Regulacao da Expressao
GEénica em Bactérias

Ativadores e Repressores

OBQ-2503
IQUSP
2023



Ativadores e Repressores na Regulacao da
Expressao Génica em Bacterias

Além dos fatores sigma, a regulacao da
expressao génica pode variar pela presenca
Ou auséncia de ativadores e repressores

Ativadores e/ou Repressores sdo Proteinas que se ligam

as Regides Requlatorias dos Genes e Operons em

Bactérias causando Mudancas Drasticas nos

Padroes de Expressao Génica




Expressao génica constitutiva

Nao muda com variacoes no meio ambiente

X

Expressao génica regulada

Muda com variacoes no meio ambiente

- 1 Expressdao aumenta em
Indugao resposta a sinal do meio

Repressao ‘ Expressédo diminui em
resposta a sinal do meio



Regulacao Positiva: Ativador ligado Ativa a Transcricido

el RNA polymerase -
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ativador causando dissociacao ativador ocorrendo a ligacédo do
do ativador do ser sitio no DNA ativador ao seu sitio no DNA

Sinal: Inibidor Sinal: Co-ativador



Regulacao Negativa: Repressor Ligado Reprime a Transcricao

Operator
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DNA - e
) Progoter ’
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mRNA ~ENA
Um sinal molecular inativa o Um sinal molecular ativa o

repressor causando dissociagdo repressor causando ligacao do
do repressor do sitio operador no Fepressor ao sitio operador no
DNA, induzindo a transcricio ~ DNA, reprimindo a transcricao

Sinal: Indutor Sinal: Co-repressor



ATIVACAO DA TRANSCRICAO POR ATIVADOR QUE PROVOCA
MUDANCA DE CONFORMACAO DO PROMOTOR

DNA strand

DNA strand

Activator protein

Figure 2

Simple activation by conformational change. The activator protein binds between the —10 and —35
elements and induces a conformational change in the DNA, allowing RNA polymerase to fully engage with
the promoter. Abbreviations: CTD, C-terminal domain; N'TD, N-terminal domain.



DNA strand

ATIVADORES QUE
ESTIMULAM A
LIGACAO DA RNA
POLIMERASE AO
PROMOTOR

DNA strand

aCTD

cl multimerization
domains

cl protein
DNA strand

Figure 3

Simple activation by recruitment. (#) The activator protein binds upstream of RINA polymerase and contacts
(red stars) one or both o subunit C-terminal domains (CTD). (¢) The activator binds close to RNA
polymerase and interacts with different polymerase subunits. (¢) Artificial activation in which the
DNA-bound cI (bacteriophage A repressor) protein activates transcription by interacting with the cl
multimerization domains fused to the RINA polymerase o subunit N-terminal domain (NTD).



Mecanismos de Repressao

a Repression by steric hindrance

Impedimento da

" e RNAP
= =10 l

Repressor

b Repression by looping

Dobramento
do Promotor

Modulacao do

Ativador:
— < Repressor bloqueia

o Ativador
Fgure 4 | Mechanisms of reprassion. a | Hepression by steric hindrance. The repressor-
binding site overdaps cora promoter elements and blocks recognition of the promoter by the BA
polymerase holoarnzymea. b | Repression by looping. Reprassors bind to distal sites and interact
oy looping, repraessing the intaervaning promoter. ¢ | Beprassion by the modulation of an activator
protein. The repressor binds to an activator and prevents the activator from functioning by
blocking promoter recognition by the BNA polymerase holoenzyme.

Repressor Activator




Bactérias tém um mecanismo simples para coordenar a
expressao de genes que sao relacionados: estes genes estao
organizados em uma unidade transcricional chamada operon
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— | Sequéncias génicas que atuam in
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Produtos génicos como proteinas
regulatorias, atuam in trans (sao
difusiveis na célula)




Primeiro modelo descrito de regulacao génica

- Modelo do Operon da Lactose (Operon Lac),
proposto por Francois Jacob e Jacques Monod na
década de 1950-1960

- O modelo fol proposto com base no estudo do
metabolismo de lactose na bacteria Escherichia coli

utilizando genética classica e bioquimica



Metabolismo de
lactose em E.coli

Jacob e Monod propuseram
a regulacao coordenada
de genes envolvidos no
metabolismo do
dissacarideo lactose

Na presenca de lactose
e auséncia de glicose as
bactérias expressam
enzimas para assimilar
e metabolizar a lactose:

B-galactosidade e a
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A

my, Indutor '”“[“ Indutor Expressao Regulada:
¥ adicionado removido
Inducao

Nivel do mRNA lac

- Na auséncia de lactose

Induced level
tem-se baixos niveis
da B-galactosidase.
Basal level Basal level
—— " N )
6 » 4 & 8 1 1 mn - Quando lactose é

adicionada altos niveis

__ da enzima sao

=) =y detectados.

Induced level - Bactérias respondem
rapidamente a adicao do
Indutor (lactose ou
alolactose)

Nivel da beta-galactosidase

Basal level




Operon Lac: —6000 bp

Sitio Operador (O) onde se liga o Repressor (1) ocupa 26bp

P P lacO

lacl lacZ lacY lacA
VAN ANUNVANYANYINTINYINONYINYNYINVNYONYLNY NN N NNV ANYZAN

DNA

1040 82 3510 780 825
% W

mRNA
‘l ML, ‘[ Lr 1l V TI
Protein Repressor B -galactosidase Permease  Transacetylase
Genes Regulatdrios: lacl ( repressor) Genes Estruturais: lacZ, lacY e lacA

lacO (operador)

Mutacdes nos genes regulatorios (1 e O) influenciam a expressao
de todos os genes estruturais (Z, Y e A) do Operon lac



Operon . ac Regulacao negativa: repressor

ligado inibe a transcricao

Um sinal molecular

(Indutor-alolactose)

causa dissociacdo da  DNA

proteina regulatéria I
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Metabolismo de
lactose em E.coli

Jacob e Monod propuseram
a regulacao coordenada
de genes envolvidos no
metabolismo da lactose

Na presenca de lactose e

auséncia de glicose as bactérias

expressam enzimas para

assimilar e metabolizar a lactose

Alolactose é o verdadeiro
iIndutor (produto de
transglicosilacao da lactose,

catalizado pela B-galactosidase
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Na auséncia de lactose o

operon esta reprimido (3 1000x
a transcricao)

lac repressor

o T | o

lacZ -

lactose _w

e
A

No mRNA transcription

Adicao do Indutor promove
a dissociacao do repressor
do operador

lacZ -
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Indutor: liga o Repressor
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do sitio Operador

o @



Mutacao no Operador:

% Expressao Constitutiva
- ,
. «%®  Repressor nao
———v’ -
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Mutacao no lacl:

% Expressao Constitutiva,
Repressor Lac nao se
liga no Operador

YA\ )\YLNANVINNYNAN AN AN ONANYNYUNY/AN/a\Y/A\/A\N

b

Operon e transcrito

e as proteinas
traduzidas FOCY o X Yo X Y Sole o0 Mo g% %



Lac repressor

Em 1990 demonstrou-se que

I existem na verdade 3 sitios
operadores:
mRNA \N\NS O1 (principal), 02 e O3
SR/ A/
y S~
/7 ~ -
/7 ~ -~
/7 ~ o~
/7 ™~ -
/7 ~ -~
/7 ~ -~
/7 Promoter S o
4 (bound by RNA polymerase) — RNA start site =
|
DNA TAGGICACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGIGKATTGTGAGCC:}GATAACAATTI'I‘CAC
—35 region —10 region

Operator
(bound by Lac repressor)



Eficiéncia de repressao dos :

.. . Repression by
operadores: Ol(original e principal), chromosomal /%
0O2e O3

P lac Z

\ 612 1.300
\ 6 103

A Ewt 120 700
A Ewt 100 18
A Ewt 023 1.9
A Ewt 003 1.0
X Ewt 020 10
NEW 000 e 1.0

82 bp—F—— 401 bp I

EMBO J, 9: 973-979,1990



Repressor Lac (produto
do gene lacl)

- tetramero com
subunidades de 36kDa

Operators

Detalhe do dominio de interacao
do repressor com o DNA: motivo
hélice-volta-hélice




Regulacao Positiva Proteina receptora de cAMP (CRP) s6

Nno operon lac é ativa quando ligada ao cAMP
Sitio de ligac&o Sitio de ligacao do
do Ativador repressor
(CRP) Operador (O)
:- Promotor ////////////// 7 v A
1 f \s - )
’ -
egaiador I Genes estruturais
| /l
l -, '
7
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1 e Z Y A
-’
Repressor /

33\

Indutor (IPTG,
‘ alolactose)



Operon . ac Regulacao positiva: complexo
CRP+cAMP ligado a 5’ do

promotor ativa a transcricao

cAMP Lac i
CRP ‘ repressor polymerase
\ bound v =
1(3 licose Py Lactose T\
1CAMP ,, ,,()/ @ P - —
// // Lac SE——
CRP site  Promoter repressor Transcricdo ++-++
Lactose
T Glicose »

~
1CAMP K:22:7 |
Lac T -~
ranscngao-+
repressor

Na presenca de glicose temos baixos niveis de transcricao
pois a Adenilato Ciclase (CAMP) esta inibida!



(a)

lac repressor

— lactose
+glucose ——__ R % lacZ -

(low cAMP) No mRNA transcription

S *
A
+ lactose /}; ;}. ........... >
+ glucose { M lacZ -
(low cAMP) Low transcription

(c) cAMP ’%‘
N A
s o |act058 A EEEEEEEEEEEE)-
— glucose = lacZ =
(high cAMP) High transcription




1 Glicose . Lactose

1 CAMP ()/ @ ;»
Lac
repressor

Na presenca de glicose ocorre “repressao por catabolito™:

Este mecanismo regulatdorio previne a expressao de genes
do metabolismo de lactose, arabinose e outros acucares
guando a glicose esta presente

O ativador CRP+cAMP regula coordenadamente varios
operons do metabolismo de carbono

1 2

Regulon



ATENUACAO DA TRANSCRICAO

- A transcricao é iniciada, mas é interrompida
antes de chegar aos genes estruturais do operon

Muitos genes relacionados a biossintese de
aminoacidos sao regulados por atenuacao da
transcricao: quando o aminoacido é abundante no
meio nutriente, as enzimas para sua biossintese
sao desnecessarias e 0 operon correspondente
encontra-se reprimido...



Operon do Triptofano

Trp 1) Controle pelo Repressor Trp R
4
Trp —
repressor
Repressor ' I
mRNA
Leadqr (trpL) Attenuator
DNA rpR) P trpE | . R | B AN
———— Regulatory region : Regulated genes |

-Quando os niveis de triptofano estao altos, o repressor
TrpR ligado ao triptofano (Trp) liga-se ao operador (O),
blogueando o promotor (P) e a transcricao do Operon do
Triptofano

- Triptofano (Trp) funciona como co-repressor do repressor
TrpR



Trp Repressor (dimero) + triptofano ligado ao operador



2) ATENUA(;AO: Quando a represséo é aliviada

(niveis de Trp estao diminuidos), a

Trp oM o oe e - .
repressor \ transcricao é iniciada, mas é
I | regulada por um ajuste fino que
Reprossor l esta acoplado a traducao do mRNA.
mRNA
Attenuator

Leader (¢rpL)

s | b | epo

DNA |¢rpR P
j—— Regulatory region >} Regulated genes >

l l l

trp mRNA
1T I p (low tryptophan levels)

1Trp e NN l

(high tryptophan levels) Anthranilate| | Anthranilate Tryptophan| |Tryptophan
synthase, synthase, synthase, synthase,
component I ||component II B subunit asubunit
Anthranilate ‘/ ; . \ '/
o TiseR / N-(5 -Pl'losph'orlbOSy])- Tryptophan synthase
2 anthranilate isomerase (a9Po)
[(CoDg (Coll)ol Indole-3-glycerol
phosphate synthase
Chorismate ﬁﬁmthranilate ﬁw -(5'-Phosphoribosyl)-—Enol- 1-o-carboxy-T> Indole-3-glycerol L-Tryptophan
anthranilate phenylamino- phosphate
Glutamine Glutamate PRPP PP, 1-deoxyribulose COq Seri
g it o Glyceraldehyde — L-oerine
phosp Hy0 3-phosphate

Pyruvate



Interrupcao prematura da transcrigdo em altos niveis de Trp

Leader peptide
Met— Lys— Ala — Ile —Phe— Val —
mRNA pppAAGUUCACGUAAAAAGGGUAUCGACAAUGAAAGCAAUUUUCGUACO
1 /
VP,CGAAAUGCGUACCACUUAUGUGACGGGCAAAGUCCUUCACGCGGUGGUG £
2 (stop)—Ser — Thr— Arg — Trp — Trp —
2 139 162
7 UACCCAGCCCGC CUAAUGAGCGGGCUUUUUIBUUGAACAAAAUUAGAGAAUAACAAUGCAAACA o
3 4 T XMet—Gln—Thr—b '
TrpE polypeptide
Site of
transcription End of leader
attenuation region (¢rpL)

A transcricao € iniciada, mas interrompida antes que 0s
genes do operon sejam transcritos. O mRNA lider (trplL)
codifica um peptideo lider de 14 aa, que contém dois
residuos Trp (coédon UGG) (regiao 1) e contém as regioes
2, 3 e 4 que participam no mecanismo de atenuacao



ITrp

Atenuacao:

Trp codons /
interrompida ™~ — trpL

transcricao

1Trp

Sinal de terminag¢ao independente de rho

Completed Grampo
193(1?; aten uador
pepiue Ribosome
MK};IF [’{ 3
G RNA
/ polymerase
Z UuuU 3

Transcricao prossegue

Incomplete (nao é interrompida)

leader
peptide 4,

trp-regulated genes

trpL DNA —_—




Mecanismo de atenuacao similar ao do operon
do triptofano é utilizado por outros operons da
biossintese de aminoacidos:

Operon Phe — peptideo lider de 15aa com 7 Phe
Operon Leu - peptideo lider com 4 Leu

Operon His — peptideo lider com 7 His



Fatores Globals de Transcricao

BOX2| CRP, FNR, IHF, Fis, ArcA, NarL and Lrp

These are the seven Escherichia colitranscription factors that control most of the regulated genes. Like many E. coli
proteins, their three-letter names derive from acronyms that describe their function. The fourth letter, which is present
in some names, denotes a particular gene product amongst several that are involved in the same function. So, CRP is the
cyclic AMP receptor protein, a gene regulatory protein that is activated by cyclic AMP. Confusingly, CRP is often also
referred to as CAP, the catabolite gene activator protein, which is named after its role in catabolite repression, ENR was
named as the factor necessary for induction of fumarate reductase and nitrite reductase, but it is now known to regulate
many more genes in response to oxygen starvation, IHF and Fis denote integration host factor and factor for inversion
stimulation, respectively. These names refer to functions that are used by certain bacteriophages during infection of

E. coli, but it is now known that these factors have extensive roles in non-infected cells. Arc and Nar denote anaerobic
respiratory control and nitrate regulation, respectively, and ArcA and NarL are the products of particular genes that are
involved in each process. Lrp denotes the leucine regulatory protein, which is alittle understood regulatory factor that
has different roles at many promoters,



Metade dos genes de E. coli sao regulados por 7 Fatores de Transcri¢cao Globails

CRP
IHF
FIS
FNR
ArcA
Lrp
HNs

m I 5 I' ' : h.—'—__
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Curmrent Opinion in Microbiology

Overview of the transcriptional regulatory network in E. coll Regulated genes are shown as yellow ovals, TFs are shown as green ovals and TFs
considered to be global regulators are shown as blue ovals. The green lines indicate activation, red lines indicate repression and dark blue
limes indicate dual regulation (activation and repression).




REDE REGULATORIA DE TRANSCRICAO EM E. COLI

Table 1

Summary of transcriptional interactions of major TFs, in the transcriptional regulatory network of E. coli.

Transcription Genes Co-regulators’ TF= Sigma Functional classes Family

factor regulated” regulated’ factors® of genes rEgJIated' {rrlernI:mL-rE'.}r
CRP 197 47 22 ', e 48 CRP (2)

IHF 101 28 g ", 26 HI-HNS (2)
FNR 111 20 5 - e 22 CRP (2)

FIS 76 15 4 ', ha 20 EBP (14)

Arch 63 18 2 ', ey 17 OmpHR (14)

Lrp 53 14 3 . e 15 AsnC (3)

Hns 26 14 5 ', 17 Histone-like (1)
Narl ¥ 65 10 1 ', haia 14 LuxR/UhpA (17)
OmpR 10 g 3 . e 5 OmpR (14)
Fur® 26 8 2 g 1% 9 Fur (2)

PhoB 26 1 3 ar OmpR (14)
CpxR g 2 1 ', dhan 5 OmpR (14)
SoxRS g 10 3 eLED 10 AraC/XylS (24)
Mic¥ 5 3 1 s 3 NagC/XyIR (7}
CspA¥ 2 2 1 a® 2 Cold ()

Fob™~ 7 8 2 ', e [ AraCiXyls (27)
Purf"* 28 7 1 a’ 10 GalR/Lacl {(13)

"Total number of genes regulated directly. "Mumber of different TFs with which at least a gene or TU is jointly co-regulated. *Number of regulated
genes that codify for TFs. $List of o factors of the regulated promoters. *Number of functional classes of the gene products regulated [44].

TF family and in parenthesis the number of members of the family. In addition to the seven global TFs considered here there are TFs suggested by
¥Babu and Teichmann, 2003, [427°] and *"Shen-0rmr et al., 2002, [5077].



Condic0es de crescimento e do meio ambiente nas quais ativadores de transcrigao
(TFs) atuam

S U S —

O R e O O O R B O 0D
1 I 1 1 1 1 1 I 1

Conditions

Hﬂﬂﬂﬂﬁ

CRP IHF Lrp Hns FIS FNR ArcA MarA Soxs NarL Rob FruR Mic OmpRCpxR 27
@ () 6 (9 () Ts

Regulatory proteins

Current Opinion in Microbiology

Global environment growth conditions in which TFs are regulating. To see the detailed list of conditions see RegulonDB page: http:/
www.cifn.unam.mx/Computational Genomics/regulondb/SupMat/conditions. Numbers in brackets indicate how many additional TFs participate in

the same number of conditions.







CRP

FucR, GutM, GutR

ArchA Ceph CyiR DeuR,

MNSRIR, |  G  a

Amt o 15 Gais | FMNR.FadR FruR, GalR GntR,

H:{I]IGI;::H - Hns, IHF, Lacl Lrha&, Lip,Mic, |
e MarlPhoB, PurR, RbsR

OmpR, RhaR, FIhD,
CaiF Yiad,

SlyA, TdeR, UhpA,

Co-regulators

Curent Opinicn in Microbiology

Regulated genes and co-regulators of CHP. The intersection contains
those TFs that are directly requlated by CRP and which work as
co-requlators with CRP.



Ligacao da RNA polimerase ao promotor

- TTGACA TGn extended TATAAT

—35 element —10 element —10 element Downstream

—-

+20 +25
[ ]

UP element TTGACA T1Gn  TATAAT



a Binding

DMA strand

Extended=10
TTGACA TGnTATAAT +1

I

b Isomerization

DMA strand

DMA strand

Transcript



ATIVACAO POR CRP (CAMP RECEPTOR PROTEIN)
CRP + cAMP

DMNA strand
DA strand
C aNTD
DA strand
CRP dimer CRP dimer
d aNTD
DA strand

CRP dimer CRP dimer

iy AR1 (Activating region 1) 57 AR2 (Activating region 2)  iF AR3 (Activating region 3)

Figure 4

Actdwvarion of rranscripdon by the cyclic AMP recepror protein (CRP). (@) The CRP dimer binds upstream of

EMNA polymerase and contaces one or both o subunit C-rerminal domains (CTD) via AR1 (activating region

1) (Bfree star). () CRP binds adjacent vo EINA polymerase and interacts with different polymerase subunits:

AR1 interacts with ool T, AR2 interacts with an o subunit MN-terminal domain (N TTDY), and AR3 interaces

with o?. (¢} Activation by mndem-bound CEF dimers where the downstream CRP is in a Class I1 posidon (as
- i panel F). (@) Acdvarion by candem-bound CEP dimers where the downsweam CRP is in a Class I position

"~ (as in panel &).




Promotores do tipo Sigma70 de genes de E. coli

Regido -35 |Regido -10 | Posicdo +1

A 4

UP element —35 Region| Spacer |10 Region| Spacer RNA start
C B +1
OUBCREUS NNAAATATATTTTNNAAAANNN [N| TTGACA | Ny, | TATAAT | N,

sequence =
rrnB P1 AGAAAATTATTTTAAATTTCCT |N| GTGTCA | Njg | TATAAT Ng A

trp ITCACA| N,, [BEEE N, A

lac TITTACA| N,; B Ng A

recA TTCATAY N, B N, A

araBAD CICACET N, [ N A

O fator sigma 70 & o0 sigma principal sendo responsavel pela
transcricao da maioria dos genes cujas funcoes estao associadas aos
processos fisiologicos essenciais da bactérial



Substituicao do fator
sigma (o) da RNA pol
controla a Iniciacao:

Os distintos fatores sigma
reconhecem promotores
diferentes

31
5]‘

Gene Factor Use -35 Sequence Separation —-10 Sequence

rpoD 6/ general TTGACA 16-18 bp TATAAT

rpoH 62 heat shock CCCTTGAA 13-15 bp CCCGATNT

rpokE o heat shock not known not known not known

rpoN ni‘* nitrogen CTGGNA 6bp  TTGCA

fliA c flagellar CTAAA 15 bp GCCGATAA
rposS stationary phase

Troca do fator sigma na holoenzima causa mudancas no
padrao de expressao génica na bactéria



candtipos @ atividades anzrimfsticas para o Operon Jlac de
E. <Ooll

— —— —— - Tt et S i S et ot e i R R e e e e e e e e e i e e — — — —

candtipo atividade pf—galactosidase*
induzido néc induzido
(a) itz* 100 <0.1
' 0.0 0.0
i—=* 100 100
i*z¥t pri—z* 240 <1.0
1~z¥ /pritet 280 <1.0
(b) i®==z* <1.0 <0.1
i®zg¥ pritgt <1.0 <0.1
(c) oSzt 95 a5
otz* /Fsozt 220 0
otz¥ /Froz" 90 <0.1

*Os valores sioco relativos a i*z% induzido.




Ativacao da transcricao no promotor dependente do fator sigma 54

aNTD
aCTD 554
DNA strand
gununnm 24 jmmm 12
: DNA bindi tei
* " Inglpli?;m AAA™ activator protein
LI T

Figure 5

Transcription activation at a o '-dependent promoter. RNA polymerase containing ¢>* binds to the —12
and —24 promoter elements. Interaction with the AAA+ activator protein is often facilitated by DNA

looping caused by a DNA-bending protein. Abbreviations: CTD, C-terminal domain; N'TD, N-terminal
domain.

Ativador hidrolisa ATP para provocar mudancas de conformacao
na RNAP e formar o complexo aberto e iniciar a transcricao



Activator Operon da Arabinose

A,
A L Produto do gene araC funciona como
Repressor repressor e como ativador
araC mRNA
AN\NN\NN\N\N\N
I CRP binding site
o a|02 ara0y ‘ an ‘I“‘I [« Regulated genes >
oA N 7/ Al 7 ||  eareB eSS
| | o
Pc Pgap araBAD mRNA
Regulatory sites N\NNNN\N\N\N\N\SN\SUS
| L-Ribulose kinase | | L-Arabinose L-Ribulose 5-@)
isomerase epimerase
0\ /H
transport (|3 (|3H20H l CH,0H (|3H20H
. system H-C-—OH c—=0 C—0 / c=0
L-Arabinose | | |
(extracellular) HO— (|3 — L= H—(|3 —OH ~ H—C—OH HO—(|3 —H
HO—(F—H HO (|3 H HO—C—H C|) H—(|3—OH ?
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-AraC ligada a araO, e aral, aproxima estas regides e o
operon é reprimido
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-Quando niveis de AraC diminuem, o gene araC e transcrito
a partir de seu promotor P.. Se Ara C aumentar, ela mesma
bloqueia a transcricao de seu gene ligando-se a araO,

- Se 0s niveis de glicose forem altos e de arabinose forem
baixos, AraC ira ligar-se aos operadores araO, e aral......



-Quando arabinose esta presente e a concentracao de
glicose € baixa, AraC liga arabinose, muda sua
conformacao e torna-se um ativador, que se liga a araO, e
aral (a alca de DNA € aberta). Em conjunto com
CRP+cAMP, as moléculas de AraC ativam a transcricao
dos genes araBAD
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