and targets
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BACTERIAL POLYADENYLATION

» Two bacterial 3’ terminal polymerases:

PAP | - Poly(A) (E. coli) and PNPase - Polynucleotide (E. coli, B. subtilis)

* poly(A) tails shorter (10-60 nts), occur for 2-60% of molecules of a given
transcript

* polyadenylation sites are diverse, no consensus

E. coli mRNA lpp, ms0, ompA, secG, rmf, pcnB, trxA
rRNA 165 rRNA, 235 rRNA
nc RNA 65 RNA, 4.55 RNA, RNA |, 50K, 5rak, 5ral,
GImY, SsrA, RnpB
tRNA aysT, hisR, leuX, trpT, leuU, tyrT, tyrV
B. subtilis mRNA mpB, rpsD, ay1Aa
rRNA 235 rRNA
tRNA tRNACys-Leul
Streptomyces mRNA redD, actll-orf4, pnp, clpP, leuA
rRNA 165 rRNA, 235 rRNA
Synechocystis mRNA rbel
rRNA 235 rRNA
tRNA tRNAFmet

Mohanty and Kushner WIRERNA, 2010



POLYADENYLATION-ASSISTED RNA DECAY In
BACTERIA

¥ @ sBD < RppH
x "o Muuu -~ ap §¢ < RNaseE
l @ PAPI
&» Hig Hexamer
,f-’f’r\/_\/\ju @° PNPase
l @&® RNase [/RNase R
<
- ..l o X T X
._% : Y IR UUUAAAAAA&?\H‘ - ‘
| S Potential PolyA BP: Hfg, CspE, RP S1
JL may protect poly(A) tails

a

Hfg-mediated polyadenylation by PAP |in E. coli

» Hfqg binds to the base of A/U-rich region of the Rho-independent terminator

causing stem melting

» Hfg associates with PAP | and PNPase helping poly(A) tail addition

* PNPase degrades mRNA from the 3’ end, additional 3’-5" degradation follow
endonucleolytic cleavage by RNaseE Mohanty and Kushner WIRERNA, 2010



REGULATION by (p)ppGpp alarmones

Regulation of different stress response pathways

A [HO 0 substrate | alarmone B ATP ATP
) pPPGpp
PPGPP P GDP GTP |
I
AMP % AMP /'
\(\\( pGpp pGpp @ pppGpp
N~

o T 11 ]

)L DNA  Transcription Translation Ribosome Metabolism
ribose guanine replication assembly

Steinchen and Bange, Mol Microbiol, 2016



REGULATION by (p)ppGpp alarmones

Transcription-coupled repair Transcription
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@
Repair factor recruitment
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| channel

RNAP Il stalled on DNA lesion is backtracked by ppGpp  (P)PPGPP biding to RNAP H-may

binding, which facilitates recruitment of NER factors regulate its efficiency by inducing
Translation allosteric signal to the catalytic Mg #*

Starvation generates deacetylated tRNAs that induce RelA-mediated
synthesis of (p)ppGpp which directs amino acid synthesis

a Amino acid starvation Amino acid levels restored

ATP + GTP/GDP

(P)PPGpp
Deacylated e r Charged
tRNA - tRNA
5’ j \ - 5’ 3
30S subunit °1 RelA) Restoration
Idle of amino acid
ATP + GTP/GDP synthesis

Hauryliuk et al, NatRevMicrobiol, 2015; Rasouly et al, TiG, 2017
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PROTEIN DEGRADATION: PROTEASOME

20S core particle
similar the eukaryotic and archaeal 20S

— ~150 A

Other proteases:
AAA* Clp ATP-dependent proteases
ClpXP, ClpAP, Lon, HfIB and Tsp

265

proteasome
——> Degradation

a-O-EO0_0—
GG B ,E2,E3

Jastrab and Darwin, Annual Rev Micro, 2016



PROTEIN DEGRADATION In BACTERIA by
tMRNA TAGGING (transl translatlon)

Protein quality control in bacteria carried out by
proteases (AAA+) and chaperones (Hsp70 family)
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TﬂggEd pmtEInS ribosome recycllng Resume codon \_3 \
* Nonfinished proteins are cotranslationally marked for degradation by \{*x,
trans-translation mechanism using tagging by tmRNA (tRNA-mRNA). Ly
* The tag encodes ANDENYALAA sequence. Nt

* MRNA and tagged protein are degraded, stalled ribosome is rescued. \I/
 tmRNA interacts with SmpB, RP S1, EF-Tu and alanyl-tRNA synthetase.
* This mechanism operates for example in stress for misfolded proteins.



: . 2-2. Ribosome rescue
(1. Ribosome stalllng)

systems without tmRN
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Empty A-site
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\
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RIBOSOME
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SYSTEMS

| ArfA-RFZ

(NSD (mRNA degradation) )
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-4 tmRNA
Sty
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[2-1 ; thNA-mediate(ﬂ

Termination codon- , } 2\
dependent peptide release - ,_RF1

tmMRNA-ORF

3. Protease-mediated <~\
degradation (A

Inada, NAR, 2020

Ribosomes stalled at 3’ end of
MRNASs lacking stop codon are
rescued by:

1.tmRNA-SmpB complex

2. ArfA/RF2 and ArfB
alternative rescue factors

These recruit 3’-5° RNaseR that
degrades nonstop mMRNAs

The tmRNA-SmpB mechanism
also targets peptide byproducts
for degradation by proteases



Ribosome rescue by trans-translation

« SmpB binds in the empty mRNA channel

Nascent T |

peptide emlwlp = _ tmMRNA-SmpB-EF-Tu-GTP ternary complex
P_site tmRNA Alanine recognizes a non-stop ribosome
tRNA EF-Tu + tRNA-like domain of tmRNA is placed in the

>mpB peptidyl transferase centre, EF-Tu is released

E-site
tRNA
%)
-
o
«
)
S
mRNA =
>
Non-stop Recognition by Accomodation of @
translation tmRNA-SmpB tmRNA-SmpB g
k]
Q
X

complex EF-G
<O
+ — —-
A <
i e
. SN
~

mRNA degradation  Tanslocation of : © 0% Proteolvsis of
tmRNA-SmpB 223?2;{?;2239 {_}";00 tagged};’)mtein
* Nascent polypeptide is transferred to the alanine attached to the tmRNA, peptidyl-tmRNA-SmpB is
translocated via EF-G to the P-site. |
* The tag reading frame of the tmRNA is placed in the mRNA channel, original mMRNA is removed from
the ribosome and degraded.
» The tag reading frame is translated, translation is terminated on its stop codon, then ribosome and
the tagged protein are released, the peptide is rapidly degraded by proteases.



Ribosome rescue by ArfA and ArfB

(alternative rescue factors as a back-up system)

ArfA; RF2 O
a ArfA pathway
= —— 41

Rescued

Nascent peptide Qribosome

30S subunit

b ArfB pathway @
ArfB

ArfA recognizes the non-stop complex, binds in or near the empty mRNA channel.

This facilitates binding of peptide chain release factor RF2 to site A.

RF2 catalyses hydrolysis of the peptidyl-tRNA bond and releases the ribosome, mRNA and
nascent peptide, without their degradation.

ArfB binds in the empty mRNA channel, its GGQ motif directly catalyses hydrolysis of the
peptidyl-tRNA bond. The ribosome, nascent peptide and mRNA are released.

50S subunit

Non-stop
translation
complex

Keiler, Nat Rev Micro, 2015



Prokaryotic ribosome-associated quality control

(RQC)

tmRNA « partially redundant with the
e tmRNA/SsrA mechanism
Bactarld + RgcH extends substrates with C-
RqgcH terminal Ala tails that act as
degrons
« RQC protects cells against
B staliod ribosome translation inhibition and
| environmental stresses
ubiquitin
Eﬂﬁ?li;terin q/

Eukarya @

Lytvynenko et al, Cell, 2019



tRNAMet yersus tRNAMet
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« tRNAMet _intitator tRNA in bacteria and organells

(mitochondria, chloroplasts)
 formyl group can be removed posttranslationally by

methionine aminopeptidase following deformylation by
peptide deformylase

 fMet uses specific tRNA (3" -5" UAC anticodon)

- in Eukariota and Archaea normal tRNAMet js used



RNA MODIFICATION in BACTERIA

mO%A: enzymes unknown; function unknown
m°C: not confirmed

NAD+ 5’ cap:

» a small fraction of RNAs, predominantly shorter (<200 nts, regulatory sRNAs and
some mRNAS), carry NAD+ 5’ cap

* probably added co-transcriptionally by RNA polymerase, maybe also post-
transcriptionally by transferases or DNA/RNA ligases

* removed by NudC

« function unknown, probably stabilize mRNAs from degradation by RppH and RNase E

A .

RppN ‘Audc Other RNA caps:

Tr - COA
L - Np,N
C {) (e.g. Np,A alarmone
?,Ld C related to stress)

Luciano and Belasco, TiBS, 2015; Jaschke et al, Curr Op Micro 2016




CRISPR/Cas history

Québec City

@ Vilniu
Chicago ° Q Boston Wageningen o
. Wiirzburg
Paris °
Berkeley° Dangé-Saint-Romain e @ Vipana

@ 1993 Discovery of CRISPR © 2008 Programming CRISPR © 2011 Reconstituting CRISPR
in a distant organism
@ 2003 CRISPR is an adaptive © 2008 CRISPR targets DNA
immune system o 2012 Studying CRISPR in vitro
° 2010 Cas9 is guided by crBNAs and
° 2006 Experimental evidence creates double-stranded breaks G 2012 Genome editing in
that CRISPR confers mammalian cells
adaptive immunity o 2010 Discovery of tracrRNA

Lander, Cell, 2016



CRISPR/Cas adaptive bacterial immunity

RNA-guided RNAI in Bacteria and Archaea

CRISPR Clustered Regularly Interspaced Short Palindromic Repeat
Cas- CRISPR associated

CRISPR-mediated interference Eukaryotic RMA-interference

['is

Foreign DMA Foreign RMA
/_% Y
Mucleus

CRISPR locus
UOUDCOCOO000N0UN0000. [ Source T piRNA locus miRNA locus
papmt  Fopmst  Hopoat 00C00C  XOOCCOC

\—F CRISPR
transcription \ Drosha @
Cas or RMase Il M—.#o 7 miRMA siRMNA

. crRNA i [ RNA biogenesiz | piRNA I@Diw
—a P —

crRMNA-guided surveillance complex RMA-induced silencing com plex
Cers protains) AGDYP I
Sead . Sead
RMA-guided
@ interfarance ] [ Wﬁ J
Target interfarance Target interfarance

* CRISPR: foreign DNA is integrated into the CRISPR locus

* long CRISPR transcripts are processed by Cas or RNase lll nuclease

* short crRNAs assemble into surveillance complexes

- target invading DNAs or RNAs recognized by crRNA ,,seed” are destroyed

Wiedenheft et al, Nature, 2012



Irvading winus

CRISPR/Cas adaptive bacterial immunity

CRISPR

Cas gene casatte
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CRISPR/Cas
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CRISPR/Cas: adaptation and
spacer acquisition

- CRISPR cas genes
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Spacer
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PAM protospacer-adjacent motif in type | immunity
- usually tri-nucleotide (AWG in E. coli) recognized by the Cascade complex (CasA in E. coli)

- probably allows tolerance to self (prevents autoimmunity against spacer DNA sequences
complementary to crRNAs they encode)

Jiang and Marraffini, AnnuRevMicro, 2016



CRISPR/Cas: crRNA biogenesis, targeting
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CRISPR/Cas types

Table 1. Classification and Examples of CRISPR Systems

Class Type Subtype Hallmarks Example effector Example organism Studies Cited
Class1 Typel multisubunit effector Cascade E. coli Brouns et al., 2008
complex; Cas3
Type I 1I-A multisubunit effector Cas10-Csm S. epidermidis Marraffini and Sontheimer, 2008
complex; Csm effector
module; DNA targeting
-8 multisubunit effector Cmr P. furiosus Hale et al., 2009
complex; Cmr effector
module; RNA targeting
Class 2 Typell single protein effector; Cas9 S. thermophilus Bolotin et al., 2005; Barrangou et al., 2007;
tracrRNA Sapranauskas et al., 2011; Gasiunas et al., 2012
S. pyogenes Deltcheva et al., 2011; Jinek et al., 2012;
Cong et al., 2013; Mali et al., 2013
Type V single protein effector; Cpfl F. novicida Zetsche et al., 2015
single-RNA guided
Class Class 1 Class 2
Multi-subunit crBNA-effector complex Single-subunit crRNA-effector complex
Type Type | Type Type V Type Il Type V Type VI
Effector complex Cascade Csm and Cmr n.d. Cas9 Cpf1, G2c1, C2c3 C2c2
Target dsDNA ssRNA/S n.cl. dsDMNA dsDNA, s5HMA
ssDMNA

Lander, Cell, 2016; Tamulaitis, TiMicro 2016



CRISPR/Cas types

Gene organization
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Wright et al, Cell, 2016



CRISPR/Cas types
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Global RNA biology In bacteria
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Global RNA biology In bacteria
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LETTER

DNA-guided DNA interference by a prokaryotic
Argonaute

Daan C. Swarts'*, Matthijs M. Jorq‘*, Edze R. Westra', Yifan Zhu', Jorijn H. Janssen', Ambrosius P. Snijders2, Yanli Wangs,
Dinshaw J. Patel*, José Berenguer”, Stan J. J. Brouns' & John van der Oost’

doi:10.1038/naturel2971
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TAKE-HOME MESSAGE

Elements specific for bacterial gene expression:

- no compartmentalization

- transcription and translation are coupled

- polycistronic transcription units

- one RNA polymerase

- no 5’ cap, no introns (no splicing), no regular poly(A)

- endonucleases play more important role in mRNA decay

- polyadenylation-assisted RNA degradation

(occurs also in Eukaryotes)
- no cap-dependent translation or ribosome scanning

- tmRNA tagging for protein degradation
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Interference of Class 1 CRISPR/Cas
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Interference of Class 2 CRISPR/Cas

One protein effector: Cas9, Casl12a or Casl3
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Class 1 crRNA
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Hille et al, Cell, 2018
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