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Abstract

Background: Proteins HMGI| and HMG2 are two of the most abundant non histone proteins in
the nucleus of mammalian cells, and contain a domain of homology with many proteins implicated
in the control of development, such as the sex-determination factor Sry and the Sox family of pro-
teins. In vitro studies of interactions of HMG1/2 with DNA have shown that these proteins can
bind to many unusual DNA structures, in particular to four-way junctions, with binding affinities of
107 to 10° M.

Results: Here we show that HMGI and HMG2 bind with a much higher affinity, at least 4 orders
of magnitude higher, to a new structure, Form X, which consists of a DNA loop closed at its base
by a semicatenated DNA junction, forming a DNA hemicatenane. The binding constant of HMGI
to Form Xis higher than 5 x 10'2 M and the half-life of the complex is longer than one hour in
vitro.

Conclusions: Of all DNA structures described so far with which HMGI and HMG2 interact, we
have found that Form X, a DNA loop with a semicatenated DNA junction at its base, is the struc-
ture with the highest affinity by more than 4 orders of magnitude. This suggests that, if similar struc-
tures exist in the cell nucleus, one of the functions of these proteins might be linked to the
remarkable property of DNA hemicatenanes to associate two distant regions of the genome in a
stable but reversible manner.

tors [7], or to p53 [8], the influence of HMG1 on the cir-
cularization of short DNA fragments [9,10], on V(D)J

Background
Proteins HMG1 and HMG2, two of the most abundant

non histone proteins, have been known for more than 25
years (for a review see [1]), and their function has been
the subject of varied investigations, especially since it
was found that they contain a domain of homology with
many proteins implicated in the control of development
or of differentiation. As examples of recent studies are
their immunocytochemical localization [2], the deletion
of the gene coding for HMG1 by homologous recombina-
tion in transgenic mice [3], the effect of HMG1 or of the
HMG domain on the assembly of certain nucleoproteic
complexes [4], the observation of the binding of HMG1
to Oct and Hox proteins [5,6], to nuclear hormone recep-

rearrangement in vitro [11,12], or on transcription
[13,14]. HMG1 has also been recently implicated as a me-
diator of endotoxin lethality [15]. An important way of
studying the function and the mechanism of action of
proteins HMG1/2 has obviously been the search for mo-
lecular partners, and, starting from the assumption that
these chromatin proteins probably interact with DNA,
many studies have been performed to study the sequenc-
es or the DNA conformations with which the proteins in-
teract preferentially. For some HMG-domain proteins,
specific binding sequences have been identified [16], but
no such sequences have been found for proteins HMG1
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and HMGz2 themselves, which interact only weakly with
double-stranded DNA. However, it has been shown that
HMG1/2 could form complexes with several kinds of
non-classical DNA structures: supercoiled circles
[17,18,19,20], platinated DNA [21,22], UV-modified
DNA [23], bulge loops [18,24,25], and four-way junc-
tions [26]. As the interactions with four-way junctions
were stronger than others, they have been the object of
particular studies [18,26,27,28,29,30,31]. Thus, the im-
age of HMGa1 that has prevailed is of "an all-purpose
DNA-bending, -wrapping, and -looping factor that can
be recruited for transcription, DNA repair, and recombi-
nation" [32].

In the course of our studies with CA microsatellites, we
have observed that a protein present in nuclear extracts
of cultured monkey cells formed specific retarded com-
plexes with a DNA fragment containing a tract of the po-
ly(CA)i poly(TG) sequence [33] (Fig. 1A). The
purification of the DNA-binding activity yielded two pro-
teins which were identified as HMG1 and HMG2 [33]
(Fig. 1B). And the DNA contained in the complexes was
present as a new form ("Form X", [33]), with a mobility
lower than the regular double-stranded fragment, which
was bound by purified HMG1 and HMGz2 [33] (Fig. 1C)
and which has been identified [34] as the semicatenated
DNA loop which is schematically represented on the Fig-
ure. This structure consists in a double-stranded DNA
loop at the base of which DNA duplexes cross and form a
knot in which one of the strands of one duplex passes be-
tween the two strands of the other duplex, and recipro-
cally.
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Interaction of proteins HMG| and HMG2 with Form X. (A) It
was previously observed that a double-stranded 120 bp DNA
fragment containing a 60 bp tract of the repetitive sequence
poly(CA); poly(TG), when end-labelled and used in a gel re-
tardation experiment with a nuclear extract of cultured mon-
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key cells (CV1 line) in the presence of high amounts of E. coli
competitor DNA, could give rise to two retarded bands, Cl
and C2, corresponding to specific DNA-protein complexes
[33]. (B) The proteins responsible for the formation of retard-
ed bands C| and C2 were purified and identified as proteins
HMGI and HMG2 [33]. (C) The DNA contained in retarded
bands C| and C2 was purified: on a polyacrylamide gel it mi-
grated more slowly than the regular double-stranded frag-
ment and showed a series of bands, initially named "Form X",
which reformed complexes C| and C2 by interaction with
HMGI/2, and which have been identified [34] as DNA loops
maintained at their base by a semicatenated DNA junction. A
highly schematic representation of the structure of Form Xis
shown, showing the junction in which two DNA duplexes
cross with one of the strands of one duplex passing between
the two strands of the other duplex, and reciprocally.

Here we have studied the interactions of HMG1/2 with
Form X, and found that these proteins bind much more
strongly to semicatenated DNA junctions than to any
other known DNA substrate.

Results

As HMG1 and HMG2 were known to interact with many
different forms of DNA, we first compared the interac-
tions of HMG1/2 with Form X and with several different
DNA structures. Using labelled DNA minicircles as a
substrate we observed preferential interactions of cer-
tain supercoiled topoisomers with HMG1/2 as described,
but these interactions were always much weaker than the
interactions with Form X (data not shown). Similarly,
the interactions of HMG1/2 with bulge loops made by as-
sociation of appropriate synthetic oligonucleotides were
much weaker than the interactions of HMG1/2 with
Form X. In all experiments with minicircles or bulge
loops we could only observe a partial retardation of the
labelled substrate and E. coli DNA was always an effec-
tive competitor of the interactions (not shown). In con-
trast, under identical conditions, Form X was always
entirely retarded, and E. coli DNA was not a competitor.

Four-way junctions constitute another well-known sub-
strate for HMG1/2 binding. We compared the affinity of
HMGa to four-way junctions and to Form X. Figure 2
shows in two different ways that the affinity of HMG1 for
Form X is several orders of magnitude higher than for
cruciform DNA. In the first experiment (Fig. 2A) the for-
mation of complexes was studied in the presence of in-
creasing amounts of E. coli competitor DNA. By
comparing the first points in each series (lanes 1) it is ob-
served that under strictly identical conditions all Form X
is shifted whereas only part of the cruciform is retarded.
It is also observed that the progressive addition of E. coli
competitor DNA has no effect on the formation of com-
plexes with Form X, whereas the complexes with cruci-
form disappear progressively. Identical results are
obtained when a DNA containing CA microsatellites
such as human DNA, or even pure poly(CA)i poly(TG),
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are used as competitor. A second experiment (Fig. 2B),
with serial fivefold dilutions of protein HMG1 in the ab-
sence of competitor DNA, gives a similar result. With
Form X, all the material is shifted except with dilution
number 5. Complex C2 gradually disappears to give com-
plex C1 when the HMG1 concentration decreases, sug-
gesting that complexes C1 and C2 contain respectively
one and two molecules of HMG1 bound per Form X. In
contrast, with four-way junctions only 55% of the mate-
rial is bound with the highest HMG concentration, and
the retarded signal has already completely disappeared
at the third concentration in the series. Mixing both sub-
strates (two center lanes) confirms these observations.
Identical results were obtained with protein HMG2.
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Comparison of the interactions of HMG| with Form X and
cruciform. The concentrations used were: Form X: 3.5 x 10

M ; cruciform: 1.5 x 1019 M ; undiluted HMGI: 3.2 x 1078
M. (A) Form X (left) and cruciform (right) were labelled and
incubated with a constant amount of HMG| in the presence
of increasing amounts of unlabelled E. coli competitor DNA.
Lanes C are controls with no protein added. It is observed
that Form X is entirely bound by HMG| at all the competitor
concentrations used. In contrast, cruciform is only partially
bound in the first sample, and the amount of complex de-
creases quickly when the amount of competitor DNA is in-
creased. Also note that linear DNA in its regular double-
stranded form is not bound at all. (B) labelled Form X and cru-
ciform were incubated in the presence of decreasing amounts
of protein HMGI, with no addition of competitor DNA.
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Lanes C contain controls with no protein added. The protein
amounts are 10, 2, 0.4, 0.08, and 0.016 ng in lanes | to 5, re-
spectively. Both central samples contain a mixture of Form X
plus cruciform. To better compare the results with data pub-
lished in the literature, the interactions and electrophoreses
of the experiments shown in this Figure were strictly done un-
der the conditions used in [26], 6.5% polyacrylamide gels in
Tris-borate buffer, resulting in a change in mobility of Form X
and of Form X-HMG1/2 complex as compared to experi-
ments of Figures |, 3 and 4, which were done in 4% polyacr-
ylamide gels in Tris-acetate buffer. All the experiments shown
here were also performed with HMG2, with identical results.
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Interactions of Form X with variable concentrations of
HMGI. Form X, end-labelled to the highest possible specific
activity, was incubated with serial dilutions of protein HMGI.
(A) The interactions were performed at three different con-
centrations of Form X (16 pM, 1.6 pM, and 0.16 pM). For each
concentration the quantification of the radioactivity in the
bands was performed with a phosphorimager, allowing us to
determine the HMGI concentration necessary to bind 50% of
the Form X. (B) The results were plotted on a double loga-
rithmic scale, showing that the protein concentration at half
saturation (expressed as a dilution factor of a protein stock at
~ 20 pug/mL i.e. ~8 x 10" M) decreases with the concentra-
tion of Form X in the samples, and therefore that the K  of
the interaction is lower than 0.16 pM.

Knowing the DNA and protein concentrations used,
these experiments (Figs. 2A and 2B, lanes 1) lead to an
estimate of the affinity constant of HMGu1 for cruciform
of about 0.05 x 109 M under the conditions used, in
good agreement with values of 0.01 x 10% to 10% which
have been published or which can be deduced from pub-
lished experiments for the interactions of HMG1 or of
isolated HMG domains with cruciform [25,27,28]. To
obtain an estimate of the much higher affinity constant
of HMG1 for Form X, we had to lower the substrate con-
centration and use much higher dilutions of HMG1. This
is shown in Figure 3, where we applied the serial dilution
technique to estimate the affinity of HMG1 to Form X
(for a review of the thermodynamic aspects of DNA-pro-
tein interactions, see e.g. [35,36]; for the determination
of the parameters of interactions using the gel retarda-
tion technique, see [37]). The basis of the technique is
that when 50% of the labelled substrate is shifted the law
of mass action gives [P] = K + [D]/2, where [P] and [D]
are the total protein and DNA concentrations, respec-
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tively, and K p is the dissociation constant, which is the
reciprocal of the affinity constant. Thus, when concen-
trations are much higher than K 1, the amount of protein
necessary to shift 50% of the DNA is proportional to the
total DNA amount, whereas when the total DNA concen-
tration becomes close to K p the protein concentration
necessary to bind 50% of the DNA tends to a constant
value which is equal to K p,. Figure 3A shows the interac-
tions of serial dilutions of HMG1 with decreasing con-
centrations of Form X: 16 pM, 1.6 pM and 0.16 pM (going
much lower is difficult, the last concentration corre-
sponding to 60 cpm of labelled DNA per sample). It is
observed (Fig. 3B) that the amount of protein which is
necessary to shift half of Form X decreases with the con-
centration of Form X, showing that even 0.16 pM is
above K p, and therefore that the affinity constant (1/K
p) is higher than 5 x 10'> M™%, a very high value which is
4 orders of magnitude higher than the affinity constant
of HMG1 to four-way junctions.

Such a high affinity constant is highly suggestive of a long
half-life for the complex [35]. We estimated the stability
of the complex by carrying out a competition with the
substrate [37]. The complex between labelled Form X
and HMG1 was preformed at a protein/DNA ratio of ~ 2.
An excess of unlabelled Form X was then added and in-
cubation was resumed. When the complex between la-
belled Form X and HMG1 dissociates, the released
protein associates with the excess of unlabelled Form X,
while the released Form X remains free. Equal volume
aliquots of the mixture are loaded on a running polyacr-
ylamide gel at different incubation times, thus freezing
the dissociation process and allowing us to determine the
amount of the initial (labelled) complex and the amount
of free labelled Form X as a function of time (Fig. 4A).
Measurement of the radioactivity in the bands was per-
formed with a phosphorimager (Fig. 4B), and the com-
parison with a simulation done with the program
Chemical Kinetics Simulator (Fig. 4C) yielded estimates
for the time constant of dissociation of 1.7 x 104 s™ for
complex C1 and 1.2 x 1073 s™ for complex C2, corre-
sponding to half-lives of more than one hour for complex
C1 and about 10 min for complex C2. If it is assumed that
complexes C1 and C2 correspond to complexes of Form
X with one and two molecules of HMG1 respectively, the
observed difference of stability between C1 and C2 might
correspond to different localizations of HMG1 on Form
X, for example outside or inside the loop. In agreement
with this suggestion, Form X shows a series of different
bands on gels, which correspond probably to differences
in the size of the loop, localization of the junction along
the DNA, and supercoiling inside the loop, and some of
these bands are unable to form complex C2 (data not
shown).
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Figure 4
Stability of the complex between HMG1 and Form X as a
function of time.(A) Complexes between labelled Form X and
HMGI were first formed during a 30 min incubation at 37°
(lane 0, concentration of Form X = 10"'"' M; concentration ra-
tio [HMGI]/[FormX] = 2). At time 0, a 40 fold excess of un-
labelled Form X was added and incubation at 37° was
resumed. At each indicated time, from | min to 120 min, a
sample was taken from the incubation mixture and immedi-
ately loaded on a running polyacrylamide gel, thus freezing the
dissociation process. The curved shape of the autoradiogram
is due to the fact that the first samples have migrated 4 hr
while the last loaded samples have migrated 2 hr only. Con-
trols: C, Form X with no protein added; o, competitor was
added before the protein, which mimics complete protein re-
distribution after an incubation for an infinite time. (B) The ra-
dioactivity in the bands in (A) was counted with a
phosphorimager and plotted as a function of time. Squares
and green line: complex C2; triangles and blue line: complex
Cl; circles and red line: free Form X. (C) Best fit obtained by
simulating the experiment with the program Chemical Kinet-
ics Simulator, yielding estimates of for the dissociation time
constants kg equal to 1.7 x 104 s for complex Cl and 1.2
x 107 s™" for complex C2.

Discussion

With our results showing that Form X is the strongest
known DNA substrate for HMG1/2 proteins, the general
situation with respect to the affinity of HMG1/2 to differ-
ent DNA conformations can be summarized as follows:
HMG1 and HMG2 have an affinity of the order of 10° for
double-stranded DNA, bent or unbent, lower than the af-
finity of most HMG-domain proteins which have affini-
ties high enough to show specific binding sites and
complexes by gel retardation. A higher affinity is ob-
served towards bulge loops, supercoiled circles, or plati-
nated DNA. Then, with an affinity of 108 to 109, the four-
way junction was the known substrate of highest affinity
for HMG1/2, and the suggestions of biological function
for these proteins have most often dealt with such inter-
actions. Now we observe a much tighter binding of
HMG1 and HMGz2 to Form X, with an affinity constant of
more than 5 x 10'2, and the in vivo significance of inter-
actions observed so far in vitro will have to be studied.
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The first question is obviously whether structures similar
to Form X exist in the cell, at what stages, and at which
frequency. Technically, given the stability of Form X and
its high affinity for HMG1/2, it should be possible to de-
tect Form X in the cell even if it is rare. It will also be im-
portant to determine whether the HMG domain is as
important in these interactions as with four-way junc-
tions, and whether other HMG-domain proteins also
bind Form X structures.

Conclusions

Of all DNA structures described so far with which HMG1
and HMG2 interact, we have found that Form X, a DNA
loop with a semicatenated DNA junction at its base, is the
structure with the highest affinity by more than 4 orders
of magnitude, suggesting that the possibility should be
studied that such DNA hemicatenanes might exist in the
cell nucleus. In addition, a role for the HMG domain in
the formation or the stabilization of higher order chro-
matin structures has often been suggested (reviews in
[1,32,38]), and our results go further in the same direc-
tion, by suggesting that one of the functions of HMG1/2
might be linked to the remarkable property of Form X to
associate two distant regions of the genome in a stable
but reversible manner.

Materials and Methods

Form X

The formation and purification of Form X has been de-
scribed in detail elsewhere [34]. Briefly, a DNA fragment
containing a tract of poly(CA)i poly(TG) in its center is
heat-denatured and allowed to renature in the presence
of protein HMG1/2. The complexes formed, in which
HMGz1/2 is found associated with Form X, are purified
by polyacrylamide gel electrophoresis and electroeluted.
The protein is then removed by extraction with chloro-
form in 1 M NaCl and 1% SDS, Form X is ethanol precip-
itated and redissolved in 0.1 M NaCl, 10 mM Tris-HCI, 1
mM EDTA, pH 7.5.

Four-way junctions were prepared with synthetic oligo-
nucleotides with sequences identical to those used in
[26].

Proteins HMGI and HMG2

Proteins HMG1 and HMG2 were purified as described
[33]. In the first experiments, their concentration was
determined by electrophoresis on SDS-polyacrylamide
gels, staining with coomassie blue, and comparison with
known markers. Later, given the quantitative binding of
HMG1 and HMG2 to Form X, a better precision was
achieved by quantifying the interactions with known
amounts of radioactively labelled Form X.

http://www.biomedcentral.com/1471-2199/1/1

Protein-DNA interactions

Interactions were performed in 25 puL of 25 mM Tris-HCl
pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT plus 100
ug/mL bovine serum albumin to prevent losses of mate-
rial on tube walls (0.1% Triton X-100 is equally efficient).
After addition of 1 uL of HMG1/2 protein, samples were
incubated for 30 min. at 37° and loaded on a polyacryla-
mide gel. HMG and DNA concentrations are indicated in
the Figure legends. Unless otherwise noted, electro-
phoresis was performed in 4% polyacrylamide gels (acr-
ylamide:bis 29:1) in 6.7 mM Tris-acetate, 3.3 mM Na
acetate, 1 mM EDTA, pH 7.8 at 4° with buffer recircula-
tion.
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