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1. Introduction

Several heterocyclic compounds are known to show
a preferential binding to one of the base pairs of DNA,
the most widely studied of these specific interactions
is the preference of the actinomycins for the G. C. base
pair [1]. In an investigation into the basis of this type
of preferential binding Miiller and co-workers [2,3]
have recently studied the base specificity of a series
of 36 intercalating heterocycles and have shown that
preference for the G.C. base pair increases as the
absorbance maximum of the ligand chromophore
shifts to longer wavelength presumably due to increased
polarisation of the molecule [2]. To determine the
nature of this specificity in binding we have examined
eight of the compounds (fig.1) used by Miiller and
Crothers [2] and have correlated the quoted values
for relative binding to G.C. and A.T. rich DNA with
physicochemical properties using the methods of
multiparameter regression analysis pioneered by
Hansch [4]. The chromatographic parameter (R ;)
and the relative charge transfer affinity parameter were
selected to mirror the hydrophobic and electronic
properties of the ligands respectively as these were the
properties which would be expected to be important
in directing binding to G.C. in preference A.T. The
R, value has been shown to be linearly related to the
hydrophobic substituent parameter n [5] and the
relative charge transfer affinity linearly related to the
Hammett substituent parameter § [6]. Regression
analysis shows that there is an excellent correlation
between charge transfer affinity of the ligand and
the preference for G.C. base pairs in DNA.
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2. Materials and methods

The ligands used in this work were obtained as
follows: phenosafranine perchlorate and thionine
perchlorate were gifts from Professor W. Miiller,
proflavine hemisulphate, methylene blue, acridine
orange, pyronine G, neutral red and toluidine blue
were obtained from normal commercial sources.
All ligands were shown to be chromatographically
pure by T.L.C. on silica gel using chloroform—
methanol—acetic acid (8 : 1 : 1) as solvent. Guanosine-
5'-phosphate, sodium salt (GMP) 100% by spectral
analysis was purchased from P.L. Biochemicals Inc.

2.1. Determination of charge transfer affinities

The relative charge transfer affinities of the ligands
were determined by measuring their relative abilities
to accept electrons from a suitable donor molecule.
The donor molecule chosen was GMP as this was
thought to most closely mirror the likely in vivo
donot, guanine. In order to ascertain whether a charge
transfer interaction was actually taking place between
GMP and the ligands, the presence of a bathochromic
shift and an isosbestic point was sought. The presence
of a bathochromic shift in the absorbance of the ligand
is good evidence that a charge transfer interaction is
occurring [7] and an isosbestic point would indicate
that the interaction is between free ligand and a single
type of complexed ligand [8]. Suitable concentrations
of the ligands in Sorensens phosphate buffer, pH 7.0,
were prepared and the u.v. absorption spectra
determined using a Cecil CE 505 spectrophotometer
(fig.1). The spectra were rerun at the same ligand
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Fig.1. Heterocyclic ligands.
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X Y R, R, R, R, R, Amax (m) Molar
concn.
1. Proflavine CH,, N, H, H, H, H, H, 445 2.0% 107
2. Acridine orange CH,, N, CH,, CH,, CH,, CH,, H 492 1.0 X 1073
3. Pyronine G CH,, O, CH,, CH,, CH,, CH, H 550 5.0% 107
4. Thionine N, S, H, H, H, H, H 600 20X 10°°
5. Methylene blue N, S, CH,, CH,, CH,, CH,, H 660 0.5% 107
6. Toluidine blue N, S, CH,, CH, H, H, CH, 600 25X 10°°
7. Neutral red N, NH, CH,, CH, H, H, CH, 525 2.5% 107
8. Phenosafranine N, N-Ph, H, H, H, H, H, 525 1.25 x 10-%

congcentration, in the presence of increasing concen-
trations of GMP. A bathochromic shift and an isos-
bestic point were found in every case. Crystal violet

on the other hand, a ligand which Muller found to
exhibit no base specificity, we also found to exhibit
neither a bathochromic shift nor an isosbestic point on
the addition of GMP.

The relative constants for this charge transfer
interaction (K gyp) were determined by spectrophoto-
metric titration using a Pye-Unicam SP 3000 spectro-
photometer. Solutions of the various ligands were
prepared as above. An aliquot (3 ml) of the ligand
solution was then titrated as its A, by the addition
of increasing amounts of GMP. (1.5 X 1072 M) using
a microlitre syringe until no further drop in the molar
extinction coefficient () of the dye occurred after
making allowance for concentration changes. Usually
about 500 ul of GMP (in 10 ul steps) was required. The
concentration of free and complexed ligand were
calculated from the molar extinction values determined
by spectrophotometric titration using the method of
Double and Brown [9] . From these values the relative
affinity constants (Kqyp) were determined by the
Scatchard method [10]. Originally these determinations
were carried out at pH 7.0, at which pH, 7 of the ligands
are fully ionised (table 1). Neutral red however,

(pK, 6.8) is only 40% ionised at this pH. The Kgvp
value for neutral red was therefore redetermined at
pH 5.0, at which pH neutral red is fully ionised.
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2.2. Determination of relative hydrophobicites

The relative hydrophobicites of the ligands were
characterised by the R, values which were determined
by reverse phase chromatography [11]. Sheets of
Whatman No. 1 chromatography paper were soaked
in a 5% v/v solution of redistilled n-octanol in ether.
The ether was allowed to evaporate leaving the sheets
evenly coated with octanol. Solutions of the ligands
were spotted on to the sheets and the chromatograms
déveloped by descending chromatography using
Sorensens phosphate buffer pH 7.4. The mean R¢
values from 4 measurements were determined and the
R, values calculated correcting for the degree of
ionisation at pH 7.4 (table 1).

3. Results

All 8 ligands gave bathochromic shifts of about
5 nm with an isosbestic point in the presence of
GMP indicating the occurrence of a charge transfer
interaction. Values for relative charge transfer affinity
and relative hydrophobicity for 8 heterocyclic ligands
(fig.1) were determined (table 1). Using multiparameter
regression analysis these values were correlated with
the values for DNA affinity and G. C. specificity
determined by Miiller and co-workers [2,3]. The large
increase in K gyp for neutral red on changing the pH
of the buffer from pH 7.0 to pH 5.0 (i.e. going from



October 1976

FEBS LETTERS

Volume 69, number 1

'0°S Hd 1e uonoeI Ul IaJsue} a8Ieyd 10J JULISUOD AJIUIJJE SATIBAT o) ST mEOv\o

‘0" Hd 3% uonoRIsly Iajsuer; 93IBY0 10 JUBISUCD AJIunje aAnejei ay) st AND Mq
"[z] eouareyar woy usye) are pue ('O %S vh)

VNA siugns g 103 A1ugge ayy 03 ('O %S$°7L) VN $naing Jy 10j A)Ulje ay) jo oljel ayy st © ‘YN SnwAy3 jea 03 Suipuiq jo Ajuiyje ayj s <ZQ¥~

SLISQ 6660 £eTo 0Tl S¥ST9 0T X081 197 S806°¢ 0T XT8 8
. . . . LTES9 5501 X T'PE . . .

81Zv'C 0 L10°0 89 $996°S 0T X T°€ 16°1 S618°¢ +O01 X99 L

€¥66°0 6660 7600 911 97159 01T X 9'C¢ 061 08¢ LOI X¥T 9

€Y0L0 6660 $91°0 0TI 98¢S¢°9 01 X 8'TC 8°1 T6L0Y 0T XTT S

165670 6660 6600 9L'11 LTO0T9 0T X LTI ST 789¢t #0T XL'E 14

9590 6660 181°0 €11 0ILT'9 01 X L'81 oLl 6E1TY SOT XE'T €

61651 ¥86°0 €T00 101 8Sv1'9 01 XO0'¥I LS'T T10€°S 0T X 0T 4

06880 8660 9110 1T°6 8996°S 0T X €6 97’1 12404 ;0T X8'8 1
) ¥'LHd e
_— () pastuot

a3y for= Wy uonoerj Iy Byd dWDy 301 amEO v &® VNQy 301 YNQy  puesry

spuesIy oI £0019)aY 10] sIojourered [OITWSYD0DISAYJ
T 2IqeL

39



Volume 69, number 1

partially ionised neutral red to fully ionised neutral
red), indicates that it is the ionic form of the ligand
which is responsible for the interaction with GMP and
the value for Kqpp at pH 5.0 is the one which has
been used in the regression analysis. The following
equations were generated:

r=0.67,5=042,F=499,n=8
log Kpya = 0.03 R, +4.36 @)

r=0.035,5=0.56, F=0.007,n =8
r=074,5=041,F=3.03,n=8

a=1.1logKgyp — 5.2 4)
r=097,5s=0.06, F=979,n=8
a=011R +154 5)
r=031,5=023,F=0.65n=8
a=112logKgyp —0.02 R, —5.31 6)

r=0972,5s=0.06,F=428,n=8

r = regression coefficient, s = standard error, F' =
variance ratio test, n = number of results.

4. Discussion

From analysis of eqs. 1—6 a number of conclusions
may be drawn concerning the affinity and specificity
of heterocyclic ligands for DNA. The relative hydro-
phobicities of the ligands correlate neither with the
affinity for DNA nor with the base specificity (egs. 2
and 5). At physiological pH the ligands are present
almost exclusively in the ionised form in which form
they interact with DNA. One would therefore expect
that electronic parameters would be more important
in determining binding. Eq. 1 shows some correlation
between affinity for DNA and charge transfer inter-
action. This correlation is improved slightly by adding
the hydrophobicity parameter (eq. 3). This suggests
that binding affinity for DNA depends on:a number
of different parameters, electronic, hydrophobic and
also possibly steric. Base specificity on the other hand
appears to depend almost exclusively on electronic
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factors. This is shown by the very good linear correla-
tion between Miller’s « value and the relative charge
transfer affinity constant K yp (eq. 4) which is not
significantly altered by the addition of the hydro-
phobicity parameter (eq. 6).

Thus we have shown that base specificity in these
ligands is related to their electronic characteristics.
These are in turn related to chemical structure and
N-methylation increases both base specificity and
relative charge transfer affinity. The precise effect of
slight variations of chemical structure on the electronic
characteristics of the molecule and also the importance
of steric parameters in binding affinity and base
specificity needs to be further investigated.
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