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ABSTRACT

4? ,6=-Diocarboxyamide-2-phenyl indole (DCI), a non-ionic struo-
tural analogue of 4’,6-diamidine-2-phenyl indole+2HC1 (DAPI),
was synthesized in order to verify the hypothesis of intercala-
tion of both dyes into the DNA double helix.

The influence of pH, viscosity, and different concentrations
of SDS (lodiu- dodeoylsulphate) or NaCl on the optical and
fluorescent properties and the changes in thermal transition of
both dye complexes with DNA confirm the affinity of the dyes to
the double helix as well as their stabilizing influence on the
secondary DNA structure.

The results of binding studies, carried out by fluorescent
methods have shown that the dyes are strongly bound to DNA,
though the number of binding sites is small. According to the
experimental data, the fluorescent properties of DAPI and DCI
complexes with DNA are conneoted with the intercalating binding
mechanism of these dyes. On the other hand, the eventual ionic
or hydrogen bonds of dyes outside the DNA helix do not change
noticeably their fluorescent properties.

INTRODUCTION

Since the first reports on DAPI, whioh forming fluorescent
oomplexes with DNA, this ocompound has quickly become an object
of great interest (1,2). It seems to be a very valuable instru-
ment for research work, having a broad application in bioche-~
mistry and oytochemistry as well (1-13).

The mechanism of formation of fluorescent DAPI-DNA complexes
has up till now not been fully elucidated. Some authors postula-
te a non-intercalating (9,11,12), others an intercalating mode
of binding of this dye to DNA (3,5,13). The publishing data in-
diocate that DAPI may be selective towards DNA sequences rich in
A-T (1,2,5=7). However, the relation between A-T seleotivity and
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fluorescence of the complex is not sufficiently proved,

To gain more information about the mechanism of formation of
the DAPI-DNA fluoresoent complex, we carried out the synthesis
of a new DNA fluorophore (4?,6-dicarboxyamide-2-phenyl indole) -
~ DCI whioch is a struotural snalogue of DAPI but, unlike it, is
a nonionic compound and therefore camnot form ionio bonds with
DNA. Ve also tried to explain the influenece of some physieo-
chemioal agents on the fluorescence of both the unbound dyes,
DAPI and DCI, and their complexes with DNA, in order to eluoiy
date the mechanism of formation of these complexes.

MATERIALS AND METHODS

DCI may be prepared by way of hydrolysis of both DAPI and
§? ,6-dioyano-2-phenyl indole (DCPI)(Fig. 1){14,15): a) DAPI,
0.5 € (1.43 mM), was boiled under reflux for 3 h with 50 ml of
10% ¥a,CO;. After cooling the precipitate was filtered, washed
with water, dried and orystallized several times from a.b.oluto
ethanol; 0,28 g (71% of yield) of yellow orystals, =.p. 3oo c,
were obtained. The result of elementary analysis oorroqionda to
the formula C, H, ,N,0,} b) ncn, 0.5 g (2.34 mM) was heated for
30 min under lt:l.n':l.ns at 95°C with 10 ml of 95% H,50,. After
cooling the mixture was poured omice, and the precipitate was
filtered and purified as above. Thus obtained DCI was soluble
in both DMSO and DMF, but unlike DAPT it was hardly soluble in
oold water. ’

Snox-olc' and SDS (sodium dodecylsulphate) were purchased from
Serva PFeinbiochemioa, Heidelberg, cetavion (cetyltrimethylammo-
nium bromide) from Koch-Light Lab., Colnbrook and rhodamine RB
200 from Gurr Ltd,, London. All the other reagents and materials
used in this work were desoribed in the previous paper (6).

All reactions were carried out in buffer H (0.005 M Hepes
with 0,01 M NaCl), pH 7, unless stated otherwise. The concentra-
tions of DAPTI and DCI stock solutions were 5 ug/ml and 2 mg/ml,
respectively. DCI was dissolved on a 100°C water bath. Degrada-
tion of DNA (Sigma I) stock solutiom (250 ng/al) to yield a
sheared DNA preparation was carried out with an MSE ultrasoni-
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Fige 1, Scheme of DCI preparatien

cator (30 s somnications repeated 4 times, at 30 » intervals),
or by expelling the DNA solution through a syringe needle No 27
(16) . DNA denaturation was carried out with a 5 times diluted
DNA stook solution, The samples wexre heated for 10 min at 100°¢C
and immediately ohilled in ice.

-. UV absorption measurements and DNA thermal transition stu-
dies were performed with the use of a Unicam SP-500 spectropho-
tometer. Fluorescence spectrophotometry -~ the outfit and ocourse
of measurements were desoribed previously (6). Some differences
are marked in the desoription of experiments. The measurements
of fluorescence intensity (I) (referred to as relative fluores-
oence intensity in the mentioned paper), were performed with
exoitation at 372 nm (DAPI and DAPI-DNA complex) and at 354 nm
(DCI and DCI-DNA ocomplex). Emission was measured at 454 and
450 nm, respectively. To eliminate quenohing, solutions of OD<
0,05 were used both in excitement and emission bands. The pola~
rization coefficient of fluorescence (P) was measured by means
of a MPF-3 spectrofluorimeter with polarizers belonging to the
equipment of this apparatus. The components of the polarized
emitted light I__, I ., I, ,and I, (17) were measured, and the
coeffiocient of polarization was assumed as equal to P = Ivv'
Ivh't/Ivv*Ivh't where t = Ihv/Ihh the transmittence, which was
found to be 0,88, Quantum effiociency of fluorescence (q) of DAPI
and DCI was determined according to Parker and Rees (18) using
rhodamine B (q = 0.69) as standard. Quantum efficiencies of ocom=
plexes of these dyes with DNA were oaloulated acoording to Pao-
letti snd Le Pecq (19), employing as reference the wvalues of q
of free DAPI and DCI and taking into oconsideration changes of
OD and P.

Fluorescence studies of the binding dyes. Titration of the
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DNA solution (o0 = 5 mg/ml, 3 ml) was performed directly in a
quarts cell, dosing the DAPI solution (o = 2,5 mg/ml) imn %25 al
portions. The fluorescence intensity (I) and polarization coef-
fiecient (P) were measured about 3 min after addition of DAPT,
Prior to the experiment, we determined the fluorescence inten-
sity of nonbound DAPT (Ir) snd that (I,) of the same concentra-
tion of dye bound to a large excess of DNA (molar ratio, Ty =

° m/°nn = 0,00013). The ratio of these two fluorescence in-
tensities, V = :I‘.b/If = 31.7 was used to determine the conoen-
tration of bound (°b) and free (or) dye for each point of the
binding plot (19). From these data, we could plot, the Scat-
ohard equation (20) r/of = K(n-r), where the molar ratio, r =
°b/°m’ K is the affinity constant for the binding and n the
number of dye molecules bound per nuoleotide at saturation of
dye. Measurements were performed within bonds of r, = 0.004%5 =
0.067. On account of the slow establishment of the state of
oquilibrium, the DCI binding oconstant was found in another way.
Thus, 5 ml of the mixture of DNA (c = 10 or 25 mg/ml) and DCI
(r, = 0.0011 + 0.12) was inoubated for 24 h at 37°C and then I
and P were measured. The ratio V = 2,72 was determined for Ty, =
0.0005. PFurther oaloulations were done as in the ocase of DAPI.

RESULTS AND DISCUSSION

Some physico-chemical properties of the dyes DAPI and DCI

4’ ,6~Diamidine~2-phenyl indole is a strong base. The results
of titration of its hydrochloride (DAPI) with NeaOH solution in-
diocate that it exists in neutral solutions in the form of a bi-
cation (pKa> 11)(PMig. 24). Unlike DAPI, k'’ ,6-dicarboxyamide-2-
-phenyl indole (DCI), as an amide of an aromatic acid, does not
show basio properties. Both these ocompounds have, however,
nearly identical diwmensions and the same indole skeletom oonju-
gated with the phmnyl group. The resonance energy of oemju-
gation in such systems reashes its maximum when the rings, in
this oase the indole and phenyl rings, are oco-planar. The
absorption speotra in uv (Table 1) oconfirm the effect of
conjugation (the appearance of a third, longwave maximum which
is not present in the indole spectrum). The resonance energy of
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Pige. 2. A = Titration of DAPI, 19,8 mg in 5 ml of 60X ethanol, by means
of 1 M NaOH soln. in 60X ethanol, left scale. B - Fluorescence
intensity I of DAPI, concn. 0,25 mg/ml, as a function of pH, left scale.
C ~ Fluorescence intensity I and D - Polariszation coefricient P, right
soale, of DAPI-DNA complex, DAPI concn. = 2.5 mg/ml, DNA concn. =25 ng/ml
as a function of pli, E ~ Alkaline transition of DNA «¢- and DNA-DAPI
complex -4 =, right scale, expressed as an imcrease of log I/I , as the
functien of pH. 50 ml of DNA or DAPI-DNA complex was titrated "with
NaOH, DKA concn., = 50 pg/ml, DAPI concm. in the complex = 1.1 pg/ml

such systems is of the order of 5 koal/mol (21). It means that
their co-planarity is not so stable as that of aromatio conden-
sed systems (e.g. carbasol) and the relaxation of their exoited
state may be due to the internal rotational diffusion (22). It
is well known that the relaxations of the excited state through
non-radiative passages, i.e. internal vibrational and rotatio-
nal processes are very rapid, of the order of 10'12 s. On the
oontrary radiative relaxation, for example fluorescence, is a
process slower by several orders,

The low quantum yield of fluorescence (q) of DAPI and DCI
aqueous solutions (Table 2) indicates the quicker nonradiative
relaxzation to be dominating, unless sowe additional agents
ooocur whioch might stabilize the co-planar structure of dyes and
provoke the elimination of intermal rotational diffusion, eo.g.
around the axis of the 1’-2 bond (Fig. 1).
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Table 1. Spectrophotometric properties of dyes and their.
mixtures with DNA and SDS

o™ sos)
Dye
A max € max A max Emax A max € max
DAPI 340 27000 3k7 23600 356 25900
259 18300 264 15800
223 22200 225 22300
bC1 332 19500 338 16600 - -
258 14500 - -
221 19000 - -

;g-olnr ratio, ry: DAPI-DNA = 0.00%, DCI-DNA = 0.007%
molar ratio DAPI/SDS = 0.00%

Table 2. Comparison of fluorescent properties of dyes
and their mixtures with DNA and SDS

itation | emission ) quantum polarizat:lo;
,om | maximum,nm | V*’ | yields | coefficient

Ag Ay Q pu)
b)| 355 k53 1.0 | 0.05 0.09
-DN ) 372 Lx8 3t.7} 0.90 0.33
b) | 333 450 1.0 0.22 | 0.04
-ml;b) 360 LTY 2.71 0.59 0.27
- SD 359 459 k.51 0.98 0.08

%) Ratio (V) of fluorescence intensity emitted by a bound dye
to the fluorescence intensity emitted by a free dye and po-
larization coeffiocient (P), measured for samples containing
DAPT, at Ap = 372 and Al‘ = 454 nm and for samples containing
DCI, at Ap = 35k and/\r = 450 nm,

Extrapolated values ('t - 0).

A rutine method of inhibition of moleocular motions in solu-
tions as well as of their intermal rotation, is the inorease of
solution viscosity (22). It has been found that both DAPI and
DCI show a remarkable inorease in fluorescence intensity I in
suorose solutions (Fig. 34, 4A). A considerable inorease of the
fluorescence of DAPI solutions 5 ug/ml in the solid phase
(0°C) as compared with that of the solution in the liquid phase
at the same temperature, has also been observed. These results
indiocate a relationship between inhibition of the internal
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Figs 3. Influence of sucrose comcentration on the fluorescemce intensity

I, ofs A (DAPI), B (DAPI-DNA) cemplex, left sosle and om the polarizatien
coefticient of fluorescence, P oft C (DAPI), and D (DAPI-DNA)complex, right
scale, Bye concn, in all samples - 0.25 mg/ml, DNA comcn., in the complex -
25 mg/ml. Identical results were obtained without reference to

mc;;:livonou of additien of components and also after 24 h of incubation
at c

rotation in the molecules of dyes and the inorease of I. On the
other hand, the decorease in the moleocular motions in solutions
of elevated viscosity manifests itself in the increase of the
polarigation coefficient, P (Fig. 3C, 4C) (17).

The observed SDS effect (Mg. 5A) is another argument indi-
oating that inhibition of internal rotation in the DAPI moleocu-
le is followed by an inorease of I. SDS is an anionioc detergent
capable of formation of micellar systems (for rev. see 23).
There is no doubt that in ’solvent cages’ (24) forming under
the influemoce of SDS, a strong spatial blookade ocours which
makes the motions more diffiocult. We also have observed changes
of P under the influence of SDS (Mig. 5C). In the course of ti-
tration of DAPI with the detergent solution there is initially
a quiock inorease of P, with a maximum at osns/onm'vhoo.
Afterwards, with further addition of SDS, the P wvalue decreases.
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Fig. 4. Influence of sucrose concentration on the fluorescence intensity I, of: A (DCI), B (DCI-DNA)
complex, left scale and on the polarization coefficient of fluorescence, P of: C (DCI) and D (DCI-
DNA} complex, right scale. Dye concn. in all samples - 0.15ug/ml, DNA concn. in the complex

- 78 ug/ml. The complex, prepared by incubation of DCI and DNA at 37°C, was mixed with the
sucrose solution and incubated again. Identical results were obtained when DNA was added to the
mixture of DCI and sucrose and then incubated.

We have not been able to find a satisfactory explanation of
this decline. It seems however, that this effect, though inte-
resting, has no essential importance for the problems discussed
in this paper. As in the ocase of a series of other DNA ligands
and anionic detergents (23-25), we have observed a red shift
(16 nm) and a hypochromic effeoct (-6%) in the DAPI spectrum at
A 340 nm after addition of SDS (Table 1).

The sudden increase in I of DAPI under the influence of SDS,
alwost linear in the initial phase of titration (Fig. 5A), may
become a basis for a seleotive and very sensitive fluorimetrio
method for doiomination of anionic detergents, for example in
pollution. We do not intend, however, to deal with this problem.
This observa tion may explain the negative opinion of Williamson
and Femnell ooncerning the application of DAPI as a reagent for
quantitative determination of DNA (2). These authors, in the
descoribed method of isolation of DNA used the anionio detergent,
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Fig. 5. Influence of SDS concentration on the fluorescence intensity I, of: A (DAPI), B (DAPI-DNA)
complex, left scale, and on the polarization coefficient of fluorescence P, of: C (DAPI), D (DAPI-
DNA) complex, right scale. Dye concn. in all samples 0.25 ug/ml, DNA concn. in the complex

25 pg/ml. Continuous line, B represents the results obtained directly after mixing of SDS with the
solution of the complex and also after 24 h of incubation of this mixture at 37°C. The results ob-
tained after incubation of the solution prepared by addition of DNA to the mixture of SDS-DAPI
are presented as open circles -o-

Sarcosyl. This ocould be followed by a remarkable inorease in the
intensity of fluorescence of the dye not bound with DNA.

The titration of DAPI solution with cetavlion, which is a
ocationic detergent, was not followed by any significant inorea-
se of T and P, This result could be foreseen, because binding
interactions between ions of detergent and DAPI, ocharged iden~
tically, are hardly imaginable. It shows, however, that the I
and P values of dyes are not influenced by changes in the super-
ficial tensions.

The influence of ocetavlion and SDS on DCI is similar, but the
changes in I and P values are greater in the case of SDS aotion
(rig. 64, ©).
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Fig. 6. Influence of SDS concentration on the fluorescence intensity I,

and on the pelarization coefficient P of DCI and DCI-DNA com~
plexes, Symbels and solutions concentration as in Fig, 5. Selutions of
the dye or of the complex after the addition of SDS were incubated 24 h°
at 37°C. Open circles -o-, as in Pig. 6.

The I and P changes of DAPI solutions, depending on NaCl
concentration (Fig. 74, C), suggest that a relatively small chlo-
ride anions are not able to inhibit successfully the rotational
diffusions, A small P inorease is perhaps due also to the
inorease of the visocosity of the solution.

Summarizing the above results we are of the opinion that the
increase in the fluorescence intensity, the red shift and the de-
orease in OD in the uv spectrum of DAPI and DCI solutions relate
to the stabilization of the co-planar struoture of dyes and to
the inhibition of relaxation processes of moleoular rotation,

DAPI and DCT complexes with DNA

Optical properties. In spite of examination of solutions
within a large range of oconcentrations, it was not possible to
find visible changes in the uv spectrum of DNA, measured at
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¥rig, 7. Influence of NaCl concentration on the fiuorescence intemsity I,
and on the polarization coefficieat P of DAPI and DAPI-DNA
complex, Symbels and solution concentratioams as in Fig. 5.

200~300 nm, under the influence of both dyes. The measurements
were oarried out using DNA solutions of final conocn. of % ug/ml
and ohanging ry = °(b'o-/°mu from 0.08 to 0.004 (all the men-
tioned solutions were prepared under standard oconditions, see
Mat. and meth.). However, changes in the speotra of both dyes,
ooocurring in the presence of DNA (Pig. 8, 9), were observed.
The red shift of absorption maxima, observed in this case, in-
oreases with the deorease of Ty value. The shift of some maxima
extrapolated for r, -0 is presented in Table 1. The hypochro-
mic effect was also visible on the presented diagrams. Similar
effects were observed for EthBr (27,28) as well as for a series
of other ligands and also for those, for which the interocalating
mechanism of binding had been assumed (26,29-34).

Ve also observed both, the red shift and a hypochromic effect
under the influence of SDS, in spite of the faot that this com-
pound, being an aliphatic derivative, had no T ~electrons and
in oonsequence, could not form It -—complexes with aromatic ocom-
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pounds. Thus, the changes in the uv spectrum of dyes were
probably due to the stabilization of the co-planar structure and
gave evidence for a rigid binding with DNA.

The excitation and emission speotrum of DAPI-DNA complex has
been published in the previous paper (6). Fig. 10 represents
the excitation and emission speotrum of DCI and of the DCI-DNA
oomplex which, like the DAPI-DNA ocomplex, though to a lesser
degree, shows the red shift and the increase of emission as ocom-
pared with the solutions of free dye. Similarily to the observed
changes in the absorption spectrum, the red shift value inorea-
ses with the decrease of the r, value. The numerical data oon-
cerning with these effects are listed in Table 1. .

Quantum yield of fluorescence (q) of DAPI and DCI complexes
with DNA inoreases markedly as oompared with g of free dyes.
This is partioularly distinot in the case of the former
(Table 2). It should be noted that the spectrofluorimetrioally
observed ratio V of fluorescence intensity emitted by bound dye
Ib as compared with fluorescence intensity emitted by free dye
If may be higher than the ratio of quantum yields, because V =
Ib/.tf = qb/qf°€b/8r' it means that it depends also on the ex-~
tinotion coeffioient of bound (¢,) and free (£,) dye (35).

Fluorescence of emission anisotropy. Polarization ocoefficiemt
P of a chromophore (see Mat. and Meth.) reflects the rotation
this chromophore undergoes between excitation and emission. The
emissions are maximally polarized, or partially polarized, de-
pending upon how rigidly the dye is bound to DNA and so, P mea-
sures the rigidity of the dye binding (for rev. see 36). Aqueous
solutions of DAPI and DCI show strong polarization of emission,
0.09 and 0.04, respectively. This may be due to solvatatiom, or
to a very short lifetime of fluorescence (17). The DAPI-DNA
complex is characterized by a high P value, close to the values
observed in EthBr complexes (37)(Table 2). It is interesting to
note that this high P coefficient is found for binding sites of
DNA of various affinity to DAPI (see below, 'Binding Studies’
and FMg. 3). The results confirm a very rigid DAPI-DNA binding.

The P value for DCI-DNA complex is lower than that observed
for the DAPI-DNA complex (Table 2). In this oase, however, the
binding is alsc rigid. A comparison of P of the complex with P
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Fig. 8. DAPI absorption spectrum in DAPI-DNA complex measured versus DNA. DAPI conen. = 1.1
ng/ml, DNA concn. was - A - 0, B - 5ug/ml, C - 240 ug/ml. All solutions in standard condition.
Light path length = 4 cm.
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Fig. 9. DCI absorption spectrum in DCI-DNA complex measured versus DNA. DCI concn. = 1 ng/ml,
DNA concn. was: A -0, B - 5 ug/ml, C- 150 ng/ml. All solutions in standard conditions. Light path
length = 4 cm.

of the free dye in a very viscous sucrose solution is a proof
for it (Pig. 4).

Influence of pH on the stability of DAPI-DNA complex. This
influence was examined by titration of the complex solution
with diluted NaOH or HC1l to the required pH and by measuring
the I and P and also OD values in separate experiment. The ob-
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Fig. 10. Excitation and fluorescence spectrum of DCI and DCI-DNA complex. The excitation .
sBectrum: 1a (DNA-DCI) complex, 1b (DCI) solution. The fluorescence emission spectrum: 2a’
(DNA-DCI) complex, 2b (DCI) solution. DNA concn. in samples 1a and 2a was 100 ug/ml. DCI
concn. in all samples was 0.1 ug/ml. The excitation spectrum measurements were made at emission
wavelength 450 nm. The emission spectrum (normalized to excitation spectrum) - at excitation
wavelength 354 nm.

tained results (Fig. 2) indicate the stability of the complex
within a large range of pH (6). A sudden fall of I and P in the
interval of pH 11~12 may be due rather to alkaline DNA melting
( 38) than to the change of the charge of the DAPI ion. This is
oconfirmed by OD changes, ~~ 40% between pH 11.5-12. Previous
data relative to a close relationship between the fluorescence
of the DAPI-DNA complex and the secondary DNA structure (6,8)
are oconfirmed by the experiment.

Thermal denaturation of the complexes. We observed an excep-
tionally high inorease of the melting temperature, Tm, of the
DAPI-DNA complex in comparison with the Twm of DNA (Fig. 11).
Such a great difference (ATm = 21°C) was observed solely in the
case of some intercalating ligands (19,32,39) and the change of
transition profiles is a proof of the strong stabilization of
the structure of the DNA double helix by the dye. It should be
added that the low molecular weight ligands for which the
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intercalating mechanism is excluded, e.g. aliphatio diamines
(40,41), or tetreaalkyl-ammonium salts (432) show a ATM several
times lower, though the amount of bound ligand is many times
higher than in the ocase of DAPI (see ’'Binding studies’, below).

A small increase of Tm = 1°C was also found for the DCI-DNA
complex {experimental conditions were identiocal to those des~ .
oribed in Fig. 11).

Influence of DNA structure on the ability of formation of
ocomplexes with DAPI. A comparison of fluorescence intemnsity of
DNA native, sheared, sonificated and heat denaturated complexes
with DAPI administered in excess, is presented in Fig. 12, Ao-
cording to these results the amount of forming complex depends
on mol, wt. of DNA. Though DAPI does not form fluoresocent com-
plexes with one-stranded DNA (8), the thermally denaturated DNA
shows a oertain ability for oomplex formation. This is probably
due to denaturation, as reannealing proceeds in the solution.

Influence of visoosity of solutiom upon the stability of com-
plexes. Acoording to the experiment presented in PFig. 3B, D, the
increase of solution visoosity caused by the increase of suorose
ooncentration has no significent influence on the stability of
DAPI~-DNA complexes. The small inorease of Tand P is a proof that
there is but a small quantity of free dye, and that DAPI exists
there in an exoeptionally rigid binding with DNA.

On the contrary, the DCI-DNA complex undergoes almost com-
plete decomposition in suorose concentrated solutions (Mig.
4B, D). As a strong inhibiting influenoce of ethanol (several %)
on the formation of the complex was also observed, we suppose
that the above desoribed effect of solvent cages ocours,

Effect of salt concentration on DAPI-DNA complex is repre-~
sented in Fig. 7. The effect of diminishing I under the influ-
ence of NaCl was described previously under slightly diffexent
experimental conditions (6). The lack of diminution of P, as in
the case of the EthBr-DNA oomplex (for rev. see 43), is a proof
that the nature of the complex is not drastically modified.

complexes. Anionic detergents, e.g. SDS, decompose complexes of
DNA with various dyes (26), without changing the DNA structure.
Probably the molecules of a free dye are trapped in solvent
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Fig. 11, Comparison of melting temperatures of thymus DNA and its complex with DAPI. A (DNA),
B (DAPI-DNA) complex. DNA concn. = 50 ug/ml, DAPI concn. = 5 pg/ml. All solutions in standard -

conditions.
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Fig. 12. Fluorescence intensi%y I of the mixture. DAPI concn. = 20 ug/ml and DNA concn. = 50 ug/ml
—0— native. mgl.wt. ~20.10°, —A_ native sheared, mol.wt.~5.10°, —c1— native sonificated,
mol.wt.~4.10”, —e— denatured.
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cages made up of detergent moleocules. In binding proocesses in
the state of equilibrium the SDS molecules sequester the free
dye, thereby preventing the reverse reaction to re-form the
complex (24,25). The interaction of SDS with DCI and DAPI mani-
fosts itself, especially in the latter case, in an enormous
increase of fluorescence intensity I (this effect was discussed
previously) whioh reaches a value close to that of I of the
DAPI-DNA ocomplex (Fig. 5A, 6A). The addition of SDS to the so-
lution of this oomplex is followed by an inorease of I, for
which the free dye is responsible. This level of I remains oon-
stant even after 24 h incubation at 37°C (Mig. 5B). The remar-
kable inhibiting influence of SDS on the formation of the DAPI-
DNA ocomplex is confirmed by the fact that,after addition of DNA
to DAPI-SDS solution, the inorease of the intensity I is very
slow, after 24 h at 37°C only 1/3 of this quantity of the com-
Plex is formed, which forms without the addition of SDS

(Fig. 5). It is diffioult to interpret changes of P ocourring
under the influence of SDS in the case of the complex and of
DAPI (this problem has been discussed above).

Unlike the DAPI-DNA ocomplex, the DCI~DNA complex undergoes
almost oomplete decomposition under the influence of SDS (Pig.
6). SDS inhibits completely the formation of the complex when
DNA is added to the DCI-SDS mixture. The decomposition of the
complex is confirmed by the observed changes of P.

Binding studies. Williamson and Fennell (2) found that when
using ion exchangers the DAPI-DNA complex may be separated
without changing the DNA struoture. The reversibility of the
reaction of formation of this complex with sonificated DNA was
oonfirmed by preliminary observations on the electrophoretic
separation of DAPI-DNA (plate eleotrophoresis, 1% agarose in
buffer (H), pH 7, ourrent demsity acc. to Espejo)(44). When
submitted to eleotrophoresis DAPI and DNA migrate in opposite
directions.

The dissociation oonstant of the DAPI-DNA complex was esti-
mated by Kania et al. (3) as exceedingly low (3.3- 10712 ).
Likewise, our observations relative to the influence of SDS on
the stability of the complex (see above) confirmed a very
strong DAPI-DNA binding. This fact imposed the necessity of
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examination of the states of equilibria of very diluted solu-
tions and in this situation the application of uv measurements
and dialysis was impossible. A speotrofluorimeter of very high
quality was used, but in spite of that it was indispensable to
oarry out measurements at the highest degrees of amplifioation.
In consequence, the exactitude of measurements was diminished
considerably and it was possible to estimate only the approxi-
mative values of the binding constant. The application of DNA
solutions of a concentration > 5 mg/ml brought about a oconsi-
derable decrease of K and n values., This faot was not fully
clear to us. In the ocase of DCI, the low value of the ratio V
of fluorescence intensities emitted by bound and free dye and
the poor solubility of DCI in water, made the exact measure-
ments diffioult.

The shape of the Soatohard plot (45,46) for DAPT (Fig. 13)
indicates the existenoce of at least two kinds of DNA binding
sites differing in the affinity to DAPI. If we analyse the
changes of P in the function of r and know the mechanism of
DAPI fluorescence,it may be supposed that DAPI is equally
rigidly bound to both kinds of binding sites and that the
quantum yields of fluorescence of bound DAPI have in both
cases similar value. The numerical data are presented in Tab-
le 2. It should be added that, in comparison with DAPI, the
results obtained for DCI show a much lower affinity of this
dye to DNA (Fie. 14).

The influence of histones (total fraotion) on the affinity
constant K and on the number of DAPI-DNA binding sites n is
relatively small (Fig. 13, Table 3). This is a proof that blooking
of binding sites outside the double helix by various histone
fraoctions has no deciding significance on DAPI binding in the
fluorescent DNA complex. This is the next argument for the
intercalating formation mechanism of this complex since a similar
phenomenon was observed in the case of formation of interoal-
ating EthBr complexes with DNP (47-49).

BINDING MECHANISM - CONCLUSIONS

DAPI and DCI are dyes the fluorescence efficiency of which
depends on the degree of inhibition of intermal rotational dif-
fusion processes. DAPI shows & pronounced affinity to the DNA
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Fig. 13. Scatchard function of DAPI-DNA binding —o— and of histone mixture —A—, and the changes
o;folarization coefficient of these complexes, P as a function of r —e—, —4— respectively, right
scale. See Methods

double helix. The quantity of a bound dye depends on mol. wt.
of DNA and nothing confirms the formation of a fluorescent com-
plex with one-stranded DNA or RNA (6). Fluorescent DAPI and DCI
complexes have a high polarization coeffiocient indicating rigid
binding with the double helix. They also produce a stabilizing
effect on the secondary DNA structure what is manifested in the
rise of Tm of ocomplexes. The free energy changes (AG), caloula-
ted from the approximative values of K, are equal to about -11
and -8 kcal/mol for DAPI and DCI, respectively. These values
indiocate that the occurring interaction camnot be exclusively
due to the formation of hydrogen or ionic bonds (50). This oon-
clusion is oonfirmed by the slow dissociation of the complex in
the presence of SDS. The calculated changes of free energy do
not indicate the formation of stable covalent bonds. The disso-
ciation of the complex under the influence of a cationite (2)
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Fig. 14. Scatchard function of DCI-DNA binding —o—, left scale and the change of polarization
coefficient of fluorescence P, —@—, right scale as a function of r. See Methods.

and of an electric field has besn observed and this is also
evidence against the formation of these.

The only explanation of the observed effect would be the
supposition that staocking interactions occur accompaning the
intercalation of dyes (50). The characteristioc changes of the
uv absorption spectrum do not exclude this hypothesis.

A slight influence of the presence of histones upon the
affinity constant K and the number of DNA binding sites, also
suggest the intercalating mechanism of fluorescent binding of
the DAPI-DNA ocomplex.

Examination of atomic models confirmed a potential possibi-~
lity of intercalation of DAPI and DCI. The specifioity of bin-
ding of those dyes with the DNA double helix, but not with RNA
is probably due to the difference of oonformation of the poly-
nuoleotides (%1). However, in our opinion, the hydroxide group
at C=2’ may form a spatial (steric) hindrance for molecules of
intercalating compounds, the sizes of which are comparable to
those of DAPI or DCI (but greater than EthBr sizes) and the
presence of such a group may make incorporation of the dye
molecule into the double helix impossible (Fig. 15a, b).
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Table 3. Approximative binding data obtained from the inter-
pretation of the Soatohard plot, Fig. 13, 14
(see text)

DAPI-DNA | DAPI-(DNA-Histone)| DCI-DNA|
131 w/w
JArﬁ.mty constants K | 3 x 108 3 x 108 b x 107
-1
(mole™") K, | 3x107 2 x 107 -
umber of bound dye n, 0.010 0.007 0.017
olecules/1 nuoleo-
tide at saturetion n, [ 0.026 0.022 -
lwith dye

The intercalating mechanism does not exolude, obviously,
the ionioc binding of DAPI outside the double helix. Neverthe-
less, according to our observations, this kind of binding is net
the cause of the inocrease of fluoresoence intensity and there-
fore cannot be observed spectrofluorimetrically. The binding of
DAPI outside the helix is certainly much weaker than the inter-
oalating binding. Probably, it is these interaotions that
caused the differentiation of the buoyant density of DNAs ob-
served by Williamson and Femmell (2). This conclusion may be
drawn from the fact that to produce the separation effeot, it
was necessary to use much more DAFI, considering even the CsCl
effect, than the maximum amount capable of binding into the
fluorescent complex. The ionioc bond may be formed also with
one-stranded DNA. This was actually observed by the above men-
tioned authors,

Up till now, there are no experimental data relative to the
‘speoificity of fluorescent DAPI complexes in relation to the
determined sequence of bases in DNA. It seems that there exist
at least two kinds of binding sites which bind the dye in the
same rigid way. Conoclusions about the speoifiocity of DAPI to
the sequences rich in AT pairs were drawn from the experiments
in which DAPT was used in excess (2,3,8-10) and, for the reason,
it is difficult to conclude as to the specifiocity of the inter-
calating processes (numerous ionic interactions may mask the
stronger, but not numerous, intercalating bindings) .

3795



Nucleic Acids Research

HELIX | AXIS

DNA_BASE | PAIRE

DAPI | or DCI

ETHIDIUM | Br

Fig. 15. a and b. Schematic representation of intercalating model of DAPI or DCI binding with the
DNA double helix. Dotted lines indicate the eventual ionic (DAPI) or hydrogen (DCI) bonds. For
comparison, the dimensions of the Ethidium Bromide molecule are given in diagram b. Hatched
areas indicate a supposed steric hindrance in the case of the presence of a hydroxyl group at C—2’,
i.e. the steric hindrance which probably makes the formation of the intercalating complex with
RNA impossible. The DNA basc-pairs scheme acc. to W.Fuller 52.

In this context the question arises, whether it is possible
to observe changes of hydrodynamic properties of superooiled
circular DNA under the influence of DAPI or DCI. If so, it
would be the most convinocing proof of intercalation (f‘or rev,
see 53). This proof is based on the fact that any intercalative
process requires loocal unwinding of the helix at the point of
dye intercalation. At the oritiocal level of binding (ro) the
circles are unstrained and have no supercoils at all (54). At
this point s20 of the closed cirocles ocoincides with the s20 of
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nicked oircles. The unwinding angle (¢) for DAPI ‘and DCI is
unknown, but, since the molecules of these compounds are flat
and have no substituents which oould deform the helix (wedge
effect), as it is the oase with EthBr and Actinomyoine D (55),
this angle should not exceed the value observed for proflavine,
and it should be olose to 0,7¢ of EthBr. Basing on the known re-
gularity that for a given DNA the product (roof) of various
dyes is a constant value and kmowing r, for EthBr (0.04 = 0,06)
(4h,56), it is possible to ocaloulate the anticipated r, value
for DAPI and DCI (0.06 = 0.09). The caloulated values of », are
nearly 3 times higher than the maximum amount of the bond dye n
osloulated from Scatchard’s plot. It does not seem to be easy
to discover the hydrodynamioc differences between nioked and
closed cirocular DNA for r = 1/3 ¥, by means of the actually
applied methods (44,56).
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