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CHANGES IN CONTOUR LENGTH OF POLYDEOXYNUCLEOTIDE FRAGMENTS

Direct evidence for bifunctional intercalative binding of antibiotic ligands

K. R. FOX, N. L. HARRISON and M. J. WARING
Department of Pharmacology, Medical School, Hills Road, Cambridge, CB2 20D, England

Received 7 Septembex 1981

1. Introduction

Bifunctional intercalating agents, such as the quin-
oxaline antibiotic echinomycin (fig.1), are of major
importunce as polential chemotherapeutic drugs [1,2].
They are expected to bind to DNA moere tightly, and
with greater sclectivity, than comparable simple
(monofunctional) intercalators. Echinomycin was the
first bilunctional intercalator to be identified [3] and
consequently its DNA-binding properties have been
extensively characterised: it does indeed display con-
siderable sequence-selectivity, which is evident in its
interaction with natural DNAs as well as with syn-
thetic polvnucleotides [4]. The same is true of other
quinoxaline antibiotics but their patterns of sequence-
selectivity differ radically from that seen with
echinomycin, especially as regards their binding to
poly(dA—dT) and poly(dG—dC) [5-7]. To date,
however, there has been no direct evidence that the
nature of the complex formed with a synthetic poly-
nucleotide resembles that formed with natural DNA,
though it has generally been assumed that all such
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Fig.l. Structure of echinomycin.
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complexes involve bifunctional intercalation. It there-
fore seemed important to investigate whether differ-
erices in apparent sequence selectivity could be the
result of altered modes of binding to different DNAs,
especially with respect to their mono- or bifunctional
character.

Intercalative binding to poly(dA--dT) can be evi-
denced by simple viscometry [8]. Here, this technique
has been extended to permit direct investigation of
the intercalative binding of various quinoxaline anti-
biotics to poly(dA—dT), and for the first time to
poly(dG—dC). By way of comparison similar studics
were also performed with the monofunctional inter-
calators ethidium and actinomycin D.

2. Materials and methods

Ali experiments were conducted at 20°C ina
Hepes [4(2-hydroxyethyl)-1-piperazine—ethane sul-
phonic acid]/NaQH buffer at pH 7.0 and ionic strength
0.01,designated 0.01 SHE [4]. Reagent grade water
from a Millipore Milli Q2 system was used throughout.
Echinomycin was a gift from Drs H. Bickel and K.
Scheibli, Ciba-Geigy Ltd (Basel). Triostin A, 4 prod-
uct of Shionogi and Co. (Osaka) was a gift of Drs H.
Otsuka and T. Yoshida. The bis-quinoline analogue of
echinomycin, referred to as 2QN, was produced by
supplementing cultures of Streptomyces echinatus
with quinoline-2-carboxylic acid as in [9]. Actinomy-
cin D was a product of Merck, Sharp and Dohme;
ethidium bromide was a gift from Dr S. S. Berg, May
and Baker Ltd (Dagenham). Poly(dG—dC) was a
product of P. L. Biochemicals. Poly(dA—dT) was
obtained from Boehringer Corp (London) Ltd. These
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synthetic DNAs were found to be readily soluble in
0.01 SHE buffer; concentrated solutions were dia-
lysed cxtensively against 0,01 SHE, filtered through
2 Whatman GF/C glass-fibre filters, and stored frozen
at --22°C. Nucleic acid concentrations are expressed
with respect to nucleotides and are based on the fol-
lowing values of e(P)y0: poly(dA—dT), 6700 [10];
poly(dG—dC), 7100 [11]. Molar extinction cocffi-
cients of the quinoxaline antibiotics were taken from
[7.12]. Concentrations of other drugs were based on
the following extinction coefficients: actinomycin D,
24 450 (440 nm) [13]; ethidium bromide, 5500
(480 nm) [14].

The viscometric technique is well established as a
method for investigating the extension of the DNA
helix associated with intercalation [15--18]. Under
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conditions where the DNA molecules behave as stiff
rods:

LiLy = (a/n )" [16]
where L, L, are the contour lengths of the DNA in
the presence and absence of the drug respectively; n
and 7, are the corresponding values of the intrinsic
viscosity (approximated by the reduced viscosity) of
the solution. The ‘base-pair sandwich” model for
intercalation requires that the helix be extended by
an amount equal to the thickness of a base-pair
(3.4 A) for each intercalation event. This gives the
helix extension ratio L/L = 1 + 2r for monofunc-
tionalintercalationand L/L = 1 +4# for bifunctional
intercalation [18], where # represents the binding ratio
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Fig.2. Effect of echinomycin on the relative contour Jength of (a) poly(dA—dT) and (b) poly(dG—dC). The ordinate represents
the fractional increase in helix length; the abscissa shows the binding ratio (), druvg molecules bound/nucleotide, calculated from
the input ratio (D/P) using the binding parameters in [4]. The lines passing through the experimental points were fitted by the
method of least squares and constrained to pass through the origin (0,1). Their slopes are 4.29 = 0,33 for poly(dA—dT) and

3.95 = 0.16 for poly(dG—dC). Aiso shown are theoretical lines (broken) representing slopes of 2 and 4 corresponding to idealised

monofunctional and bifunctional intercalation, respectively.
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expressed as mol ligand bound/mol. nucleotides.

All the poly(dG—dC) and some of the poly(dA—
dT) samples used in these experiments were sonicated
to reduce their M -value using the exponential probe
of an MSE 150W ultrasonic disintegrator at the highest
power level, as in [8].

Expecriments with quinoxaline antibiotics were
performed using apparatus and procedures as in [5].
Complexes with a high binding ratio (r} were pre-
pared by ‘solid shake’ procedure. Mixtures having
lower r were generated fiom these by diluting with
DNA in the viscometer. Complexes of ethidium and
actinomycin D with the polynucleotides were pre-
pazed by direct addition of small amounts of a con-
centrated drug solution to the DNA in the viscometer
asin [18]. Estimates of the binding ratio, #, were
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bascd on published values of association constants
and site-sizes in buffer of 10 mM ionic strength [7,12,
19].

3. Results

Figurc 2 shows helix extension plots for echino-
mycin binding to poly(dA—dT) and poly(dG—dC).
The siopes of the least-squares lines fitted to the
experimental points are, in each case, close to the
theoretical value of 4 for ideal bifunctional intercala-
tion. Two samples of poly(dA--dT) were employed to
establish that the result was not dependent on the
length of the DNA. One had reduced viscosity
5.08 dl/g, corresponding to an av. M, of 6.5 X 10°,
just above the value af 5 X 10° recommended o
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Fig.3.(a) Effect of triostin A on the relative contour length of poly(dA —dT) () and poly(dG—dC) (4). The slopes of the lines
fitted to the experimental points are 3.85 + 0.36 for poly{dA —dT) and 2.51 + (.29 for poly(dG—-dC). (v) Effect of 20N on the
selative contour length of poly(dA —~dT). The least-squares line fitted to the experimental points has slope 3.72 £ 0.46.
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ensure that the DNA behaves as a rigid rod [15,16].
The other sample had been sonicated for 5 min so as
to lower its reduced viscosity to 1.05 dl/g, corre-
sponding to an av. M of 3 X 10°. There was no signif-
icant difference between the two sets of data.

In fig.3a the comesponding plots for interaction
with triostin A are presented. Here the least-squares
slopes are rather lower, though that for poly(dA- dT)
again lies close to the theoretical value of 4. However,
the slope measured for poly(dG—dC), while greater
than that predicted for simple (monofunctional)
intercalation, is clearly much less than 4. The helix
extension with poly(dA—dT) produced by 2QN is
shown in fig.3b. As with the two natural antibiotics
theslope approximates to 4, indicative of bifunctional
intercalation.

To assist the interpretation of these results in
terms of mono- or bifunctional interaction we sought
to compare them with the effects of a ‘classical’
monofunctional intercalator: ethidium (fig.4). With
this drug the changes in contour length for both poly-
nucleotides were much smaller, yiclding least-squares
lines having slopes well below the predicted value of
2 or the experimental value of 1.79 reported for calf
thymus DNA [17].
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Fig.4. Effect of ethidium on the relative contour length of
poly{dA —dT) (o) and poly(dG—dC) (2). The abscissa shows
the binding ratio calculated using the parameters given in {19).
The least-squares lines drawn through the experimental points
are characterised by slopes of 1.44 : 0,03 for poly(dA—dT)
and 1.17 + 0.04 for poly(dG—dC).
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Fig.5. Effect of actinomycin D on the relative contour length
of poly(dG —dC). The abscissa shows the input ratio of drug
molecules Lo nucleotides. The line fitted to the experimental
points by the method of least squares has slope 1.72 + 0,05
and intercept 0.9378.

Perhaps a better control against which to conipare
the actions of quinoxaline antibiotics is the effect of
actinomycin D, an intercalating peptide antibiotic of
comparable M, [1,2]. Binding of this ligand is restricted
to poly(dG—dC) by virtue of its requircment for at
least 1 GC base-pair; however, the resulting plot quite
clearly docs not pass through the origin (fig.5). This
curious effect might be due to some sort of rearrange-
ment of the DNA strands, possibly by a slippage
mechanism,at low levels of drug binding,. At all events,
the slope of the best straight line shown in fig.5
approximates to 2, though it is presented in terms of
ratio of total added antibiotic molecules to DNA
nucleotides (D/P) rather than the actual binding ratio
(7). Unfortunately, reliable binding parameters for the
interaction of actinomycin with poly(dG—dC) at this
ionic strength are not available, The correction from
D{P tor should be small at low values of D/P but
could become significant at higher values, which would
result in an upward curvature of the line.

4. Discussion

The results of all the experiments with quinoxalines
and poly(dA—dT) are clear-cut: each antibiotic pro-
duces a good straight line through the origin having
slope close to 4, exactly as expected for ideai bifunc-
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tional reaction. A similar experiment using TANDEM,
the synthetic des-tetramethyl analogue of triostin A,
has also yielded the same result [20]. We can there-
tore state with confidence that the binding ol all
these ligands to poly(d A—dT) displays an essential
characteristic of bis-intercalation.

The results with poly(dG—dC) are less easily inter-
preted. Although the helix extension measured for
echinomycin lies close to the expected hifunctional
value, that seen with triostin A seems closet to the
value expected for a monofunctional intercalator,
However, the extension produced by both antibiotics
is well over twice the value obtained with ethidium.
On that basis we might reasonably conclude that
triostin A does indeed interact with poly{(dG-—dC)in
bis-intercalative fashion, but, if so, with echinomycin
certain additional interactions must occur to produce
an even greater effect on the apparent contour length
of this polynucieotide. In actual fact, although the
extension produced by ethidium falls short of the
‘ideal’ value of 3.4 A it does lie within the range of
values determined for the interaction between other
intercalators and natural DNAs [21]. This could mean
either that a 3.4 A increase is only an approximation
or that the structure of aur synthetic DNAs is signifi-
cantly different from B-DNA. What is more surprising
is the observation that ethidium produces a different
helix extension with the two DNAs (fig 4). This could
reflect minor differences in the mechanism of inter-
calation inlo various sequences, and/or differences in
the structure of the two polynucleotides. An alternat-
ing B-structure has been proposed for poly{dA—dT)
[22] whereas at low ionic strengths poly(dG—dC)
appears to adopt a more classical B-form [23]. Thus
even a simple monofunctional intercalator, displaying
no pronounced sequence preferences, can produce
different helix extensions with different sequences.

There could be several reasons why echinomycin
produces a greater helix extension with poly(dG—dC)
than does triostin A, and why both effects are more
than double that of ethidium. The simple bis-interca-
lation model assumes that the two base-pairs sand-
wiched between the chromophores of the antibiotic
are unperturbed. [t seems quite likely that some dis-
tortion of their structure may occur, optimizing any
hydrogenbonding contacts with the peptide backbone
of the antibiotic. This extra distortion could easily be
less marked with triostins than quinomycins, for the
longer cross-bridge of the triostins can adopt more
than one stable conformation in sciution, and is gen-
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erally more flexible |24|. However, it is not obvious
why this could only result in different helix extension
with poly(dG—dC).

The extension of poly(dG—dC) seen with actino-
mycin D is entirely consistent with its intercalative
mode ol binding and is larger than found with
ethidium, as was also observed with calf thymus DNA
[21]. The unusual feature of its effect is the apparent
decrease in contour length al low binding ratios. It is
possible that this effect may be general but was not
observed with quinoxaline antibiotics because of the
different method used to prepare the complexes,
With actinomyein the drug was titrated into the DNA,
whereas with the quinoxalines a high » complex was
gradually ‘diluted’ with fresh DNA. A similar decrease
was also observed for the binding of [Ala®, Ala’]-
TANDEM to poly(dA—dT) where the complexes
were again prepared by direct addition of drug to the
DNA [8]. We are inclined to the view that polynucle-
otides may undergo certain structural changes at low
binding ratios, possibly related to those suggested in
[25] for poly(dG—dC) and in [20] for poly(dA—dT)
from kinetic investigations. They may reflect little
morc than rearrangement of the chains of alternating
polynucleotides by a slippage mechanism, in which
the gross helical structure of the DNA remains
unchanged but the average fragment length might
decrease,
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