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ABSTRACT

The regions of several genes (IFI-56K, HLA-A3, HLA-
DR and 6- 16) containing the (putative) ISRE (Interferon
Stimulatable Response Element) were tested for their
ability to be recognized by HeLa cells nuclear extract
proteins. In a band shift assay, all probes yielded two
Bi and B2 DNA-protein complexes of similar mobilities.
Unexpectedly the titration of the Bi complex with a
synthetic ISRE core (OL1), promoted the formation of
B2. Both the probe and OLl were recovered in B2. For
each probe, the possibility of the part of the sequence
involved in Bi complex to form a H-DNA structure with
the part of the sequence involved in B2 exists. Such
a structure was favored by the colinearity of the pairing
regions and requires ATP. Although probes seemed to
have a secundary structure, the formal existence of a
H-DNA structure has not been demonstrated.Such a
model could be extended to other interferon inducible
gene promoters and may account for their binding
properties and differential inducibility after 5' deletion
or point mutations.

INTRODUCTION

IFNs are glycosylated peptides which exhibit antiviral,
antiproliferative and immunomodulatory properties (1-3). They
interact with a membranous receptor specific of either type I (aO)
or type II (-y) IFN (4-9). This interaction leads to the activation
of a latent cytoplasmic DNA binding protein which then migrates
to the nucleus within minutes (10,11), and to the subsequent
activation of several genes. IFN a and IFN -y do not induce
identical sets of genes (3,12,13). Moreover, the signalling
pathways are not the same, which may lead to synergistic
activation of some genes (14-17). On the basis of sequence
homology, a potential regulatory cis acting element of 30 base
pairs (ICS or Interferon Consensus Sequence) has been defined
by Friedman and Stark (18). This element was found in genes
inducible by either types of IFNs at various distances upstream
(19-27) or downstream (21,28) of the transcription initiation
site, either alone or repeated (21,25,28) in any orientation.
Further characterization of the IFN system led to the cloning of
a number of additional inducible genes and the initial consensus

became restricted to 12-13 base pairs. The ISRE or IFN
Stimulatable Responsive Element was defined on the basis of its
ability to confer IFN sensitivity to a reporter gene. This sequence

is recognized by different proteins as shown in several cell
systems; IFN treatment increases the number of proteins
interacting with this consensus sequence or their relative
abundance (23,25,26,29,30). Responses differ according to the
species of IFN used, the gene under study and the cell type.
Our initial work along these lines showed that a synthetic

oligonucleotide representing the ICS could be recognized by
proteins in a nuclear extract prepared from HeLa cells and that
the binding activity was increased upon IFN addition (afi or 'y)
to the cells (31). A subsequent study showed that probes
containing the ICS or putative ISRE of the HLA-A3, HLA-DR
and IFI-56K genes could be retarded in two bands in a band shift
assay (32). This was also the case for the 6-16 ISRE (33 and
this paper) which was taken as an additional probe because of
its extensive homology with the ISRE of other IFN-inducible
genes (25,26,29,34). The lowest mobility band (B2) was present
essentially in nuclear extracts originating from IFN-treated cells.
This binding was ATP-dependent and this sensitivity to ATP
appeared to be the basis of IFN action suggesting the potential
role of regulatory kinases (32).
The present work aimed at further characterizing these

observations mainly because 1) all the probes used elicited
identical gel band shift patterns and 2) DNase I action on the
complexes revealed similar patterns of digestion although only
one portion of the probes (that containing the ICS) had a high
sequence homology. A double-stranded oligonucleotide (OLl)
representing the part of the ICS defining the common interacting
sequence was added as a competitor for the ICS containing region
of the probes in order to further characterize the B2 complex
formed with the other end of the probes. Surprisingly, titration
of Bi with OLl favored the detection of the slow migrating
species (B2). Moreover, both OLl and the ICS-containing probe
were recovered in B2. The B1 complex was part of the B2 one.

To account for these results, we raise the possibility that a portion
of the probe is able to fold back on its other end in a way that
is predicted for triple helix formation (35). This leads to the

potential existence of a H-DNA conformation. This hypothesis
is satisfactory for the 4 probes tested. Such results emphasize
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the potential role of element(s) cis to a consensus sequence and
the structural information latent in a DNA sequence beyond strict
homologies.

TABLE I: Probe sequences and location.

MATERIALS AND METHODS
Cell culture
For nuclear extracts preparation, HeLa cells were grown in
suspension in MEM medium supplemented with 10% (v/v) fetal
calf serum. Cells were used at a density of 0.8 x 106 cells/ ml.
Nuclear extracts were prepared according to Dignam et al. (36).
Type I (a4) IFN originating from Namalva cells (1.2 x 106 IU/
mg ) was donated by Merieux (Lyon, France). Cells were treated
with 500 U/ml IFN for 1 h. Proteins were assayed according
to Bradford (37).

Oligonucleotides
Oligonucleotides were purified by gel electrophoresis (12% (w/v)
acrylamide-8.3 M urea) and purified on Sep-Pak cartridge
(Waters). Oligonucleotides were labeled using (c-32P) ddATP
(3000 Ci/mM) with terminal transferase (Pharmacia). Each strand
was hybridized to the other in 500 mM NaCl by boiling for 2 min
and then slowly lowering the temperature to 42°C. The
unincorporated ddATP was eliminated with a Nick Column
(Pharmacia).

Band shift assay
Nuclear extracts were preincubated at 30°C under 30 dl in a
medium containing 20 mM Hepes-KOH pH 7.9, 10% (v/v)
glycerol, 0.25 mM dithiothreitol, 0.1 mM EDTA, 50 mM KCl,
0.5 mM ATP, 2 mM MgCl2, 0.5 Atg E. Coli DNA, 0.5 Itg poly
(dl) poly (dC) and nuclear proteins as indicated. Then
12-30x i03 cpm of the probe (0.03-0.1 ng) were added and
the incubation continued for 10 min. Bound and free probes
(20 l1.) were separated on gels (acrylamide/bisacrylamide: 60/1)
containing 6% (v/v) glycerol, 10 mM Tris-HCl pH 7.4 and 2 mM
MgCl2. The gels were prerun at 4'C for 2h at 10 volts/cm using
10 mM Tris HCl pH 7.4 and 2 mM MgC12 as a running buffer.

DNase I footprinting experiments
Incubations were performed as described above with amounts
of nuclear extract proteins as specified in the legends. Samples
were then incubated for 3 min at 30°C with DNase I (Sigma)(for
amounts, see legends) and processed for analysis on a sequencing
gel (12% acrylamide-8.3 M urea). If after DNase I action the
samples were subjected to a band shift assay, the gels were
transferred for 45 min in 0.5 x TBE on DEAE paper. After
autoradiography, the bands corresponding to the bound and free
probes were eluted in 1.25 M NaCl overnight at 42°C. Samples
were extracted with phenol, precipitated with ethanol and
analyzed by gel electrophoresis.

RESULTS
Protection from DNase I action of the probes both at the level
of the ICS and cis to the ICS
As already described (31), the ICS-containing sequences (Table
I) were retarded in two bands, BI and B2, B2 having the lowest
mobility. Detection of the B2 complex was highly dependent on
the concentration of the nuclear extract during the binding reaction
and on the pretreatment of the cells by ao or -y IFN. All the
experiments reported in this paper were done with nuclear extracts

5' TTCTATTTTTAAACAGAT YYA GCAGACrGCAACCATAGATGTrTCTA
3' AAGATAAAAFrrTGTCTA C'GTCTGGACGTTGGTATCTACAAAGAT

HLA-DR

HLA-A3

6-1 6

5' AGAGAAAATf&AGAGGAGFiEGGTZCAACACTCT;AACACrGGAG
3' TCTCTTACTCTCCTCITAACTCCAAG?TGTGAGAGTTGTGACCTC

-21 9/-1 70

- 557/-606

5 'GAGcAGGGGAGAAAAciiiBiCGGAGr2GGc&AG,CCcAAGGCTGAG^C
3 'CCTCCC ,CCl GCCTCAACCCCTT,AGGGTTCCGACCCTG

-1 26/-885 'GAGdTGGGAgAGAGGGG AAATl UAACT AGAGTGCAC
3 'CTCGACCCTCTCTC CC ACeTTr9N GTCTCACGTG

ICs

OLl

vsv

5 AGTAGAGGAJi,CGGAGGTGGTGAA
3 'TCATCTCCTqrTTG*GCCTCCACCACTT

5 AGTAGAGGAOOAACi
3 TCATCTCCTITnTG

intergenic
region

The location in the gene of the probes used is indicated in the right part of the
Table. ICS has been previously described (31). OLI represents the left portion
of the ICS. The probe identified as VSV corresponds to the vesicular stomatitis
virus intergenic region (the upper strand being the negative strand). The core
motif AAACT/TTTGA is boxed for all the probes and the probes lined up around
this core. Every 10h base is underlined. Triangles represent cutting sites for
restriction enzymes (Hinf I for HLA-A3, Pst I for both 6-16 ISRE and IFI-56K).
The underlined part of the sequences are those which are involved in a potential
H-DNA structure, the left part of the sequence folding back to the right part (line
above the sequences).
* The cap site of this gene has not been determined.

originating from ao IFN-treated HeLa cells. For all the probes
used, the mobility of the two bands was the same, each probe
being able to compete for binding with any of the others. Most
experiments are presented using the HLA-A3 probe but were
carried out with the four probes listed in Table I with only
qualitative differences.
The data presented in Fig. 1 show the DNase I footprinting

pattern of the probes. The following points should be noted: 1)
depending on the dose of nuclear extract, one or two regions
were protected; 2) the sensitivity to DNase I of these regions
was different, the region at the 3' end of the AAACT (dots) motif
being more sensitive to DNase I action; 3) at the lowest protein
concentration, the protection of this latter region was less or not
detectable at all; 4) the patterns obtained with each probe resemble
each other, in line with an homology at their 5' end but not with
the lack of similitude at their 3' end (see below). A similar pattern
but with a lower definition was observed for the complementary
strands of the probes (not shown). Since only B 1 was detected
in the band shift assay at low protein concentration (32 and
below), the DNase I protected region bordered at its 3' end by
the AAACT motif must correspond to the part of the probe
involved in the B1 complex.
These observations could be accounted for as follows: (i) the

binding of the second (protein) factor is dependent on the binding
of the first one, or (ii) its amount and/or its relative affinity is
lower so that its binding occurs after the binding of the first one.
In no case did binding on the two portions of the probes appear
mutually exclusive.

Titration of the ICS-binding protein (Bi) promoted the
formation of a lower mobility complex (B2)
To distinguish between these two possibilities, we used a probe
representing the ICS (see Table I) This probe forms a complex
analogous to B 1 in the presence of nuclear extracts and competes
for binding with the 50 mer probes (32). In addition, DNase I
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Fig. 1: Differential protection of two regions of the probes from DNase I action:
effects of nuclear protein extract amount and DNase I concentration. The AAACT
(dots) containing strand was labeled (upper strand in Table I). Amounts of nuclear
extracts from ac3 IFN treated cells were either 10 or 6 jtg (i.e. 0.33 or 0.2 mg
proteinlml). Most of the probes was bound even at the lowest protein concentration.
DNase I was added at the end of the incubation at 100, 30 or 10 Ag/ml and allowed
to act for 3 min. at 30°C. When, together with the labeled probe, an excess of
unlabeled probe was added, such as no specific binding could be detected in the
band shift assay, the probe was degraded upon DNase I action and a ladder, not
extending more than 10-15 nucleotides, was detectable (not shown). Lane G:
piperidine cleavage of pyridinium formiate-treated probes.

footprinting reveals protection in a region homologous to that
described for B1 in the 50 mer probes. A double stranded
oligonucleotide representing the 5' part of the ICS (OLl in Table
I) was synthetized as a competitor for the formation of B1. OLl
was able to form a complex whose mobility was similar to that
of B1 (not shown). This complex was rather unstable since the
signal could only be detected when the exposure time or probe
amount was increased 10 fold.
Two experimental conditions were chosen: a low protein

concentration (Fig. 2, bottom) where only the BI complex should
be detected and a higher one (Fig.2, top) where both complexes
should be formed. At the highest protein concentration, increasing
the OLI concentration led to a gradual loss of the Bl complex
as expected from the sequence homology between OLI and the
region which is bordered at its 3' end by the AAACT motif in
the 50 mer probes. At low protein concentration, in the absence
of OLl, only Bl was detectable (lane 1)(32). Increasing the OLl
concentration surprisingly led to the appearance of B2. This
suggests that B2 results from the interaction of at least two
proteins with different parts of the probes and that B2 depends
on the prior existence of Bl.

B2 complex contained both OLl and the 50-mer probe.
Direct evidence that both OLI and the 50 mer probe were
involved in the same complex was obtained by performing a band
shift assay (Fig.3) using both radiolabeled OL1 and 50 mer probes
under conditions similar to those described in Fig. 2. The ratio
of c.p.m. of OLI to 50 mer probes was adjusted to take into
account their relative affinity. After gel migration and

Fig. 2: Ability of OL1 to promote B2 formation. The probes used in this band
shift assay are listed at the top of the Fig. The doses of OLI were: 1 : none;
2 : 4 nM; 3 : 20 nM; 4: 100 nM and 5 : 500 nM. Upper panel : 5 jg nuclear
proteins, lower panel : 3 fig.

autoradiography, both Bl and B2 were excised and their DNA
content analysed. When each of the radiolabeled probes was used
alone, OLI was recovered within the Bi band (lane D) and the
50 mer probes within both BI and B2 (at least at high protein
concentration, lanes C and E). When both radiolabeled probes
were added together (lanes A,B,F and G), OLI was still
recovered in B1 as well as various amounts of the 50 mer probes
depending on the protein concentration. Surprisingly, both probes
were also systematically detected within B2 (lanes A,F and G).
The molar ratio of OLl and 50-mer probe in these B2 complexes
could not be determined.

Bi and B2 complexes were not mutually exclusive
To understand the mechanisms leading to B2 formation, it had
to be demonstrated whether the formation of BI was a prerequisite
for the existence of B2 and whether or not Bl was part of B2.
Albeit OLI addition greatly facilitated the appearance of B2, the
B2 complex formed in the presence ofOLl was highly susceptible
to DNase I digestion. This might be due to a lower affinity of
DNA binding protein(s) for OLI or to the destabilization of the
B2 complex. Attempts to stabil-ize such a structure were
performed using BS3 (Bis(sulfosuccinimidyl) suberate) a protein
cross-linking reagent (Fig. 4). The following points should be
noted: 1) the migration of the probe alone was not affected by
BS3 addition (lane 1); 2) the addition of unlabeled probe in
excess did not demonstrated any retarded band with BS3 (lane
7); 3) the addition of BS3 allowed the appearance of a previously
undetected complex of low mobility (B3); 4) the amount of B3
was dependent on the dose of BS3; 5) B3 increased to the
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Fig. 3: Recovery of both HLA-A3 probe and OLl in B2 complex. Incubations
were carried out in the presence of 2 x 104 c.p.m. of 50 mer probe and 3 x 105
(a) or 6x 104 (b) c.p.m. OLl when indicated. Nuclear protein amounts indicated
are in pg. After gel retardation, the bands corresponding to Bi (1) or B2 (2)
were excised and analyzed for their probe content in a 15% (w/v) acrylamide/urea
sequencing gel. The GA lane corresponds to piperidine cleavage after pyridinium
formiate treatment of the probe and allows the determination of the size of the
rtded pmbes. Lanes C and E correspond to identical conditions. The two bands
observed at the OLl level could correspond either to a mixture of 13 and 14
mer after incomplete OLl purification or to strand separation after denaturating
electrophoresis (note the highly assymetric base composition of the two strands
of OLl).

detriment of B2. This was true whether B2 was elicited by means
of high protein concentration or by adding OLl. At low protein
concentration, where B2 was not detected in the absence of OLl,
it may be speculated that BS3 stabilized a latent B2 complex
which had dissociated during the migration. If we assume that
the Bi complex involves one DNA binding protein and B2 an
additional one, the B3 complex, based on its lower mobility,
should contain other component(s) whose DNA binding
properties are weak (or not compatible with the gel shift assay)
or a protein which interacts between the proteic parts of
complexes in Bi and B2 without binding DNA directly. These
interactions were stabilized by BS3.
Complex stabilization by BS3 enabled the obtention of the

DNase I footprinting patterns in BI and B2 (B3) once separated
after gel retardation (not shown). The data obtained were similar
to those presented in Fig. 1. Only the left part of the probes (Table
I) was protected from DNase I action in Bi. However the
footprints obtained with B3 clearly revealed that the same
molecule ofDNA can be protected at two distinct locations even
when the complexes are physically separated. There is no
evidence for the involvement of a third DNA binding protein.
It is tentatively concluded that BI is part of B2 which had been
stabilized as B3 upon BS3 addition.

Fig. 4: Stabilization of protein/DNA interactions by protein cross-linking.
Incubations were carried out as already described with the HLA-A3 probe. The
nuclear protein amounts were either 6 (upper part) or 3 pg (lower part). The
cross-linking reagent was added after allowing the DNA/protein(s) interactions
to occur at 4°C for 20 miin. The BS3 concentrations were: 0, lanes 1 and 2; 0.18
mM (lane 3); 0.55 mM (lane 4); 1.66 mM (lane 5); 5 mM (lanes 6 and 7).
Unlabeled probe (100 nM) was added for detecting non specific interactions (lanes
1 and 7).

The H-DNA conformation hypothesis
The left parts of the 50-mer probes had a certain homology (see
Table I). OLl can compete for binding with this part ofthe probe.
Since BI complexes had similar mobilities whatever the probes,
the same protein(s) were probably interacting with this part of
the sequences. The same conclusions could a priori be drawn
as far as B2 is concerned, this complex involving the right part
(in Table I) of the 50-mer probes. However, the binding regions
as determined from footprinting experiments obviously do not
have any sequence homologies (Fig. 1 and Table I). We therefore
questioned whether the recognition pattern was not dictated by
a secondary structure more han by the sequence itself It is indeed
possible for the left part of the bottom strand of each probe
(underlined part of the sequences in Table I) to form an internal
triple helix (pairing rules in ref.35, see legend to Fig. 5) with
the other end of the double-stranded probes (line above the
sequences in Table I). Putative H-DNA conformations of the
probes are shown in Fig. 5. Interestingly, the 3' end of the
fragment which is supposed to anneal to the right part of the
probe, and the 5' end of the latter correspond to the border of
the footprint determined. The nucleotide sequences separating
these two regions are long enough to allow the necessary DNA
bending.
As shown for the HLA-A3 probe (Fig. 5, top), OLl could

anneal to the same region and generate an intermolecular
triplex/single stranded H-DNA structure albeit with more
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Fig. 5: Potentialities for the probes to form H-DNA structure. The pairing
possibilities are those defined in ref.35. (T) can form an Hoogsteen link with
an (AT) pair, (G) with (TA), (C) and to a lesser extent (T) with (GC) and (T),
(C) or (G) with (CG). Large dots indicate more stable structures than those indicated
by small dots. Cutting sites for restriction enzymes are indicated by black triangles
(see Table I).The possibilities of hybridization of OLI to each end of the probe
are illustrated only for the HLA-A3 probe. In the case of the 6-16 gene, the
two repeats are indicated; the sequence used as a probe in this study corresponds
to the first repeat. The second repeat differs from the first one by the boxed CT
bases. A potential H-DNA structure is also shown for human 2',5'-oligoA
synthetase; elements A and B are defined according to ref. 68.

mismatches. This might explain why OL1 was needed in greater
quantities than the 50-mer probe to elicit B2 formation.
Alternatively, such a structure could not be formed as easily since
OLI is not colinear with the probe.

Colinearity of pairing regions favored potential H-DNA
containing complexes
A HinfI restriction site within HLA-A3 probe was used to
physically dissociate the two interacting binding sites, each
fragment including the entire zone protected from DNase I
digestion. Each labeled fragment was tested for its ability to be
recognized by proteins in the nuclear extract (note that when a

Fig. 6: Binding properties of probe fragments: effects of OLl for generating
triplex/single stranded complexes. HLA-A3 probe was cut with Hinf I (see Table
I and Fig. 6) Various labeled fragments were generated (as indicated by the thick
lines) depending on the experimental conditions (labeling before or after annealing;
enzyme digestion before or after labeling). The length of the labeled fragment
is indicated by the numbers along these lines, and the position of the label by
a small dot. The full efficiency of restriction enzyme was verified. The ability
of these fragments to recognize nuclear proteins (6 ,ug) was tested with 20 or
80 nM OLl or in its absence.

fragment of the probe was labeled and tested for its binding, the
other part of the 50-mer was present in equimolecular amount
but left unlabeled)(Fig. 6). Only the entire probe was able to yield
both BI and B2 complexes with or without OLl. With the left
part of the probe, only Bi was demonstrable, the right part of
the probe being unable to induce any band shift. This suggests
that the integrity of the molecule is necessary for promoting (or
facilitating) B2 formation. OLI alone allows Bi formation (see
above). The addition of the right part of the probe (which cannot
be recognized by nuclear extract proteins, but can anneal to OL1
(Fig. 5), promotes B2 formation without any evidence of the
existence of Bl (since OL1 is not labeled). The prior formation
of Bi thus seems a prerequisite for B2 to exist. In addition, the
ability of OLl to promote B2 formation when the left part of
the probe is used, illustrates the symmetrical role of the regions
involved in triple helix formation (see Fig. 5).

It should be possible to determine which of the strands of OLl
participated in the B2 complex in an experiment analogous to
that described in Fig.3. Neither strand of OL1 was able to be
retarded nor to promote B2 formation. Whichever strand of OL1
was labeled, each of them was recovered in B2 when added to
the nuclear extracts after annealing to its complementary strand
(not shown). This is consistent with the potential of OLI to
hybridize to either portions (left or right part) of the 50-mer since
the strand involved in the H-DNA structure would not be the
same in either case (see Fig. 5).

Eight unrelated double-stranded oligonucleotides (16 to 23 mer)
were randomly selected to demonstrate the specificity of OLI
(not shown). One of them promoted B2 formation: its sequence
corresponded to the intergenic portion of the vesicular stomatitis
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Fig. 7: Titration of DNA binding proteins involved in Bi and B2 complexes.
The HLA-A3 probe concentration was 1 nM. In addition to the labeled probe,
increasing amounts of unlabeled probe were added which yielded the final
concentrations indicated at the top of the Fig. Nuclear extract protein concentrations
was 6 Ag.

virus (VSV in Table I). This sequence was potentially able to
form a single/triple stranded structure.

Titration of B2 complex led to the reappearance of the Bi
complex
The proteins involved in both complexes were titrated (Fig. 7):
lowering the specific activity of the probe led to a faster loss
of B2 than of Bi (left part, no OLI). Different patterns were

observed when the complexes were formed in the presence of
OLl (Fig. 7, right part): higher concentrations of 50 mer were
required to decrease significantly the amount of B2,
concomittantly with the reappearance of Bi. In fact increasing
the labeled probe concentration titrated a preformed OLI/protein
unlabeled complex (B1), therefore leading to B2 formation. When
further increasing the probe concentration, the 50-mer competed
with OLl leading to: 1) labeled B1 complex (labeled 50 mer

displacing unlabeled OLI from B1) and 2) B2 complexes no

longer involving both OLl and the 50-mer probe but rather two
molecules of the 50-mer. The H-DNA structure can in fact be
generated within the same molecule of DNA or by allowing the
combination of two molecules of the 50-mer probe. These
observations are highly consistent with those of Fig. 3.

Potential secondary structure of the probes
It is difficult to ascertain which of the DNA or of the protein(s)
favor the formation of such a multimolecular complex. We failed
in our attempts to demonstrate the existence of such a

triplex/single stranded structure in the naked DNA under the
conditions of the binding reaction (pH 7.9). These conditions are

obviously different from those generally used for demonstrating
triple helix formation on naked DNA (38-46). These conditions
were not necessarily compatible with the detection and stability
of DNA-protein complexes. The formation of such structures was
anyhow compatible with the loss of restriction enzyme site
availability together with the occurence of complexes (not shown).
Enzymes such as DNase I and micrococcal nuclease reveal

patterns which are suggestive of a structural organization of the

probes themselves in the absence of added nuclear proteins (not
shown). In the presence of Mn2 +, DNase I is known to cleave
the DNA on both strands yielding blunt ended fragments, whereas
with Mg2+, the cleavages are randomly distributed on each
strand (47). Thus with Mn2 , a single cleavage may induce a
complete loss of structure. In keeping with this, when low
concentrations of DNase I (0.5 itg/ml, 1 min., 300) were used
in the presence of Mg2 , the cleavage patterns did not yield a
ladder as expected from statistical cleavage. A pattern common
to all probes could not however be defined. When using Mn2+
instead of Mg2+ , for the same DNase I concentrations, the
cleavage patterns were all the same and the probes were
completely degraded.

Intramolecular H-DNA conformation needs ATP
DNA folding in H-DNA implies some constraints. B2 complex
formation has been shown to depend upon ATP and IFN
treatment (32). By adding OLI to the nuclear extracts, the folding
of the 50-mer DNA probe is no longer necessary since the two
interacting species are not colinear. B2 can however be detected
in the absence of ATP provided OLI is present (not shown). This
suggests that an energy requirement was no longer necessary.
The fact that the appearance of B2 is still highly dependent on
the protein concentration is compatible with a multifactorial
interaction (not shown).

Extension of the results to other probes
The data presented above were obtained using the HLA-A3
probe. Similar qualitative data were obtained for the other probes
listed in Table I and extended to other IFN inducible promoters
(see conclusions). The convergence of the results and the
compatibility of the proposed model with the data strongly support
the H-DNA conformation hypothesis (Fig. 5).

CONCLUSIONS

The experiments presented in this paper were designed to further
characterize the mechanisms enabling B2 formation. The primary
observation was that titration of the nuclear factor(s) involved
in the Bi complex facilitated the formation of the B2 complex,
the proteins involved in the Bi complex being part of the B2
one. Similar observations were made for all the probes used
despite significant differences in their sequences. A possible
explanation is that such complexes result from secondary
structure, non homologous nucleotide sequences being able to
generate similar conformations.
The protein-independent topology and formation ofDNA triple

helices containing oligopurine-oligopyrimidine sequences is well
established (48). Whether or not Hoogsteen base pairs occur in
DNA is still an open question (49). In vitro, the formation of
triple helix structure protects DNA from restriction endonucleases
or methylases, inhibits Spl binding (50) and represses c-myc gene
transcription (51). Evidence for an H-DNA structure involving
both single and triple stranded DNA was derived from the
sensitivity to nuclease S 1 at promoter regions known to interact
with transcriptional factors (52 -55). Triplex formation has also
been suggested to play a role in DNA bending and unwinding
(56) or in affecting chromatin structure (57).
The proposed triplex/single stranded conformation model is

in line with our experimental data although its direct occurrence
could not be experimentally proven. The possibility of finding
sequences in each of the probes obeying the triple helix pairing
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rules as defined in Ref. 35 is in line with the proposed model.
In the 2',5'-oligoA synthetase case in particular, a perfectly
matched triplex structure was observed. Moreover it has recently
been shown that a 15-mer triplex, although significantly
destabilized, could bear up to 3 mismatches (48). Whether the
DNA interacting proteins or the DNA itself lead to the formation
of such a complex is not clear; each ofthe partners most probably
contributes for its own part to the information necessary to allow
its building. The incubation conditions may also be of prime
importance. For instance, the presence of a divalent cation
changes the pairing rules (42,44,59)or conformational transition
(59). Multiple hypotheses for DNA structure are possible due
to the high degree of structural polymorphism shown by
homopurine-homopyrimidine tracts (42,59). The patterns of
DNase I and micrococcal nuclease sensitivities of the probes in
the absence of nuclear proteins provide evidence that there is
information superseding the informative content readable through
the sequence.
The proposed model would explain why a complex such as

B2 can easily be detected in a band shift assay, but difficult to
characterize by footprinting experiments: a single break in the
probes would probably be deleterious to a multimeric complex.
The use of protein cross-linking reagent indeed allowed the
detection of a DNA-protein complex (B3) of a lower mobility.
This suggests that component(s) additional to BI and B2 proteins
interact(s) with the system, this component being not necessarily
in direct interaction with the DNA (unpublished results and
60,61).
The hypothesis that a triple helix structure might be formed

through the interaction of ribonucleoprotein(s) has been tested
by analogy with observations described for c-myc gene (63,64).
A pretreatment of the nuclear extracts or a treatment of the
preformed complexes with RNase A did not modify the band
shift pattern (not shown).
The 6-16 ISRE behaved similarily to the other probes in gel

retardation experiments. The B2 complex should involve 2
molecules of the 6-16 ISRE to fit our model (Fig.6), whereas
with the other probes an intramolecular folding of the DNA could
be sufficient. It should be recalled that this sequence is almost
fully duplicated in the natural gene (25). It also correlates very
well with the 5' deletion analysis of the 6-16 gene involving
progressively the first and the second repeat and leading to a
gradual loss of IFN inducibility (33). The further characterization
of the interacting sequences with the 6-16 ISRE motif
demonstrated the existence of two complexes, namely E and
C1/C2 which bind to 'overlapping sites within the ISRE but in
different ways. These data were used to design oligonucleotides
which decreased the formation of the inducible complex without
affecting the constitutive one'(33). If the formation of B2 (E)
needs the prior formation of Bi (C1/C2), this explains the
reported observation that no mutation within the 6-16 ISRE has
been found which affects C1/C2 but not E. The conclusions
obtained from the footprinting experiments by the authors were
in accordance with the proposed model i.e. from the extensive
overlap of their binding sites, the E and the C1/C2 complexes
should not be able to bind to the same DNA molecule
simultaneously (which does not exclude that the E complex may
involve 2 molecules of DNA). Such a proposition will then
exclude the hypothesis of gene regulation through mutual factor
exclusion (26,65,66) for such promoters, but rather would
reinforce the idea of synergistic cooperation.
The same analysis can be made concerning the human 2',5'

oligoA synthetase promoter where the - 136/-125 region (part

of element A) could assume a H-DNA with the -97/-87 region
(element B in ref.68) of the promoter.
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