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ABSTRACT  As a first step in the synthesis and the study
of DNA polyintercalating drugs, dimers of acridines have
been prepared. Their DNA binding properties have been
studied. It has been determined that when the chain separat-
ing the two aromatic rinfs is longer than a critical distance,
bisintercalation is actually observed and that the DNA bind-
ing affinity becomes quite large (>108-10° M), It is shown
also that the optical characteristics of these molecules are de-
pendent on the sequences of DNA. The fluorescence intensi-
ty of one of these dimers when bound to DNA varies as the
fourth power of its A+T content. This derivative could be
used as a fluorescent probe of DNA sequence.

A large variety of drugs are known to interact strongly with
nucleic acids. Many bind specifically to double-stranded nu-
cleic acids through intercalation between adjacent base
pairs, as first described by Lerman (1). To this class of com-
pounds belong several antitumoral agents of clinical impor-
tance (actinomycin D, adriamycin, and daunomycin) as well
as several drugs used in parasitic diseases (ethidium bro-
mide, quinacrine, chloroquine, miracil D, etc.). These bio-
logical properties very probably result from the binding of
the drugs to DNA. It is therefore of interest to try to design
molecules that have the highest possible affinity for DNA
when biological and pharmacological properties are sought.
Such an attempt led us recently to a new antitumoral agent
in the series of ellipticines (2, 3). However, the DNA binding
affinity of all these compounds to polynucleotides remains
weak (10°-107 M~!) when compared to the DNA affinity of
the DNA-dependent RNA polymerase and of the repressor
(1019-10'8 M™1) (4-6). It is therefore logical, in a search for
compounds able to interfere with the biological functions of
replication and transcription, to try to obtain molecules with
DNA affinity of the same order of magnitude. As a conse-
quence we began a research program following the princi-
ple that such affinities can be reached using polymers of in-
tercalating molecules. The binding free energy of each sub-
unit will add up provided that entropic factors are not too
unfavorable and the resulting binding affinity will increase
rapidly with the number of subunits. To test the feasibility
of such an idea, acridine dimers of which the two aromatic
rings are linked by chains of various lengths and structures
have been prepared®. In this paper we report the main DNA
binding characteristics of these compounds.

MATERIALS AND METHODS

The structure of the derivatives that have been studied here
is shown in Fig. 1. They have been synthetized according to
procedures that have been described earliert.
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Calf thymus DNA was prepared in the laboratory accord-
ing to Aubin et al. (7). T7 and A phage DNAs were prepared
from the purified phage solutions by three phenol extrac-
tions. DNAs of yeast mitochondria, crab poly[d(A-T)], Pro-
teus mirabilis, phage T5, and herpes virus were gifts, re-
spectively, from Drs. Guerineau, Bernardi, Festy, Jac-
quemin-Sablon, and Sheldrick. DNAs from Clostridium per-
fringens and Micrococcus luteus were purchased from
Sigma and further purified by phenol extraction.

Bacteriophage PM2 (strain from Dr. Espejo) and PM2
DNA, a covalently closed circular DNA (8); were prepared
in the laboratory as described (8, 9).

Alternating poly[d(A-T)] and the Neurospora crassa endo-
nuclease (EC 3.1.4.-) were obtained from Boehringer.

Calf thymus sonicated DNA' was prepared as described
(10). In addition, to remove an eventual denatured DNA
fraction, the sample was treated by the Neurospora crassa
endonuclease [0.5 unit/ml as defined by Linn and Lehman
(11)] for 25 min at 45°. In a parallel control experiment, de-
natured DNA treated under the same conditions became
completely acid-soluble. Sonicated DNA was then extracted
with phenol to remove the nuclease. Measurement of the
sedimentation coefficient (7 S) indicated that the molecular
weight of the DNA obtained after such a treatment was of
the order of 3 X 105, according to the relation of Eigner and
Doty (12) valid for low-molecular-weight DNA.

Fluorescence measurements were done with a photon
counting spectrofluorometer built in this laboratory (13) at
20°.

Fluorescence decay times have been measured by the
time correlated single photon counting technique (reviewed
in ref. 14) with an instrument built in this laboratory.

The unwinding angle of the DNA helix caused by the
binding of the different derivatives was measured with cov-
alently-closed circular DNA from PM2 phage using viscosi-
metry (15).

To measure the length increase of short DNA segments,
the intrinsic viscosity of sonicated DNA in the presence of

NH

R NH
o o
c c

F1G. 1. Diacridine structure. The properties of the diacridines
are compared to a monoacridine derivative that has the same acri-
dine ring as the dimers shown in this figure and the chain —
NH—(CH2)3—N—(CHa); attached to position 9 of the acridine

-ring. This monomeric molecule [2-methoxy-6-chloro-9-(3-dimethyl

amino propylamino) acridine] is referred in this paper as com-
pound I. Compound IIA: same structure as shown in the figure
with R = —(CHg2)s—NH—(CH2)4—NH—(CH2)3—. Compound
IIB: R = —(CH3)s—NH—(CHy)s—. Compound III: R = —
(CHz);—NH—(CH3)s—.
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F1G. 2. Schematic representation of the different possible
binding mechanisms of the dimeric molecules to DNA.

increasing concentration of the various derivatives was mea-
sured. log [n]/[n]o was plotted as a function of log (1 + 2r)
according to Saucier et al. (10), [n] and [n]o being, respec-
tively, the intrinsic viscosities of the DNA measured in the
presence and in the absence of increasing concentrations of
the acridine dyes, and r being the number of bound dye
molecules per nucleotide on DNA. As previously shown (10),
the slope of such curve can vary between 2 and 3 for the in-
tercalation of a monomer, and is expected to be between 4
and 6 in the case of a bisfunctional intercalating derivative.

RESULTS

Among the different molecules that we have prepared we
have chosen to study particularly the molecules shown in
Fig. 1. Some of these molecules are symmetrical (IIA and
III). The chain linking the two acridine rings is identical to
spermidine (IIB) or spermine (IIA). These natural poly-
amines have been chosen because they are known to bind
well to DNA and therefore it was thought that their struc-
tures were adapted to fit in the groove of the DNA helix.
X-ray diffraction structures of these derivatives (C. Cour-
seille, B. Busetta, J. Barbet, and M. Hospital, Acta Crystal-
logr., submitted) are in agreement with this point of view.
Owing to the interaction between the two rings, which is
seen in nuclear magnetic resonance studies (J. Barbet, B. P.
Roques, S. Combrisson, and J. B. LePecq, Biochemistry, sub-
mitted), the pKas of the acridine rings of the dimers (pKam
= 6.5) are several orders of magnitude lower than the mono-
mer pK, (pKa = 8.5). All the measurements have therefore
‘been performed at pH = 5.0, where the acridine rings of all
the derivatives are fully ionized.

The acridine dimers can possibly bind to DNA according
to different models that we have schematized in Fig. 2, de-
pending on whether one or two of the aromatic rings are
bound to the outside of the DNA helix or intercalated. In
order to investigate whether the two rings were really inter-
calated and what was the influence of the chain length, we
measured the unwinding angle of the DNA helix using su-
percoiled DNA and the length increase of short DNA seg-
ments caused by the binding of the monomer compared to
that of the different dimers. The results of the measure-
ments are presented in Figs. 3 and 4. These experiments
show that compounds ITA and IIB unwind and increase the
length of the DNA helix twice as much as the monomer
does. In contrast, compound III, which has the shortest
chain, unwinds the DNA helix by the same amount as the
monomer. The increase of viscosity of the short DNA seg-
ments observed for compound III is larger than the mono-
mer, but the slope of the curve of log []/[n]o against log (1
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F1G. 3. Determination of the unwinding angle of the DNA
helix caused by acridine dimers. The reduced viscosity is measured
as a function of r (number of dye molecules bound per nucleotide).
The DNA concentration used is 150 ug/ml in 0.2 M acetate buffer
(pH 5.0). Parts I, I, and III of the figure are the results obtained,
respectively, for compounds I, IIB, and III. The result obtained
with compound IIA is not shown, but is identical to that of IIB.
The maximum of the viscosity corresponds to the relaxed circle.
The value of r at this point (r¢) is inversely proportional to the un-
winding angle of the DNA helix caused by the added dye. For ethi-
dium bromide, r. is, under the same conditions, found equal to
0.047 (10). Because the DNA unwinding angle of ethidium is 26°
(22), the unwinding angle caused by compounds I, IIA, IIB, and III
are therefore, respectively, 17°, 38°, 38°, and 17°. The DNA un-
winding angle found for the monomeric compound (I) is similar to
that of other related acridine derivatives (10).

+ 2r) (Fig. 4) is less than double that of the monomer. Its
value is compatible only with a monointercalation. Its higher
value is probably the result of a rigidification of the DNA
helix caused by the binding of the second aromatic ring on
the outside of the DNA helix.

In order to determine the DNA binding affinity and the
stoichiometry of the reaction, we have measured the fluores-
cence increment of the solution in the presence of poly[d(A-
T)] for increasing concentrations of the dyes. Because, as it
will be shown later, the fluorometric characteristics of the
derivatives are dependent on the sequence of the DNA, the
use of a homopolymer simplifies the interpretation. Further-
more, this methodology is convenient for making the mea-
surements at very low concentrations, which are necessary
when the affinities are large. The results are shown in Fig. 5.
The apparent complexity of the results is in relation to the
multiplicity of the different forms in the bound state (Fig.
2). For the three compounds, when the value of the ratio
dye/DNA-P is below 0.1, the fluorescent titration curve is
linear and one can compute the amount of bound dye in the
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same way as Le Pecq and Paoletti (16) because there is ei-
ther no change (compound IIA) of the quantum yield of the
fluorescence of the bound dye or a small change which can
be determined from the measurements of fluorescence life-
time. In all cases we find that 100% of the dye is bound.
When the ratio dye/DNA-P is above 0.1, the calculation can
still be done for compound IIA since the fluorescence life-
time does not change. We find that in this case 100% of the
dye is bound until the dye/DNA-P ratio reaches 0.2, after
which no more binding is observed. For compounds IIB and
I, the curvature of the titration curves observed after dye/
DNA-P > 0.1 results almost completely from a change of the
quantum yield of fluorescence of the bound dye, as demon-
strated by the parallel change of the decay time of fluores-
cence. We conclude, therefore, that in the three cases the
stoichiometry of the binding is 1 dye molecule per 5 nucleo-
tides and that no dissociation of the complex is observed.
Therefore no binding constant can be determined. Never-
theless a minimum binding constant can be computed. If the
Scatchard equation r/c = Kn — Kr (with r being the num-
ber of dye molecules bound per nucleotide, ¢ the free dye
concentration, n the number of sites per nucleotide, and K
the association constant) is expressed as a function of D, (the
total dye concentration) and P; (the total DNA concentra-
tion expressed in nucleotides), we get:

rP, = nPm + D, + K'Y + nD, =0 (1]

of which root is:
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observed for the monomer. Above r = 0.125 it is not clear
what happens. No valuable information can be obtained
from the change of viscosity of the short DNA segments
(Fig. 4) because the drop of viscosity after r = 0.13 is later
on accompanied by a precipitation only observed here be-
cause of the high DNA concentration necessary to perform
this experiment. Nevertheless from experiments now in
progress (measurement of DNA length by electron micros-
copy) we believe that in this range only one of the two rings
of the dimer is intercalated since the other becomes bound
on the outside of the helix (equilibrium between forms I, II,
and IV of Fig. 2). This would explain the observed stoichi-
ometry of the reaction (n = 0.2), which corresponds to a mo-
nointercalation. This complex behavior probably results
from the small difference in the free energy of binding be-
tween the intercalated site and the outside binding which is
classical with the acridine derivatives.

It follows from these results that the properties of the di-
mers when bound to DNA could be dependent on the se-
quence of this DNA. Indeed we have observed such a char-
acteristic. The fluorescence quantum yield of the monomer
is high when intercalated in poly[d(A-T)] and very low on
poly[d(G-C)] as for quinacrine (17), which is closely related.
It is, therefore likely, that when such an acridine ring is in-
tercalated at the contact of a G-C pair, its fluorescence is
quenched. In the dimer, owing to resonance energy transfer,
if only one of the two rings is at the contact of a G-C pair the
fluorescence will be quenched. Therefore, it is expected that

_ (P, + D, + K) = (Pn + D, + K7

= 4nD.P,

(2]

’ 2P,

Let us assume that the saturation of a given series of sites
corresponds to n = 0.1. Then, when nP; = D;, one can cal-
culate from Eq. [2] that if D; = K~ the fraction of occupied
sites on DNA is r/n = 0.38, for D; = K~1 X 10, r/n = 0.73,
and for D, = K~1 X 100, r/n = 0.90.

Because we cannot measure even 10% of free dye, it can
be concluded that K~! < D;/100, and from the data of Fig.
5 K1 <1.8X107°M.

Under the same conditions the value of K~! for the mo-
nomer is found equal to 0.5 X 1075 M. This means that the
binding affinity in this range is at least 2000 to 3000 times
higher for the dimer than for the monomer. In order to mea-
sure such a high binding constant it would be necessary to
perform the measurements at a concentration of the order of
109 M. That would be possible in theory using fluorescence
and photon counting, Attempts to make such measurements
failed because at these low concentrations the adsorption of
the dyes to the glass becomes a difficult problem to solve.
From the viscosity data of Figs. 3 and 4 and from the fluo-
rimetric titration of Fig. 5 it can be concluded:

(#) for compound III, only one of the two acridine rings is
intercalated, and the interaction of the second ring with the
outside of the DNA helix is responsible for the increase of
the DNA affinity. The stoichiometry of the binding corre-
sponds to n close to 0.2.

(i) For compounds IIA and IIB, below r = 0.125, which
represents the supposed intercalation limit for a dimer since
the limit for a monomer is 0.25., the two rings are intercalat-
ed. This is clearly shown by the facts that the unwinding
angle, the length increase of the DNA helix, is double that

several adjacent A-T base pairs would be necessary to get no
quenching of fluorescence. This is indeed observed, as
shown in Fig. 6. The fluorescence intensity of the dimer IIA
bound to DNAs of various A-T content varies as the fourth
power of the A-T fraction, as if four consecutive pairs were
constituting the binding site. The fluorescence of this com-
pound can therefore probe the sequence of the DNA and
can easily differentiate between synthetic poly[d(A-T)] and
crab poly[d(A-T)]. It must be pointed out that the binding it-
self is independent of sequence, as shown by the measure-
ment of the fluorescence on a mixture of DNAs of different
base composition.
DISCUSSION

It is clear from the viscosimetric determinations that in the
range of these measurements (r < 0.1) the two dimers with
the longest chains (IIA and IIB) bisintercalate and that only
one of the two rings of the dimer with the shortest chain is
intercalated. It is also clear from these experiments that the
bisintercalation occurs on the same DNA molecule and does
not result in a crosslinking of different DNA molecules. This
conclusion is also in agreement with experiments not shown
here (electron microscopy and sedimentation behavior of
DNA in the presence of these dyes). An interesting question
to ask is whether these two dimeric molecules when bisinter-
calated are bound according to model I or II of Fig. 2, leav-
ing between their aromatic rings one or two base pairs. The
so called “excluded site” model (18, 19), which proposes that
two intercalated molecules have to be separated by at least
two base pairs, would tend to support model one. Therefore,
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it is interesting to compare the length of the chain of the
three dimers studied here to the minimal length needed to
join two intercalated molecules in models I and II.

(i) Model 1. A minimal length for the chain is of course
the length along the DNA axis, 10.1 A. The actual length
needed to join the two subunits is certainly longer and de-
pends on the angle between the two rings and on the posi-
tion of the axis of rotation of the dimer, which could well be
different from the DNA axis.

(#) Model II. In this case because the rotation between
the two rings is small, the minimal distance is close to the
length separating the two rings along the DNA axis, 6.7 A.

These two values can now be compared to the maximum
length of the chain linking the acridine rings of the various
dimers. These lengths can be computed (with C-C and C-N
length being, respectively, 1.53 and 1.47 A and the nitrogen
in the middle of the chain protonated) or derived from
model building data. We found, respectively, for these com-
pounds: IIA, 16.1 A; IIB, 11.2 A; and III, 9.9 A. The length
of these chains is always compatible with model II, and ac-
cording to this model we would expect that the three dimers
could bisintercalate as well.

If model I is exclusive, compound III, which has the short-
est chain, would not bisintercalate, in agreement with exper-
iment. The compound with the longest chain would bisinter-
calate with no difficulty. The case of the compound with the
chain of intermediate size is more difficult to decide. The
length of the chain is critical, and even if it is difficult to
build a model in agreement with model I, it is not possible to
rule it out completely. Additional evidence on the relative
positions of the chromophores are needed to conclude safely,
but one cannot but be stricken by the fact that the removal
of a single carbon is able to suppress the bisintercalation, as
expected from model L.

The potential uses of such molecules are numerous. We
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FIG. 4. Determination of the length increase of sonicated
DNA caused by monomeric and dimeric acridines. Intrinsic viscos-
ities of sonicated DNA are measured in the absence of dye ([n]o)
and in the presence of increasing concentration of dye [»). r is the
number of dye molecules bound per nucleotide. DNA concentra-
tion is 150 ug/ml in 0.2 M acetate buffer (pH 5.0). Curve I (@) is
the result obtained with the monomeric derivative: compound I of
Fig. 1. Curve II (®) refers to the dimeric compound IIA. For sim-
plicity, the result of compound IIB is not shown and is almost
identical to the result shown for IIA. Curve III (a) refers to dimer-
ic compound III (shortest chain). For curve II, a rapid decrease of
viscosity is observed after r = 0.13, which is later accompanied by
a precipitation of the DNA-dye complex.

would like to comment on a few of them. It could be possi-
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FiG. 5. Fluorimetric titration curves of poly[d(A-T)] by the various acridine dimers. Experiments were performed at 20°C in 0.2 M ace-
tate buffer (pH 5.0). Concentration of poly[d(A-T)] is 0.55 ug/ml in the three cases. The fluorescent increment, AIF, is the difference of fluo-
rescence intensity between the solution containing the dye and the poly[d(A-T)] and the solution containing the dye alone at the same con-
centration and measured under identical conditions. It is expressed as the number of impulses counted per 10 sec in the photon counting in-
strument and is the average of three determinations. The ratio dye/DNA-P is the ratio of the molar total dye concentration over the molar
concentration of poly[d(A-T)] expressed in nucleotides. Curves A, B, and C refer, respectively, to the results obtained with compound III
(short chain dimer), IIB (medium size chain dimer), and IIA (long chain dimer). At this DNA concentration, the fluorescence increase and,
therefore, the binding of the monomeric acridine derivative (III) is too small to be measured accurately. At higher DNA concentration, the
binding constant is easily measured and found equal to 2.0 X 108 M~1. To check the constancy of the quantum yield of fluorescence of the
bound dye during the titration, fluorescence lifetimes have been measured. For compound IIA (longest chain; part C of this figure), the fluo-
rescence lifetime was constant over the entire titration curve and equal to 28.4 nsec. For compound IIB (part B of this figure), the lifetimes
were, respectively, for r = 0.05, 7 = 0.1, 7 = 0.15, and r = 0.2, 18.2 nsec, 17.1 nsec, 16 nsec, and 15.2 nsec. For compound III (part A of this fig-
ure), the fluorescence lifetimes were, respectively, for » = 0.05, r = 0.1, r = 0.15, and r = 0.2, 25 nsec, 23 nsec, 20.1 nsec, and 18.7 nsec. The
fluorescence decays of the free dyes are made up of two exponentials and correspond probably to the open and stacked forms of the dimers.
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Fi1G. 6. Variation of the fluorescence intensity of the longest
chain dimer (IIA) when bound to DNA as a function of their A-T
percentage (log-log plot). Measurements are made in 0.2 M acetate
buffer (pH 5.0). Excitation wavelength is 460 nm; emission wave-
length 495 nm; the fluorescence intensity obtained for a given
DNA is measured relative to calf thymus DNA, which is taken as
one. The DNA concentration expressed in nucleotides was 2 X
1075 M, and the dye concentration was 2 X 10~7 M. The different
DNAs used were: 1, synthetic poly[d(A-T)]; 2, crab poly[d(A-T)];
3, yeast mitochondrial DNA; 4, Clostridium perfringens DNA; 5,
Proteus mirabilis DNA; 6, T5 DNA; 7, PM2 DNA (nicked); 8, calf
thymus DNA; 9, T7 DNA; 10, A DNA; 11, herpes virus DNA; 12,
Micrococcus luteus DNA.

ble to build molecules able to recognize double helices with
the A structure by fixing the angle between the chain and
the aromatic rings. The possibility to get sequence specific
molecules is of course of great interest, especially with re-
spect to the chemotherapy of viral and cancerous diseases. A
trimer would not be too difficult to build. It would certainly
have a very high DNA affinity. Its properties could also be a
little different from that of the dimer. By going possibly
through states I, II, III, IV, and V shown on Fig. 2, the dimer
can creep along the DNA helix. The trimer could not do that
so easily, and its binding would look more like the binding of
a repressor.

Polyintercalating drugs will unwind the DNA helix much
more than ordinary intercalating dyes. Because the binding
affinity to supercoiled DNA is related to the size of this un-
winding (20), the specificity of these molecules for super-
coiled DNA could become high.
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Much progress has been made recently in the isolation of
some pharmacological receptors. It is possible that some of
them are made of dimeric or oligomeric proteins. It seems to
us that it would be therefore of interest to study the proper-
ties of dimeric molecules made up of pharmacologically ac-
tive compounds separated by chains of various length. Re-
cently a new antibiotic, echynomycin, has been shown to
bisintercalate in DNA (21). This observation confirms the

usefulness of this approach.
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