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ABSTRACT

Repression of the E. coli lactose operon is achieved though DNA looping and three operators at the physiological repressor concentration.
In strains overproducing the repressor or with plasmids with a high copy number, the cooperative mode of repression is masked by other
modes. /n vitro, when several DNA molecules are present, DNA loop formation is replaced by intermolecular associations still mediated
by the /ac repressor. In bacteria, such associations, known as “handcuffing” and mediated by the initiator protein, are observed in
replication of the iteron-class of plasmids. When moderate amounts of initiator and its binding to the replication origin (achieved in some
instances, by DNA looping) allow replication to proceed, high concentrations prevent replication and lead to handcuffing that controls the
number of plasmids. In principle, when DNA looping is feasible, DNA pairing is also possible if more than one DNA molecule is present
in the cell. In eukaryotes, the action of the CTCF protein is particularly representative of this situation. This key component of elements
that insulate gene expression from the surrounding genomic effects in vertebrates, also acts as an organizer of higher-order chromatin
structures at the B-globin and Igf2/H19 loci. At this latter locus, CTCF controls genomic imprinting by DNA looping. Recent data suggest

that genomic imprinting and monoallelic expression might also be controlled through chromosome pairing.
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Molecular biology has been first and normally interested in
identifying the components that are involved in the basic
cellular processes. When it was noted that some elements
were in various concentrations, naturally or artificially, due
to introduced genetic mutations, it was essentially descrip-
tive. Thus, for DNA-protein interactions involved in gene
expression and their regulation, the general idea was that
the protein had to be in sufficient amount in the cell to en-
sure binding to the corresponding site and generate the pro-
cess of interest. In bacteria for instance, it seemed unimpor-
tant to use strains overproducing a transcription factor
instead of the wild-type strain and physiological amounts of
protein. And because it is easier technically, multi-copy

plasmids are often used in place of chromosomal constructs.

Since then, it has appeared in several instances that the
number of copies of a gene or of a protein was able to
change the regulation process.

One example is provided by the E. coli multi-site /ac
repression. From the approach employed to demonstrate the
feasibility of DNA looping between /ac repressor and two
lac operators on the same molecule, it was clear that DNA
looping could be concentration-dependent (Kramer et al.
1987; Amouyal 1991). When mediated by lac repressor,
DNA looping is lost with increased concentrations of rep-
ressor and DNA molecules to the benefit of other interact-
tions, independent binding to the operators or intermolec-

ular associations. This finding was a decisive element
towards the uncovering of the functionality of the secondary
lac operator sites.

DNA looping is not restricted to transcription. It is also
involved in replication, to initiate it for the bacterial R6K
plasmid (Muckherjee et al. 1988; Miron et al. 1992) or on
the contrary to stop it for the E. coli F-factor and to limit its
number to one copy (cf. Zzaman and Bastia 2005). The ini-
tiator protein bridges these loops. However, the copy num-
ber of the iteron-class of plasmids is generally controlled by
“handcuffing”, i.e. intermolecular associations bridged by
the initiator protein (Pal and Chattoraj 1988; McEachern et
al. 1989).

Intermolecular associations are also represented by the
pairing of chromosomes for the coordinated regulation of
their genes. The CTCF protein is involved in genomic im-
printing of the mammalian /gf2/H19 locus. It does so by
controlling the target of the enhancer shared by the two im-
printed genes through alternate DNA looping and methyl-
ation of the CTCF binding site (Murrell ef al. 2004). It also
participates in chromosomal associations (Ling et al. 2006;
Zhao et al. 2006).

The interplay between DNA looping, simple binding
and DNA pairing is developed for these three specific situ-
ations.
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1. FROM THE NUMBER OF LAC OPERATOR
SITES AND REPRESSOR MOLECULES TO DNA
LOOPING AND TO MULTI-OPERATOR
REPRESSION OF THE E. COLI LAC OPERON

It has been known since the origin of molecular biology
(Jacob and Monod 1961) that the lac operon is repressed
from a 21 bp operator sequence, O/, located on the promo-
ter region and centered at +11 with respect to the transcrip-
tion start. A protein, Lacl, is responsible for this repression
when it binds the operator (Gilbert ez al. 1966, in a hypo-
thesis formulated by the former ones). A simplified organi-
zation of the /ac operon is shown in Fig. 1.

In the seventies, two homologous sequences, O2 cen-
tered at +412 and O3, centered at -82, were discovered
(Reznikoff et al. 1974; Gilbert et al. 1975).

During nearly 20 years, these sites have been regarded
as cryptic sites, like the two promoter-like elements, P2 and
P3, of the lac operon (Xiong et al. 1991). In fact, repression
in the absence of the secondary operators is efficient, due to
the strong affinity of repressor for O (K~10" M, accor-
ding to Winter ef al. 1981). Thus it was not clear why rep-
ression had to be assisted. Moreover, the constitutive mut-
ations were all mapped in O/ and none exclusively in the
02 or O3 regions.

This point was corroborated by the weak affinities of
the repressor for O2 and O3. O2 has a ~10-fold reduced af-
finity compared to O (Pfahl er al. 1979; Winter et al.
1981a) and O3 an at least 100-fold reduced affinity (Pfahl
et al. 1979; Winter et al. 1981a). A fragment carrying all
three operators has nearly the same affinity for the repress-
sor than a fragment carrying the sole O/ operator (Pfahl et
al. 1979; O’Gorman et al. 1980).

For these reasons, the possible contribution of O2 or O3
was discarded until the next decade, and a first decisive im-
pulse with the discovery of the eukaryotic enhancers (Mo-
reau et al. 1981; Banerji ef al. 1981). Soon after, in 1983-
1984, somewhat analogous sequences were found neces-
sary for repression of two prokaryotic operons, the arabin-
ose and galactose operons, in addition to a first operator
sequence located in the vicinity of the promoter (Irani et al.
1983; Dunn ef al. 1984).

As a result, two groups in 1984-1985 tried to establish a
multi-site repression in an artificial /ac systems of expres-
sion lacking the native /ac operon (Herrin et al. 1984;
Besse et al. 1986). These works summarize the elements
that were supposed to be necessary for multi-site repression
in the mid-eighties.

Since multi-site repression was observed in the ga/ ope-
ron with a control element within a structural gene remin-
ding of lacO2, but not in the /ac operon, the genomic and
biochemical organization of the gal control region seemed
of first importance. For this reason, the artificial regulation
built by Herrin and Bennet 1984 mimicked the gal/ operon
with a hybrid lac-trp promoter controlling galactokinase
expression.

e In the native lac operon, lacOl overlaps with the pro-
moter. In the gal operon, the gal/Oi and galOe operators
surround the promoter, allowing the RNA polymerase
to sit on it in the presence of the repressor. Thus, a #rp
promoter was flanked by two lacOl operators. The
lacO1 operator was employed as a sequence with suf-
ficient affinity to ensure operator occupancy, in a way
similar to ga/Oe and galOi when binding the gal rep-
ressor.

The constructs were carried by a 20-copy plasmid.

An effect was only observed when the repressor was
provided by a laci? strain, producing 10-fold more

repressor than the native strain (Muller-Hill ef al. 1968).

It was the first report that two lac operators can cooper-
ate in repression. However, interpretation of the data is
somewhat complicated by the interference with #rp repres-
sion.

The artificial lac regulation built by Muller-Hill's group
was inspired by Herrin and Bennet's work and also dis-
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played some cooperativity. It is closer to a lac regulation
since a lac promoter controlling /acZ expression replaced
the #rp promoter-operator on a plasmid. However, the lacO2
and /acO3 sites were not removed, since they were thought
to be inactive. The lac promoter was surrounded by two
“ideal” lac operator sites with a ten-fold increased affinity
for the repressor, as compared to the lacOl site (Sadler et al.
1983). The study was carried out in a laci®’ strain producing
even more repressor than the Jaci® strain, about 100-fold
more than the wt strain (Calos and Miller 1981).

Two “clichés” would have to be overcome to show the
contribution of O3 and O2 to lac repression under native
conditions. They are complementary because of their rela-
tion to the law of mass-action. First, ten copies of repressor
are not sufficient to have the secondary sites occupied.
These ten copies are the number of tetramers produced by
the wt cell (Gilbert and Miiller-Hill 1966). Thus, the con-
centration of repressor in the cell has to be increased to
force the occupancy of the sites. Second, the affinity of O2
for the repressor, without speaking of that of O3, is too
weak to allow their occupancy. Thus, their affinity has to be
increased to force the occupancy.

In any case, in 1984-1985, whether for the natural arab-
inose and galactose regulations, or for the artificial /ac reg-
ulations (for lack of functional secondary operators), two
operator sites either separated by 110-115bp (Irani et al.
1983; Herrin and Bennet 1984) or 220-240 bp (Dunn et al.
1984; Besse et al. 1986), were required to have full repress-
sion. How they cooperate for repression at these distances in
E. coli, had to be explained.

DNA looping generated by the simultaneous binding of
the repressor to the two distant sites was one possible model,
but was regarded as most unlikely before 1986. The oppos-
ition to this model was strong, as R. Schleif recalls it
(Schleif 2003).

In fact, concerning Lacl specifically, some early in vitro
data rather seemed to favor other models, such as sliding of
the repressor along DNA until the “physiological” O/ site
(Winter et al. 1981b). Other in vitro preliminary data in
1985 indicated that the repressor-operator complex was not
retained by nitrocellulose in filter binding assays when 220
bp separated the two operators. A nucleosome-type structure
where DNA is wrapped twice around Lacl, could explain
this unusual situation (Besse et al. 1986). Other nucleo-
some-type models were proposed later on, such as the “rep-
ressosome” that would form between the two gal operators
separated by 114 bp, the gal repressor and various other
proteins, the RNA polymerase, the CRP or HU proteins (see
for example Kuhnke ef al. 1989; Aki ef al. 1996).

Thus DNA looping for /ac repression specifically and
for other regulations in general, was not obvious and its fea-
sibility had to be demonstrated. The /ac repressor was an
ideal protein for that purpose because of its structure. This
tetramer is organized into two dimers that bind DNA, as
determined by various techniques (Kania and Brown 1976;
O’Gorman et al. 1980; Culard and Maurizot 1981). It could
then in principle induce DNA looping when mixed with a
fragment carrying two /ac operator sites.

In fact, according to the concentrations of repressor and
DNA, various complexes, apart the loop, could be predicted
for a mixture of repressor and fragment carrying two distant
operator sites (Kramer ef al. 1987; Amouyal 1991; Fig. 2).

Sufficiently low concentrations of DNA and repressor
were expected to favor the simple binding (A) to one oper-
ator site. If flexibility of DNA allowed it, simultaneous bin-
ding to the second operator site and looping of the interven-

* G

In 1984, 1 was regarding serenely the formation of DNA-protein loops
because I wanted to prove the specific interaction between the CRP acti-
vator and RNA polymerase at the lac promoter (see conclusion of Amouyal
and Buc 1987) by ligation experiments. This meant making loops between
CRP and RNA polymerase. I transposed this project to the lac repressor in
1985, forgetting the ligation step for which it was not required. The initial
project, as well as its transposition to the lac repressor, was widely spread
before it was even started.”
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Fig. 1 Schematic map of the E. coli lac-
tose operon (not to scale). Operators
sites in blue, structural genes of the ope-

02 ] lacZ |

lacY |

ron in yellow, promoter region in green,

lacA ]

(03 [O7]
t R
CRP

Concentration

ing DNA (B) would occur. For increased concentrations of
repressor, the sites would be independently occupied in a
“tandem” structure (C), and for both increased repressor
and DNA concentrations, intermolecular species (D) where
the repressor is in sandwich between two DNA molecules,
could be expected.

The Kramer et al. (1987) study is the exact translation
of this concentration scheme and of other anticipated loop
features. The retardation gel assays’ were performed so as
the properties of the loops are directly read on the gels
without any effort: continuity of DNA looping over a large
range of distances, as opposed to punctual formation of
nucleosome-type structures at 220 bp or other punctual
structures, concentration effect on DNA loop formation,
identification of intermolecular adducts, phasing at short
distance as a consequence of DNA looping, if not a proof.
Electron microscopy was reserved to the observation of
large size loops and to the demonstration of an optimal dis-
tance for “DNA cyclisation” around 500 bp (the “cycliza-
tion” approach is detailed in Amouyal 1991).

The study clearly showed that DNA looping is favored
in vitro by the concentrations that do not saturate the oper-
ators with repressor. In the w.t. strain, there is only one
copy of DNA per cell, the chromosome, and the cell prod-
uces only 10 copies of tetrameric repressor (Gilbert and
Muller-Hill 1966). The concentration of repressor can be
increased 10-fold in a laci strain (Calos and Miller 1981)
and about 100-fold in a laci®’ strain (Miiller-Hill ef al.
1968). The number of operator copies was 20 in the Herrin
and Bennet (1984) study and can reach 500-700 copies per

T The preliminary data with the retardation gel experiments were com-
municated to the Berlin Summer School on DNA structure in 1986.

Rep (+)
DNA (+)

Rep (++)
DNA (+)

Rep (++)
DNA (+4)
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binding site for the CRP activator in red.

Repression mode Fig. 2 The various repressor-
operator interactions ob-
tained between lac repressor
and a fragment carrying two
lac operator sites (first co-
lumn) with increasing con-
centrations of repressor and
DNA (second column). (A)
Binding to only one operator
site; (B) simultaneous binding
of the repressor to the two ope-
rator sites with looping of the
intervening DNA. (C) “tan-
dem” binding to the two ope-
rator sites of the same frag-
ment. (D) intermolecular asso-
ciations. The third column indi-
cates the expected repression
mode.

simple

Cooperation

Superposition of
independent modes

Sharing of one mode
between molecules

cell for the pUC-based plasmids. Thus, the use of strains
overproducing the repressor and of multi-copy plasmids
might have concealed DNA looping in the former artificial
lac regulation. To detect DNA looping, if it did occur, the
assays had to be carried out as close as possible to the native
conditions, with the three operators on the chromosome (or
very low copy plasmids, at most) and with the repressor
produced by the chromosomal /aci gene.

The second “cliché” was related to the supposedly too
low affinity of the secondary sites for them to be implied in
repression. It was relying on a fact known for long and con-
firmed by several groups: the association of the repressor
with a fragment carrying all three operators is hardly stron-
ger (four-fold or less) than with a fragment carrying the sin-
gle O1 operator (Pfahl et al. 1979; O’Gorman et al. 1980).
DNA supercoiling broke this “cliché¢”. My work of transi-
tion between Chemistry and DNA looping (Amouyal and
Buc 1987) had made me aware that DNA is supercoiled in E.
coli. If DNA looping was feasible on a linear template,
DNA supercoiling could perturb it, or on the contrary, assist
it. Thus, from the beginning of my work on DNA looping in
1984-1985, a second step was planned with a supercoiled
template (cf. Kramer et al 1988). In fact, in vitro, DNA
looping is strongly stabilized by DNA supercoiling: the
half-life of the O/-O2-O3 complex on a plasmid is 28 h in-
stead of 7 min on a linear template (Whitson et al. 1987).
On a plasmid, the secondary operators slow Lacl dissoci-
ation 200-fold according to Whitson ef al. (1987), from 7-
fold to 32-fold according to Eismann and Miiller-Hill (1990),
when comparing the half-lives of the O/-0O2-O3 and O!
complexes. Direct in vivo approaches have also unravelled
the influence of DNA supercoiling. /n vivo DNA footprint-
ing of the O/-O3 region by various chemical agents shows
that O3 is only occupied when DNA is supercoiled (Boro-
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Replication Initiation

Control of plasmid copy number

Fig. 3 Replication of the iteron-
class of plasmids. Panel A: coop-
erative binding of the initiator to
the iterons for replication initiation

e Neaative control (general case). Below, particular
Positive control 9 situation of the ROK plasmid with
DNA looping for initiation of R6K
at the o (or B) origin. Panel B:
ori , “handcuffing” for the control of
ori the plasmid copy number (general
W Initiator case). Below, particular situation
of the F-factor with DNA looping
Q Monomer for limitation of its copy number to
one.
, Dimer
ori
R6K vy iterons .
[Mv—u—»—»—»—»—w—w— incC
t 3
—
R6K oric
oriF
wiec et al. 1987, see also Flashner and Gralla 1988 for the  tions.

in vivo OI1-O2 occupancy). From these assays, Gralla and
co-workers have deduced that O3 binds the repressor in
vivo only 10-fold less tightly than O/, whereby in vitro in-
dependently on a linear template, O3 binds the repressor at
least 100-fold less tightly (Pfahl ef al. 1979; Winter et al.
1981a). DNA supercoiling makes DNA loop formation so
easy that the requirement for relative orientation of two lac
operators that is obvious between 153 and 168 bp on a
linear or relaxed DNA template, is no longer legible on a
supercoiled one. Instead, loops are formed for all distances
and only their stability, instead of their existence, is now
sensitive to helical orientation of the sites (Kramer et al.
1988).

In spite of these results, the clichés took some time to
disappear since all the /ac regulations performed before
1990 still included the O3 site as a cryptic site thought
inactive, or were run with strains overproducing the re-
pressor and plasmids with a high level of copies, which
somewhat perturbs the interpretation of their data.

Finally, the inactivation of each site by mutagenesis,
including the O3 site under conditions as close as possible
to the w.t. ones, with the chromosomal repressor gene and
the three sites on the chromosome, determined the contri-
bution of each operator site to repression (Oehler et al.
1990, 1994). The picture of lac repression was definitely
modified. It appeared that repression of the /ac operon re-
lied on the three operators and not exclusively on OI. This
contribution depends on the intracellular concentration of
lac repressor. When the three operators are on the chromo-
some, repression enhancement at O/ by both 02 and O3,
decreases from 72-fold to 48-fold and 6-fold when the
number of Jac repressor tetramers increases from 10 to 50
and 900, respectively. In fact, repression issued from OI-
02 or OI1-O3 cooperation is replaced by repression from
independent binding at O/, O2 and O3.

This view is supported by the results obtained with the
single operators and also by the use of repressor mutants
that are dimers unable to form tetramers and to induce DNA
looping (Alberti et al. 1991; Chakerian et al. 1991). Thus at
relatively low repressor concentration (200 subunits of
either dimer or tetramer), the dimer induces the same level
of repression from the three operators than the tetramer
from the single O/ operator (Oehler e al. 1990; Oechler et
al. 1994). This is the indication that, when the repressor is
unable to form DNA loops, it hardly binds O2 and O3 at
low, near-to-physiological intracellular repressor concentra-
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This is an over-all effect resulting from alternative loop-
ing between either O/ and O2, or O] and O3. This concen-
tration effect is more clearly followed when only one loop is
present, either the O/-O2 loop or the O7-O3 loop and when
only two operators are present and the third one is inac-
tivated.

In a situation where only the O2 and OI operators are
present on the chromosome, the repression enhancement of
02 versus Ol, falls from a 10/11.5-fold effect to none (1.3/
1.5 fold effect) with an increasing amount of tetramers from
50 to 900 molecules (Oehler ef al. 1990, 1994). The influ-
ence of O2 is also lost with elevated repressor concentra-
tions and when O2 or O3 replace O/ on the promoter
(Oehler et al. 1994). On the contrary, when the dimer rep-
laces the natural tetrameric repressor, i.e. in the absence of
DNA looping, there is no influence of O2 at 400 bp of a first
operator overlapping the promoter, and this situation is not
concentration-dependent.

The OI-0O3 interaction is less simple than the O/-O2
interaction. Indeed, the protein responsible for activation of
the lac operon, the CRP protein, binds a site centered at
-61.5 close to the O3 site (-82). Is CRP responsible for the
repression observed from O3, whether by competing with
repressor for binding at the same location or by assisting
repressor binding (Fried and Hudson 1996; Perros and
Steitz 1996)?

In the lacZ constructs of Amouyal and von Wilcken-
Bergmann (1992), there is no site for CRP binding and arti-
ficial lac WM sites have been used either on the promoter, at
the OI location, or upstream, at the O3 location. The lacWM
sites do not allow repression by themselves when located
either on the promoter or upstream. However, when two
lacWM operator sites are in place of O/ and O3, the p-gal-
actosidase activity is repressed from 8- to 35-fold, depen-
ding on their relative orientation and on whether the repres-
sor gene and operator sites are carried by the chromosome
or 5-copy plasmids. This significant level of cooperation
was reproduced with two O3 operators (Ochler et al. 1994).
Furthermore, the cooperation resulting from the exchange of
OI by O3 in the originally OI-O2 construct (Oehler et al.
1994) is again an indication that DNA looping involves O3
without the need for CRP. Thus, unassisted DNA looping is
a true component of the naturally observed repression be-
tween O/ and O3. The concentration effect is also consis-
tent with DNA looping since the effect of O3 with respect to
O] falls from 28-fold to 5.6-fold from 200 to 3600 subunits
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of tetramer. With the dimer, this effect remains in the lower
range. Then, DNA looping competes with the activation
process, leading to an additional level of repression (Oehler
et al. 1994).

Note that in the artificial regulation described in
Amouyal and von Wilcken-Bergmann (1992) or Perez ef al.
(2000), there is no need for assistance, except for natural
supercoiling, whether two "poor" lac operator sites coop-
erate (Amouyal and von Wilcken-Bergmann 1992) or two
proteins with good affinity for their sites, interact weakly,
like the two galactose repressor dimers (Perez et al. 2000).

According to a recent work by Zhang et al. (2006),
DNA looping between two lac operators separated by 100
bp would require the nucleoid HU protein. It should be
noted that interpretation of the data obtained with HU-def-
icient strains is uneasy because of various mutations gene-
rated by the bacterium to compensate for this deficiency, as
pointed out in Perez et al. (2000) and in Amouyal (2005).
Second, DNA supercoiling is sufficient to explain DNA
looping with two lac operators as above detailed (see also
Purohit and Nelson 2006).

2. REPLICATION OF THE ITERON-CLASS OF
PLASMIDS AND CONTROL OF THEIR COPY
NUMBER IN BACTERIA

At an international conference where I was presenting the
first data on DNA looping with the /ac repressor, specialists
of plasmid replication came to me and made the remark that
the concentration scheme displayed in Fig. 3 could as well
be applied to the control of plasmid copy number (cf. Pal
and Chattoraj 1988; Nordstrom 1990).

In fact, the number of plasmids, these extra-chromoso-
mal genetic elements in bacteria, is kept within precise
limits in the cell. There are for example 1 to 2 P1 plasmids
per cell (cf. Das et al. 2005), about 10 R6K plasmids (cf.
Muckergee et al. 1988), about 15 colE1 plasmids (cf. Twigg
and Sherratt 1980) and only one F-factor (cf. Zzaman and
Bastia 2005) in E. coli, 15 to 18 pPS10 plasmids in Pseudo-
monas aeruginosa (cf. Giraldo and Fernandez-Tresguerres
2004).

The use of multiple short repeats of DNA (of about 20
pb), or iterons, is a major way of controlling the number of
plasmids in Gram-negative bacteria. This family includes
the R6K, P1, F and pSC10 plasmids, among others. These
iterons are present at the replication origin. Their replic-
ation presents some analogy with the transcriptional repres-
sors.

To control the number of these plasmids once a specific
number of copies has been reached, the bacterium prevents
their replication.

Replication is inhibited by plasmid pairing at the origin
of replication, called "handcuffing" (Pal and Chattoraj
1988; McEachern et al. 1989; Fig. 3B) as detected by liga-
tion experiments (Kunnimallaiyaan e al. 2005), the actual
basis for the 3C technique widely used in eukaryotic cells
to detect DNA looping or pairing (see section 3).

DNA pairing is bridged by a key component of replica-
tion, the initiator protein. The initiator is indeed first re-
quired for initiation of replication at the iterons, by cooper-
ative binding to the iterons (Fig. 3A). Handcuffing pre-
vents new rounds of plasmid replication and is linked to the
increasing concentration of initiator with the number of
plasmids. Thus, the number of Pi dimers, the initiator of
R6K replication, can reach about 6000 molecules per cell
(Filutowicz et al. 1986).

For some plasmids of the iteron family, such as the
R6K and P1 plasmids, there is another set of DNA repeats,
at some distance from the origin of replication, in a region
that causes incompatibility, i.e. the impossibility for two
groups of plasmids to co-exist in the same cell. This distant
region is named inc for P1l, and y for R6K. In fact, the
bacterium applies the same procedure, handcuffing, when
another plasmid carrying the same replication elements is
introduced and increases the global number of plasmids in
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the cell.

In case of the E. coli F-factor, handcuffing is replaced
by DNA looping between the origin of replication and incC,
at about 1.5 kb (Fig. 3B). DNA looping inhibits strand sep-
aration required for initiation of replication at the origin
(Zzaman and Bastia 2005). This allows the cell to limit the
number of copies to a single one in case of the F-factor.

Thus, the initiator is both involved in the positive and
the negative control of replication, like the transcriptional
activator and repressor protein, AraC (Schleif 2003). And in
a similar way, conformational transitions modify the func-
tion of the protein. Additionally to a repertoire of mutations
for all known initiators, three structures have been solved:
the iteron-RepE monomer complex from F-factor (Komori
et al. 1999), the dimerization domain of pPS10 RepA
(Giraldo and Fernandez-Tresguerres 2004) and the iteron-Pi
monomer complex (Swan et al. 2006). This provides a
wealth of information and a global view of how the initiator
acts.

In the solution, the initiator exists predominantly under
the dimeric form deprived of initiation activity. In this form,
it binds poorly the iterons and cannot activate replication
from the iterons. It can, however, bind an inverted repeat, in
which the two half-sites of the iteron are in opposite direc-
tions. When this inverted repeat is present, adjacent to the
iterons of the origin of replication, the initiator is also able
to repress its own synthesis (see for example replication
control region of the pPS10 plasmid; Giraldo and Fernan-
dez-Tresguerres 2004).

A chaperone system generally mediates the conversion
of the inactive dimeric form into an active one for initiation
(Zzaman et al. 2004). The active form is a monomer actu-
ally oligomerized by its binding to the iterons (Germino and
Bastia 1983).

The two forms of the protein, monomeric and dimeric,
are involved in DNA looping or handcuffing. Contrary to
the transcriptional repressors, the monomer has the peculi-
arity to bind the two half-sites of the iteron both through the
N-terminal and the C-terminal domains, as observed for the
F RepE-iteron (Komori et al. 1999) and R6K Pi-iteron crys-
tals (Swan et al. 2006).

For some plasmids, such as the R6K family, this is not
the end of the story and replication provides an example of
the gymnastics that the same molecular elements can per-
form to achieve different goals in the cell with an economy
of means (cf. Schleif 2003). Indeed, for the R6K plasmids
carrying the distant y set of iterons, replication from the sole
origin of replication is not efficient. Replication requires the
distant vy iterons to proceed. From this point of view, the y
iterons are also replication enhancers.

More precisely, the replication proceeds from two ori-
gins, o and B. The y element contains an array of seven 22
bp repeats that can bind the initiator protein. The a origin
contains a binding site for the initiator, but it binds the prot-
ein poorly by itself. Initiation at this origin can only start
when the seven vy iterons, about 4 kb away (the largest dis-
tance observed for enhancer action in E. coli), are physically
linked to the a site through the initiator (Fig. 3A). This
contact stabilizes the protein at the a origin. In the same way,
the B origin contains a half-iteron only involved in initiation
when at the same time, the initiator occupies the vy iterons,
about 1.2 kb away (Muckherjee et al. 1988; Miron et al.
1992; Swan et al. 2006).

3. CONTROL OF GENOMIC IMPRINTING BY DNA
LOOPING OR CHROMOSOME PAIRING IN
MAMMALS

From the above examples related to bacteria, it is clear that
when DNA looping is possible in cis, mediated by a protein,
trans-associations are also possible with the same molecular
elements when several DNA molecules are present, in order
to achieve the same biological process. Recent findings rel-
ated to genomic imprinting of the mammalian Igf2/HI9
locus and CTCEF, indicate that this is not restricted to E. coli.
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Fig. 4 Panel A: Simplified view of the mouse Igf2/H19 locus. The arrows indicate the promoters of the two genes, Igf2 on the left, H19 on the right, in
yellow. The enhancers shared by the two genes are indicated by a red E-square, the imprinted control region (ICR), in medium blue, the differentially
methylated domains, DMRO, DMR 1and DMR2, in light, the matrix attachment region, MAR3, in dark blue. Panel B: the spatial architecture induced by
CTCEF (and possibly other proteins) when it binds to its unmethylated sites on the ICR region and on the DMRI region, on the maternal allele. As a result,
the enhancer can only contact and switch on the H19 gene whereas the /gf2 gene, trapped in one of the loops, is repressed. Panel C: On the paternal allele,
the CTCEF sites are methylated. The asterisks underline the methylation status of DNA. The ICR-DMR1-MAR3 interaction of the maternal allele, is
replaced by an ICR- DMR?2 interaction, bringing the enhancer closer to the /gf2 promoter and switching on the Igf2 gene, whereas DNA methylation

represses the H19 promoter.

The CTCF (CCCTC-binding factor) protein was first
found as part of the 5'-HS4 insulator element of the chicken
B-globin locus, separating the active globin domain from
the heterochromatic domain. The 5-HS4 element protects
gene expression against enhancers when placed between
the gene and enhancer, as well as against position effects on
the chromosome (see for example Burgess-Beusse et al.
2002). CTCF is required for the enhancer blocking activity
(Bell et al. 1999).

This activity is a general feature of the CTCF protein
that is highly conserved in higher eukaryotes, from Dros-
ophila to humans (Moone ef al. 2005).

The 11 zinc fingers of the protein allow its binding to a
multiplicity of DNA targets (cf. Ohlsson et al. 2001). CTCF
binds repeated sites in a highly cooperative manner (Pant et
al. 2004). In the absence of DNA, it can also dimerize with
help of the zinc fingers or the C-terminal part of the protein
(Pant et al. 2004).

In mouse erythroid cells, the CTCF-binding sites parti-
cipate in spatial interactions between the active f-globin
genes and, about 50 kb away, the LCR required for their
high level expression. This results in what was termed by
the authors an Active Chromatin Hub with several active
loops acting in concert over 200 kb (Tolhuis et al. 2002).
The CTCF binding sites seem to structure an inactive chro-
matin pre-framework, as was found from analysis of the -
globin locus in progenitor cells, where the globin genes are
not yet active (Splinter et al. 2006).

CTCEF also seems to organize spatially the coordinated
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regulation of different genes and loops at the mammalian
Igf2/H19 locus, and to control their genomic imprinting in
this way (see for example, Reik and Walter 2001).

Thus, the insulin growth factor, IGF2, is a regulator of
fetal growth. The corresponding gene is imprinted, i.e. it is
only expressed from one of the two parental alleles. Its ex-
pression is coordinated with that of another imprinted gene,
HI19. The two genes are located 90 kb apart on mouse chro-
mosome 7 (Fig. 4A). On the maternal chromosome, H79 is
expressed whereas Igf2 is repressed throughout develop-
ment. The opposite is found on the paternal allele. In mouse
neonatal liver, transcription of the two genes is regulated by
an enhancer located downstream of H/9 (Fig. 4A), about 10
kb from H19 and about 120 kb from Igf2. A cluster of four
binding sites for CTCF is located between the two genes, in
the ICR imprinting control region that regulates the methyl-
ation of different sites within the cluster and is located 2 kb
upstream of H19. CTCF cannot bind to its sites when they
are methylated.

On the maternal inherited chromosome, the differen-
tially methylated region, DMRI1, also contains binding sites
for CTCF. It physically interacts with the unmethylated ICR
though CTCF and possibly other proteins (Kurukuti et al.
2000), as detected by the 3C technique (Dekker ef al. 2002).
The ICR also physically interacts with the matrix attach-
ment region MAR3 located next to the DMR1 domain. /gf2
is trapped in a 20 kb loop (Fig. 4B). This is seemingly suf-
ficient to prevent the enhancer to activate the maternal /gf2
promoter (Kurukuti et al. 2006).
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Previously, the same group had shown that on the pater-
nal chromosome, the methylated ICR physically interacts
with one of the differentially methylated region, DMR2, of
Igf2 (Murrell et al. 2004). This brings the Igf2 promoter
into contact with the enhancer in a 110 kb DNA loop, thus
leading to Igf2 expression (Fig. 4C). As the enhancer is oc-
cupied elsewhere, it cannot activate H/9. The proteins res-
ponsible for the ICR-DMR?2 interaction have not been iden-
tified yet. Some zinc-finger proteins bind methylated DNA.
Some of them colocalize with the H79/Igf2 ICR (Fillion et
al. 2006). These proteins have been found to assist repress-
sion of H19. In analogy with CTCF, they might also bridge
the ICR-DMR?2 interaction.

Thus CTCF-mediated DNA looping and methylation
jointly direct the enhancer to a different promoter target on
the paternal and maternal chromosomes.

Since CTCF mediates DNA looping, it is not surprising,
at least with the viewpoint of this review, that CTCF is also
involved in intermolecular associations.

Accordingly, Ling et al. (2006) have recently found that
the Igf2/H19 locus on mouse chromosome 7 was physically
linked to another locus, Wsb1/NfI, on chromosome 11 via
CTCEF bound to the Imprinting Control Region. This associ-
ation was found by screening for all CTCF-mediated asso-
ciations by the 3C technique (or a variant) and by fluo-
rescent in situ hybridization (FISH). This is an intriguing
fact because only the paternal allele of chromosome 11 is
found though this locus is not imprinted. Deletion of the
maternal ICR cancelled the association. The silencing of
CTCF by RNA interference disrupted the coordinate reg-
ulation of the two loci. Only expression of the paternal
Wsb1/Nfllocus is altered. Thus it was concluded that the
association and CTCF allow trans-regulation of the genes
or alternatively that the two chromosomes share separately
the same elements concentrated at a transcription factory
(Hugues et al. 1995; Chakalova et al. 2005).

Since the association is restricted to the paternal allele
of chromosomell, it might be involved in the imprinting
process of the Igf2/H19 locus on chromosome 7 (Ling et al.
2006), or in a transient methylation and silencing of the
Wsbl gene at the Wsbi1/NfI locus (Krueger and Osborne
2000).

Similar data have been qualitatively obtained by Zhao
et al. (2006) with a 3C-based technique, except that they
find 114 inter-or intra-chromosomal associations instead of
3 for Ling ef al. (2006). Up to four chromosomes converge
to the ICR of the Igf2/H19 locus. Clearly, their experimen-
tal conditions increase the sensitivity of the technique. It is
also clear that the uncovered interactions are preferentially
linked to imprinting. They are also specific of a certain
stage of growth and depend on the reprogramming of the
cells.

Inter-chromosomal associations might present some
similarity with transvection, a phenomenon known since
1954 in Drosophila. Transvection is an alteration of gene
expression that depends upon whether or not genes are
paired with their homologs (Wu 1993; Duncan 2002). It
generally involves the action of enhancers in frans.

CTCF binding sites sensitive to DNA methylation have
also been found near the 3’ end of Xist, the gene on the X-
chromosome that triggers the inactivation of a single X-
chromosome in X-X female mammals (Chao ef al. 2002),
as well as at the boundaries of domains which escape X-in-
activation (Filipova et al. 2005). The precise role of CTCF
in both cases is not known. However, it recently appeared
from two recent studies (Bacher et al. 2006; Xu et al. 2006)
that the two X-chromosomes are transiently paired, as
assessed by RNA-FISH analysis. This pairing precedes X-
chromosome inactivation. Binding competition assays with
sub-fragments of the X inactivation center region, disrupts
X-inactivation and confirms this association. Competition
with DNA fragments containing the CTCF binding site also
disrupts X-inactivation (Donohoe et al. 2007). Like for the
Igf2/H19 ICR associations, this suggests a role for CTCF as
a bridging protein, along with cofactors such as the Yyl
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protein (Donohoe et al. 2007).

Another trans-chromosomal regulation was previously
described by Spilianakis et al. (2005). This group has found
that the interferon-y promoter region on mouse chromosome
10 was juxtaposed with the locus control region of the inter-
leukine genes on chromosome 11 in thymocytes precursors
of the immune system T-cells, both CD4-helper T-cells and
CD8-killer T-cells. It now appears that this inter-chromoso-
mal association is lost when naive T-cells differentiate into
Tyl or T2 cells. On the contrary, in activated Ty2 cells, the
production of interleukin is associated with the folding of
the interleukin gene into several loops with coordinated ex-
pression, due to a protein, SATB1, only found in thymo-
cytes. A cage-like distribution of SATB1 surrounds the nuc-
leus and anchors the loops to the chromosomal scaffold (Cai
et al. 2006). As the naive T-cells either do not express the
cytokines or from only one allele under specific conditions,
Spilianakis et al. (2005) suggest that pairing is associated
with silencing of the allele.

Thus in mammals, chromosomal associations seem to
promote silencing and monoallelic expression, whereby
DNA looping is more ambivalent. This is also what emerges
from bacterial replication, where handcuffing is exclusively
devoted to silencing and to the control of plasmid copy
number, whereby DNA looping can be used for both posi-
tive (cf R6K) and negative control (cf. F-factor) of replic-
ation, like in transcriptional regulation.

4. OLIGOMERIZATION OF THE PROTEIN

Several proteins involved in DNA looping are naturally oli-
gomerized, sometimes to a high degree.

Thanks to a leucine zipper, two subunits of /ac repressor
interacting side-by-side as a dimer, can also interact head to
head as a tetramer with two binding sites for DNA (Alberti
et al. 1991; Chakaherian et al. 1991).

The deo repressor is a triple dimer, with three binding
sites for DNA (Mortensen et al. 1989), resulting in double
loop formation on binding with native DNA (Amouyal et al.
1989).

The ACI repressor is a dimer capable of tetramerization
and octamerization in the absence of DNA (Senear et al.
1993; Bell et al. 2000; Bell and Lewis 2001). The octamer-
ization allows DNA looping between the O, and Oy arrays
of repeats (Dodd ef al. 2001).

The record of oligomerization pertains to the 186CI rep-
ressor that comprises 14 subunits as a heptamer of dimers
arranged like a wheel with seven possible binding sites for
DNA (Pinkett et al. 2006). Electrostatic forces rather than
specific sequence determinants are responsible for this oli-
gomerization. This oligomerization explains well the all-or-
none occupancy of the three 186CI repeats of the phage Py
promoter (Dodd et al. 1996; Pinkett ez al. 2006). The arrays
of sites are wrapped around this "wheel", making the sub-
unit organization particularly suited to the tandem arrange-
ment of the sites (cf. Amouyal et al. 1998). For the 186CI
repressor (and to a lesser extent, for the ACI repressor), it
seems that the cell has selected both site and protein organi-
zation, in a way they are best fitted for adjacent binding.

Now, apart from assisting repressor binding to DNA
repeats, oligomerization of the protein, when it provides an
already assembled protein bridge, can also stabilize the loop,
as is the case for the /ac repressor. However, more than with
a long range distance action, oligomerization in the absence
of DNA seems to be associated with the facilitated recog-
nition of multiple loci scattered on a precise portion of the
genome, as appears from the /ac, deo or 186CI regulations.
Indeed, if the two arrays of O; and O sites of the Aphage,
are 2.3 kb distant, the most distant sites for the 186CI pro-
tein, F;, and F, are "only" 300 bp distant, and between these
two sites, there are at least four other operator sites, close to
P, and Pg, 62 bp distant. The three /ac operators are like-
wise scattered over 500 bp and the three deo operators over
880 bp.

In E. coli, the largest distance involved in DNA looping
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is that observed for replication initiation of plasmid R6K.
Specifically, the o origin iteron and the seven y iterons
bridged by Pi, are separated by 4 kb (Fig. 3A). With the
present state of knowledge, it is difficult to specify the pre-
cise structure of the protein bridge responsible for this long
distance action. However, DNA looping might require a
specific initiator interface, different from the contacts that
are already known between two initiator molecules (Swan
et al. 2000).

Handcuffing seems to require repeated iterons, from 3
(pSC101) to 7 (R6K-y) repeats, as well as strong interac-
tions that are provided by a highly cooperative organization
of the protein at the iterons with a layer of dimeric protein
holding apart two layers of DNA-bound monomers (Touk-
darian and Helinski 1998; Zzaman and Bastia 2005; Fig.
3B).
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