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COMPLEXES BETWEEN DNA AND BASIC ARYLMETHANE DYES
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The interaction between B-form DNA and twelve cationic thiaryl-methane dyes was studied with respect 1o optical prop-
erties .nd stabilities, using linear dichroism (L D) and aqueous two-phase partition techniques. Monovalent dyes derived
from crystal violet as a rule form a single strong comrlex (K ca 105 M™): site density per nucleotide base 73 ca 0.1 at 0.1M
ionic strength) in which the plane »f the dye is at an angle of less than 50° to the local DNA helix axis. The complex with
fuchsia is weaker (10% M™1) bui can be explained by a similar orientation. For some of the dyes (those with pseudo-Cay
svmmelry® o< angular orientations of two molecule-fined ases can be obtained. For the divalent methyl green a second
compli appears to be formed at low ionic strengih. Methy! green (and to some extent 2-thiophene green and malachite
green) show e.citon splitting in the LD spectrum and circular dichroism assignable to exciton coupling between transition
dipoles roughly paraliel 10 the helical sirands, indicating a dye—gye interaction. The optical data, supported by fittmg ex-
periments with space-filling models, supzests a general structure for the binding site. The dye 1s not intercalated but is
bound to exposed hydrophobic regions in the major groove. The ligand is in part {the charged amino groups} in contact
with the phosphoribose chain but i1s main surface lies against the hydrophobic basz-pair stack. For a diphenvimethane dve,
Michler's hydrol blue, a perpendicular orientation was observed, possibly due to intercaiation.

i. Introduction

The interaction between iripnenylmethane dyes
and DNA has drawn considerable interest. Methyl
green {(MG) has long been used to monitor DNase zc-
tivity and has recently been found to inhibit DNA
synthesis [1]. Krey and Hahn [2] have used methyl
green in studies of the binding of other agenis t0 DNA.
Gautier and Miller [3] have studied base-pair prefer-
ences of som= triphenyl-methare dyes.

There has been some debate [2—4} about whether
methyl £ :en binds by intercalation but the structures
of these complexes in solution have hitherto been
little known.

While considerable information on biopolymers has
been obtained from X-ray crystal studies there is rela-
tively little informiation available from solution stud-
ies. Optical properties, particularly circular dichroisim,
have been used to monitor conformational changes in
solution, but they usually do not yield more detailed
structural information. However, important structural
conclusions can often be drawn from measurements

of linear dichroism (LD) of partially oriented soluiions
(using DNA solutions subjected to flow or electric
fields [5,6];in streiched filmrs of solid DNA [7]; see
aiso [8—13]). As yet only a limited number of workers
have used LD for these purposes. In a recent communi-
cation [14] we showed that dyes, for instance methyl
green, in which transitions of orthogonal polariza-
tions have been esiaplished, provide more detailed in-
formation about the structure of complexes with bio-
polymers. In the present work we have utilized the
“two-dimensional chromophore™ nature of methyl
green, and a number of related dyes, for investigation
of the struciure of the binding sites. fhe following
dyes were studied: methyl green (MG2*), malachite
green (MAG™), 2-thiophene green (2-TG™). 3-pyridine
green (3-PC*%), p-hydroxymalachite green (p-OH-MAG™).
p-nitromalachite green (p-NO,MAG?), o-methoxy-
maiachite green (o-CH3z0-MAG™), p-methoxymalachite
green (p-CH3;0-MAG™), o-bromomalachite green
(o-Br-MAGT), p-iodomalachite green (p-I-MAG™),
erystal violet (CV™), p-fuchsin (p-F*) and Michler’s
hydrol blue (MICH™).
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In previous work [12] we relied upon a theoretical
orientation to the Peterlin-Stuart distnbution, which
presumes rigid particles. Here, we have used an ap-
proach that is formally diiferent for estimating the
orientation (vide infra).

2. The theoretical basis for dynamic dichroism

The linear dichroism of a rigid particle in a hydro-
dynamic gradient is relatively easy 1o interpret prov-
ided the orientational distributior function for the
sysiem is known. For example, i{ the moiecules can
be represented as ellipsoids of revolution, the Peterlin.
Stuart distribution [15] may te employed, leading to
a well established relationship beiween the observed
linear dichroism of the flowing solution with the di-
chroism tensor of the molecules themselves [6,16].
The linear dichroism
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of a solution of an orientable specics of concentration
C, with an optical paihlength 4, is then given simply by

LD _ €z —€x

L —— =F(G/D,p)*3 (3 (cos?8) —1). (2)

r r

Dividing by the absorption of the solution at rest, e
ables C and d and other constants relating the absorp-
tion to dipole strength to be eliminated. F is an orien-
tational factor, 0 < F < 1, given by the Peterlin-Stuart
distribution for a given mcde of optical propagation
(in the present study we have employed a radial obser-
vation through the Couette cell). its value can be ob-
tained from the tables of Scheraga et al. [17] and
Wada [6] as a function of the reduced gradient G/
(G = flow gradient across the cylindrical gap in iz
flow cell, D = rotary diffusion constant of the mole-
cule), and the axial ratio p = /b (¢ and b are the
lengths of the major and the minor axes of the ellip-
soid). & denotes the angle that the transition moment
makes with the molecular orientation axis (= major
axis). We here assume that there is only a single transi-
tion absorbing at the wavelengths of interest (in the
case where there are overlapping bands with difiering
polarizations the second, “optical factor”, of eq. (2)
becomes instead a surn over the various trancitions).

Eq. (2) has been applied in studies of DNA [6,12]
but is strictly not valid for this and other flexible bio-
polymers, whose orientational and optical properties
have to be derived as averages over the internal confor-
mational angles rather than from a rigid molecular

ramework. To obtain the dichroism, we must have in-
formation on the orientational factor, preferably ac-
cording to the theory of Zimm-Rouse for flexible
chains, and also on the mode of molecular extension,
at a given shear gradient. The rapidly increasing the-
oretical complexity in such cases has, however, deterred
many workers from using this model and has made
them overlook the errors involved in the application
of the rigid ellipsoid model.

Wilson and Schellman have recently derived a statis-
tical theory for the dichioic tensor of flexible helices
[18]. They show that for a DNA-like (= faisly stifi)
chain the molecular dichroism is given as a producti of
the dichroism of a segment, Ag;, and the factor
(P, [N (T2 {{r?)y, where r is the length of the end-to-
end vector of the chain, . the persistence length (for
B-form DNA around 500 A) and / the iength of each
segment (3.4 A). At G = 0 when 72 becomes equal to
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{r2)q. the chain dichroism is (P_ /1) Ag;. The chain has
statistically axial symmetry around its orientation di-
rection, z, and for a hypothetical ensemble of com-
pletely oriented chains the polarized absorption may
be wriiten as

€. O o \
e=EfToT |0 € 0 OF 3
I I i iz F ‘:’)
\ 0 0 ell:/

where £; is a unit vector in the laboratory system
(X, Y,Z) denoting the direction of polarization. O is
a 'ronsfarmation mairix, composed of the direction
ces.af . of the laboratory axes and those of a given
mojec zle. T means the transpose. Taking Ae

chain —
€,. — €.~ and averaging with respect ic the orienta-
tion:al d':ztribution one obtains
P,. ;2

€, —€x = Ag—— {{cos?Zz) — (cos?Xz)} (&)

I (2,

where Zz and Xz denote the angles between the mo-
lecular z axis and the laboratory axes Z and X, respec-
tively. Eq. (4) shows that the macroscopic dichroism
is factored into optical and geometrical parts. In DNA
we may assign a iocal helix axis, H, to the smallest
part (at least one base-pair) in which the hehx can be
considered straight. If 8H is the angle the transition
moment makes with this axis we may write eq. (4) as
follows:

€E» — €
I{;_D=le_£=_pd0% (3 cos26H 1)

r r
0<9H < 90°, (5)

Fi%isa weighting function taking into account the
average n.olecular deformation and orientation, at a
given gradient.

Due t» the complicated nature of F9°_this param-
eter is conveniently determined empirically from the
LD/A, of a band for which 6H is known. In the pres-
ent study of complexes with DNA, the intrinsic base
absorption was used for this purpose. When F9° has
been established for DNA for a given degree of com-
plexation with a ligand L and for a fixed flow gradient,
€q. {5) can then be applizd to an absorption in L with
known polarization to give the angular orientation
(#H) of the corresponding direction in L with respect
to the local helix axis. The LD/A4, to be inserted,

should refer to pure complex and preferably to a de-
fined site, S(). If the equilibrium analysis permits de-
tailed mapping of the various species S(¢) L, it should
be possible to characterize any site i by the way in
which it orients L., using the ratio
Ae;(A) LD —dT,.;[S(j)L] B¢, (D)

€; A-d E};_LIIS(])L] E_,"(R)

where Ag; (A) is the specific (M~!em~1) linear dichro-
ism at the wavelength A of L when bound at site { at
some standard gradienti, and €;(A) is the correspond-
ing ordinary absorption coefficient (random solution).

(6)

3. Equilibrium analysis

As a first approach it is reasonable to assume that
complex formation between a site S(/) on DNA and
a ligand, L,

S(#) + L= S(/)L, (")
o _ [S(HL]
= SOILT ®)

contiributes to linear dichroism and absorbance in the
absorption region of L according ic:

LD(N) = 2 [S() L] dAe, (N), (9)

A(N) = 22[SG) L] de;(N) + [L] dep (M. (10)
H
The fact that Agy is O (since L is oo small a molecule
to be orienied by the gradient used) means that a fi-
nite LD is an unequivocal criterion for the existence
of a complex. Experience shows that cubic chromo-
phores, or ligands bound without any specific onienta-
tion, exhibii some LD when attached to a fiow-orient-
ed biopolymer [19]. Absence of LD may therefore in
general be taken as firm evidence of the absence of
binding. The niethod of detecting LD imposes how-
ever a limit (with our method 10—3M S(i) L).

To be able to use the observed LD fcr auantitative
interpretation it is desirable to determine the amounis
of the pertinent species which are present ir. the par-
ticular solution. This equilibrium analysis c.n in prin-
ciple be performed in two ways, regardless of the ex-
perimental properties employed: one of these is suit-
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able for graphic evaluation. In the first, the okserved
property (here LD) is expressed in known and un-
known parameters and the latter are computationally
varied to minimize the difference between theoretical
and experimental observable. In the second, one starts
with an estimate of the ligand number

where the total concentrations of ligand and nucleo-
tides are

¢y =IL1 + 27 [S()HL], (12)
i

Cn = Csiy/n; = Eil(lsu)l + S L1)/n; . (13)

Obviously 7 can be expressed in terms of the desired
K; and n;:

) PRy 14)
~ 1+ K, [L] (
In the case of a single class of binding sites, a plot of
#/[L] versus r yields a straight line with the intercept
at r equal to 77; on the r axis and with the slope equal
io —K
1-

rlf[L] =n(K{— K;r. (15)

Usually such plots (Scatchard plots) are not linear but
are curved at higher 7 due to the formation of “higher
complexes’. These may correspond to other geometri-
cal sites but may also be created by a decreased free
encrgy gain at the original site due to the electrostatic
interaction from neighbouring bound ligands (usually
called negative cooperativity). In the case where two
discrete binding classes can be distinguished, corre-
sponding to the stabilities K; and K, and 1 2 X,, it
follows from eq. (14) that the r/[L] versus r plot at
low r should exhibit a linear portion which has the
slope — K and the intercept 7/[L] = K n; + Kon5 at
7= 0 but at high 7 should have a different linear por-
tion with the slope — K, and the intercept r = n; +n,
at r/[L.}] =0. ) -
Eqg. (15) is aseful in *“*free ligand™’ measurements
(equilibrium dialysis, pariition methods) bui for esti-
mating the stability from the LD in the case of a single
class of binding sites, il is more convenient to use the
method suggested in ref. [12]. When the sites S(1) are
cominletely occupied LD reaches a saturation value,

LD, .- A ligand number 7 = [SL] /Cg [12} is then ob-
tained as LD/LD, ., for any point on the titration
curve. With only one stability constant, K, a plot of
1/(1— n) versus Cy /n yields a straight ine with K, as
the slope and 7, Cy as the intercept at 1/(1-7#)=0
(eq. (9) in ref. [12]).

4. Experimental

LD was measured as before on DNA solutions oriented
in a Couette device {12,13]. Circular dichroisin (mmeas-
ured in a Jasco J4 1 specirometer) is given in absorb-
ance units, CD = A4; — A, = (¢ —¢€,) Cd where €; — ¢, is
in M—lem—L

The partition method used in the equiiibrium stud-
ies is that described by Alberisson [20,21]. A two-
phase system of 49 polyethylene glycol (“‘PEG 6000™)
and 5% dextran (**dextran 5007") in water was employ-
ed. We found that DNA is quantitatively taken up by
the bottom (dexiran) phase when 5 mM NaAc + x mM
NaCl (0 < x < 100), is uvsed as ionic medium. A con-
stant pH = 5.0 was used to keep the dyes in the cation-
ic forms indicated. The partition coefficients for the
diftferent ligands were determined spectrophotometri-
cally as K,=Cy (top phase)/(; (bottom phase) in the
absence of DNA at the appropriate ionic sirengths. Kp
varied between 1.19 and 1.48. For the DNA-L equilib-
rium experiments a set of test tubes was arranged with
varying C; and a constant DNA concentration. Afier
shaking, the phases were allowed to separate {(ca 1 h)
and the free ligand conceniration in the bottom phase
was obtained from the absorbance of the top phase.

Calf thymus DNA (Sigma type 1) was used; the con-
centration (Cy;) was determined from the UV absorb-
ance (€xgg nm = 6600 M—1cm—1). The triphenyime-
thane dyes were kindly donaied to us by Cigén and
Bengisson (syntheses and analyses according to [22]
and references therein). The concentrations of the
dyes were determined spectrophotometrically.

5. Results and discussion

An understanding of the optical properties of com-
plexes between a ligand and a macromolecule requires
characterization of the optical properties of the sepa-
rate species. The dyes used may be divided into two
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classes: those which can be considered as having C,,,
symmetry (MAG and its derivatives, MG etc) and
those which have essentially C,, symmetry (CV, F).
(Since the molecules, for steric reasons, are non-planar,
the symmetries are probably more precisely C, and
Ds. respectively.) From group theory it follows that
any transition in these molecules must be polarized
along either the z or the x axis (C,,,, C,) or have de-
generate xz polarization (C3,, D3). Any significant
out-of-plane polarization can be ignored. Methyl green
can be taken as a repiesentative of the first class. Like
all the others in this group, methyl green displays a
characteristic pair of bands: one band centred at 430
nm which is uneguivocally known to have z polariza-
tion [23] and one band around 640 nm, which is more
or less purely x polarized. In a recent study of dyes
oriented in polyvinyl alconol [23], the component
spectra of the absorption tensor were resolved using
the assumption of negligible out-of-plane intensity. Ac-
cording 1o this resolution, the 640 nm bands in MAG
an¢ MG should have a considerable admixture of z po-
lanzed intensity.

Complexation beiween the dyes and flow-oriented
DNA manifests itself by a inore or less intense LD sig-
na corresponding to the energy of the dye absorption.
Sir.ce most of the dyes give complexes with stahilities
of zt least 105M-1, it is easy to find a CnandaCp
where practically the entire amount of added “ve is
bound, and there is a low degree of occupatic™ of the
available sites. Ae; /Ae] can then be obtainedﬁ a very
good approximation as the ratiio between the drrectly
recorded LD and A. Further, since DNA is in great ex-
cess and since most of the dyes have no absorption at
the wavelength of the intrinsic DNA absorptior, it fol-
lows that (LD/4)557 nm gives the value of F% via eq.
(5) directly, by inserting 6H = 90°. Table 1 summarises
the LD resulis.

Let us consider the MG-DNA complex and the as-
sociated optical properties (fig. 1). Irrespective of
whether the band at 640 nm (645 nm in DNA complex,
632 in aqueous soiution) is purely x polarized or not,
the fact that it shows positive LD in the flow-oriented
complex excludes the possibility of intercalation in-
volving the x direction. On the other hand, the large
LD/A4 at 425 nm (ihe amplitude is actually even larger
than that of the intrinsic base absorption at 257 nm)
demonstrates that the z direction in MG is practically
perpendicular to the local helix axis. This orientation

Table 1

Observed LD and LD/A of the dye-DNA complexes at the char-
acteristic LD eatrema. 7 =0.10 M NaCl,Cy=4.0 X 107" M DNA
phosphate, G= 4000 5" Cy /Cp given in the first column

L Wzvelength 1D x 103 LD/4 3)
(C'L/C'N) of LD extre- (d=0.10cm)
mum (nm)
MG?3* 257 —40.00 -0.154
(0.025) 310 ~7.0 ~0.17
425 -367 —0.181
645 5.09 +0.062
MAG* 257 ~36.70 —0.115
(0.043) 430 —-3.52 —~0.100
630 5.94 +0.036
2-TG* 257 -38.18 —0.103
(0.043) 470 -4.30 ~0.6753
640 3.27 0.023
3-PG* 257 —45.15 -0.173
(0.026) 425 ~1.97 —0.119
645 3.39 0.043
p-OH-MAG* 257 —4p.91 —0.156
(0.026) 455 —2.58 _0.112
625 2.82 0.042
p-NO5-MAG* 257 —40.90 —-0.154
(0.026) 425 ~1.82 —0.106
650 2.82 0.045
o0-CH30-MAG* 257 ~33.94 ~0.133
(0.025) 430 —-0.33 -0.023
640 0.88 0.013
p-CH3O-MAG* 257 —36.36 —0.141
(0.025) 455 —2.73 —0.110
623 2.27 0.031
o-Br-MAG? 257 -33.03 -0.129
(0.025) 420 -1.24 —0.083
645 3.24 0.037
p-I-MAG* 257 ~37.88 —0.146
(0.025) 435 ~2.11 ~0.102
635 2.23 0.030
cv+ 257 355 ~0.120
(0.040) 550 ~-3.62 (—0.032) ®)
593 —2.74 (—0.018) B
(640) + +
p-F* 257 -33.6 —0.130
(0.025 315 +0.76 (+0.048) b).©)
500 —0.84 (—0.010) b).©)
545 —0.70 (—0.005) b).c)
635 - 0.04 (+0.02) b))

a) Generally LD/4 = (Ae/e)S(I)L; Exceptions: crystal violet
and p-fuchsin.

)Not equal to Ae/e due to incompl:te complex formation.
) it was possible to run F-DNA in dextran (the boitom phase
from a partition experiment, diluted with 3% H,O)at 7 =
001 M N3+. C!_.ICN = 012. CN =36 X ]0_4 M (LD/A)gs-; =

—0.38, (LD[A)SSS =—0.050;corrected (AE/E)555 =—0.19,
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could result if the trimethylaminophenyl group was
intercalated. We shall return to this later.

As seen in fig. 1b, the LD spectrum of MG +DNA
changes in a characteristic way when the ligand con-
ceniration is increased; a new band with negative sign
arises at ca 630 nm. If a “complex”™ S(i) L is defined
by its specific Ag;, this band is evidence for the forma-
tion of at least one additional complex. The fact that

(d)

g
o

<>

S~ g — =
\/ o

]

L 4 £, k 4 L 1 - ¥ ¥ L 1 X ¥ K —1

300 400 500 600 700 nm

Fig. 1. (a) ~(c) Linear dichroisrm (£ D) and absorption (4) (G
= 400057}, d=0.10cm) of DNA + MG. (2) at Cy /Cyy=0.026,
Cp = 3.9 X 1079 M, acetate bufier (5 X 1073 M) pH=5.0. (b) at
Cy/Cn=0.80 (Cpy=2 X 1077 M), ionic strength I=5X% 10730
{——., acetate buffer) and 7=55 X 1073 M (--+, addition of
NaC1} and 7 = 0.1 M {(———, addition of NaCl), (c) €7 /C=0.80
(Cpy=2 X 1079 M) and pH = 8.0 (curves at different times

{# hours) after the addition of MG, 5 mM Tris-HCl buffer).
Fio. 1. {d)—{e) Circular dichroism of DNA + MG at =5 X
107> M (acetate buffer) and Cpy=4.0% 1074 M. (d) € /ON =
0.0023, () CLJCN =0.23.

the new band can be completely suppressed by increas-
ing the ionic sirength suggests that the higher com-
plexes are of electrostatic nature. If the pH is raised
from 5 to 8 in a solution of MG + DNA, MG is slowly
converied to the corresponding carbinol, which is un-
coloured. The concept of two complexes, is here sup-
ported by the observation (fig. Ic) that only the free
ligand and the portion responsible for the negative LD
at 630 nm, undergoes this change. In other words, MG
bound in the first site retzins its dye structure.

The positive long-wavelength band and the negative
band at shorter wavelength are comnmon for all the
dyes with pseudo-C,, symmetry (see table 1), with
one exception: the dye Michler’s hydrol blue, which
is known to have pure x pofarization at 605 nm and
almost pure z polarization =t 400 nm [23], showed an
overall negative LD in its complex with DNA. Bucause
of the uncertain stability, we have not reported the
observed LD/A data.

The two pseudo-C3, symmetiy dyes, crystal violet
and p-fuchsin, display a binding that is apparently
more sensitive to the ionic strength than the other
dyes. At J = 0.005 M Na* both precipitated the DNA.
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Fig. 2. LD (——, G =40005"Y, d=3.10cm)and A (——~,d =

1.0 em) of (2) crysial violet + DNA (C =1.0x% 1075 M, CN
3.8 X 1079 M DNA phosphate, /= 0. 10 M Na*} (b) p-fuchsin +
DNA (Cy =1.0X 1075 M, Cpy=4.0 X 1079 M, 7= 0.10 M Na*).

At 7= 0.1 M Na' a certain precipitation occurred
which prevented equilibrium measurements by parti-
tion, but a weak LD could be observed (fig. 2). With
fuchsin, a study in dextran solution at F = 0.01 M (see
note to tabie 1) showed that the Ag/e, correcied for
non-bonded dye, amounted io a fairly large negative
value. A positive LD band at 310 nm can be due to a
partly out of-plane polarized 11, " residue of the
twisted benzene rings. The polarization observed at
this position in polyvinyl! alcohol {23] is consistent
with this.

Retuming to MG and the equilibrium studies, the
interpretation of the LD in texrms of stabilities must
cleasrly be very uncertain for an increasing degree of
ligand occupation of the helix. Fig. 3 shows the LD
titration curves at different Cy values and ionic
strengths, With a high ionic strergth (fig. 3c) the LD
signals are in accord with the foimaation of a single
complex only, and a 1/{1—#) plot vields a stability
constant K and a density numter 7, which agres rea-
sonably well with those obiained from two-phase par-
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[ i ° — b
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Fig. 3. Titration curves showing LD at the extrema as a func-
tion of €1 /Cpy- L = MG?™ (@) £ = 5.0 X 107> M Na™ (acetate
buffer, pH =5§) Cp = 0.92X 1074 M (DNA phosphate). (b)
F=50x%x10" 3MNa Cn=1.9%1079M. () 7= 0.1 MNa*
(buffer + NaC1), Cpy= 1 Dx 1079 M.

tition equilibrium analyses (table 2, 7 = 0.1 M). How-
ever, at low ionic strength (fig. 3a, b) all LD curvsas,

except for that of the 425 nm band, show 2 non-mo-
notonous behaviour due to the build-up ot a second
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Table 2
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Stability data estimated from LD or from aguecus two-phase
partition. The stability constants &3, X2 in 10° M1,

From LD 2) From partition
L I=0.005M 7=0.10M J7=0005M /=0.10M
MG="
K, 5324 2.0+ 1 18=3 322
ny 0.10+ 0.05 0.08:0.05 0.15: 0.02 0.10
K2 (0.9) (1 0.3)
na (0.13) (0.10) (0.3)
MAG”
K, 2.4
n, 0.04
2-T1G’
K i.4 0.50 1.4
ny 0.04 0.06 0.02
Ko (0.2)
ny (0.06)
3-PG”
K, 3.8 1.7
ny 0.09 0.15
p-Ol-MAG"
K precipita- .0 precipitz-
7y tion 0.10 tion
p-NO2-MAG’
K, 2.6
ni 0.09
o-CH;0-MAG"
X, 0.80= 04
n, 0.02 = 0.01
p-CH30-MAG”
X, 0.90 = 0.4
ny 0.06 = 0.03
o-Br-MAG"
K 1.7
I 0.12
p1-MAG”™
K, 8.2
ny 0.15
cv’ precipita- b)
K3 tion (4.3)
ny ©0.10) D)
p—F+ precipita-
K, tion 0.01) ) 929

(7 =0.01 M)

10-5)
L =
3F (@)
2 b
1 -
o , C/a=10°
0 1 2
LD/ 0y
10
'\o\ (b)
O\
(Ll T ~—o
e,
\O—-
0 L ] \l\ CLmN
0 005 010

Fig. 4. (=) Evaluation of X ; and n; for MG-DNA fromthe LD
signal at 425 nm at low Cy (corresponding to fig. 3b, o, and
¢, @, and by means of eqgs. (8) —(°) in ref. [12]). (b) Estimate
of ny =lim (Cy /Cp) when 1-LD/LD_,., — 0.

complex at higher €y /C),. Fig. 4a,b, shows examples
of graphical evaluaiions of K and 7.

The similarity between the LD versus ) /Cyy curves
for different Cyy, with extrema in the region Cp /Cpy =
0.05, can be explained by two strong complexes. How-
ever, there are several indications that the changed
character of the LD spectrum is due to an effect of
interactions between dye mclecules and does not ne-
cessarily require a different site for the second com-
plex: 1. A charzcteristic exciton couplet is observed
in circular dichs oism at the position of the x polarized
absorption in MG (fig. 1e) with a strong rotational
strength compared to that of the “monomer’” complex.
No large circular dichroism is observed at the position
of the z polarized band. This behaviour is consistent
(see below) with a right handed heli>al array of MG:
site 1 complexes. The circular dichr -ism intensity, as
well as the LD adjusted for the estimated contributior
from a **first complex™ (fig. 5), show a quadratic be-
haviour as functions of C /Oy, as expected for the

b) The value is uncertain due to precipitation.

a) [deglect of exciton conpling.
-
) Calculated on the assumption of ny = 0.10.
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(a)

L) [
o /7 =4
(=] e e ——— [ ]

- / s 415 =
o | ]

[T / [ T%)

10
15
C /CyN
020
(b}
LBg23corr T
/'-—-
-cD=1p3 i -LC=102
/(//..-—-— —— =" Chggs
g
4 —
5 B 7 /. I 5
s/ — LDg23
V4 —
7 _/
4 yd
0 / 0
Ne /./l . t G /CN
al a2 0.3

Fig. 5. Comparison between CD and LD band intensities as
functions of Cy /C) for methyl green + DNA. 7= 0.005 M.
(2) CD at 420 nm (0) and at 660 nm (&) (Cy=4.0X 1079 M,
d=10cm). (b) LDat623nm(e,d = 0.10cm, Cy=1.9X
10~2 M) and CD at 625 nm (o). The LD due to exciton cou-
pling is visualized (LD, ., 0) by subtracting the LD estimat-
ed for the non-interacting dye from LDgo53.

dipole—dipole intensity [24].

The concept of a single strong binding site gives a
very simple account of these phenomena — it does not
exclude “highier complexes™, here collected in K5, due
to the successively changing electrostatic free energy.
However, some details are difficult to understand:

1. The 425 nm LD peak (fig. 3a, b)reaches a satur-
ation value while the other bands do not. This should
indicate that later binding dye molecules have an al-
most zero Ae€fe at 425 nm, i.e. a more disordered ar-
rangement of the z axis.

2. There appears not to be any correlation betwsaen
the degree of dye—dye interaction (MG, MAG and
possibly 2-TG are the only dyes with evidence for

]
o éo_ . 07__%_=__—=——_——=Q —————— 605

J-—-"" L 1 1 1 1 1
0 a1l 0.2 a3 a4 05 06 n7 chcN

Fig. 6. Titration curves showing LD at the extreina as a runc-
tion of CL/CN for 2-thiophene green (———) and for malachite
green (——). CN =2.0X 1074 M, 7= 0.005 M Na™.

this, see figs. 6, 7) and the site density 7. Such a cor-
relation would be expected if the exciton effects were
simply a result of a dense packirg of dyes in the fiist
site.

The intrirsic DNA LD at 257 nm can be used to
follow the eifect of complex formation on the DNA
structure. G:=neraily, an increase of 10 -20% ia LD/A4
at low C; /(' indicates a corresponding increase in
F9° (since the optical factor in B-form DNA has a H
close to 90° the effect cannot originate from a changed
base structu - or from perturbed base polarizations).
F9 is most orobably increased by an increased persis-
tence as the helix is filled with dye molecules. At high-
er ligand occupation « more or less pronounced de-
crease in LD/A at 257 nm is observed. This may be
due to effects of this type on the optical factor bur
may also have its origin in a decreased orientation due
to compaction and aggregation (since in the case of
fuchsin, aggregation was observed).

Finally a comparison between the spectroscopic
and “free ligand™ determinations of the stabilities: a
Scatchard plot based on a partition study of MG +
DNA at low ionic strength (fig. 8) vielded K| = 1.8 X
106 M~1, 2, = 0.15 and X, = 1 X105 M~1(22; = C.10).
This result should be compared with that obtained by
computational minimizatior. of the differences be-
tween the observed LI and those calculated by means
of egs. (8), {8), (12) and (13) by free variation of the
unknown parameters (the result is displayed in fig. 9).
The considerably higher K5 and the very high stan-
dard deviations of the evaluation based on the optical
observations can be ascribed to an unjustified assump-
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Fig. 7. Titration curves showing LD (G = 4000571, & = 0.10 cm) 2t the extrema as a function of C( 1€y Tor: (2) 3-pyridine green
(Cny=2%107% M, 7= 5% 1073 M Na™), (b) o-bromomalachite green (C;y= 2.9 % 1074 M, 7 = 0.1 M NaCl) and (<) p-nitromalachite
green (Cpy= 2.0 X 1073 M, 7 = 0.005 M Na*}, (d) p-fuchsin (Cpy=1.0X 10™% M, 7= 0.1 MNa™).

pled g

r

0 010

020

Fig. 8. Example of Scatchard plot based on a partition anal-

ysis (MG, Cpy = 1.0 X 1072 M, 7 = 0.005 M Na™).

tion of constant Ae; due to exciton coupling. As ex-
pected, good agreement between the methods is ob-
tained at the higher ionic sirength where no exciton
effects were observed.

The structural possibilities for the dye-polynu-
cleotide complexes studied were investigated with the
aid of spacefilling models [25] (fig. 10). For this dis-
cussion we can stmmarize our experimental character-
isation as follows:

1. The angular orientation of MG with respect 10
the iocal helix axis is 20—47" to the x axis and ap-
proximately 90° to the z axis. (Eq. (5) gives F do =
0.103 from (LD/A,),57 = —0.154 and {6}y = 47°
from (A€/€)gys = +0.062 and <65) = 90° from
(Ae€f€)y,5 = —0.181 assuming pure x and z polariza-
tions of the respective bands. The limit value of 35°
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 Lp(w)-103 LD(AY.103
2 -
A\ 9
1 l Cy/
\ L/ 1y
0 ’ \ 1 1 1 0
1.0 1.5
- -1
A A I
< Avil
—
O 1
/ \ 2
\ LDl(Cl)-m3
-1
0 \‘ 1 [N 1 0
0.25 0.50 075
g b \ d 4
O
O -2

LD{O)~103

Fig. 9. Example of computational minimization of ILDcaIc_LDexpl by free variation of K}, r;, 8¢; (623 nm), Ae; (422 nm);
i=1,2. LDg, p» the experimental LD at 623 nm (2 Oy = 9.15 X 1075M;0 Cy=1.93X 1073M) and at 422 nm (v Oy = 9.15 X 1073
Mol = 1.3’3 X 1079 M), is compared with the calculated (broken lines for 623 nm, full lines for 422 nm). Resulting parameters:
Kyx10°/M ™1 =14320.78;K, X 10"/ M~ =0.5320.40;2;=0.06£0.07;712=0.1020.10; A¢; X 1073/M Tcm™1 = 14.4 + 23.1
(623 nm), —6.5= 7.9 (433 am); Aep X103 /M 1em™1=—-11.7+10.2 (623 nm). Aez (422 nm) was set to zero.

is obtained by taking into account a possible admix- are the base pair planes. This could be due tc an n-
ture of up to 30% z in the 645 nm band [23]). The creased structural stability (persistency) of regions on
estimated 6 values for the other dye complexes are the helix which are preferentially covered by dye: the
given in table 3. regions not stiffened by dye shoi:ld explain the iower
2. The (A€/€),,5 value is significantly larger than (Ac/€),57. Another plausible explar.ation is that the
(Ae/€),47 indicating that the dye z axis is on average base pairs are not perfectly perpendicular to the helix

more nearly perpendicular to the local helix axis than axis. The observed divergence corresponds to a devia-
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C3y(D3)
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p-OI-MAG* p-NO,MAG*
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Angular orientations of the x and z axes of the dye
of the 640 nm and 430 nm bands
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Table 3
Dye
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?‘2 SI tion of at least 13° from perpendicularity. Differences

ad w from the ideal Watson-Crick model are not surprising
since the molecules studied are in solution.

i 3. According to the models a possible arrangement

A in the MG complex is an intercalation of the two

= g:, gl eql.livalent dime%hylaminophenyl groups (fig. 10b)

Taw This alternative is, however, excluded by the fact that
(6H>< 47°. The bulkiness of the trimethylaminophenyl
group is, judged from the models, a severe hindrance

s @ c‘:’? to the intercalation of this group. As well, the greater

Seow charge density on this amino nitrogen should reduce
the relative tendency of this group to be attracted to
the hydrophobic base pockets. The fact that a number

o &R of dyes with quite different groups along the z axis

§ S é (2-TG, the para-substituted MAG derivatives) show
similar LD also supports the concept that the z dimen-
sion is not intercalated. The observation of a decreas-
ed (LD/A4),,5 for dyes with crowding substituents,

= al gl R, (particularly 0-CH;0) is al.o indirect evidence

S o2 against an intercalated z axis, since these substituents
should affect the rotaticn around the = axis but, most
probably, not the orientation of this axis.

4. The protection from enolization suggests that

= ml gl the strongly bound MG (iliough possibly not the weak-

S o Iy bound) is effectively protected against nucleophilic
aitack by the negative charges on DNA. A similar pro-
tection against diazotization has been reported for

o 5‘? gl' aminoacridines when bound to DNA [2D6].

S e = 5. The binding energy is large (—AG ca 30 kJ
mol—!) for most of the dyes. There are several indica-
tions that the electrostatic contribution is consider-

= < 2 able (the effect of ionic strength, the increase to

= o rr_'g — AG® = 40kJ mol ! for the divalent dye MG, the gen-
eral requirement for the ligand to be a cation). How-

w 8 8 ever the importance of van der Waals forces also, can

S < ‘.._..'_ be suspected from the apparent requirement of a
large net aromatic surface (ca 40 A2 per dye molecule).

a & 8 ‘These properties are similar to those of the amino-

§ < r.—_l_. acridine dyes, but these however according to the
presently available evidence are intercalated. Fig. 10d

~ 9 & shows a non-intercalated structure for MG which would

E < ;"IE give optimum contact between the dye molecule and
the hydrophobic surfaces of the DNA strands. For

~ 5 MG it is probable that the more positively charged ir-

E ﬁl 2 E methylamino group poinis out towards the phosphates,

= while for the thiophene and malchite green dyes the
— | = equivalently charged dimethylamino groups can be ex-
2y S pecied to be directed in this way. In both cases the x
< :.:xz;'& = directicn will be oriented at an angle of 40 -50° to

symmetry
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Fig. 10. Possible DNA-dye structures. {a) Probable structure
of intercalated ethidium dye: the phenanthridininin ring sys-
tem is placed in s slot botween adjacent base-pairs; the phenyl
ring pointing out {arrow) is strongly twisted out of the molec-
ular plane. (b -c) Intercalation altermatives for triphenylimethane
dyes: (b) The entire molecule, except for one aromic ring is
contained in a basc-pair slot. In the figure it is the trimethyl-
aminophenyl ring of MG that is pointing out along the z axis.
(2) Only one ring (that along the - axis) is inserted into a slot.
(d) A nor-inicrcalated site in the major groove. This structure
is suggested for the Coy (MG) as well as for the C3y (CV) dyes.
{e} Peripheral site sugeested for a second complen with methyl
green.

the helix (H) and the z axis perpendicular to the helix
axis, in excellent agreement with the conclusions from
the LD observations.

6. The pair of bands of opposite polarizations ob-
served around 650 mm in LD as wel} as in CD can be
understood in terms of exciton coupling between the
transition moments in neighbouring MG molecules.

Table 4

This conclusion is sirengthened by the very rapid way
in which the intensities increase with (} /Oy (2 r;23
dependency can be expected for the interaciion ener-
gy over the inier-dye distance).

In table 4 the rotational strengths and energy split-
ting have been calculated for an infinite (right handed)
helix of MG molecules arranged according 10 the struc-
ture suggested in fig. 10d (the notations of the geomet-
rical parameters iniroduced in ref. [13] have beer:
used). The inter-dye distance ry, = 14 A and the values
on ¥, p and ¥ correspond to a fairly close packing
along one of the grooves. The fact that LD/A v o a0 i5
considerably less than +3.0 for the parallel band indi-
cates a strong muiual overlap between the exciton
components and/for a finite number of monomers in
the dye helix. In view of this, the experimential rota-
tional strength R (itom the area under the 665 nm
CD band) can be considered in good agreement with
that estimated for the suggested structure. The theoret-
ical energy separation (2 A in eq. {(10) of ref. [13])is
also in very good agreement with that observed if it is
taken into accourt that the apparent peaks are shifted
away from each other by the overlap.

7. A zero exciton CD at 425 nmn follows from ¥ =
6, = 0. However, the structure with a single site does
not explain why LD is saturated at 425 nm or why on-
ly the divalent MG, and not the other dyes with siin-
ilar i), shows strong exciton CD. A much more satis-
factory model can therefore be obtained with a sec-
ond peripheral site. Even if it is of mainly electrostatic
nature it can favour a certain orientation of the dye
molecule relative to the polynucleotide strand. With
the arangement illustrated in fig. 10e the MG x axis
will be essentially oriented as in the first site with re-
spect to the helix direction, H, while the z axis can be
considered almost randomly oriented in this respect.

Dye-dyve interaction in the MG-DNA complex. “Inner’™ (r = 7A) and *‘peripheral™ (r = 14A) site.

Theory ™) Experiment P)

ri2fA ¥=6,/deg pldeg ofdeg W fdeg rfA afem™! Rg;‘l&'szmd Im®  Alem™i Rgﬁﬁ-sz jad I m>
13 48 50 0 80 7 -3 89 +9.8

14 a8 40 0 45 14 412 +10.4 466 LTS

a) R.=R, = #oinl?r (sin 2 cos 0)/2; A according to eq. {10) of ref. [13}L 1217 = 6.59 X 10758 (Cm)? was estimated from the

absorption spectrum.
YI R, = (23X 10752/A,,,.) J (e; — €,) dA rad I m3.
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As shown in table 4 this siructure can be expected i0
give rotational strengths and energy splittings of the
same magnitudes as those observed.

8. The C, symmetry dyes (crystal violet and
fuchsin) although they are characterized only by nega-
tive LD bands do not necessarily have different orien-
tations. To a first aprroximation the absorption in-
tensity is degenerately polarized in the xz plan= and
the molecules may be considered as disc-like. The
angle, a, that the disc makes io the helix axis is then
obtained from the observed LD by means of a modi-
fied eq. (5): coszelﬂ is replaced by 3 cosZa[19]. From
the calculated (A€/€)555 = —0.19 for fuchsin we ob-
tained a = 55°, in fai.ly good agreement with the angle
the plar:s of the C,, symmetric dyes make with the
DNA axis. Although ro corresponding quantitative
analysis was possible for crystal violet the general re-
semblance of the LD spectrum to that of fuchsin
strongly suggests a sirnilar orientation,

9. With Michler’s hydrol blue a weak negative LD
was observed over the entire spectrum. Only a small
amount of dye was found to bind to DNA (less than
10% when €] = 1.6 X 10—5M, Cjy = 2.9 X 109 M at
I =0.1 M Na*)and the evaluation of Ae/e was uncer-
tain. 0, was estimated to be larger than 62° (the band
around 600 nm was employed; it has previously been
shown to be purely x polarized [23] ). A band at 400
nm (with z-polarization [23] ) also showed negative
LD: taken together the observations indicate that the
plane of the molecule is essentially perpendicular to
the helix axis. Michler’s hydrol blue can thus very
well be intercalated.

Concluding rernark . As this investigation shows, it
is possible to extract fairly detailed structural da:a
from LD via the two-dimensional properties of chro-
mophores such as those studied here. This possibility
seems not to have been fully appreciated before and
previous studies of complexes with DNA have usually
employed LD only as a very gualitative tool.
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