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Global gene regulation and expression in
Bacteria




Reminder on DNA and RNA

Two types of nucleic acids

\DNA / \ RNA

Nucleic acids = nucleotide polymer

& & -

Nucleoside : Sugar - Base

Nucleotide : Nucleoside - Phosphate



Reminder on DNA and RNA

Sugars : Ribose and Desoxyribose

OH OH OH H

Ribose DesoxyRibose

RNA DNA



Reminder on DNA and RNA

Purine and pyrimidine bases :

Pyrimidine base

‘ Cytosine (C) Thymine (T) Uracile (U)

Purine base

‘. Adenine (A) Guanine (G)

Repartition : ADN : A/T, G/C

ARN : A/U, G/C



Reminder on DNA and RNA

Nucleic acids = nucleotide polymer

Nucleic acid chains are characterized:
- sugar nature : ribose/desoxyribose

- number, nature and nucleotide sequences

Writting Convention :

From left to right (5’ phosphate to 3’0OH)
(5’P) A-A-G-C (3’0OH)

5’ P extrimity

3’ OH extrimity



DNA structure

Bases: A, T,G,C
Two

I t
Nucleic comp gmen'ary
‘ . - nucleic chains
chain
= A<>T
Double Helix G<->C

Deoxyribonucleic Ackd (DMA)

Sucre : Desoxyribose

Siug:r- - Elugnr.
phasphata Base rs phosphaie
pm alls

Nucleotide

Chromosomes

MNuclactide



From DNA to proteins in bacteria

Molecular Blology of the CeII 4th edltlon

RNA polymerase

MRNA, transcription in progress

Peptide currently synthesized

NH;*



Open Reading Frame (ORF)

Open reading frame (ORF) allows to encode a protein:
One codon= 3 bases

One codon encodes one amino acid Second nucleotide
U C A G

uuu phényl- ucu UAU . uGu - U

y [buc | aenine Jucc| . |UAC tyosine. |yige| Ovstéine N
Q UUA leucine ggé UAA STOP UGA SToR é —
uuG UAG UGG | tryptophane =5
Example: 2 cuu ccu CAU | . igne |CGU ul|=5
° cuc . cce . cac | Mstidne | cae el 2
DNA:  ATG GAG TTA TTG AAA GCC TAA S[[C[cua| ‘' fcca| P feaai - fcea| e fafl 5
5 cuG cCG CAG | dutamine | cgg G|l c
RNA: AUG GAG UUA UUG AAA GCC UAA =) ALULT — [AcU AAU | AGU s ul| &
c A AUC | isoleucine |ACC | . . .~ |AAC asparagine | agc Seiiiie c 8

iNn: - - - - - - = AUA ACA AAA . AGA " A
Protein: Met-Glu- Leu- Leu- Lys- Ala-STOP J2 e ac| e |aca| wonine |g]lc

L GUU GCU GAU acide GGU U
G GuUC i GCC . GAC | aspartique | GGC . c ®

GUA valine GCA alanine GAA s GGA glycine A

In bacteria, the usual codons to start are most often ATG
and sometimes TTG
The stops codon are : TAA, TGA, TAG



(140243 -ﬂmq

5’ ATG/GAG TTA TTG AAAGCCTAA 3’

3’ TAC ,CTC AAT AAC TTT CGG? T\5’
m -3-2-1

Frames

Frame +1
A {5’ ATG GAGTTA TTG AAA GCCTAA 3
3’ TAC CTC AAT AAC TTT CGGATTY

RNA: AUG GAG UUA UUG AAA GCC UAA

Frame +2
DNA {5’ TGG AGT TAT TGA AAG CCT AA 3’
3" ACC TCA ATA ACT TTC GGATTY

RNA: UGG AGU UAU UGA AAG CCU AA

Frame +3

5" GGA GTT ATT GAAAGCCTAA Y

3’ CCT CAA TAA CTT TCG GATTY
GGA GUU AUU GAAAGCCUAA

DNA {
RNA:

5 TTAGGCTTT CAATAACTC CAT 3
3’ AAT CCG AAA GTT ATT GAG CiTé é

m_ +3+2+1

Frame -1

5 TTAGGCTTT CAA TAA CTC CAT 3’
3’ AAT CCG AAA GTTATT GAGGTA 'Y
UUA GGC UUU CAA UAA CUC CAU

DNA {
RNA:

Frame -2

5 TAG GCT TTC AAT AACTCCAT 3’
3’ ATC CGA AAG TTATTGAGGTAY
UAG GCU UUC AAU AACUCC AU

DNA {
RNA:

Frame -3

5 AGG CTT TCA ATAACTCCA T3
3’ TCC GAA AGT TAT TGAGGTAS’
AGG CUU UGA AUA ACU CCA U

DNA {
RNA:




DNA, what is an ORF
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Transcription

| Translation orientation {

| RNA polymerase /
‘ mRNA, transcriptionin progress ‘ /

Eﬂﬂ"t‘i‘ﬁ sheound Peptide currently synthesized

DA,

ya Ternplote shond

AT _D:E—a
Ternplode Shround, TACTAGA GC




Transcription

Initiation

\
Elongation

\ 4
Termination

start
gene

promoter y terminator

template strand

RNA polymerase RNA SYNTHESIS
BEGINS

- sigma factor
growing RNA strand

TERMINATION AND RELEASE

OF POLYMERASE AND
COMPLETED RNA CHAIN
sl

3' i
s'\/\) \<
\ 4 \ 4
3!

Figure 7-9 Essential Cell Biology 3/e (© Garland Science 2010)

sigma factor
rebinds
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Sigma factors
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Promoter

e A

-35 -30 17 pb
F.a e o
TTGACA|TG oo AC
TIAACTGT|AC ................ TG
boite
"GACA"

-10

TATATT
ATATAA

boite
"TATA"

ou de Pribnow

>

RNA polymerase
movement

ORF

Stop—

=1
CT ........ AG ... ATG
OA ... TC ........
Transcription
start




Amorce Extension to look for the “+1” of
transcription

5’ Hybridize 3’
cap \ mRNA
%
7 5'
32p-labeled
DNA primer

Reverse transcriptase
+ four dNTPs

a 2
-

Reverse transcriptase
extends 3' end of DNA

rimer until it
ih;.;‘ :nd (cap :z::?es Analyze extended product on

£ the t late RNA. sequencing gel with DNA size
s 9 TSN markers (or sequencing ladder).

primer extension

/////////”’product

probe —




Promoters

- UP element

Consensus [ ~nAs “MWAMANNN

sequence

rrnB P1 | AGAAAATTATTTTAAATTTCCT

recA

araBAD | | CTGACG

16



Transcription termination

A B

UA A A
G A G A
G U cG
U C UA

cG GC

GC AU

UA cG

cG uG

gg CcG
GC
GC GC

¥y Yy
5---GAACA UUUUULALU ---F §---CGAAA  UUUCGUUU - - -3




Gene expression : promoter types

Inducible Promoters : _
* |PTG or [protein]

Xylose (used in Bacillus) : A

> [IPTG]

[pro/tein]
N\
* Arabinose

> [Ara]

Constitutive Promoters

\ 4

Linear induction

« ON/OFF » induction



Translation

An Introduction to Genetic Analysis. 7th edition.

Proteins Subunits Auontbd_
L1 L2 L3 ribosomes

% %00, -
Q- ta5uh
.QQO 7}39

§ (2900 bases) (120 bases) (Total: 31) s (= &
S S1 S2 S3 s ®
& & .O e~
165
+ OO DO . — - _ w 708
16S {7 & Q .Q 808
(1540 bases) (Total: 21)

3' end of 16S rBRNA

RBS: Ribosome Binding site
Also caled Shine Dalgarno




L.-_J L..J'_l

Necessary seguence to express one gene:

ou de Pribnow

-35 -30) 17 pb -10
. - o
v A TTGACALITG i ACITATATT | CT
TIAACTGT|AC. DITGIATATAALGA L.
boite boite
"GACA" "TATA"

338
RBS  pb ORF
<+—>
AGGAGGT... |ATG Stop

MRNA

v

v

protein



Use of a reporter

A Translational Fusion

ATG
Py | YFG

B Transcriptional Fusion

ATG

a [Py

Reporter

Reporter



Rich medium
containing
Xgal

Example : LacZ reporter
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Operon

Promoter

1RBS_ genel RBS gene?2 RBS _ gene 3

Transcription MRN
ribosome

Protein 1 Protein 2 Protein 3

Protein quantity




Operon, one RBS

Promoter

1 RBS gene 1 gene 2 ~gene 3
+ | \ ’ » » ) F

"'\\'.
F. A" F. N

Transcription MRN ;

ribosome

Translation

A
X s W

Protein 1 Protein 2 Protein 3

Protein quantity ‘ ‘ .



Regulations at the transcription level:
example of thelactose operon

—

Repressor r Beta-galactosidase Permease Transacetylase




Lactose operon:

Lactose absence

—

Repressor r

A

lacZ

lacY

lacA

AV VAP
lacl MRNA

|

Repressor bound to operator site
and prevents transcription of lacZ,

lacY and lacA




Lactose operon:

Lactose presence

Repressor l
’}- @ o ©

Beta-galactosidase Permease  Transacetylase




Regulon: example of maltose

maltodextrines/ External medium

Maltose

External membrane

LamB

Periplasm

Cytoplasmic

membrane
Cytoplasm

glucose-1-phosphate \ / glucose

glucose-6-phosphate




Regulon: example of maltose

HOCH, HOCH,

A O H H () O H

NOH H\to‘ OH \{ L

HO )/ OH

H OH H OH
Maltose

External membrane

Cytoplasmic
membrane

o009

maltodextrines/

maltose

LamB

External medium

Periplasm

MalQ

glucose-1-phosphate

glucose

glucose-6-phosphate

Cytoplasm

malA region

promoters

malQ malP / \ .............. >

malG

malB region

malF malE

promoters

A 4

y

a

A

malT

y

A

A

Transcriptional activator

malK

lamB



Antitermination regulation : example of the
bgl operon

A B

f-glucoside

g-glu~P
HPr HPr

El

P P~EP P P~EP
BglG BagG

BglG inactive BglG active
./\. g

X XX —

Antiterminator Enzyme Il Phospho-f~ Antiterminator Enzyme |l Phospho-f-
glucosidase glucosidase



Transcriptional Attenuation: example of the
tryptophane operon

In the absence of tryptophane

P trpR
}

Inactive repressor

Genes encoding the biosynthesis enzymes of tryptophane

| N

= @

0] =1L U | 0 S T TX TR TR TR PRRT: > tryptophane




Transcriptional Attenuation: example of the
tryptophane operon

In the presence of tryptophane : regulation by negative control (repression)

P trpR

l tryptophane interacts with

the repressor
B > ‘ Active repressor

D

<
4 E F F B ®

Promoter is repressed No synthesis of the tryptophane biosynthesis
enzymes

- No tryptophane synthesis



Transcriptional Attenuation: example of the
tryptophane operon

(a) The most stabl dary str for trp leader mRNA.
Attenuation depends on the ability of regions 1 and 2 and
regions 3 and 4 of the trp leader sequence to base-pair,
forming hairpin secondary structures. The 3—4 hairpin

Start of structure acts as a transcription termination signal.
leader peptide
Tryptophane absence e RNA
Polymera
mRNA o se
(b) When tryptophan is the rib stalls, allowing
a 2-3 “antiterminator” hairpin to form. The ribosome stalls
when it encounters the two tryptophan (Trp) codons due to a
Partial leader Stalled shortage of tryptophan-carrying tRNA molecules. The stalled
peptide ribosome ribosome blocks region 1, so a 1-2 hairpin cannot form.

3 Instead an alternative 2-3 hairpin is created, which prevents
formation of the 3-4 termination hairpin. Therefore RNA
polymerase can move on to transcribe the entire operon.

Tryptophane absence _— .
DNA
Adjacent Trp
codons
RNA polymerase
(c) When tryptophan is plentiful the ribosome continues, allowing the 3-4 t iption terminati i 1 to

form.The ing ribosome comp translation of the leader peptide and pauses at the stop codon, blocking
region 2. As a result, the 3—4 structure forms and terminates transcription near the end of the leader sequence.

Leader

peptide RNA polymerase :

Tryptophane presence

mRNA

Stop codon DNA

© 2012 Pearson Education, Inc.



Riboswitch regulations

; ORF

Transcription Translation
" i RBS %? Quuu " ! res (§jﬂ i
—_— ——— » — — : .
‘ + Ligand ‘ + Ligand ‘ ¢+ Ligand + Ligand
%? 0 “ 0 ’Q’ﬂ 0 "
Uuu RBS
|l = S =S -
Terminaison Anti-terminaison | No translation Translatlon

Cell Volume 136, Issue 4, 20 February 2009, Pages 615-628



Regulations trough a pleiotropic factor: example of Hfqg

mRNA mRNA mRNA Hfg

J ’\@(\’ Inh|b|t|on

@ o o
l translation \ e
(|

NcRNA ncRNA j[:CRNAP/\/
/ ]%& Hfq @\/\/ @ Hifg \*/
e

Inhibition @\ -
?f s
. translation
Translation RNA
degradation
A B Translation C

MRNA Messenger RNA

NncRNA '
Non coding RNA From Vogel et Luisi, 2011



Small RNAs

FIG 1 Graphic summary of possible regulatory RNA functions.

Ruben A. T. Mars, MMBR, oct 2016



Post-translational regulations:
example of phosphorylation

Generation of multiple cell
types in Bacillus subtilis Daniel
Lopez, Hera Vlamakis &
Roberto Kolter

Department of Microbiology
and Molecular Genetics,
Harvard Medical School,
Boston, MA, USA
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Bacterial Regulation

* Transcription
 Translation
e Post-translation

* Gene location on the chromosome



Gene editing in eukaryotic cells

Gene editing technique

5
. JUCCELT EEPDTTFTRRAT IR TEFPTRINIR

0000

ZFN
(3 bp:1 protein module binding)

(1 bp:1 protein module binding)

u CHC
Q O
3 s e
1010 —
TALEN CRISPR

(1 bp:1 bp complementary base pairing)

Gene editing mechanism

3 oo 5
|

NHE)
(Gene disruption by small insertions or deletions)

Pk
gmmne T
HDR
(Gene carrection or insertion by recombination with donor template)

Gene editing applications

- Hemophilia

. - Sickle cell anemia n

o =0

- Acute myeloid leukemia
- Ewing's sarcoma

model : Ilbrary
- Lymphoma :

- Inherited disease
- Cancer
- Infectious disease

- Cardiovascular disease
- Neurologic disease

.
o

trC':'uene ¥
oeo e
60 ‘ Cancer°‘-., “Synthetic
" tesearch,. : ology
- Lung cancer Mouse ngNA *

.Q

- DMD
-HIV e
- HBV

-CFTIR

- Rice
- Wheat

- Sorghum
- Tobacco

- Drug targets
- Phenotypes



Molecular scissors : CRISPR
@@f"\ CRISPR Applications in models

Reports of crystal structure
of Cas9-sgRNA in complex
with target DNA

Jinek etal, Nishimasu et a,

. : 2014
CRISPRs target DNA directly warraffin et . Conebaciamglamdan. Genome-scale CRISPR/Cas
..... - oL knockout library created
@ Human tripronulear zygotes et Wongetal. Shalemetal
A Liang etal. et
crRNAs processed by Cas proteins % CRISPR/Cas9 mediates s -specifi
: : e equence-specific
serve as small guide RNAs to interfere DNA sroun etal. &7 P. falciparum Wagner eta. T A 2013 geneediting in human cells, and other
BV eukaryotes Congetal Malietal. Jinek et al.
..... CRISPRS’ role in adaptive immune system X N hooiaus Ton
o demonstrated Barrangou et al. s 9 N-,ulfz, T o
7 - In vitro study shows that Cas9-crRNA complex acts
L. Y, | SR 20172  asDNA endonuclease even with single guided RNA
f«j i X% trovicalis & | Jinek etal -
...... 2005 CRISPRs contain sequences from phage and plasmid (spacers) » ( o R T 2000 DO
Pourcel et al. Bolotin et al. Haft et al. Mojica et al. M e - y eaRR-Ga hybridization i A_LA.J%
g J ¢rRNA maturation and DNA cleavage in type Il 2
C. elegans Friedland et al. A. thaliana Lietal. Delicheva etal.

CRISPRs in relation to DNA repair system Makarova et al.

----- 2000 W@‘ .

The term CRISPR was coined. Identification of Cas W ~ D. melanogaster Bassettetal,

Cas9 plays an exclusive role in DNA degradation
in type Il CRISPR/Cas system. CRISPR/Cas9
system is transferrable between different

genes located adjacent to CRISPR loci Jansen etal. \ /
; o strains Sapranauskas et al.
Genomic sequencing revealed that short regularly Mice Wang etal. &2
------ Z;;?eoed repeka;s(SRSRs) exist broadly throughout - ? (Casd deaves target DNA at specific ites by
ifferent prol €S Mojica etal, S ...
e e ; 2010 | aing double-stranded breaks Gamese tal

E ’=_;_—£ Zebrafish wangetal.

- Technology =

""" 1987  First “unusual structure” found in E. coll ishino etal. prog ression PrT———

Cong etal. Malietal.

...... Atype of CRISPR/Cas system
2009 can cleave RNA Haleetal.




In bacteria

Virus DNA Q e
DNA

Plasmid DNA cleaved
@ Acquisition l /

e >ED-D
leader 10 9 8 7 6 5 4 3 2 1 {\_

cas locus CRISPR array

@ Interference
@ Expression

v N \ 4

ARARRN AR %ﬁ%

-~
~~
=
-~
=~

ﬁj ﬁ ﬂ Virus DNA cleaved

crRNA

Cas proteins

From Bhaya et al., 2011



CR3
CR16
CR6
CR17
CR7
CR8
CR9
CR1l1
CR10
CR12

Genetic element

Repeat
Spacer
>
= 30 ph
LDR
1 -
= 35 ph
v
GGAAATACTAAGTT----~- TATTTTGGGGTTTTAGATTAACTATATGGAATGTAAATGTAG-AGTCTTTATATGGTAGAGGTGGAATATAT - -~ AAGTGTTTTAGATTAACTATATGGAATGTARAT
GGAAATACTAAGTT----- TATTTTGGGGTTTTAGATTAACTATATGGAATGTAAATGTAG-AGTCTTTATATGGTAGAGGTGGAATATAT---AAGTGTTTTAGATTAACTATATGGAATGTAAAT
GGAAATACTCAATT---—-- TATTTTGGGGTTTTATATTAACTAAGTGGTATGTAAAGAAGC-TTTCATAGCATCCTCTTCTGAACATTCAT---CACTGTTTTATATTAACTAAGTGGTATGTAAAG
CAATGTATTCAAATATACCTATTTTGGGGTTTTATATTAACTAAGTGGTATGTAAATTTAG-CTTCATAGCTTATTTTCTTTATTACTTCA---ATTTGTTTTATATTAACTAAGTGGTATGTAAAT
GAAAATGCCCAGTT----~- TATTTTGGGGTTTTATATTAACTAAGTGGTATGTAAATTAAA-ACCACTCAATTCTTAAAAGATACTGCAAT - - -TATTGTTTTATATTAACTAAGTGGTATGTAAAT
GAAAATACTAAGTT----- TATTTTGGGGTTTTATATTAACTATATGGAATGTAAATT----ATCTATTATTGGTATATTAAATGATTCTAATAATTCGTTTTATATTAACTATATGGAATGTAAAT
GAAAATACTTAGTT----- TATTTTGGGGTTTTATATTAACTATGTGGTATGTAAATCTAG-AATTAGAACTCATTATTAAAACCATTCTTGCAAG--GTTTTATATTAACTATGTGGTATGTAAAT
GGAAATGCTAAGTT----- TATTTTGGGGTTTTAGATTAACTATATGGAATGTAAATCTCC-TTTCATTTCTCCTTTAGCTTCATAGCTTA---TTTTGTTTTAGATTAACTATATGGAATGTAAAT
GGAGATGCTAAGTT----- TATTTTGGAGTTTTATATCAACTATGTGGTATGTAAAGTTACTAAACATCTTATAACTTCTCTGAGAGCCTC----TAGGTTTTATATCAACTATGTGGTATGTAAAG
GGAAATACTCAATT---—-- TATTTTGGGGTTTTATATTAACTATATGGAATGTAAATAAAG--GTGTCCATTGATTTCTTTCAGTTTCGGG---AATAGTTTTATATTAACTATATGGAATGTAAAT
* * * * kkkhkhkhkkdk hhkkkhkk kk dhkkkk *kk Kok okokokokk kkkkkk kk kkkkk kkk  dokokok ok ok ok
Leader motif DR1 Spacer 1 DR2

P. Boudry Thesis



Cas9 protein: action mode

cas genes CRISPR

DD

Transcription
Repeat

\ Pre-crRNA

/

Spacer

Cas9

| | Initial pre-crRNA

@ processing

L

RNase Il

tracrRNA
« trans-activating crRNA »

crRNA-
Cas9

&

PAM

|

Second
processing step

DNA

Target cleavage

Target DNA

P. Boudry Thesis



Use in Eukariotic cells: mutant creation

Insertion/
+ deletion

S .
"——==—I —— .
Mew DMA

Non-homologous
end joining (NHEJ)

Neb biolabs



Use in Eukariotic cells: insertion

[ = E—
S —
O ———

Donor DNA

|

e —————
= : =
Mew DA

Homology directed
repair (HDR)

Neb biolabs



Use in Eukariotic cells: deletion

Genomic DNA
T SO F// / = /_—_—=
N\ guide RNA 1\, guide RNA 2
AN X /
AN N /
N /
N Cas9 /N y Cas9
AN
AN / '
N AN /
N N 4 /
N \ / /
\ 4 /
AN
N4 /

Precise, Targeted Deletion

http://ko.cwru.edu/services/crispr_cas.shtml



