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Abstract

The number oE. coli genes/operons regulated from sites distant from the gene, though limited, steadily increases. The regula-
tion of theula genes, in charge afascorbate utilization, as well as the a&ge autoregulation of the non-relate@l and 186CI
repressors, for efficient switching of the corresponding phages from lysogeny to lysis, are recent examples. The interaction be-
tween the two GalR dimers, separated by 114 bp, undetectable in vitro, has been genetically raappptessor—operator
loops might insulate a gene and its expression from the genomic environment. The genes in charge of nitrogen assimilation
sequentially react to ammonia deprivation, via an increasimgdatlular NRI concentration. Other sigma54-dependent genes
are activated in response to various stimtdicite thisarticle: M. Amouyal, C. R. Biologies 328 (2005).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Régulation & distance du géne chez E. coli : derniéresavancées. Le nombre de genes/opérongdetoli régulés a distance
du géne est restreint, mais s’accroit régeligent. La régulation des genes du régultm pour I'utilisation duL-ascorbate,
ainsi que I'autorégulation négative des répresseurs non appak€ités186CI pour un déplacement efficace de la lysogénie a
la lyse des phages correspondants, en font partie depuis peu. L'interaction des diméres GalR & 114 pb de distance, non détectal
in vitro, a été cartographiée génétiquement. Des boucles répresseur—opérateur lactose pourraient isoler I'expression d’un gér
des effets génomiques environnants. Les genes responsables de I'assimilation des composés azotés répondent en cascade
carence en ammonium par l'intermédiaire de concentrations croissantes en protéine NRI. D’autres genes dépendant du factel
sigmab4 sont activés, en réponse a divers stirRualir citer cet article: M. Amouyal, C. R. Biologies 328 (2005).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords: DNA looping; Action at-a-distance; Enheers; Silencers; Oligo(multiymeation; Insulator; Barrier-element

Mots-clés: Boucle d’ADN ; Action a distance ; Activateurs ; Silenceurs ; Oliga(ti)mérisation ; Séquences-barrieres ; Séquences isolantes

1. Introduction
Gene expression in eukaryotes is commonly reg-
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from the gene on the genome. TEecoli arabinose,
galactose, deo, lactose, andglp operons are repressed
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These sites can be separated from one an¢&er
without any biological significance (s¢4]). On the

from sites that are clearly separated from the genes, if contrary, like the three adjacent sites of each operator,

not far from them. The best-studied example of acti-
vation of this kind inE. coli is provided by the genes
in charge of nitrogen assimilation (NRI-regulon). In
addition to their relevance t8. coli, these regulations
offer models for their eukaryotic counterparts, because
of the simplicity of the prokaryotic interactions. This

OL or OR (Fig. 1A), a first set of biehemical, genetic
and functional data seemed to indicate in 1996 that
the dimers were closely associated on DNA and that
the repressor was prefeteally acting as a tetramer
or a multimer of higher order. Thus, in addition to
their unfitness for long-range action, the dimers have

review presents recent data concerning the classicala lateral surface of interaction which is not restricted

systems @alactose operon, NRI-regulon) as well as
the latest members of this family (coliphagesnd
186,ula operon, members of the RpoN-regulon).

2. DNA looping for generepression
2.1. The bacteriophage A genetic switch

A genetic switch enables the phage to replicate ei-
ther lytically or lysogenically. Molecular dissection
of this process has been achieved in major part by
Mark Ptashne’s grouppl,2]. The key component of
the switch is the.Cl repressor. Three phage promot-
ers, PR, PL, PRM, are involved in this process. The
dimeric repressor binds with a high degree of cooper-
ativity to two of the three naturally adjacent operator
sites,OR1, OR2 andOL1, OL2, respectively, to repress
transcription of the lytic genes froR and PL re-
spectively and to activate its own synthesis frBRM
(Fig. 1A).

oL
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Fig. 1. (A) Binding of the dimeric repressor with a high degree of co-
operativity to two of the three naturally adjacent operator Sy,
OR2 andOL1, OL2, respectively, to repress transcription of the lytic
genes fromPR and PL respectively and to activate its own synthe-
sis fromPRM. (B) Octamerisation of the repressor between the two
pairs of high-affinity sitesOL1-OL2, on one sideOR1-OR2, on

the other side, inducing looping of the intervening DNA.

to the non-DNA-binding C-terminal domain (CTD),
their function of activation aPRM is lost whenOR1

is separated fron®R2, the DNAsel footprint as well
as the electron microscopy of the DNA-protein struc-
tures they form when their binding sites are close, may
simply indicate protein aggregation between the sites,
rather than DNA loop formation (s€4]).

In addition, analytical liracentrifugation indicated
that the repressor in solution could tetramerise, and
even more easily, octamerise, without further aggre-
gation[5]. Like the tetramers, the octamers bind co-
operatively to DNA[6]. However, octamerisation was
only detected by ultracentrifugation and this technique
could not specify the organization of the subunits.

The simultaneous binding of the protein to four
sites in vitro and in vivo indicated that the protein
that had tetramerised on two adjacent high-affinity
sites could actually octamerise and induce clear DNA
loops [7]. Simultaneously, the crystallization of the
C-terminal domain (CTD) of the.Cl repressor re-
sponsible for the dimerisation of the subunits and co-
operative binding of the dimers on the DNA, con-
firmed that the tetramerisation and the octamerisation
of the protein were favourd®,9].

However, the long-range action that the loops in-
duced by the.Cl tetramer seemed to uncover was not
involved in the repression of the lytic genes fr&?R
andPL, separated by nearly 2300 pb. Indeed, repres-
sion of g-galactosidase frorPR-lacz fusions is only
weakly (4-fold) improved7], whereas repression of
PR (PL respectively) by the repressor bound @R
(OL resp.) is already efficient in the absence of re-
pressor binding to the remo@L (OR resp.) operator
[1,2]. In fact, for otherE. coli genes, when auxiliary
sites are required for full and efficient repression of
the genes, they are located at moderate distances from
the promoter, and the gain in repression is lost when
they are moved away. Thus, whereas the repression of
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the deoxyriboaldolase gene of thedeo operon is 10.5-
fold improved when the two operator sitelepO2 and
deoO1, are artificially separated by 1245 bp, it is only

3.3-fold enhanced for 4076 bp under the same con-

ditions, and the natural distance is 600[&p]. Sim-
ilarly, an auxiliary wild type or artificialac operator
site can efficiently improvg-galactosidase repression
(up to 35-fold), only when it is relatively close from
the first one (100 or 400 bjp) 1-13] The repression of

B-galactosidase is no longer enhanced when the sites
are separated by 3600 bp, even though these sites havﬁ]

a high affinity for the repressdd3] and are able to
induce DNA loops as large as 2 kiA].
The octamerisation of the non-DNA bound repres-

sor only takes place at high repressor concentration
exceeding that necessary for the lysogeny. Thereby, it
had been suggested that some of these preformed oc

tamers, once bound to the high-affiniBR1 or OR2
sites of theOR operator, facilitate the binding of the
repressor to the weakest affinity siteR3 (Fig. 1A),
in order to stop repressor synthesis fr&fRM (OR3
overlapsPRM) when the repressor is produced in ex-
cess (negative autoregulation of th€l repressor)
[5,15]. In fact, a phage with a mutation BR3 that
eliminates the ability o Cl to repres$#RM forms a
lysogen that produces elevate@l levels and is defec-
tive in prophage induction by UYL16]. This revealed
the importance 0OR3 and of the negative autoregu-
lation of the repressor in switching from lysogeny to
lytic development. The RecA protein that cleaves the
repressor when the cell is irradiated is unable to work
correctly when the concemtiion of repressor exceeds
the lysogenic concentration. A 2.5-fold increase is suf-
ficient to achieve this situatidi 6].

Repression oPRM also requires the third site of
the remoteOL operator,OL3, [16], as well as each
of the fourOL1, OL2, OR1, OR2 sites[17]. For this

reason, it has been suggested that the repressor is oc-

tamerised between the two pairs of high-affinity sites,
OL1-0OL2, on one sidePQR1-OR2, on the other side,
inducing looping of the intervening DNAF{g. 1B).
This loop brings closer the two weakest affinity sites
of the OL and OR operatorsOL3 and OR3. The re-
pressor is then able to bind €@R3 andOL3, without
any contact with the repressor bound to the four other
sites Fig. 1B). The cooperative binding of the dimer
at theOR3 andOL3 sites for repression &?RM is es-
sentially similar to that of the dimers at the two other

pairs of sitesOR1-OR2 or OL1-OL2, for repression
of PRandPL, respectively.

This is a new function of the loop: the structural
loop induced by the interaction of two proteins at dis-
tant sites, brings closer two other sites in their vicinity
and allows protein binding to these sites.

2.2. The bacteriophage 186 genetic switch

Coliphage 186, a member of the P2 family of
hage, shows essentially no similarity with at
e protein or DNA level. Nevertheless, the lysis—
lysogeny switches of each phage show superficial
similarity. Like for A, UV irradiation induces the lytic
cycle. However, at this signal, the Cl immunity re-
pressor is not cleaved by the RecA protein, like the
ACI repressor. Instead, it is reversibly inactivated by
a SOS-induced phage protdit8]. Thereby, the two
proteins display some structural differences. Further-
more, the lytic genes are transcribed from only one
promoter (instead of two promoteri8R and PL, for
the A phage). The synthesis of the 186CI repressor is
maintained during lysogeny by transcription from the
PL promoter.

In spite of their genomic and functional differ-
ences, the two phages and their Cl repressor maintain
lysogeny in a related molecular way, remarkably ad-
justed to their differences.

A Inthe absence of represséiig. 2A), transcription
from the lytic promoterPR, is 60 fold stronger
than that fromPL. It interferes with transcription
from PL, and this is sufficient to repress it. This
transcriptional interference is a specific feature of
bacteriophage 18@d9,20]

Like ACI, the repressor can octamerise in solution
and on the DNA. At the intermediate concentra-
tion necessary for maintenance of the lysogeny
(Fig. 2B), the 186CI repressor binds highly co-
operatively in an all-or-none manner to the three
adjacent sites of the operator overlapping ffe
promoter {CI was bound to only two of these
sites, which brings out another structural differ-
ence between the two protein®R is strongly
repressed (400-fold), wherelak is activated (2.2-
fold). Thus, 186CI positively regulates its own
transcription, indirectly, without contacting the
RNA polymerase at PL like.Cl at PRM [21].
More precisely, the repressor is octamerised be-
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Fig. 2. (A) Transcription from the lytic promotePR, in the absence
of repressor. B) Binding of the 186CI repressor in an all-or-none
manner to the three adjacent sites of the operator overlapping the
PR promoter at the intermediate concentration necessary for main-
tenance of the lysogenyCj Partial repression of theL promoter
when the CI concentration exceedi tlysogenic concentration by
only 2-fold (negative autoregulation).

tween the three operator sites RR and aFL
(alternativelyFR) site, located some 300 bp away
(Fig. 2B). TheFL andFR sites are important for
the lysogeny and are another specific feature of
phage 186. By strengthenifitR repression, they
increase the convergent transcription fré@n In

this process, the difference in expression between
PRandPL is 10-fold increased.

When the CI concentration exceeds the lysogenic
concentration Kig. 2C), by only 2-fold, thePL
promoter is partially repressed (negative autoreg-
ulation). For this, the repressor binds simultane-
ously to the three operator sites RR and to a
fourth operator site located Bt., 62 bp fromPR
[21]. This is possible becausd. andFR are in-
dependently occupied by the repressor. Therefore,
another role oL andFR s to prevent repressor
binding toPL at the lysogenic concentration.

2.3. Tetramerisation of the GalR repressor

The gal operon is responsible fayalactose meta-
bolism inE. cali. It is the firstE. coli operon, together
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Fig. 3. (A) Repression of thgal operon requiring the GalR protein
and two sites with a good affinity for this protein, an interior site
within the operonQi, and an exterior siteQe [22]. (B) Tetrameri-
sation of GalR abi andOe.

with the arabinose operon, that was found regulated

from multiple genomic sites. Its repression requires
the GalR protein and two sites with a good affinity for

this protein, an interior site within the operddi, and

an exterior siteQe [22], as shown irFig. 3A.

Contrary to several other repressors, the dimeric
GalR repressor does not tetramerise in solution or on
the DNA in vitro. This suggests that the two dimers
have a weak affinity for each other. Moreover, GalR
and Lacl belong to the same family of repressors. The
lack for a tetramerisatiodomain present in Lacl, has
long been thought to be responsible for this apparent
impossibility to tetramerise (s¢23]).

In fact, repression seems to require various auxil-
iary proteins, in addition to GalR: the HU nucleoid
protein, which specifically interacts with GalR4],
from an hbs site betweerOi and Oeg, as well as the
RNA polymerase or the activating CRP protein (see
[23] andFig. 3A).

However, the repression of tigal operon does not
seem to be fundamentally different from that of the
arabinose, deo, orlac operons. A functional assay de-
signed to detect protein—protein interactions directly
in situ in E. coli indicated that the two GalR dimers
could directly interact in vivo from artificial constructs
excluding the binding of the assumed auxiliary pro-
teins betweei®i andOe and that the effect of HU de-
duced from the use of HU-deficient strains was overes-
timated[23]. This artificial situation is not essentially
different from the wt one. One consequence of short-
range DNA looping is to require that the sites lie on the
same face of the DNA helix. In the artificial constructs,
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the angular orientation betwe&i andOe was nearly
the same as in the wt onf&3]. As to HU, it does not
act to improve this angular orientation, as shown by
transcriptional assays with the wild type promoter re-
gions in vitro[25], nor is an adaptor inserted between
the two dimerg26].

The gal repressor has never been crystallized. Ge-
netic assays such as the one describe[®8j allow
us to detect protein—protein contacts and to specify
them by screening the protein mutants deficient in
these contacts. A genetic map of the interface between
the two GalR dimers was determined by this genetic
approach, in conjunction with site-directed mutagen-
esis at the inferred sites of interacti¢27,28] The
tetramerisation of GalR @i and Oe [23] (Fig. 3B)
has been confirmed by mutations that compensate for
the lack of tetramerisation as well as by mutations that
strengthen the tetramerisatif##6,28]

Finally, GalR is able to repress efficiently RNA
synthesis from the wt promoters in vitro in the ab-
sence of HU. However, DNA loop formation is only
observed in the presence of HU by AFM microscopy,
even though HU cannot be detected on these loops.
This again suggests a transient role of F29]. Thus,

HU is not essential to the repression of tdat operon.
However, it improves repression by stabilizing the
weak interaction between the two GalR dimers.

Another recent aspect of repression of thal
operon is noteworthy, though it is not related to DNA
looping. The physiological role oE. coli Spot 42
RNA, encoded by thepf gene, has long remained ob-

3. Thelac repressor—operator loop asa gene
insulator

The question of whetheltac operator-repressor
loops can insulate a gene in the loop from its genomic
environmentis an intriguing possibility (M. Amouyal,

B. Pineau, D. Bienvenu, unpublished results).

A DNA loop might have intuitively this function,
since it forms a closed topological domain.

Known insulator elements vary greatly in their
DNA sequences and the specificity of proteins that
bind to them. However, they share at least one of the
two following properties:ij they have the ability to
act as an enhancer blocker when placed between an
enhancer and the promoteir) they have the ability to
protect against position effects due to the chromoso-
mal environment (for a review, s¢g82]).

Additionally, like the lac operator sequences,
known insulators do not decondense chromatin and
do not have any enhancer effect by themselves. In that
sense, they constitute a neutral barrier for the domain
that they delimit. Furthermore, like tHac operator,
the gypsy insulator of Drosophila, Su(Hw), is likely to
operate through DNA looping when it flanks a portion
of genome on each sida3,34]

Recently, Bondarenko et dB5] have used théac
operator sequences as a model for eukaryotic insula-
tors. They have shown that tEecoli ginAp2 promoter
is no longer activated by NRI in vitro, when the pro-
moter is inserted within kac repressor—operator DNA
loop. DNA loop formation is essential since only one

scure. In fact, if GalR represses the three genes of thelac repressor—operator element inserted between the

gal operon at the transcriptional level, the last gene of
the operongalk, is specifically repressed by Spot42,
functioning as an anti-sense RNA, when the cell de-
rives its energy from sources other than galac[d6g

2.4. Theularegulon

The ula regulon, responsible for the utilization of
L-ascorbate irE. coli, is formed by two divergently
transcribed operonglaG, andula ABCDEF. The reg-
ulon is negatively regulated by a repressor of the DeoR
family, which is encoded by thdaR gene. Full repres-
sion of theula regulon requires simultaneous interac-
tion of the repressor with both divergent promoters, at

NRI enhancer and the gene does not block the action
of the enhancer. This does not reproduce the effect of
an insulator, but may contribute to its understanding.

4. DNA looping for gene activation: the RpoN
regulon

In E. coli, there are seven different sigma factors
(listed in[36]). Core RNA polymerase has the capacity
to bind each of them to form seven different holoen-
zymes recognising different sets of promoters. These
sigma subunits are all homologous to sigma70, except
one, sigmab4 transcribed by thgoN gene. Contrary

sites separated by 187 pb. This process is helped byto the sigma70-holoenzyme, the sigma54-holoenzyme

the integration host fact¢81].

cannot make an open complex in the absence of ac-
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. . . A gl ginG
tivator. DNA loop formation between the transcrip- gy A= A

tion machinery (sigma54-holoenzyme) and the activa-
tor bound to the upstream enhancer sites, 100 bp or
more from the promoter, mediates the activation of
all sigmab4-dependent promoters of the RpoN regu- Fig. 4. Primary response to nitrogen limitation expressing the three
lon. In E. coli, there are 12 known activators of this genes of thginALG operon: {) the increase in the level of tigtnA
family (reviewed in[36,37). At their interface with 88 8 o i ceprvation resuls
RNA pglymerasg, they all contain a Stret_Ch of amino in a decline in the intracellular coentration of glutamine, precur-
acids first described for the AAA+ proteins, a class  sor molecule, with glutamate, for all cellular nitrogen compounds);
of chaperone-like ATPases associated with the assem-(ii) the kinase NtrB, which catatgs NRI phosphorylation, is the
bly, operation, and disassembly of protein complexes. product ofginL; (iii) NRI is the product ofjinG and its synthesis
However, each of them responds to a specific environ- Needs to be increased.

mental signal or stress.

| | 1 1

NRI-1NRI-2 NRI-3 NRI-4
-140 -108 -89 -67

protein is phosphorylated. The unphosphorylated NRI
4.1. The NRI regulon protein forms a dimer in solution and on the DNA.
Upon phosphorylation, NRI undergoes conforma-

The expression of these genes is modulated by thetional changes that lead to the multimerisation of the
deprivation or excess of nitrogen compounds issued protein on the DNA and to assembly of a DNA-bound
from a variety of sourcef38]. Ammonium salts are ~ complex with ATPase activitj40,41] This energy is
the preferred source, but this source can be replacedconveyed to the transcriptional complex to activate
by other sources (amino acids, nucleosides, nucle- transcription. To this end, the core RNA polymerase
obases...), as well as by the scavenging of some cel-must associate with the sigma54 faciég], in place
lular peptideg39] in case of ammonia deprivation. of the six alternative sigma subunits that the core RNA
This substitution is controlled and constitutes the ni- polymerase has the capacity to bind in order to recog-
trogen (Ntr) response. In view of the number of ni- nize the different sets of promoters.
trogen sources and genes involved, the assimilation of ~ Furthermore, the transition to nitrogen limitation
nitrogen compounds must adjust itself to a level of induces the genes of the NRI regulon, sequentially,
complexity fairly greater than the other regulations re- in a cascade. The low concentration of phosphory-
viewed here. lated NRI initially present during the transition is suf-

At least six operons are regulated by the same pro- ficient for expression of thglnALG operon. However,
tein, NRI (or NtrC), in correlation with nitrogen vari-  a higher NRI concentration is required in vitro and in
ations and nitrogen metabolism (NRI regulon). NRI vivo for nac, gink, theastCADBE operon and probably
activates the expression gfnALG (glutamine syn- for other operon$43]. In correlation with this find-
thetase and nitrogen response regulat@si;ADBE ing, the cells that have been genetically manipulated
(arginine catabolismplnK-amtB (an alternate P en- such that the NRI concentration is always low retain
zyme for adenylation of glutamine synthetase and an the ability to fully activate thglnAp2 promoter of the
ammonia transportemac (a sigma70-dependenttran-  gInALG operon, but are unable to grow on arginine as
scriptional activator), andlnHPQ (glutamine trans- a nitrogen source, for activation of tlastC promoter,
port) in E. cali. Several lines of evidence also suggest or to activate thgInK promoter (se¢43]).
that it controls the expression gftlJKL (glutamate— The primary response to nitrogen limitation is in-
aspartate transport). In addition to these genes, mi- deed to express the three genes ofgliALG operon
croarray analysis suggests that NRI might also activate (Fig. 4): (i) the increase in the level of tlggnA prod-

ddpXABCDE (Dp-alaninep-alanine metabolism)ot- uct, the enzyme glutamine synthetase, compensates in
FGHI (putrescine transportyeaGH (unknown func- part for the reduced availability of ammonia (ammonia
tion), ygiG (a transaminase), anghdWXYZ (amino deprivation results in a decline in the intracellular con-
acid transport)39]. centration of glutamine, precursor molecule, with glu-

In response to ammonia deprivation, the intracel- tamate, for all cellular nitrogen compounds)) the
lular concentration of NRI rises dramatically. The kinase NtrB, which catalyses NRI phosphorylation, is
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the product ofginL; (iii) NRI is the product ogIinG
and its synthesis needs to be increased.
In a second step, with the increase in phospho-

of adjacent, tandemly arranged sequences, are not nec-
essarily functionally equivalent.

rylated NRI, the genes and operons, whose products4.2. Sgma54-dependent genes that are not involved

have the potential to increase the intracellular con-
centration of glutamine or are otherwise useful under
starvation conditions, are activated.

TheglnAp2 promoter is activated at low NRI con-
centration from two high-affinity sites 1 and 2, centred
at —108 and—140 upstream from the transcription
start Fig. 4). These sites are able to activate transcrip-
tion efficiently up to 1400 bp44]. The protein binds
highly cooperatively to these sites. In addition, there
are two low affinity sites, 3 and 4, located between the
first sites and the start of transcription;-e89 and—67
(Fig. 4). These sites are only occupied at high NRI
concentration. When this is the case, the activity of the
glnAp2 promoter is reducef@d5]. DNA loop formation
between the distant sites and the transcription start,
is thought to be disturbed by NRI binding to sites 3
and 4.

On the contrary, for the same high concentrations,
other promoters of the gene cascade and of the NRI
regulon, using nitrogen sources other than ammonia,
can be activated. The arrangement of the NRI binding

sites, the association of at least two adjacent sites of

variable affinity, is different at the corresponding pro-
moters: for example, there are two overlapping high-
affinity sites at theylnHp2 promoter, but a weak affin-
ity site and a strong one at tinac promoter, and these
tandem sites are occupied for different NRI concentra-
tions (sed43]).

The involvement of auxiliary proteins (Nac, IHF,
ArgR...) at intermediate sites between NRI and
sigmab4 to modulate the level of activation seems to
be a current feature of sigma54-controlled promot-

in nitrogen metabolism

Eleven such activators are known (reviewed in
[36,37). Their architecture depend on how they re-
spond to the signal of activatiof87]. Some need
to be phosphorylated by a separate kinase in a two-
component response, like the NtrB/NRI pair. For oth-
ers, for example PspF, interaction with another protein
is the cue for activation. For others, such as FhlA, this
signal is given by the binding of an inducer directly or
indirectly connected to the primary agent responsible
for the environmental changes or stresses.

ZraR (or HydG) controls the heavy-metal (Zh,
Pb"T) tolerance system expressed by tmaP and
zraSR gened48]. The products ofraSR (hydHG) are
a membrane-associated sensor kinase, ZraS, and the
response regulator, ZraR.

AtoC regulates expression of taeoDAEB operon.
This operonis involved in acetoacetate and short-chain
fatty acid catabolism. Theame located just upstream
of atoC encodes the AtoS sensor kinase that modu-
lates AtoC activity. AtoC also plays a central role in
the regulation of polyamine biosynthesis by binding
to ornithine decarboxylase and inhibitind49].

The formate-sensing transcription regulator, FIhA,
controls the formation of the formate hydrogen lyase
complex required for formate metabolism. Activation
of the hyp, hyc, fdhF, andhydN-hypF operons is in-
duced by direct formate binding to FIhA (reviewed
in [36]).

The products of therpBCDE operon degrade pro-
pionate. Most of the genetics of propionate catabolism
and analysis of gene expression has been studied

ers[36]. However, their presence has been found only with S enterica serovar Typhimurium. In addition to

accessory in some instandds$].

Thus, the Nac protein at theac promoter ofKleb-
siella aerogenesis another transcription factor specific
to the genes regulated by nitrogen deprivation. When
the Nac protein binds between the NRI enhancer

and the transcription start at this sigma54 dependent-

promoter, it reduces its activity, probably like NRI at
the 3 and 4 sites ajlnAp2 [47].

Thereby, like for phage and contrary to what is
commonly admitted, the homologous sites of a series

sigmab4, expression requires IHF and PrpR, which is

homologous to NRI. 2-Methylcitrate or a product of
its metabolism has been proposed to bind PrpR and in-
duce the operon. Itis assumed that regulatida icoli
is similar[36].

The PspF protein that controls the phage shock re-

sponse of thespABCDE operon does not contain any

known regulatory input domains. Its activity is con-

trolled by formation of a repressive complex with an-

other protein, PspA450].
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NorR (also called YgaA) controls the nitric ox-
ide detoxification system, expressed by theVW

operon. The genetics and biochemistry of this system

has been recently specifiedorV (YgaK) encodes a
flavorubredoxin andorW (YgbD), an NADH:(flavo)-
rubredoxin oxydoreductag®1]. The norVW genes
also have a role in the protection against reactive ni-
trogen intermediatefb2]. It is not yet clear how the
signal of activation is transduced to Nof&lL].

The hyf locus hyfABCDEFGHIJ-hyfR—focB) of

E. coli encodes a 10-subunit hydrogenase complex

(hydrogenase-4[Hyf]); a pential sigma54-dependent
transcriptional activator, HyfR (related to FhlA); and a
putative formate transporter, FocB (related to FocA).
Since FhIA activates thedyf operon under aero-
bic conditions, thehyf operon belongs to the for-
mate/FhlA regulon ofE. coli. Then, it is expected
that the Hyf complex has a role similar to that of
the Hyc complex in fermentative formate metabolism.
However, HyfR only activates thkyf operon under
anaerobic conditions. Thubyf seems to be a vesti-

gial, unexpressed operon and its physiological purpose

remains obscurgs3,54]

Last, little is known aboufour other sigma54-
dependent transcriptional activators, YfhA, YgeV,
DhaR, and RtcR37].

References

[1] A. Hochschild, The lambda switch: CI closes the gap in au-
toregulation, Curr. Biol. 12 (2002) R87—-R89.

[2] M. Ptashne, A Genetic Switch, Cell Press, Blackwell Scientific
Publications, 1992.

[3] A. Hochschild, M. Ptashne, Cell 44 (1986) 681-687.

[4] M. Amouyal, N. Perez, S. Rolland, Adjacent cooperation of
proteins on DNA is not representative of long-distance interac-
tions, C. R. Acad. Sci. Paris, Ser. Il 321 (1998) 877-881.

[5] D.F. Senear, T.M. Laue, J.B. Ross, E. Waxman, S. Eaton,
E. Rusinova, The primary self-assembly reaction of bacterio-
phage lambda cl repressor dimers is to octamer, Biochem-
istry 32 (1993) 6179-6189.

[6] D.S. Burz, G.K. Ackers, Cooperativity mutants of bacterio-
phage lambda cl repressor: teenature dependence of self-
assembly, Biochemistry 35 (1996) 3341-3350.

[7] B. Revet, B. von Wilcken-Bergmann, H. Bessert, A. Barker,
B. Muiller-Hill, Four dimers of lambda repressor bound to two
suitably spaced pairs of lambda operators form octamers and
DNA loops over large distances, Curr. Biol. 9 (1999) 151-154.

[8] C.E. Bell, P. Frescura, A. Hochschild, M. Lewis, Crystal struc-
ture of the lambda repressort€minal domain provides a
model for cooperativéinding, Cell 101 (2000) 801-811.

[9] C.E. Bell, M. Lewis, Crystal structure of the lambda repressor
C-terminal domain octamer, J. Mol. Biol. 314 (2001) 1127-
1136.

[10] G. Dandanell, P. Valentin-Hansen, J.E. Larsen, K. Hammer,
Long-range cooperativity been gene regulatory sequences
in a prokaryote, Nature 325 (1987) 823-826.

[11] S. Oehler, E.R. Eismann, H. Kramer, B. Muller-Hill, The three
operators of théac operon cooperate in repression, EMBO J. 9
(1990) 973-979.

[12] M. Amouyal, B. von Wilcken-Bergmann, Repression of the
E. coli lactose operon by cooperation between two individu-
ally unproductive ‘half-operatorsites, C. R. Acad. Sci., Ser.
11 315 (1992) 403-407.

[13] S. Oehler, M. Amouyal, P. Kolkhof, B. von Wilcken-
Bergmann, B. Muller-Hill, Quality and position of the thrise
operators oE. coli define efficiency of repression, EMBO J. 13
(1994) 3348-3355.

[14] M. Amouyal, The remote control of transcription, DNA loop-
ing and DNA compaction, Biochimie 73 (1991) 1261-1268.

[15] T.R. Pray, D.S. Burz, G.K. Ackers, Cooperative non-specific
DNA binding by octamerizing ICrepressors: a site-specific
thermodynamic analysis, J. Mol. Biol. 282 (1998) 947-958.

[16] 1.B. Dodd, A.J. Perkins, D. Tsemitsidis, J.B. Egan, Octamer-
ization of lambda CI repressor is needed for effective repres-
sion of P(RM) and efficient switching from lysogeny, Genes
Dev. 15 (2001) 3013-3022.

[17] 1.B. Dodd, K.E. Shearwin, A.J. Perkins, T. Burr, A. Hoch-
schild, J.B. Egan, Cooperaitly in long-range gene regulation
by the lambda CI repressor, Genes Dev. 18 (2004) 344—-354.

[18] K.E. Shearwin, A.M. Brumby, J.B. Egan, The Tum protein of
coliphage 186 is an antirepressor, J. Biol. Chem. 273 (1998)
5708-5715.

[19] I.B. Dodd, B. Kallionis, J.B. Egan, VII: Control of lysis and
lysogeny at the coliphage switch involving face to face pro-
moters, J. Mol. Biol. 214 (1990) 27-37.

[20] B.P. Callen, K.E. Shearwin, J.Bgan, Transcriptional interfer-
ence between convergent promst caused by elongation over
the promoter, Mol. Cell 14 (5) (2004) 647—-656.

[21] 1.B. Dodd, J.B. Egan, Action at a distance in Cl repressor reg-
ulation of the bacteriophag&86 genetic switch, Mol. Micro-
biol. 45 (2002) 697-710.

[22] M.H. Irani, L. Orosz, S. AdhyaA control element within a
structural gene: theal operon ofEscherichia coli, Cell 32
(1983) 783-788.

[23] N. Perez, M. Rehault, MAmouyal, A functional assay in
E. coli to detect non-assisted in&@tion between galactose re-
pressor dimers, Nucleic Acids Res. 28 (2000) 3600-3604.

[24] S. Kar, S. Adhya, Recruitment of HU by piggyback: a special
role of GalR in repressosome assembly, Genes Dev. 15 (2001)
2273-2281.

[25] D.E. Lewis, S.J. Adhya, In vitro repression of ta promot-
ers by GalR and HU depends on the proper helical phasing of
the two operators, J. Biol. Chem. 277 (2002) 2498-2504.

[26] S. Semsey, M. Geanacopoulos, D.E. Lewis, S. Adhya,
Operator-bound GalR dimers close DNA loops by direct in-
teraction: tetramerization and inducer binding, EMBO J. 21
(2002) 4349-4356.



M. Amouyal / C. R. Biologies 328 (2005) 1-9 9

[27] M. Geanacopoulos, S. Adhya, Genetic analysis of GalR
tetramerization in DNA looping during repressosome assem-
bly, J. Biol. Chem. 277 (2002) 33148-33152.

[28] M. Geanacopoulos, G. Vasmatzis, V.B. Zhurkin, S. Adhya, Gal
repressosome contains an aatglel DNA loop, Nat. Struct.
Biol. 8 (2001) 432—436.

[29] K. Virnik, Y.L. Lyubchenko, M.A. Karymov, P. Dahlgren,
M.Y. Tolstorukov, S. Semsey, V.B. Zhurkin, S. Adhya, ‘An-
tiparallel’ DNA loop ingal repressosome visualized by atomic
force microscopy, J. Mol. Biol. 334 (2003) 53-63.

[30] T. Moller, T. Franch, C. Udesen, K. Gerdes, P. Valentin-
Hansen, Spot42 RNA mediates ciwrdinate expression of the
E. coli galactose operon, Genes Dev. 16 (2002) 1696—-1706.

[31] E. Campos, L. Baldonna, J. Aguilar, J. Badia, Regulation of
expression of the divergentaG andulaABCDEF operons in-
volved inL-ascorbate dissimilation iB. coli, J. Bacteriol. 186
(2004) 1720-1728.

[32] A.G. West, M. Gaszner, G. Felsenfeld, Insulators: many func-
tions, many mechanisms, Genes Dev. 16 (2002) 271-288.

[33] H.N. Cai, P. Shen, Effects of cis arrangement of chromatin
insulators on enhancer-blocking activity, Science 291 (2001)
493-495.

[34] E. Muravyova, A. Golovnin, E. Gracheva, A. Parshikov, T. Be-
lenkaya, V. Pirrotta, P. Georgiev, Loss of insulator activity by
paired Su(Hw) chromatin insulators, Science 291 (2001) 495—
498.

[35] V.A. Bondarenko, Y.I. JiangV.M. Studitsky, Rationally de-
signed insulator-like elements can block enhancer action in
vitro, EMBO J. 22 (2003) 4728-4737.

[36] L. Reitzer, B.L. Schneider, Metabolic context and possi-
ble physiological themes of gina54-dependent genes kis-
cherichia coli, Microbiol. Mol. Biol. Rev. 65 (2001) 422—-444.

[37] D.J. Studholme, R. Dixon, Domain Architectures of sigma54-
dependent transcriptional aettors, J. Bacteriol. 185 (2003)
1757-1767.

[38] L. Reitzer, Nitrogen assimilation and global regulatiorEs
cherichia coli, Annu. Rev. Microbiol. 57 (2003) 155-176.

[39] D.P. Zimmer, E. Soupene, H.L. Lee, V.F. Wendisch, A.B. Kho-
dursky, B.J. Peter, R.A. BendeS. Kustu, NtrC-controlled
genes ofEscherichia coli: scavenging as a defense against ni-
trogen limitation, Proc. Natl Acad. Sci. USA 97 (2000) 14674—
14679.

[40] C. Wyman, |. Rombel, A.K. North, C. Bustamante, S. Kustu,
Unusual oligomerization requd for activity of NtrC, a bacte-
rial enhancer-binding ptein, Science 275 (1997) 1658-1661.

[41] J. Lee, J.T. Owens, |. Hwang, C. Meares, S. Kustu, Phos-
phorylation-induced signal ppagation in the response regu-
lator NtrC, J. Bacteriol. 182 (2000) 5188-5195.

[42] M. Buck, M.-T. Gallegos, D.J. Studholme, Y. Guo, J.D. Gralla,
The bacterial enhancer-dependent sigma54 (sigmaN) tran-
scription factor, J. Bacteriol. 182 (2000) 4129-4136.

[43] M.R. Atkinson, T.A. Blauwkam, V. Bondarenko, V. Studitsky,
A.J. Ninfa, Activation of theginA, gInK, andnac promoters as
Escherichia coli undergoes the transition from nitrogen-excess
growth to nitrogen starvation, J. Bacteriol. 184 (2002) 5358—
5363.

[44] L.W. Reitzer, B. Magasanik, Transcription gfnA in E. coli
is stimulated by activator bound to sites far from the promoter,
Cell 45 (1986) 785-792.

[45] M.R. Atkinson, N. Pattaramanon, A.J. Ninfa, Governor of
the glnAp2 promoter ofEscherichia coli, Mol. Microbiol. 46
(2002) 1247-1257.

[46] A.K. Kiupakis, L. Reitzer, AgR-independent induction and
ArgR-dependent superinduction of thetCADBE operon in
Escherichia coli, J. Bacteriol. 184 (2002) 2940-2950.

[47] J. Feng, T.J. Goss, R.A. Bendér.J. Ninfa, Repression of the
Klebsiella aerogenes nac promoter, J. Bacteriol. 177 (1995)
5535-5538.

[48] S. Leonhartsberger, A. HuheF. Lottspeich, A. Bock, The
hydH/G genes fromEscherichia coli code for a zinc and
lead responsive two-component regulatory system, J. Mol.
Biol. 307 (2001) 93-105.

[49] E.E. Lioliou, D.A. Kyriakidis, The role of bacterial antizyme:
From an inhibitory protein to AtG transcriptional regulator,
Microb. Cell Fact. 3 (2004) 8.

[50] S. Elderkin, S. Jones, J. Schumacher, D. Studholme, M. Buck,
Mechanism of action of thEscherichia coli phage shock pro-
tein PspA in repression of the AAA+ family transcription fac-
tor PspF, J. Mol. Biol. 320 (2002) 23-37.

[51] A.M. Gardner, C.R. GessneP.R. Gardner, Regulation of the
nitric oxide reduction operon (norRVW) i&scherichia coli.
Role of NorR and sigma54 in the nitric oxide stress response,
J. Biol. Chem. 278 (2003) 10081-10086.

[52] M.I. Hutchings, N. MandhaneS. Spiro, The NorR protein of
Escherichia coli activates expression of the flavorubredoxin
genenorV in response to reactive nitrogen species, J. Bacte-
riol. 184 (2002) 4640-4643.

[53] W.T. Self, A. Hasona, K.T. Shanmugam, Expression and regu-
lation of a silent operorhyf, coding for hydrogenase-4 isoen-
zyme inEscherichia coli, J. Bacteriol. 186 (2004) 580-587.

[54] D.A. Skibinski, P. Golby, Y.S. Chang, F. Sargent, R. Hoff-
man, R. Harper, J.R. Guest, M.M. Attwood, B.C. Berks,
S.C.J. Andrews, Regulation of thedrogenase-4 operon of
Escherichia coli by the sigma(54)-dependent transcriptional
activators FhlA and HyfR, J. Bacteriol. 184 (2002) 6642—6653.



	Gene regulation at-a-distance in E. coli: new insights
	Introduction
	DNA looping for gene repression
	The bacteriophage lambda genetic switch
	The bacteriophage 186 genetic switch
	Tetramerisation of the GalR repressor
	The ula regulon

	The lac repressor-operator loop as a gene insulator
	DNA looping for gene activation: the RpoN regulon
	The NRI regulon
	Sigma54-dependent genes that are not involved in nitrogen metabolism

	References


