
•la molecola di DNA cromosomico di E.coli è lunga circa 
1.6mm

• è contenuta in una cellula di 2 µm di lunghezza e 1µm di 
larghezza

•Un compattamento casuale della molecola determinerebbe 
un volume di circa 200mm3 circa 400 volte superiore al 

volume del nucleoide 

•Il volume del nucleoide è di circa di E.coli 0.5 µm

•Il cromosoma è quindi estremamente organizzato in anse 
topologicamente indipendenti  circa 100 da 50 kb 

IL NUCLEOIDE



L’organizzazione del genoma batterico è caratterizzata dalla 
presenza di macrodomini funzionali , ampie regioni di DNA nel qule 
ogni singolo gene ha un corretto livello di espressione che dipende 
dal suo orientamento dalla sua posizione rispetto all’origine. 

Se alcune regioni vengono invertite come orientamento sul genoma 
(pur rimanendo presenti i geni)  si può avere la non espressione o 
espressione molto ridotta: queste grandi inversioni possono indurre 
anche morte nella cellula .

Elemento importante è anche il posizionamento rispetto all’origine: 
geni posizionati in posizione prossimale all’origine sono espressi di 
più in modo statisticamente significativo rispetto a quelli in 
posizione distale 





Il cromosoma batterico è organizzato in numerosi 
domini superavvolti stabilizzati dal legame con 
proteine specifiche alla base dell’ansa.

In Escherichia 
coli si calcolano 
circa 100 domini





Quali sono le proteine associate al nucleoide? 
Come riescono a compattare il cromosoma batterico?

SMC complex corrisponde alle proteine MUK 

















A. Bend curvare 
B. Stiffen irrigidire, 
     Coat rivestire 
C. Bridge creare ponti 
B. Bunch raggruppare
E. Wrap  avvolgere 
 

Non solo curvatura… le 
diverse funzioni delle 
proteine associate al 
nucleoide sul DNA 







La proteina HU

Caratteristiche 
• proteina basica
• molto abbondante 30000 copie/cellula 
• la più abbondante tra le proteine del nucleoide 
• nessuna sequenza  consenso di legame al DNA

Struttura                  pM                    geni              

eterodimero
                             
Hua                          9.2 kDa                  hupA (90.4 min)

Hub                          9.5 kDa                  hupB ( 9.9 min)



Nucleoid 
proteins are 

homo- or 
heterodimers

(protein oligomerization
N-domain

C-domain
(DNA binding)

adapted from
Ussery et al., 2001



HU lega il DNA e lo ripiega 



Le proteine che ripiegano il DNA



La proteina IHF   Integration Host factor 

Caratteristiche 
• proteina basica
• 5-10 volte meno abbondante di HU
• abbondante in fase stazionaria
•debole specificità di sequenza  per il legame al DNA
 (YAANNNNTTGATW)

Struttura                  pM                    geni              
Eterodimero
                             
IHFα 11.2 kDa                  himA (38.6 min)

IHFβ 10.5 kDa                 himD ( 25 min)
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IHF and its paralogue HU. a The interaction of IHF with its target site and the consequences for the pathway of the DNA are shown. Here, 
RNA polymerase (containing σ54) has formed an inactive complex with a promoter, and the bending of the DNA by IHF causes a 
transcription factor, bound as two dimers to two copies of the upstream-located enhancer sequence, to make physical contact with RNA 
polymerase, activating transcription. Not to scale. b The details of the IHF site sequence are shown, with the highlighted residues being the 
conserved members of the IHF binding site consensus. The amino acids in the α- and the β-subunits of IHF that interact with the DNA 
sequence are shown. In the cases of proline residues P65 (α-subunit) and P64 (β-subunit), the protein makes an insertion into the minor 
groove of the DNA duplex, bending it by up to 180°. c An alignment of the α- and β-subunits of the paralogous IHF and HU proteins from 
E. coli strain W3110 is shown together with a summary of the main structural features of each monomer. Amino acids that are completely 

conserved in all four proteins are highlighted..

Presenter Notes
Presentation Notes
Figure Legend: IHF and its paralogue HU. a The interaction of IHF with its target site and the consequences for the pathway of the DNA are shown. Here, RNA polymerase (containing σ54) has formed an inactive complex with a promoter, and the bending of the DNA by IHF causes a transcription factor, bound as two dimers to two copies of the upstream-located enhancer sequence, to make physical contact with RNA polymerase, activating transcription. Not to scale. b The details of the IHF site sequence are shown, with the highlighted residues being the conserved members of the IHF binding site consensus. The amino acids in the α- and the β-subunits of IHF that interact with the DNA sequence are shown. In the cases of proline residues P65 (α-subunit) and P64 (β-subunit), the protein makes an insertion into the minor groove of the DNA duplex, bending it by up to 180°. c An alignment of the α- and β-subunits of the paralogous IHF and HU proteins from E. coli strain W3110 is shown together with a summary of the main structural features of each monomer. Amino acids that are completely conserved in all four proteins are highlighted. The information in b and c is based on data from Swinger and Rice [2004, 2007]. The NCBI reference numbers for the four protein sequences are: IHFα, YP_489974.1; IHFβ, YP_489184.1; HUα, YP_491460.1; HUβ, YP_488732.1.




Intrinsically curved DNA

Wedge model

e.g. GC(A/T)3- 6GCTCG(A/T)3- 6GCG

Junction model

Roll  ρ

Tilt  τ

Twist  
Ω





FIS Factor for Inversion Stimulation

Caratteristiche

• Proteina basica
• abbondante in fase esponenziale 
• 10.000-60.000 copie
• scarsa specificità di sequenza
(KNNYRNNWNNYRNNM)

W  TA
R   GA
K   GT
Y   CT

Struttura                  pM                    geni              

OMODIMERO
                             
FIS                           2x 11.5 kDa         fis (27.4 min)







The role of nucleoid‐associated proteins in the organization and compaction of bacterial chromatin

Molecular Microbiology, Volume: 56, Issue: 4, Pages: 858-870, First published: 07 April 2005, DOI: (10.1111/j.1365-2958.2005.04598.x) 

Presenter Notes
Presentation Notes
The nucleoid is very dynamic in nature. The organization of the supercoiled loops and the relative orientation of sites within are affected by the binding of nucleoid‐associated proteins such as HU, H‐NS, IHF and Fis. Each of these proteins has different functional interactions with DNA and the proteins of this family can be roughly fitted into two categories: DNA‐bridgers and DNA‐benders (see main text). Within the context of a supercoiled loop, the configuration is determined by the proteins that are simultaneously bound within the loop. The organization within loops is important for DNA compaction and can also play a role in the modulation of transcription. DNA is depicted in cyan. The green spheres correspond to H‐NS (following the mechanism of binding as shown in Fig. 1B). The red spheres correspond to HU (either in its bending or its rigidification mode). The grey sphere corresponds to a DNA bending protein, such as IHF, Fis or HU. Although the described type of reorganization can take place only within a supercoiled loop, DNA topology has been omitted in the visualization of these loops for the purpose of simplicity.  The (arbitrary) starting configuration of a loop is shown in B. H‐NS bridges hold together DNA tracts within the loop, some HU molecules are shown rigidifying the DNA, or bending it at another site and one tract of DNA is covered with H‐NS but not bridged. A binding site is present within the tip of the loop (in purple, and indicated with an asterisk). The binding of proteins at this site results in reconfiguration of the loop. In the first example (A), this site is bound by a protein that bends DNA (e.g. IHF), which imposes relocation of the bound protein to the tip of the loop. In parallel, other bound proteins within the loop will become relocated. In this example, one of the H‐NS tracts (2) and the adjacent region with HU bound (3) follow the left‐ward directed movement of the tip of the loop. A part of a second H‐NS tract (1) is found back bound on the right side of the region with HU. Finally, the spatial vicinity of the loose H‐NS tract (4) has changed such that it has become bound to the DNA alongside the DNA bending HU molecule (5). In the second example (C), HU becomes co‐operatively bound to the binding site (or rather region). It is energetically unfavourable for a rigid tract of DNA to find itself located within the tip of a loop and therefore it moves away into the stem. The H‐NS tract directly aside of the bound HU (1) moves along with it to the right (where it remains loose), whereas the second H‐NS tract (2) is found back bridging an area on the left of the region with HU bound (3). Finally, the spatial vicinity of an initially loose H‐NS tract (4) has also changed such that it has become bound to the DNA alongside the DNA bending HU molecule (5). IF THIS IMAGE HAS BEEN PROVIDED BY OR IS OWNED BY A THIRD PARTY, AS INDICATED IN THE CAPTION LINE, THEN FURTHER PERMISSION MAY BE NEEDED BEFORE ANY FURTHER USE. PLEASE CONTACT WILEY'S PERMISSIONS DEPARTMENT ON PERMISSIONS@WILEY.COM OR USE THE RIGHTSLINK SERVICE BY CLICKING ON THE 'REQUEST PERMISSIONS' LINK ACCOMPANYING THIS ARTICLE. WILEY OR AUTHOR OWNED IMAGES MAY BE USED FOR NON-COMMERCIAL PURPOSES, SUBJECT TO PROPER CITATION OF THE ARTICLE, AUTHOR, AND PUBLISHER. 



The nucleoid is very dynamic in nature. The organization of the supercoiled loops and the relative 
orientation of sites within are affected by the binding of nucleoid-associated proteins such as HU, H-
NS, IHF and Fis. Each of these proteins has different functional interactions with DNA and the 
proteins of this family can be roughly fitted into two categories: DNA-bridgers and DNA-benders (see 
main text). Within the context of a supercoiled loop, the configuration is determined by the proteins 
that are simultaneously bound within the loop. The organization within loops is important for DNA 
compaction and can also play a role in the modulation of transcription. DNA is depicted in cyan. The 
green spheres correspond to H-NS (following the mechanism of binding as shown in Fig. 1B). The 
red spheres correspond to HU (either in its bending or its rigidification mode). The grey sphere 
corresponds to a DNA bending protein, such as IHF, Fis or HU. Although the described type of 
reorganization can take place only within a supercoiled loop, DNA topology has been omitted in the 
visualization of these loops for the purpose of simplicity. 
The (arbitrary) starting configuration of a loop is shown in B. H-NS bridges hold together DNA tracts 
within the loop, some HU molecules are shown rigidifying the DNA, or bending it at another site and 
one tract of DNA is covered with H-NS but not bridged. A binding site is present within the tip of the 
loop (in purple, and indicated with an asterisk). The binding of proteins at this site results in 
reconfiguration of the loop. In the first example (A), this site is bound by a protein that bends DNA 
(e.g. IHF), which imposes relocation of the bound protein to the tip of the loop. In parallel, other 
bound proteins within the loop will become relocated. In this example, one of the H-NS tracts (2) and 
the adjacent region with HU bound (3) follow the left-ward directed movement of the tip of the loop. A 
part of a second H-NS tract (1) is found back bound on the right side of the region with HU. Finally, 
the spatial vicinity of the loose H-NS tract (4) has changed such that it has become bound to the DNA 
alongside the DNA bending HU molecule (5). In the second example (C), HU becomes co-operatively 
bound to the binding site (or rather region). It is energetically unfavourable for a rigid tract of DNA to 
find itself located within the tip of a loop and therefore it moves away into the stem. The H-NS tract 
directly aside of the bound HU (1) moves along with it to the right (where it remains loose), whereas 
the second H-NS tract (2) is found back bridging an area on the left of the region with HU bound (3). 
Finally, the spatial vicinity of an initially loose H-NS tract (4) has also changed such that it has 
become bound to the DNA alongside the DNA bending HU molecule (5).

https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2958.2005.04598.x#f1




Chromosome organization during the growth of Escherichia coli. The expression patterns of E. coli NAPs reflect 
the chromosome compaction level (higher in the stationary than in the exponential phase) and cellular processes 
that involve certain NAPs



H-NS
(Histone-like Nucleoid Structuring protein)

• Abundant peptide (~ 20000 copies/cell)

• Small (136 aminoacids, 15.5 kD), non-basic peptide

• Mainly acts as a homodimer or tetramer

• Able to form heterodimers with StpA or HhA

• In vitro binding to DNA is non-specific; induces high DNA compaction

• Higher affinity for intrinsically curved DNA; able to bend DNA in vitro

• Global regulator: controls 5 % of the whole E.coli protein coding sequences

• Generally acts as a transcriptional repressor of virulence genes outside the host



La proteina H-NS 
riconosce sequenze di 
DNA curvo ed è in grado 
di indurre curvatura nel 
DNA
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Figure Legend: H-NS, transcription silencing and chromosome microdomain formation. a A standard representation of RNA polymerase bound to a transcription promoter is shown consisting of the principal components of the holoenzyme: the α-subunit, in two copies with their carboxyl-terminal domains (CTD) and amino terminal domains (NTD) shown connected by flexible linkers. The β-, β′- and σ-subunits are also illustrated. The locations of the transcription start site (TSS, +1), the -10 and -35 elements are also shown together with the consensus DNA sequences for the -10 and -35 motifs of promoters that are bound by the RpoD sigma factor of RNA polymerase. b The same promoter sequence is shown decorated by the H-NS protein in its DNA stiffening mode, excluding RNA polymerase and silencing transcription. Here H-NS polymerizes along the DNA duplex, and the two DNA-binding motifs of each H-NS dimer bind to the same DNA molecule in cis. The H-NS monomers are arranged in an antiparallel orientation within each dimer. c H-NS is shown bound to the same promoter element in its bridging mode. Here, the DNA-binding domains of each H-NS dimer (shown in antiparallel configuration) bind to spatially widely separated segments of the same DNA molecule, creating a DNA-protein-DNA bridge that excludes RNA polymerase from the promoter. d The bridging function of H-NS can also form loops in DNA, including the 10- to 15-kb microdomain loops that contribute to the higher-order structure of the bacterial nucleoid. The drawings are not to scale.




H-NS, transcription silencing and chromosome microdomain formation. a A standard 
representation of RNA polymerase bound to a transcription promoter is shown 
consisting of the principal components of the holoenzyme: the α-subunit, in two copies 
with their carboxyl-terminal domains (CTD) and amino terminal domains (NTD) shown 
connected by flexible linkers. The β-, β′- and σ-subunits are also illustrated. The 
locations of the transcription start site (TSS, +1), the -10 and -35 elements are also 
shown together with the consensus DNA sequences for the -10 and -35 motifs of 
promoters that are bound by the RpoD sigma factor of RNA polymerase. b The same 
promoter sequence is shown decorated by the H-NS protein in its DNA stiffening mode, 
excluding RNA polymerase and silencing transcription. Here H-NS polymerizes along 
the DNA duplex, and the two DNA-binding motifs of each H-NS dimer bind to the same 
DNA molecule in cis. The H-NS monomers are arranged in an antiparallel orientation 
within each dimer. c H-NS is shown bound to the same promoter element in its bridging 
mode. Here, the DNA-binding domains of each H-NS dimer (shown in antiparallel 
configuration) bind to spatially widely separated segments of the same DNA molecule, 
creating a DNA-protein-DNA bridge that excludes RNA polymerase from the promoter. 
d The bridging function of H-NS can also form loops in DNA, including the 10- to 15-kb 
microdomain loops that contribute to the higher-order structure of the bacterial 
nucleoid. The drawings are not to scale.



Struttura della proteina H-NS

La proteina H-NS è costituita da soli 137 AA
Il dominio di oligomerizzazione è localizzato al N terminale ed è 
costituito da brevi sequenze di AA ( 1-8, 12-19, e 23-47) capaci 
di formare 3 strutture ad alfa elica. I linker flesibili che 
separano le 3 a eliche permettono alle eliche 1 e 2 di ripiegarsi 
facilitando la formazione di oligomeri tra i diversi dimeri 



Il legame di H-NS a regioni di DNA 
esogeno ricche in AT silenzia 
l’espressione genica. 

L’eventuale presenza di una proteina 
regolatrice sequenza specifica con un 
elevata affinità per il DNA può 
competere con H-NS per eliminare il 
silenziamento e permettere 
nuovamente l’espressione genica in 
condizioni specifiche. 

In questo modo, la cellula ospite può 
tollerare la presenza di sequenze di 
DNA estraneo e in seguito inserire la 
sequenza in un  network di regolazione 
preesistente

H-NS ed il silenziamento di regione geniche acquisite per HGT



H-NS e il 
silenziamento dei 
geni acquisiti 
tramite HGT







La proteina Dps ( Dna Binding protein from 
starved cells) 

forma un complesso costituito da 12 monomeri di 
19 KDa 

Il complesso Dps contiene uno ione Fe e  rende il 
DNA resistente allo stress ossidativo

E’ presente in alto numero di copie  circa 20.000

Si lega al  DNA a livello di sequenze non 
specifiche



I residui di lisina 
localizzati all’estremità 
N terminale di Dps 
carichi positivamente 
promuovono la 
condensazione del DNA 
in quanto interagiscono 
sia con il DNA che con 
le regioni cariche 
negativamente delle 
molecole adiacenti di 
Dps



influenza ala trascrizione del 10% 
dei geni di E.coli  e a seconda del 
target il suo effetto può essere 
potenziato o meno dalla presenza di 
leucina.

I geni regolati comprendono geni 
coinvolti nell’acquisizione e 
metablismo degli AA oltre a geni di 
virulenza quali quelli coinvolti nella 
sintesi di alcuni pili. 

Lrp riconosce una sequenza consenso 
degenerata sul DNA e modifica la 
struttura del DNA con il suo legame.

Esiste in diversi stati oligomerici , 
dimero, ottamero  o esadecamero. 

Lrp Leucine responsive 
regulatory protein

Ottamero di LRP







a,b | The euryarchaeal nucleoid is mainly organized by histone proteins that bend or wrap DNA, as well 
as by Alba that binds to DNA as a homodimer or a heterodimer and that forms looped structures by 
bridging two DNA duplexes. In Haloferax volcanii, histone proteins form tetrameric nucleoprotein 
structures that wrap about 60 bp of DNA around their surface (part a). These nucleosomes form a 
regular 'beads-on-a-string' structure similar to eukaryotic chromatin. In Thermococcus kodakarensis, 
histone proteins assemble into multimeric forms that cover variable sizes of DNA ranging from 30 bp 
(indicative of a dimer binding) to 450 bp (part b). 

The structure of the archaeal nucleoid varies among different 
archaeal species depending on the chromatin proteins they express



c | The crenarchaeal nucleoid is organized by proteins that bend DNA (for example, Cren7 and 
Sul7 in Sulfolobus spp.), as well as by Alba that either forms looped structures by bridging 
two DNA duplexes or forms stiff filaments by binding cooperatively side by side. The best-
studied chromatin proteins belong to the Alba superfamily, which is widely distributed and 
almost universally present in archaea15. Alba seems to have an ancient evolutionary history and 
considerable functional plasticity16. Most Alba proteins interact with RNA in addition to 
binding to double-stranded DNA (dsDNA)and have been suggested to function in RNA 
metabolism. In euryarchaeal methanogenic archaea, Alba proteins are low-abundance, 
sequence-specific dsDNA-binding proteins19, whereas in crenarchaeal organisms, it was shown 
that Alba is a highly abundant cellular protein that binds to dsDNA without apparent 
sequence specificity. Alba assembles into dimers, which are homodimeric or heterodimeric 
depending on whether paralogues are encoded and on their relative amounts.

https://www.nature.com/articles/nrmicro3467#ref15
https://www.nature.com/articles/nrmicro3467#ref16
https://www.nature.com/articles/nrmicro3467#ref19






• is a Gram negative, facultative  anaerobe
• is an  intracellular pathogen
• is the etiological agent of bacillary dysentery, an 
acute diarrheal disease  
• causes 160 million of episodes, determining 1.1 
million deaths/year in children and infants  in 
developing countries.

Infection is spread
via fecal-oral route

Subgrouped in four “species”:

• Shigella flexneri
• Shigella dysenteriae
• Shigella boydii
• Shigella sonnei

Shigella



Model for Shigella
invasion of the colonic mucosa

Inflammatory cytokines
cascade

Bacteria
Enterocytes

Polymorphonuclear
leucocytes

M cells



Proteins involved
in the invasion

process are
encoded by
a virulence

plasmid (pINV)

Actin
filaments nucleus

IpaD

IpaB, 
IpaC

IcsA 
(virG)

IcsB



virF is ...

• … located on a “desert 
island”

• … the  first positive 
activator of pINV 
virulence genes

IS elements
virulence genes

Genetic
organization

of pINV

virB is ...

• … located within the           
main Pathogenicity Island 
… the second  positive 
regulator of the plasmid 
virulence regulons



H-NS controls the virulence regulon
in Shigella and in E.coli EIEC

hns

H-NS

virG virB virFipa mxi spa

bacterial
chromosome

Virulence plasmid (pINV, 220-260 kb)



The expression “cascade” of virulence genes

FIS
VirF is ...

• … expressed at 37°C
• … is controlled antagonistically 
by two nucleoid proteins H-NS     
(repressor) and FIS (activator)

By which mechanism is the virF gene
allowed to be expressed

only at the host temperature?



…more precisely:
virF transcription is inhibited 

by H-NS only below 32°C 

H-NS is able to bind to and repress virF
only at low temperature



DNaseI footprinting of the
virF promoter region by H-NS



The virF promoter region

H-NS box II H-NS box I

+1



60°C
gel

4°C
gel

200

400

500
bp

virBvirF virG virBvirF virG

300

virBvirF virG

Computer-generated models

Curvature in H-NS regulated vir promoters



-345

+104

+1

H-NS site II
-278 / -274

 to -234 / -218

H-NS site I
-54 / -46

 to +33  / +46

-140

DNA bending : the wedge model 
for sequence mediated curvature 

Within the virF promoter region H-NS recognizes two 
sites separated by a region endowed with

signficant intrinsic curvature



Temperature-dependent curvature
of the virF promoter

Acrilamide separations
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White symbols: Mg++

Black symbols: no Mg++

The curvature of the virF promoter is
strongly temperature-dependent



Temperature-dependent curvature
of the virF promoter
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Temperature-dependent virF expression
Working model 

H-NS RNA polymerase

30°C37°C



Small RNAs are emerging as key regulators
of virulence gene expression in bacteria.

Is this true also in Shigella?

By which mechanism is the virF gene
allowed to be expressed

only at the host temperature?



The circular permutation assay
Rationale

A B C

D
A

B

D

A B C

D

A B C

D
A

B

D

A
B C

D
A

B

D

A B C

D
A

B

D

A B C

D
A

B

D

Dimerization

Restriction A Restriction B Restriction C Restriction D

Identification of
unique restriction 
sites (A, B, C, D) in 

putative bent 
region

Step 1 Step 2

Step 3



Circular 
permutation assay 

on the virF
promoter region

The bending centre
maps halfway

between the  H-NS
boxes and is located
~140 bp upstream
the transcription

start site (+1)
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Molecular dissection of the virF promoter: 
mutagenesis of the β-region 

and shifting the β-region by ~½helix turn

8-oxo-dGTP dPTP

β



Mutagenesis of the bent region
Mutagens used

8-oxo-dGTP dPTP



Mutagenesis of the bent region
Strategy for the construction of β-region mutants

PCR in the presence 
of dPTP  and 8-oxo-

dGTP

PCR

β’

β’’

β
virF

promoter

pFlacαγ

α γ

Transform E.coli DH10b and  select on Ap-Xgal

lacZ



Acrilamide
separation
(4°C) of
β-region
mutants

800

700

600

500

bp

F5
3

F4
0

F3
8

F2
2

F1
9

F1
8

F1
7

F1
6

F1
3

F1
2

F1
0

F0
8

1.53 1.40 1.22 1.19 1.181.38 1.17 1.16 1.13 1.12 1.10 1.08

                  -220                -200                -180                -160                -140
           |          |          |          |          |          |          |          |          |          |
 53   - - - - - - - - - - - - - - - - - - - - - - - - - - - -T-------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 40   ggat cct ggAGTTTTGCGAAGCTCCACTCCTTTCCGAACATTTACACAGATATTGCCTAAGAAAAGTGAAACCATAATATGGTTATAGTCCCTTTCAG
 38   - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -A-G--------G---C---G-------C---
 22   - - - - - - - - -G--C--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -G--------- - - - - - - - - - - - - - -G--------- - -
 19   - - - - - - - - - - - - - - - - - - - - - - - - -G--------- - - - - -C-G--------- - - - - - - - - - - - - - -C--------- - - - - - -C--------- - - - - - -
 18   - - - - - - - - - - - - - - - - - - - - - - - - - -T-------- - - - - - -C-------G--------- - - -G--------- - - - -G----A--------- - -C----
 17   - - - - - - - - -G--------- - - - - - - - - - - - -C----G--------- - - - - - - - - - - - - - - - -G-G--------- - -GC-------C------GC----
 16   - - - - - - - - -G--------G--------- - - - - - - - - - - - - - - - - -G----C--------- - - - -G--------- - - - - - - - -C--------- - - - - - -
 13   - - - - - - - - -G--C--------- - - - - -C---------G--------- - -G--C-----C--G--------- - - -C------A--G-------C-C---
 12   - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -C----G--C--------- - - -C--------- - - - - - - - - - - - - - - - - - - - - - - - - -CT--C-----
 10   - - - - - - - - - - - - - - - - -A-C--------- - - - - - - - - - -G--------- -C--C----G--GGG----G-G--G---------CC---C---------
 08   - - - - - - - - - - - - -C----GG----------C-----G----C--------G-------G-AC-GG---------- - - - - - - - -CG--------- - -G-

                    -120                -100                 -80                 -60                 -40
             |          |          |          |          |          |          |          |          |          |
 53   - - - - - - - - - - - - - - - - - - - - - - -G--------- - - - - - - - - - - - - - -T--C--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 40   TGCAAATACTTAGCTTGTTGCACAGAGAAATAGAAGCTGCATAAGCTCTTTCTTCAAAAAATGTAAATAAAGTTAAat at aggaaaaat t acagat cc
 38   - - - - - - - - - - - - - - - - - - - - - - -GA--------- - - -C--G-----C--------- - - - - - - - - - - - - - - - - -C--------- - - - - - - - - - - - - - - -
 22   C-------- - - - - -CC--------- - -G--G--------- - - - - - -C--------- - - - -G--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 19   - - - - - -C--------- - - - - - - - - - - - - - - -G--------- - - - - - - - - - - - - - - - - - - -C--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 18   -A----CG-----T-------- - - - - -G-G--------A----C--------C--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 17   - - - -G--------- - - -C---G---G-G--C--G--------- - -T-------- - - - - - - - - - - - - - - - -G--------- - - - - - - - - - - - - - - - - - -
 16   - - - - - - - - - - - - - - - - - - - - - -T----G--------- - - - - - - - - - - -C--------- - -G--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 13   - - - - - - - - - - - - - - - - - -C------G-G--------- - - -GC--------C-------G--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 12   - - - - - - - - - - - - -T-C--------- - - - -G----G-------C---C--C-------G--------G--------- - - - - - - - - - - - - - - - - - - - - - -
 10   - - - - - -C--------- - - - - -GT--------- - - - - - - - - - - -G------C-----G---G--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
 08   - - - -GGC-------C---G-T--------- - - - - - - - - - -G-------G----C--GG--G---G-----G----G--------- - - - - - - - - - - - - -
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F53                             X                              Fβ+6                              X

DNAseI footprints reveal that H-NS:
• recognizes a wider site I in the strongly bent mutant (F53)
• is unable to recognize site II in the Fβ+6 mutant



The virF gene is positively regulated by FIS,
another nucleoid protein

FIS (Factor for Inversion Stimulation)

• Basic

• homodimer (2 x 11.5 kDa)

• abundant in exponential phase

• very weak DNA sequence specificity

• transcriptional regulator

• participates in site-specific recombination and 
transposition

 



… and alleviates
H-NS-mediated 

repression
of the virF promoter 

at 31°C

FIS has four binding sites within the virF promoter …

H-NS II
-278/-274

to -234/-219

 H-NS I          FIS II
 -54/-46        -10/-17
to 33/47        to 7/22 

FIS IV
-210/-196

to -184/-180

FIS III
-143/-143

to -118/-119

+1

FIS I
43 to 71

In vitro transcription in the presence of both, H-NS and FIS



Identification of FIS binding sites on the 
virF promoter region



Circular permutation assay on the
virF promoter region

Effect of temperature

Do temperature 
changes alter the 

position of the 
bending centre?

4°C
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-291 +109-350
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-400 -300 -100 +1 100-200
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Curvature is 
reduced as 

temperature 
increases



… yes, the bending centre of the virF promoter shifts considerably with temperature

• The displacement of the 
bending centre is not a 
linear function of 
temperature. 

• The maximum 
displacement occurs 
between 28°C and 32°C.



The thermodependent
expression of virF is mediated 

by changes in DNA bending
of its promoter

< 28°C

28 - 32 °C

> 32°C

H-NS and its binding sites

FIS and its binding sites

RNA polymerase

Bending center



The Yersinia enterocolitica
virulence plasmid contains
DNA bends which melt at 37°C
(Rohde et al.)

Does DNA curvature regulate virulence genes as a function 
of host temperature also in other bacterial pathogens? 

In pathogenic E. coli
the plasmid hemolysin operon

is regulated by temperature-dependent
binding of H-NS to curved DNA

(Madrid et al.)



From pathogenic bacteria to E. coli :

How far does intrinsic DNA curvature
sustain bacterial transcription?



The experimental 
approach

Then, mutagenized fragments 
were cloned upstream (-45)

 a reporter gene and …
k = 

Apparent size 

Real size 

The 211 bp fragment from the 
kinetoplast DNA of Crithidia 

fasciculata, known to be 
endowed with strong curvature, 

has been randomly  mutagenized 
in order to obtain a spectrum of 

fragments covering a wide 
curvature range.



… their temperature-dependent transcription profiles were analyzed in vitro ...

Real-time florescence assayUNBENT
REFERENCE



Curved DNA regions are frequently located upstream bacterial promoters.

Their marked temperature-sensitivity makes them excellent candidates as
transcriptional modulators responding to environmental stimuli. 

A narrow range of curvature is able to sustain bacterial transcription in vitro.

In short:



Distribution of
pMYSH6504

topoisomers in
hns + and hns -
strains at 30°C

and at 37°C

30°C  37°C 30°C  37°C 30°C  37°C

37°C

30°C

37°C

30°C

37°C

30°C

wt hns118 hns2



Influence of FIS on the H-NS mediated 
repression of the virF promoter at 31°C
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