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Kinetics of the Interaction between DNA and Acridine Orange
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Both static and kinetic investigations have been performed on the interaction of calf thymus DNA

with Acridine Orange (AO).

The binding isotherm obtained spectrophotometrically was analyzed by a

site exclusion theory and revealed the presence of two binding modes of dye molecule corresponding to inter-

calation and dimerization on DNA.

In the kinetic experiments focusing on the intercalation mode by

the temperature-jump technique, three relaxations were observed. From the analyses of both the relaxa-
tion time and amplitude, the two fast relaxations were ascribed to parallel binding reactions including a
bimolecular pathway for direct transfer of dye molecule on the polymer and the slow relaxation was attri-

butable to a conformational change of DNA molecules.

The binding parameters kinetically obtained

suggest that 80% of bound AO is in intercalated form and the remainder is in partially intercalated one

as an external bound form.

The interaction of acridine dyes with deoxyribo-
nucleic acid (DNA) has been extensively studied
because of their wide biological activities.!~® Acridine
dyes have two binding modes on DNA with different
affinities. Most experiments have been focused on the
strong binding mode which has been related to the
biological activity of the dyes, and elucidated that this
binding mode structurally corresponds to an inter-
calation of dye between two adjacent base pairs of
DNA.6-12

The stoichiometry of the binding of acridine dyes to
DNA has been investigated by equilibrium dialy-
sis13-19 and/or visible spectroscopy.1$:20-22  The
affinity of the intercalation mode has been found
firstly to be independent of the base composition of
DNA.13.20.20  For this reason, various static and ki-
netic models have been proposed on the assumption
of homogeneous DNA sites for the binding of acri-
dine dyes.16.2-20 However, the heterogeneity of the
binding site has been pointed out from the
fluorescence studies on several acridine dye-DNA
complexes.28-38  Given these circumstances, the
investigation on more fundamental nature of the
binding through the reexamination of the proposed
binding models are desirable. For this purpose,
Acridine Orange (AO) would be most favorable since
this dye is known to form the intercalative complex
independent of the base specificity of DNA.32.33,35,37

In this paper, thus the interaction between AO and
calf thymus DNA focusing on the intercalative
binding mode was studied by visible spectrophoto-
metry and temperature-jump spectroscopy. A basic
nature of the binding mechanism of acridine dyes
with double stranded DNA was also discussed.

Experimental

Calf thymus DNA (sodium salt, type I) was purchased
from Sigma Chemical Company and purified twice by
phenol extraction. The hyperchromicity on thermal
denaturation at 260 nm was 37—38% at pH 6.5 in the 1 mM*

11 M=1 mol dm3.

phosphate buffer. The concentration of DNA was
determined using £260=6600 M~! cm~! per nucleotide. Acri-
dine Orange (AO) was purchased from Eastman Kodak
Company and was recrystallized twice as the base from a
solution of Acridine Orange hydrochloride in a 1:1
water-ethanol mixture. The concentration of AO was
determined spectrophotometrically at 492 nm by using the
molar extinction coefficient proposed by Stone and
Bradley.3® Other chemicals used were reagent grade. All
sample solutions were prepared in ImM phosphate buffer
containing 0.2 M sodium chloride at pH 6.5.

Absorption spectra were measured with a Union Giken
SM 401 spectrophotometer. Kinetic measurements were
performed using the joule heating temperature-jump
apparatus of which detail has been described elsewhere.39
The light source was a halogen lamp (250 W) and the path
length of the cell was 10 mm. The rise time and magnitude
of the temperature-jump were about 10pus and 7°C,
respectively. The orientational effect of DNA was canceled
out by placing the polarizer between the cell and the
monochromator.

All the static and kinetic measurements were performed at-
25.0+0.2°C. The data were analyzed on the basis of the
neighbor exclusion model established by McGhee and von
Hippel .«

Results

Binding Isotherm. The visible absorption spectra
of AO-DNA complexes at various P/D (the ratio of
DNA phosphate to dye) values in 0.2 M NaCl solution
displayed an isosbestic point at 496 nm, in agreement
with the results reported by Fredericq and Houssier.1?
They tried to obtain a binding isotherm from spectral
shifts using the absorbance at 465 nm, but failed to
obtain the consistent results with the equilibrium
dialysis ones. This discrepancy in the binding data
seems to come from the fact that molar extinction
coefficient at 465 nm of bound AO varies significantly
depending on the binding ratio r (bound AO/
DNA phosphate).

In the present study, the binding isotherm was
determined spectrophotometrically using the absor-
bance at 492 nm since the molar extinction coefficient
on bound AO at this wavelength was reported to be
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Fig. 1. Change in apparent molar extinction coefficient (&p,) of AO-DNA

solution with increasing AO concentration at a fixed P/D of 10 and 25 °C:
(0), at 492 nm; (O), at 504 nm; (@), at 510 nm.

invariant for r below 0.2.1® The apparent molar
extinction coefficient (&spp) of AO-DNA solutions were
measured at various AO concentrations from 3X10-8
M to 3X10-*M by holding P/D equal to 10, and
represented in Fig. 1. In the solution of AO alone,
generally, the dimerization equilibrium of the dye
must exist. But in the system involving DNA under
the present experimental condition of r<0.2, the
contribution of dimeric species to the free AO
molecule is less than 5%. Consequently, in the present
analyses, the free AO molecule was regarded as all
monomeric species. From the lower and higher limits
of concentration in this figure, the extinction
coefficients at 492 nm were obtained to be &=66000
M-1cm™! for free AO and &=42000 M—!cm—! for
bound AO, respectively. The concentration of free
dye, 4, and the binding ratio, r, were determined from
the next equations:

Eapp — &b

4= ———4 (M
Ef— &b
Ao— A
r=——" 2
Po (2)

where Ao and Py are the total concentrations of AO
and DNA (in phosphate unit), respectively. In Fig. 2,
a Scatchard plot using these equations was illustrated
together with those obtained from equilibrium
dialysis experiments by Armstrong et al.,'® and
Fredericq et al.1” A good agreement between these
isotherms suggests the validity of the spectrophoto-
metrical method employed in this study.

The obtained binding isothermm was analyzed by
considering a dimeric species formed by an additional

10 T

r/4 /104 M1

0 0.05 01 0.15

r

Fig. 2. Scatchard plots of binding of AO to DNA at
25°C: (O), obtained from the present spectro-
photometrical method in 0.2 M NaCl solution; (@),
by Armstrong et al.,® in 0.2M NaCl solution;
(@), by Fredericq and Houssier” in 0.1 M NaCl
solution. The solid line shows the theoretical
curve calculated using n=3, K;=1.8X105M~!, and
Kp=3X10* M1

binding of free dye to bound dye on DNA reported by
Armstrong et al.’® The Scatchard equation, based on
the site exclusion theory including such dimerization
mode was reported to be!?

r _Ki {(1—2n7)+2Kpd(1—nr)}"
A 2 {[1—2n—1)y]+2Kpd[1—(n— yr]}"?
3)

where Ki, Kp, n, and the overbar refer to the binding
constant for intercalation, that of dimerization on the
polymer, the number of sites blocked by one bound
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Fig. 3. Absorption spectra of AO-DNA complexes
in 0.2 M NaCl solution at various values of binding
ratio r: (—), r=0.01; (.----- ), r=0.032; (——-), r=
0.045; (—-—), r=0.076. The total dye concentration
is 10-5 M.

dye, and the equilibrium concentration, respectively.
The analysis of the binding isotherm using this
equation yields the following binding parameters:
K1=1.8X105 M-, Kp=3X10* M-!, and n=3. As can be
seen in Fig. 2, all observed data fall on the theoretical
curve calculated using these values within an
experimental uncertainty. These results are consistent
with the assignment of the binding isotherm to the
intercalation and dimerization modes.

Spectral Properties of Intercalated AO. In order to
examine the spectral properties of intercalative
species, the absorption spectra of AO-DNA complex
were measured for P/D values above 10 at constant
DNA concentration, where the contribution of bound
dimer species is negligibly small (estimated from the
values of K1 and Kp). Figure 3 illustrates the spectra of
bound dye molecules obtained by a substraction of the
contribution of free dye. As judged from the figure, an
absorption peak at longer wavelength is progressively
depressed and a shoulder at shorter one increases
gradually with binding. This kind of spectral
behavior has been reported as characteristics of
AO-AO interactions on polymers.*? Since the bound
dimer species is negligible under the present
experimental condition of r<0.1, the observed spectral
variation would be attributable to the interaction
between monomeric intercalated AO molecules. This
assignment is supported by other optical properties of
bound AO observed in the corresponding range of 7,
e.g., fluorescence depolarization?+3® and exciton
splitting in circular dichroism.17:42.439

As an additional remark, it should be noted that the
constant absorbance at 492 nm of bound AO in Fig. 3,
led us to using of this wavelength to obtain the
binding isotherm in the preceding section.

Characteristics of Relaxation. Since our primary
attention is the intercalation mechanism, the tem-
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Fig. 4. Typical relaxation curves observed for AO-
DNA system in 0.2M NaCl solution at 480 nm
(absorbance increasing upward): (a), fast and
middle process, [AO]=1.0X10-*M and [DNA]}-
phosphate=1.0X10-5M; (b), slow process ob-
served by averaging 4 repetitions, [AO]=3.0X10-%
M and [DNA]phosphate=9X10~4M. The final
temperature is 25°C.

perature-jump measurements were performed in the
range of r below 0.1. An instantaneous and small
absorbance change, beyond the resolution time of the
apparatus, was followed by three distinguishable
relaxation processes as shown in Figs. 4a and 4b.
These three processes are named fast, middle and slow
processes in order of the time region fast to slow. The
relaxation amplitudes of these relaxations are repre-
sented in Fig. 5. As shown in Fig. 5a, the spectra of
relaxation amplitudes of the fast and middle processes
are well correlated to the difference spectrum between
free AO and intercalated AO (the difference spectrum
was illustrated using the extinction coefficients in Fig.
1). On the other hand, as shown in Fig. 5b, the
spectrum of relaxation amplitude of the slow process
is quite similar to the difference spectra between
intercalated AO at different binding ratios (the
difference spectra were obtained from the spectra in
Fig. 3).

To see the reaction mechanism in more detail two
kinds of concentration dependence of the reciprocal
relaxation times were measured for each process:
Figure 6 shows their concentration dependences at
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Fig. 5. Wavelength depedence of relaxation am-
plitude of each process. (a) , (O) and (@) represent
the experimental values of AOD; and AODp, re-
spectively, at [AO}=1.0X10*M and [DNA]phos-
phate=1.0X10—* M. The solid curve shows the dif-
ference spectrum between free and intercalated AO
(&—¢&). (b), (O) represents the experimental values
of AOD, at [AO]J=5X10-*M and [DNA]phosphate=
1.5X10-3 M. The curves show the difference spectra
between intercalated AO at different values of r:

(—-—), E0-01—g0.076; (—__) g0.01—g0.045 (... ),
£0-01—¢,0-932,  where superscripts refer to binding
ratio.

constant P/D=10; Fig. 7 shows the AO concentration
dependences at 5X10-5 M of DNA (in base pairs unit)
in the range of P/D=10. As judged from Figs. 6a and
7a, the relaxation times of the fast and middle
processes Tr and Tm are close to each other and both the
relaxation times show similar dependences against
DNA and AO concentration, respectively. While, the
slow processes and the reciprocal relaxation time 7~}
displays no dependence on either DNA and AO
concentrations (Figs. 6b and 7b).

Reaction Mechanism. The following three kinetic
models have been proposed for the binding of several
acridine and/or phenanthridine dyes to DNA on the
assumption of homogeneity of intercalation sites:
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Fig. 6. Dependence of the reciprocal relaxation time
of each process on total DNA concentration (base
pairs unit) at P/D=10: (a), fast (O) and middle (@)
processes, solid lines show the theoretical curves
calculated from Eqs. 4 and 5 with constants listed
in Table 1; (b), slow processes.

K,

A+S ——C, @I
A+ sfc X, ()
C
K,
k1
k-1
A+S k- | kK a
k2
k-2
K.
Cz2

where A, S, and C; denote free dye molecule, free site,
and bound species, respectively; K, ki, and k-; (1=1, 2,
and t) are the equilibrium constant, forward and
backward rate constants in each process, respectively.
Model I represents a simple bimolecular binding
which has been proposed for ethidium-poly[d(A-T)]
system.49 Model II is a two-step binding model which
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Fig. 7. Dependence of the reciprocal relaxation time

of each process on total AO concentration at a
constant DNA concentration: (a), fast (O) and middle
(@) processes, solid lines show the theoretical curves
calculated from Egs. 4 and 5 with constants listed
in Table 1; (b), slow process.

has been proposed for proflavine-DNA2® and poly-
(A)-poly(U)*9 systems. The binding of AO to DNA
has been interpreted by this model for the earlier
studies using stopped-flow technique.?4:29 While
Model III was originally proposed for ethidium-DNA
system2® and subsequently reported for several
phenanthridine dyes and 10-methyl-9-aminoacridine.z?
The present kinetic data obtained for AO-DNA
system were examined in detail for these three kinetic
models.

(i) Fast and Middle Processes. At first, the fast
and middle processes are analyzed since these are
closely coupled and sufficiently faster than slow one.
Among the kinetic models above, Model I of a single
step reaction process can firstly be excluded from
possible one. Secondarily, the concentration depen-
dences of relaxation times calculated for Model II were
quite different from the present observation. This fact
also eliminated the Model II. Finally, Model III is
examined. By an application of site exclusion theory,
the kinetic analyses for this cyclic model give two
relaxation times corresponding to the fast and middle
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processes (see Appendix A):

1
1= - {an+ a2+ (a1 — an)?+ 4010021 } 4)
=1 _ =
Tm 1= —2—{au+a22 V (a1 — az2)? + 4a12a2 } (5)
with

an = ky(Sof(r)— Af'(r)) + k-1+ ku(Sof(r)
+ Cif (1) = k—Cof (1), (6)

a12=ky(Sof(r) — Af'(r)) + kC1f (1)
— k—(Sof(r) + Caf'(r)), )

azn = ka(Sof(r)— Af'(1)) — ku(Sof(r)
+ Cif () + k-Caof (1), (8)

and

aze=ka(Sof(r)— Af'(r)) + k—2— kCaf’(r)
+ k—(Sof(r) + Caf'(r)), 9)

where So and r denote the total concentration of
binding site and the ratio of the bound dye to the total
number of binding site, i.e., r=(Cr+C2/So, respective-
ly; f(r) and its derivative f’(r) are the correction
functions due to site exclusion and have the following
general forms49

(1—mnry

f(n)= (10)
{l1—(n—1)y}r1

, {f(n—1lymr—2n+1}(1 —nr?
ftn = A (11)
{1—(n—1)y}

The cyclic reaction of this model gives a relationship
between six rate constants:
k2 k1 ke

= 12
k—2 k-1 k-t ( )

Seven unknown parameters (six rate constants and
n) are involved in these equations. The analyses of
7! and Tm~! by a successive approximation method
yield both n=3 and various sets of values for six rate
constants which give the theoretical curves inter-
preting nicely all experimental data. However, a
unique value for each rate constant could not be
determined from this analysis. Accordingly, in order
to determine unique values of six rate constants, the
relaxation amplitudes of the fast and middle
processes, AOD; and AODp, were also examined on
the basis of Model III. The relaxation amplitudes of
AOD¢, AODy, and their ratio of AOD/AOD;, are given
by

(81— &) — (82 — &)Bm

AOD; = )
I’ B — Bn b2i (13)
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(81— &) — (€2 — &) Br

AODm =— ymo s (14)
Bf - Bm
AOD; (81— &) — (62— &)Bm y° (15)
AODn (81— &) — (82— &)Bryn? ,
with

Y = AS{Btm+ aKiKz + (1 + Brm)(1 — a)K2(S— Af (r))}6K1/

{1 + (K1 + K2)(S — 4Af'(r))} (16)
Brm = (T"Y,m —azz)/ar2 an
a = AH2/ AH,= (6K2/ 8K 1)(K1/K2), (18)

where &, &, AH;, and 8K; (i=1,2) denote the molar
extinction coefficient of free AO, that of complex G,
the standard enthalpies, and equilibrium shifts by the
temperature-jump in process i, respectively. The
derivation of these equations are shown in Appendix
B. As can be seen from Fig. 5a, the wavelength
dependences of AOD; and AODy, are not only quite
similar each other, but both are well correlated with
the difference spectrum between free and bound AO.
Further, the value of AOD¢/AODn calculated using
the data in Fig. 5a is constant against wavelength
within an experimental uncertainty as shown in Fig.
8. These experimental results require that both AODx
and AODn in Egs. 13 and 14 should be proportional to
(ev—¢&), and that the representation of Eq.15 for
AOD{/AOD, should be independent of wavelength.
To satisfy these requirements, any one of the
following three relationships among &, &, &, and &
must be hold at every wavelengths: (a) e1=¢2=¢s, (b)
&=¢ and &=¢p, and (c) &1=¢, and &2=¢. Thus, the
concentration dependences of AOD¢AODn was
analyzed in detail using Eq. 15 for the cases (a), (b),
and (c), respectively. In the cases of (a), (b), however,
calculated values of AODy/AOD, were quite different
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Fig. 8. Wavelength dependence of the experimental
values of the relative amplitude AOD;/AOD, ob-
tained using the data in Fig. 5a.
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from the experimental data. In the case of (c), Eq. 15
can be simplified as

Aoi) =
AOD,, Ym® (19)

where subscript c refer to the case (c). The analysis
using this equation for the various values for a and
rate constants obtained above yields «=0.910.1, n=3,
and unique set of rate constants listed in Table 1,
which fully satisfy all the experimental data. As
shown in Fig. 9, a plot of AOD//AOD,, measured
versus (AOD{/AODy). calculated using the obtained
parameters showed an excellent fitting. The all
observed data of 7! and 7! fall on the theoretical
curves calculated, for the same parameters, using Eqgs.
4 and 5 as can be seen from Figs. 6a and 7a. These
agreements confirm the plausibility of Model III as
well as the equivalence in spectral behaviors of species
Ci with the bound AO and C; with the free AO.
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Fig. 9. A plot of AOD{/ AODn obtained experiment-
ally at various concentrations vs. (AOD{/AODp).
calculated from Eq.19 using parameters listed in
Table 1.
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Fig. 10. CD spectra of AO in the presence of DNA
in 0.2M NaCl solution at various temperature in

the premelt range. [AO]}=3.3X10-5M, [DNA]-
phosphate=6.6X10-* M (P/D=20).
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Furthermore, the value of n=3 determined kinetically
is identical with the value obtained from the analysis
of the binding isoterm. The overall binding constant,
K1+K2=(1.610.3)X105 M1, calculated from the ob-
tained rate constants is nicely consistent with the
binding constant for intercalation mode, K;=1.8X105
M-1, determined statically. These facts give further
confidence for the present assignment.

(ii) Slow Process. As can be seen from Fig. 5b,
the spectrum of the relaxation amplitude of the slow
process is well associated with the spectral variations
resulting from the interaction between intercalated
AO molecules. To see this point further, the CD
spectra of AO-DNA complex, which is sensitive to
dye-dye interactions, were measured at P/D=20 as a
function of temperature in the premelt range. As
shown in Fig. 10, the exciton splitting due to
intercalated AO-AO interaction!”-4¥ was observed,
and decreased with elevation of temperature. Since
the amount of bound dye can be regarded as
approximately constant in this temperature range,15:18)
this CD shift clearly demonstrates that the interaction
between intercalated dyes depends considerably on
temperature. Furthermore, the direction of CD shift
indicates that this interaction successively weaken
with temperature increase. This is compatible with
the direction of the relaxation observed by tempera-
ture-jump measurements. The slow relaxation
process is thus attributable to intercalated AO-AO
interaction which depends on temperature.

By the way, the strength of interaction between the
intercalated dye molecules depends strongly on both
the distance and angle between the interacting dye
molecules.4® In the case of intercalating dyes, these
stereochemical parameters would be determined by
the double helical structure of DNA. Therefore, the
present relaxation seems to result from a thermally
induced configurational alternation of DNA molecule
itself, which brings about the changes on the
steteochemical relationship between intercalated AO
molecules. In the case that this configurational
alternation arises from an equilibrium shift between
two states of DNA structure, the reaction scheme for
this process may be represented by the following
simple form independent of the fast two relaxations:
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[DNA]x v;ka_\ [DNAly, (IV)
-3

where [DNA]x, [DNAly, k3, and k-3 denote the two
states of DNA structure named X and Y, the forward
and backward rare constants, respectively. The
equation of the reciprocal relaxation time, 737}, is
given by

737! = k3 + k-3, (20)

where the relaxation time is essentially independent of
DNA and AO concentrations, which is consistent with
the experimental results as seen in Figs. 6b and 7b. By
averaging the experimental values of 731, kst+k-3 was
obtained to be 120+10s-!. The states X and Y
introduced above can not be identified in the present
study. However, these may be associated with the
thermally induced premelt transition of DNA which
has been demonstrated by CD spectroscopiest”-4® and
NMR studies.4?

When the whole results are reviewed, it should be
noted that the only faster two of three relaxations were
assigned to the actual interactions between AO and
DNA molecules. This is consistent with the fact that
the overall association constant K;+K2 determined
kinetically for the two fast relaxations agrees well with
the binding constant K estimated statically.

Discussion

Intercalating Species. The present kinetic results
elucidated the presence of two types of bound dye
species (Cy and Cg) in the range of v<0.1. The values
of binding constants for these species, K; and K3, listed
in Table 1 indicate that more than 80% of bound AO is
in complex form C;. In addition, the absorption
spectrum of C; determined from the analyses of the
relaxation amplitude is approximately identical with
that of statically observed intercalated AO. These
results strongly suggest that the species C; is
attributable to the intercalative species.

The values of rate constants for the formation of
complex C; can be compared to those reported for
other intercalating dyes, and for a nonintercalating
dye. The present results of k1=(3.410.2)X107 M~1s-!

Table 1. Kinetic and Stoichiometric Constants for Binding of Acridine
Orange to Calf Thymus DNA (25°C, 0.2 M NaCl)
k1 k-1 k2 k-2 ke k-
10" M-1s-1 10251 10" M-1s1 10251 108 M-1s-1 108 M—15-1

3.4+0.2 2.3510.15 1.55+0.15 5.55+0.15 1.240.2 8.010.5

K, K2 Kw® Kp¥

n K.

105 M1 10¢ M1 105 M~ 10¢ M1

3 1.4510.2 2.810.3 0.2510.04 1.8 3.0

a) Obtained from the binding isotherm.
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and k-1=235115 s~! at 0.2 M NaCl are similar to those
obtained for the intercalating dyes; k=108 M-1s-1 and
kv=50—7000 s~! for 10-methyl-9-aminoacridine, ethi-
dium, and several phenanthridine dyes-DNA systems
at 1.0 M NaCl,26.20 k=1.7X10" M-1s-1 and k,=30s"1
for ethidium bromide-poly[d(A-T)] at 0.1 M KCl,49
and k;=2.2X107 M-1s~1and k1,=200 s—! for (A-T) like
site?® and kx=3.4X10"M-1s-! and k»%=120s"1 for
(G-C) like site5? for a typical base-specific acridine
dye of proflavine at 0.1 M NaCl, but not to those for
the nonintercalating dye; k;=1.5X108 M-1s-1, k=
5X104s-! and ky=1.4X108 M—1s-1, kyp,=4X103s-1 for
di-t-butylproflavine-DNA system at 0.2 M NaCl.52
Especially, the values of forward rate constants of
intercalation obtained at quite similar ionic strength
of 0.1 and 0.2 are quite similar each other. This may

indicate that differences in the structure of dye and the -

base specificity are not dominant factors determining
the rate of intercalation, but some specific conforma-
tional alternation of DNA helix resulting from the
intercalation of dye molecule may be the rate-
determining step for the intercalation process.
Externally Bound Species. The analyses of the
relaxation amplitude revealed that the absorption
spectrum of complex C is approximately same with
that of free AO molecules. Similar results were
reported for the monomeric AO-polyphosphate com-
plex.#? Consequently, the species Cz is reasonably
attributable to an externally bound species fixed on
the surface of DNA. The value of binding constant
K2=3X10¢* M! is fairly large compared with that of
electrostatic binding of acridines to the negatively
charged residues of synthetic polymers (K102 M—1).58-55
This fact indicates that bound species Cg is different
from a simple electrostatic binding between AO and
phosphate residue of DNA. Meanwhile, the rate
constants k2=(1.5510.15)X107 M-! s~! and k-2=(5.55%+
0.15)X102 5! are similar to those of other intercalating
dyes rather than that of the nonintercalating dye. Ac-
cordingly, as a possible mechanism for the formation
of complex Cg, we propose the partially intercalationg
model adopted for the binding some acridine dyes to
DNA.%® In the present case, either one of twe
dimethylamino residues of AO molecule is partially
intercalating between base pairs holding the electro-
static binding of the phosphate residue of DNA ribose
and the acridine ring of AO molecule is remained in
the outside of DNA helix; a heavily hydrated
environment around DNA helix5? may give the
absorption spectrum of AO similar to that of free AO.
As for the dimerization of AO molecule on the
DNA, which is expected to occur under the condition
of v>0.1 beyond the present experimental condition,
Armstrong et al.!® assumed that an intercalated AO
molecule affords an additional binding site for free
AO to form a dimerized species on DNA helix. How-
ever, this model appears suspicious from a considera-
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tion of X-ray crystallographic studies of AO-iodo
CpG crystals by Reddy et al.5? They revealed that the
acridine ring of intercalated AO as well as other
acridine is almost fully sandwiched between upper
and lower sides- of base pairs. With regard to this
point, the present results would afford a better
interpretation that the dimerization of AO molecules
on DNA helix most likely results from a binding of
free AO to an external bound species Cz, but not to an
intercalative species C;.

Magnitude of Site Exclusion Effect. Among all
studies on the binding of various acridine dyes to
DNA reported so far, the present study is the first study
in which the value of n, a parameter indicating the
magnitude of site exclusion effect, was determined
kinetically.
~ In earlier equilibrium dialysis studies by Armstrong
et al.,’® and by Fredericq and Houssier,!? the binding
isotherm of AO-DNA system has been analyzed with
n=2. Fornaslero and Kurucsev,® however, have
reanalyzed the data by Armstrong et al. and pointed
out that the binding isotherm in 0.1 M NaCl solution
could be satisfactorily interpreted with rather n=3
than 2. The present result of n=3 in 0.2 M NaCl
solution supports further the results given by
Fornaslero and Kurucsev. This value (n=3) indicates
that the three consecutive intercalation sites are
blocked by one bound AO molecule. The molecular
basis of this effect may be afforded by y-kinked B DNA
structure proposed by Sobell et al.?® in their X-ray
crystallographic studies of intercalating dyes-dinu-
cleoside monophosphate crystalline complexes.

Transfer of Bound Dye between Binding Sites.

One of the most important feature of the kinetic
mechanism (Model III) is to involve a bimolecular
pathway for direct transfer of dye molecule from one
site to another. Besides the present AO-DNA system,
this kind of direct transfer process has kinetically been
recognized for the binding of ethidium,?® carboxy
dimidium, ethyl phenidium, desphenyl dimidium
and 10-methyl-9-aminoacridine to DNA.Z?  Quite
recent observations by Kubota and Fujisaki suggested
that proflavine and acriflavine, typical base-specific
acridines, also bind to DNA via the direct transfer
pathway.5® Moreover, such transfer reactions have
been demonstrated in the protein-DNA system.s0
These facts indicate that the direct transfer reaction is
one of the fundamental dynamic features of DNA
interaction with various ligands, and this reaction
may play an important role in translocation of ligands
seeking specific binding sites on DNA. Since the
kinetic studies are of great advantage for elucidation
of such dynamic features, extensive studies of kinetics
of DNA with various kind of ligands would be
required.

Finally, we should refer to kinetic models proposed
for AO-DNA system by other workers. Geacintov et
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al.8? proposed by using flash photolysis technique
that the intercalation takes place bimolecularly,
which is consistent with the present result. However,
the process of direct transfer of dye molecules was not
observed in their study. This is probably because that
the flash photolysis technique is insensitive to the
transfer of dyes. While, Sakoda et al.24:29 observed a
single reaction step by the absorption and fluorescence
stopped-flow experiments in the concentration range
below 5X10-5M of DNA (base pairs unit), and
proposed a two-step mechanism (Model II) on the
basis of the independence of the relaxation time on
concentration. The values of the reciprocal relaxation
times (300 s~1) reported by them are in good agreement
with those of the present 7n,~! in the corresponding
concentration range. As can be seen from Fig. 6a,
however, the dependence of 7,~! on the concentration
becomes remarkable at higher concentration. This
facts may suggest that the stopped-flow experiments
by Sakoda et al. have been done under unfavorable
concentration conditions for the unambiguous elu-
cidation of the binding mechanism.

Appendix

[A]. The cyclic reaction presented by mechanism III
affords two independent rate equations. In the case that the
perturbation give to the system is small, these equations can
be linearized as

- ii-scl(t) = —ky(A8S(t) + S6A(t)) + k-18Cx(t)
dt + k(S8Cy(t) + C18S(t)) — k-(SCa(?)

+ C28S(2)), (Al)
——d—BCz(t) = —hko(A8S(t) + S64(t))
dt + k-28Ca(t) — ky(S8Cx(t)
+ QlBS(t)) + k—(S8C2(t)
+ Cz&S(t)), (A2)

where 3S(¢), 8A4(t), and 8Ci(t) are the time-dependent small
deviations of each reaction species from the equilibrium
states after the perturbation given at t=0.

According to the site exclusion theory proposed by
McGhee and von Hippel,4® a function f(r) represented by
Eq. 10 in the text denotes the fraction of free binding site,
thus

S/80 = f(r). (A3)

The differential of Eq. A3 affords the small deviation for
S:44

8S(t) = f’(r)Sobr(t) = f’(r)(6Ci(t) + 8Ca(2)), (A4)

where the function f'(r) is the derivative of f(r) (see Eq. 11 in
the text). While, mass balance condition for dye requires

84(t) = —(8Ca(t) + 8Cxft)).

Introducing Eqgs. A3, A4, and A5 into Egs. Al and A2, we
obtain

(A5)
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d

S 8Cy(t) = andCi(t) + a126Cao(t), (A6)
d

— —— 8C3(t) = andCy(t) + a226C2(t), (A7)

dt

where the coefficients a; (7, j=1 or 2) are given by Eqs. 6—9
in the text. The reciprocal relaxation times (Egs. 4and 5 in
the text) are obtained by solving characteristic equation for
the matrix [ay].

[B]. The total absorbance of the solution is given by the
concentration of AO in its different states and the
corresponding extinction coefficients:

OD = &4 + &1C1 + &Cs. (B1)
The time variation of the absorbance after a temperature-
jump is

AOD(t) = &8A(t) + €8Cy(t) + €206Ca(t). (B2)
A substitution of 84(¢) from 'Eq. A5 into Eq. B2 leads to

AOD(t) = (&1 — &)dCi(t) + (e2 — &)6Cx(t). (B3)

The normal concentration deviations are written by linear
combinations of 3Ci(¢) and 6C2(t):

yi(t) = ylexp(—t/ti) = Bi6Ci(t) + 8Ca(t) (B4)

with

Bi = (7! — asw)/a. (B5)
Where the subscript i (=f, m) refers to the normal modes
corresponding to the fast and middle processes, and the
superscript 0 represents the value for time t=0. From Eq.
B4, it follows

—yPexp(—t/t5) + ymlexp(—t/Tm)

8Cy(t) = (B6)
Bm - Bf
m —t/1) — 'm0 —t/Tm
5Calt) = Bmydexp(—t/Ts) BrymPexp( ) ) (BY)
Bm - Bl‘
Inserting Eqs. B6 and B7 into B3 yields
AOD(t) = AODtexp(—t/tr) + AODnexp(—t/Tm),
(B8)
with
aop = BT W e T @b (BY)
Bf - Bm
aop, =T ~ (@ T b (B10)

BI‘_Bm

As judged from Eq. B8, AOD;and AODy, are the amplitudes
corresponding to 7! and 7n~, respectively. The normal
concentration, y in Eqs. B9 and B10 can be written using
the equilibrium concentrations of the actually existing
reactants ans the equilitrium shifts, 3K and 8Kz caused by a
temperature rise. From Eq. B4, the following relation is
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obtained for t=0:

yi® = BidC,® + 8C° (B11)

According to the general procedure for the derivation of the
net concentration shifts of the reacting species, we have
FMAS{1 + Ko«S — f(r)d)]
1 + (K1 + K2)(§ + f(nd)
Kof (ndSES — f(nd)
1+ (K1 + Ko)(§ — f/(nd)

6010 = -

+
(B12)
Kof (1 AS(S — f'(nd)
1+ (K1 + K2)(§ — f(nd)

F(NAS{1 + KyS — f(nA)}
1 + (K1 + Ka)(§ — f(nd)

6CL =

(B13)

By defining a as AH1/AH2 (where AH; and AH: denote the
standard enthalpies in each process), 8K1 and 0Kz are
connected by the relation

a = (6K1/6K2)(K1/K?2),

If Eq. Bll is rearranged using Eqgs. B12, B13, and Bl4, the
values of y® (i=f, m) are given by the forms represented by
Eq. 16 in the text.

(B14)
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