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ABSTRACTS

Chapter One

Bis(methidium)spermine (BMSp), a dimer of two inter-
calating monomers of ethidium bromide (EB) connected by
a spermine link has been synthesized and characterized.
The results of these studies clearly demonstrate that both

monomers of BMSp simultaneously intercalate nucleic acid,

substantially enhancing both its binding affinity and
specificity. Under physiological conditions both the
binding affinity and specificity of BMSp are similar to
DNA binding regulatory proteins. Thus BMSp represents one

of the first rationally designed drugs which may selectively

inhibit or alter gene expression.

The binding affinity, binding cooperativity, binding
site size, and visible spectrum of BMSp are found to vary
with nucleic acid conformation. Both BMSp and EB are
shown to bind H and A conformations of nucléic acid much
more tightly than B conformations. As a result, both com-
pounds induce sequence specific B - H +- A allosteric transi-

tions in DNA.
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Chapter Two

A sensitive experimental technique which can accurately
estimate equilibrium binding isotherms is described.
Ligand-macromolecule interactions are monitored by classi-
cal indirect techniques over a broad ratio of LT/M, where
LT is the total ligand concentration and M is the macro-
molecule concentration. When analyzed at constant X,
where X is some physical property of ligand which is pro-
portional to its concentration, the dependence of LT on M
can be used to estimate the binding densities and free
ligand concentrations characterizing the ligand-macro-
molecule interaction. 1In contrast to classical indirect
and direct techniques, accurate binding isothefms can be
estimated over a wide range of binding densities for
tightly or weakly bound ligands. When the binding
of ethidium bromide to polyd(C-G) and polydCdG is examined
by this technique, previously undetected allosteric

transitions are revealed.



Chapter Three

Evidence for a new conformational family of Watson-
Crick DNA is presented. Termed H or hybrid DNA, such
DNA is postulated to be an intermediate in the
interfamily B - A transition. Hybrid DNA is characterized
by a 2'-endo (3' =+ 5') 3'-endo alteration in sugar pucker
every base pair and may also be an intermediate in DNA
melting, DNA kinking, and drug intercalation. The ease
with which DNA undergoes a B - H - A transition is found
to vary greatly with its sequence. On the basis of these
results,-the equilibrium stability, rather than the struc-
ture of Watson-Crick DNA is postulated to vary greatly

with base sequence.
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CHAPTER I

Bis(methidium)spermine, A Polyintercalating
Molecule Exhibiting High Affinity and

Specificity for Nucleic Acid
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It is widely recognized that nucleic acids consti-
tute the molecular basis of life. As a result, drugs
which interfere with nucleic acid functions can exhibit
profound pharmacological properties. During the last 40
years such drugs have found important applications in
both cancer1 and antibiotic chemotherapy,2 and in ad-
dition have served as highly useful probes of nucleic

acid structure3 and function.4

Since the double helix description of DNA in 1953,5
a large mass of data regarding both the static and dynamic
structure of nucleic acids has emerged. As a result,
nucleic acids now represent one of the few biologically
important receptors whose characterization is of suf-
ficient detail as to encourage a rational approach to

drug design. Many drugs which bind to nucleic acids do

so by a process called intercalation, the insertion of

a flat aromatic molecule between the base pairs of

nucleic acids.6 Since intercalating drugs bind indi-
vidual subunits (base pairs) of the nucleic acid poly-
mer, substantial increases in affinity and specificity

are anticipated for compounds which are capable of

simultaneously inserting two or more intercalating drugs

into the double helix.7 In the absence of unfavorable

. . 7,
entropic or steric constraints, polyintercalators g

may bind with a free energy approaching the sum of the



individual free energy contributions of the monomeric
intercalating drugs. Since monomeric intercalators bind
nucleic acid with significant specificity and affinity,
(K n 105) polyintercalators are expected to bind with
affinities and specificities approaching those of regu-
latory proteins, thereby greatly enhancing their bio-
logical activity as well as their usefulness as bio-
logical probes.

We report the nucleic acid binding properties of
bis(methidium)spermine (BMSp), a polyintercalator con-
sisting of two monomers of ethidium bromide (EB) (Fig. 1)

Ethidium bromide was chosen because of its potent biological

HNOI~O)NH, HNO) ‘ NH,

N N

@ N\cn,cn, @ SCHy

COOH
EB |
H NP & NH, H NS & NH,
@ SCHy @ “CHs
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(/\,KJ\/\/N @ Q/\/N\/\/NH;
H, H 0 H,
BMSp MSp

Figure 1
Structures of bis(methidium)spermine (BMSp), mono-
methidium)spermine (MSp), ethidium bromide (EB),
and p-carboxyl methidium chloride (1).



properties9 and its widespread use as a probe of nucleic
acid structure3 and function.4 The synthetic strategy
employed preserves the major structural attributes of
the ethidium monomer as an intercalator. The tetra-
mine, spermine, was chosen to link the intercalators

0

because of its known affinity for nucleic acidl and its

length which allows a geometry sufficient to reach non-
adjacent intercalation sites in accordance with a

nearest neighbor exclusion binding mode.11

41 -

Figure 2
Nearest neighbor intercalation of DNA by a bis-
intercalator.

(Fig. 2)

For a bisintercalated species the polyamine linker should
lie intimately in the groove of the DNA helix. Struc-
tural modifications of any linker with respect to

charge, chirality, length, flexibility, and functionality
are expected to play an important role in controlling

the stability and the nature of these polyintercalator-

nucleic acid complexes. Comparison of the binding



properties of BMSp and EB obtained under nearly identical
conditions clearly demonstrates that both EB moieties
of BMSp simultaneously intercalate nucleic acid, sub-

stantially enhancing both its binding affinity and

specificity.

Synthesis

BMSp was prepared by condensing 0.5 equivalents of
spermine with the acylimidazole activated ester of p-
carboxylmethidium chloride, 1. Activation of compound
1l followed by condensation with spermine in excess yielded
the corresponding monointercalator, mono(methidium)-
spermine (MSp) (Fig. 1). Compound 1 was prepared in six
steps from O-amino-biphenyl by modification of previous
techniques (Fig. 3). Nitration of O-aminobiphenyl,12
condensation with p-cyanobenzoyl chloride and cycliza-
tion yielded 6-(4-cyanophenyl)-3,8-dinitrophenantridine.
Successive methylation, hydrolysis and reduction afforded
maroon crystals of p-carboxylmethidium chloride in an
overall yield of 16%.13 The infrared and NMR spectra
of compound 1 were identical with those of an authentic

sample.13
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Synthesis of p-carboxylmethidium chloride from 2-

aminobiphenyl.



Physical Properties

BMSp is an extremely water soluble (0.1 M) tetra-
cation at pH 7. Under physiological conditions both
chromophores of BMSp are electronically coupled into
a dimer state since the maximum of its visible absorbance,
relative to the spermine analog MSp, is red-shifted
17 nm (Fig. 4). Enhancing protonation of the spermine
linker of BMSp by lowering the pH to 3 weakens this
dimer as reflected by a hyperchromic shift to lower
wavelengths of its visible maximum (em = 9850, 520 nm,

ax
PH 7; ¢ = 10,200, 500 nm, pH 3.0). Decreasing the

max

pPH further protonates the phenanthridine chromophores,

further disrupting the dimer (emax = 9510, 496 nm,

pH 2.1). Although the maximum of BMSp's visible ab-

sorbance does not shift with a change in ionic strength,

an increase in ionic strength does markedly decrease

the extinction coefficient of this maximum (Fig. 5).
Taken together, the above optical measurements

indicate that in solution BMSp exists as an intra-

molecularly stacked dimer. Whereas decreases in pH ap-

parently disrupt this dimer, changes in salt alter

its stacking geometry. Presumably, electrostatic

repulsions between phenanthridine chromophores and the

spermine linker are responsible for this behavior. Al-

though the equilibrium constant between stacked and un-
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Dependence of the extinction coefficient of un-

bound BMSp on ionic strength at 502 nm.
stacked forms of BMSp is unknown, under identical condi-
tions EB dimerizes with an equilibrium constant of
950 (Fig. 6). Unlike EB, we do not observe any optical
evidence for intermolecular stacking by BMSp, intra-
molecular association apparently being more favorable.

Although the flourescence emission spectrum of
BMSp is also red-shifted (638 nm) relative to EB (603
nm), this behavior results from incorporation of
amide linkages in BMSp since MSp also exhibits the same
red-shift. The visible excitation fluorescence spectra

of BMSp, EB, and MSp appear identical.
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Dimerization of ethidium bromide at [M*¥] = 1.0 as

determined by absorption spectroscopy. The curved
line is the best fit to the experimental data using
the indicated extinction coefficients and dimeriza-
tion constant.
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Binding of BMSp to Sonicated Calf Thymus DNA at Low Salt

The interaction of BMSp with nucleic acid is ex-
pected to involve electrostatic as well as non-electro-
static interactions. We have therefore investigated its
interaction with nucleic acid under conditions of both
low (M* = 0.075) and high salt (Mt = i.O). To reduce
the effect of sequence dependence, we first investigated
BMSp binding to calf thymus DNA which had been sonicated
to a double strand length of 200 base pairs. The fol-
lowing hydrodynamic, spectrophotometric, and fluorescence
data indicate that under low or high salt conditions,

both chromophores of BMSp prefer to simultaneously

intercalate nucleic acid. Although the intercalation
geometry is found to be modified by electrostatic inter-
actions between the spermine linker and the DNA helix
under conditions of low salt, little or no distortion
of the double helix is induced upon binding.

The binding of BMSp to calf thymus DNA can be
monitored by absorption and fluorescence spectroscopy

14 pig. 7

because, like ethidium, a metachromic shift
and quantum yield enhancement15 result when BMSp inter-
calates nucleic acid. The binding of BMSp to calf thymus
DNA as monitored by absorption spectroscopy at 490 nm,

a wavelength where the extinction coefficients of bound
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Figure 7
(A) Comparison of the visible spectrum of BMSp
unbound and bound to sonicated calf thymus DNA
at low (0.075 M') and high (1.0 M) salt.
(B) Comparison of the visible spectrum of un-
bound EB (upper curve) and EB bound to sonicated

calf thymus DNA (lower curve) at 1.0 M+.
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and unbound BMSp differ most, is shown in Fig. 8. The
change in absorbance (AA490) is linear up to a BMSp/
base pair ratio (BMSp/BP) of 0.25 (region A).
After BMSp/BP = 0.25 there is a sharp break in the
observed AA490. The observation that the slope in this
region is greater than that exhibited by unbound BMSp
but less than that exhibited in region A reflects

the appearance of (an) additional BMSp species distinct
from those formed in region A.

The binding of BMSp to calf thymus DNA as monitored
by fluorescence spectroscopy is shown in Fig. 9. The
increase in the fluorescence of BMSp in the presence of
DNA (Il) minus the fluorescence of an equivalent solu-
tion of BMSp in the absence of DNA (IO) is plotted

against the ratio BMSp/BP.ls

We find in agreement with
the spectrophotometric titration, that there are at
least two bound forms of BMSp. A highly fluorescent
complex15 is formed for BMSp/BP ratios up to 0.25 and
the fluorescence of this species is diminshed by addi-
tional bound forms for BMSp/BP ratios > 0.18.

The bound species observed for BMSp/BP ratios up

to 0.25 is attributed to a bisintercalated species on

the basis of its binding stoichiometry and spectro-

scopic properties. The metachromic shift induced upon
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Figure 8

Spectrophotometric titration of sonicated calf

thymus DNA with BMSp. The concentration of DNA

was 1.726 x 10”6

M in base pairs (BP) and the
results of two separate titrations are shown for

Region A (BMSp/BP < 0.25).
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Figure 9

Fluorescence titration of sonicated calf thymus DNA

© M BP) with BMSp at [M'] = 0.075.

(1.726 x 10~
The increase in the fluorescence of BMSp in the pres-
ence of DNA (IB) minus the fluorescence of an equiva-
lent solution of BMSp in the absence of DNA (IF)

is plotted (solid line) against the ratio BMSp/BP.
The ratio of the fluorescence emission intensity

at 640 nm relative to the same emission intensity

at 577 nm (dashed line) is also plotted against the

ratio BMSp/BP. The value of this emission ratio for

unbound BMSp is indicated by the arrow.
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binding is found to be identical in magnitude to the
metachromic shift experienced by EB when intercalated,
a finding which is consistent with intercalation of
both chromophores of BMSp into the DNA helix (Fig. 7).
The large enhancement of the quantum yield and fluo-
rescence lifetime of this bound BMSp species, (Table I)

is also consistent with bisintercalation based on the

BMSp Qg /Q¢ 7(nsec)
Unbound; IM* - 2.81 £0.02
Calf thymus; 0.075M* 42 2| —
Calf thymus; .LOM* — 15.8 t0.2"
d(C-G); .OM* 80 -
dAdT;I.OM - 14.7 t0.2*

* -
Determined at a binding density of 2.5 x 10 3 bound
BMSp per base pair.

known mechanism of fluorescent enhancement fo ethidium
by DNA.16 Moreover, the stoichiometry observed from

absorption measurements, one BMSp per four base pairs,
is identical with the stoichiometry that would be pre-

dicted for a bisintercalated species based on the known
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stoichiometry of ethidium (one ethidium/two BP)17 and
in accordance with the nearest neighbor exclusion model.18
In addition to a quantum yield and fluorescence
lifetime enhancement, the fluorescence emission of
BMSp red-shifts when it binds calf thymus DNA (Fig. 9).
This behavior is reflected by an increase in the emis-
sion measured at 640 nm relative to that measured at
577 nm. The emission red-shifts linearly with increas-
ing saturation of the DNA lattice up to a BMSp/BP ratio
of 0.18. With further addition of BMSp the emission
ceases to red-shift and eventually begins to reverse its
red-shift. This behavior can be attributed to two
effects: a red-shift up to a BMSp/BP ratio of 0.5 and
a reversal of this red-shift for BMSp/BP ratios greater
than 0.5. A red-shift reflects interaction between
identical chromophores which couple to form a state of
lower energy (coupling is intermolecular as opposed to
intramolecular since it depends on the degree of lattice
saturation). This red-shift is attributed to intercala-
tive binding since, by rigidly holding each chromophore
parallel to one another, the DNA helix allows efficient
electronic coupling between BMSp chromophores. The
reversal of this red-shift detected at higher binding

density is then attributed to nonintercalatively bound
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species, which by virtue of residing in a different
molecular environment, transfer rather than exchange
energy with intercalated chromophores.

Although BMSp is expected to bisintercalate up to
a BMSp/BP ratio of 0.25, the observation that the
fluorescent enhancement of BMSp decreases for BMSp/BP
ratios greater than 0.18 indicates that above this
value a second form of BMSp also binds DNA. This species
is apparently intercalated since the emission of BMSp
can continue to red-shift up to a BSMp/BP ratio of 0.5.
Since the theoretical saturation limit of a monointer-
calated species is also 0.5, it may be suggested that
BMSp bisintercalates up to a BMSp/BP ratio of 0.18 after
which point if aiéb begins to mdnbintercalate. The appear¥
ance of monointercalated BMSp can be attributed to entropic
constraints imposed by the DNA lattice. For example, as
shown in Fig. 10, when the BMSp/BP ratio approaches 0.166,
gaps between bound BMSp molecules will be too small for
bisintercalation but large enough for monointercalation.
Since further bisintercalation would require a redistribu-
tion of bound ligands, the apparent affinity of a bisinter-
calation mode decreases, enabling monointercalation modes

to compete more effectively for available binding sites.
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The emission of BMSp continues to red-shift up to
a BMSp/BP ratio of 0.37 after which point a reversal in
the red-shift occurs. Commensurate with this reversal
is a decrease in the fluorescence of bound BMSp. Both
the reversal of the red-shift and the decreased fluo-
rescence of bound BMSp are consistent with a noninter-
calated binding mode for BMSp for a BMSp/BP ratio of
0.37 to approximately 1. Owing to a larger binding
site size (one versus four base pairs) nonintercalated
species displace previously intercalated molecules,
thereby decreasing the observed fluorescence.19

The appearance of nonintercalatively bound species
cén also be attributed to entropic constraints imposed
by the DNA lattice since as the BMSp/BP ratio approaches
0.333, gaps between monointercalated BMSp molecules
will be too small to prevent further intercalation
without ligand redistribution (Fig. 10). As a result,
outside binding begins to compete effectively with
intercalative binding.

When monointercalated, one chromophore of BMSp will
be free to either bind DNA in a nonintercalated fashion
or extend freely into solution. In the latter case,

intermolecular crosslinking of DNA helices would be

possible. We have observed that after a BMSp/BP ratio
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Figure 11

Spectrophotometric titration of sonicated calf
thymus DNA with BMSp. The concentration of DNA

was 1.726 x 10°°

M and the results of two titra-
tions are shown. Since the time elapsed between
measurements is the same in both titrations

(v 30 mins), the time required to reach any
BMSp/BP ratio is twice as long for the titration
represented by open circles. The time depen-
dence observed for a BMSp/BP ratio greater

than 0.25 apparently results from a slow BMSp in-

duced precipitation of DNA.
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of 0.25, a slow time dependent decrease in the absorbance
of bound BMSp takes place (Fig. 11). Since this decrease
in absorbance is accompanied by a BMSp induced precipita-
tion of DNA, crosslinking of DNA molecules is suggested.
Although monointercalated species begin to form at a
BMSp/BP ratio > 0.18, they apparently do not crosslink
until a BMSp/BP ratio of 0.25 since we observe no evi-
dence for DNA precipitation below this value. Presum-
ably, the unintercalated chromophore can bind to the out-
side of the DNA helix when BMSp/BP < 0.25 but is forced
to extend into solution when this ratio is greater than

0.25.

Unwinding and Helical Extension of DNA by BMSp and EB

The absorption and fluorescence measurements de-
scribed above provide indirect evidence that the pre-
ferred binding mode of BMSp to a heterogeneous DNA se-

quence involves simultaneous intercalation of both

ethidium chromophores. More direct evidence for this

6,20 —

conclusion is provided by helical extension
unwinding measurements?1 If both EB chromophores simul-
taneously intercalate, BMSp would be expected to extend

and unwind DNA twice as much as EB.



28

The ability of both drugs to increase the length
of DNA has been investigated by viscometry. Since
viscosity increases are associated with both lengthen-
ing and stiffing of DNA upon intercalation,20’22 we
chose as our DNA for these studies DNA isolated by
nuclease digestion of H-1 depleted chicken erythrocyte
chromatin.23 Because this DNA is short (150 BP) and
exhibits a low incidence of single strand nicks (< 2%),
stiffening effects are minimized thus allowing a less
biased estimation of length extension.

”Fér these small DNA molecules, the approach of
Cohen and Eisenberg24 is expected to accurately relate
viscosity increases to helical extension. If it is
assumed that intercalation of the double helix corre-
sponds to an increase in the length of the DNA by one
base pair, than the quantity L/L0 (where L is the length
of DNA in the presence of drug and LO its length in the
absence of drug) should increase linearly with inter-

24

calation?®™ As shown in Fig. 12, BMSp intercalation extends

o
DNA exactly twice as much as EB (6.6 versus 3.3 A).
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Figure 12

Increase in the length of 150 base pair DNA upon
the binding of BMSp and EB. DNA was obtained by
micrococcal nuclease digestion of H-1 depleted
chicken erythrocyte chromatin. The length of
DNA in the presence of bound ligand LO, divided
by its length in the absence of ligand, L, is
plotted against the percent saturation of avail-
able intercalation sites. EB is assumed to
cover two base pairs when bound and BMSp four
base pairs. Measurements were obtained by vis-

cometry at 20.0°C and M' = 0.075.
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In addition to length increases these viscometric
measurements may also monitor helix bending, since
bending is expected to introduce downward curvature into
a L/LO plot.22 Although both EB and BMSp plots curve
as saturation of available intercalation sites is
approached, this behavior could be attributed to the
binding of non- or monointercalated forms which extend
DNA less than intercalated forms. Since our fluorescence
binding measurements indicate that for BMSp these later
forms begin to bind at approximately 70% saturation,
examination of Fig. 12 suggests that any bending induced
by EB and BMSp, if present, is small.

Additional direct evidence for the simultaneous
intercalation of both chromophores of BMSp into DNA comes
from helical unwinding measurements. Previous measure-
ments have shown that EB intercalation unwinds DNA, there-
by removing and reserving the supercoiling of closed

25 To test for simultaneous intercalation

circular DNA.
of both BMSp chromophores, viscometric titrations of closed
circular PM2 DNA with BMSp and EB at low salt were carried
outz6 (Fig. 13). From the observed drug/base pair ratios
at the maximum of the titration and the known unwinding
angle of EB (260),27 the unwinding angle of BMSp is cal-
culated to be 38° + 1°2.9% Since the value of the unwinding

angle of BMSp is only 1.5 times the unwinding of EB, the
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Figure 13

Viscometric titration of closed circular PM2 DNA
with BMSp, EB, and MSp at Mt = 0.075. The re-
duced viscosity in deciliter/gram is plotted
against the ratio of total ligand added per base
pair (CT/BP). Under the conditions of the experi-

ment, all ligand is bound at the maxima.
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observed unwinding could reflect congkributions from mono- and
bisintercalated species. However, at these drug/base pair ratios
(BMSp/BP < 0.06), our absorption, fluorescence, and

helical extension measurements reveal no significant mono-
intercalation component. The low unwinding angle must

therefore reflect an altered intercalation geometry in-

duced by low salt.

Two additional experiments demonstrate that electro-
static interactions between the spermine linker of BMSp
and the DNA backbone are responsible for the reduction
of BMSp's unwinding angle from an anticipated 52° to 38°.
First, when the salt concentration is raised from low
salt to high salt conditions (1 M Na%), the unwinding
angle of BMSp increases from 38° to 49° * 3° or twice
that observed for EB under similar conditions (Fig. 14).
Secondly, under conditions of low salt, the monointer-
calating derivative of BMSp, MSp (Fig. 1), unwinds
DNA only (20 + 2°) or one-half as much as BMSp
(Fig. 13).

wa_;s ihe intercalation geometry of BMSp modified
by electrostatic interactions between its spermine linker
and DNA under conditions of low salt? Two limiting
models may be proposed. In the first model, both chromo-

phores of BMSp intercalate in a fashion identical to EB
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Figure 14

Viscometric titration of closed circular PM2 DNA
with BMSp and EB at 1.0_M+. The reduced viscosity
in deciliter/gram is plotted against the ratio of

total ligand added per base pair concentration.
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unwinding DNA 520; however, electrostatic interactions be-
tween DNA and the spermine linker then wind the helix

14°. Alternatively, electrostatic interactions between
the spermine linker and DNA could modify the intercala-
tion geometry of each chromophore so that each only unwinds
19°. It has been noted experimentally, and demonstrated'
theoretically, that for DNA at least two major inter-
calation geometries exist: one which unwinds 26° and
another which only unwinds 180.28 Apparently, each
intercalation geometry extends DNA equally since the
helical extensions induced by the binding of proflavin (18o

© and EB (26°) are identical.Z3®

unwinding)2 Since we do
not observe a decrease in helical extension in conjunc-
tion with the decrease in helical unwinding, a modified
(18°) unwinding geometry for both BMSp chromophores at
low salt is suggested. As shown in Fig. 7, the visible
spectrum of BMSp also appears to sense this change in
intercalation geometry with salt. Presumably as the
salt concentration is lowered, the orientation of one
chromophore relative to the other changes, inducing a
change in the transition dipole moment overlap and hence
strength of the visible absorbance of BMSp. Similar

behavior is exhibited by the intramolecularly stacked

dimer of unbound BMSp (Fig. 5).
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Since the intercalation geometry of BMSp is expected
to vary with nucleic acid conformation (see later discus-
sion), the visible absorption of BMSp may also sense
changes in DNA conformation. A comparison of the absorp-
tion spectrum of BMSp bound to dAdT and rAdT, which under
the conditions of these experiments exist in B and A con-
formations31 respectively, lends support to this hypothe-
sis (Fig. 15). The insensitivity of the visible absorption
of EB to nucleic acid conformation stresses the importance
of the relative orientation of BMSp chromophores in
reporting differences in nucleic acid conformation.40 AlI-
though a change in DNA conformation is expected to alter
the visible absorbance of BMSp, a change in absorbance
does not necessarily imply a change in DNA conformation.
For example, although the intercalation geometry and visi-
ble absorbance of BMSp bound to sonicated calf thymus
DNA changes with salt, DNA is expected to remain in the
same conformational family over this range of salt concen-
tration.

For a heterogeneous DNA sequence, the extinction co-
efficient of the visible maximum of bisintercalated BMSp
is found to increase as the unwinding angle is increased.

Although the difference in the visible spectrum of BMSp

bound to dAdT and rAdT suggests that the later nucleic
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Figure 15

Comparison of the absorption spectrum of BMSp bound

to polyrAdT and polydAdT at 1.0 M*. For polyrAdT,
the bound spectrum was obtained at a binding density

v < 0.07 whereas for polydAdT it was obtained at
v < 0.007.



40

acid may also be more unwound when bound by BMSp, the dis-
tance between intercalated chromophores is also different,

(Table III) thus precluding a simple correlation.

Binding of BMSp and EB to Nucleic Acid at 1 MY: Determina-

tion of Binding Affinities.

The binding affinity of BMSp and EB to nucleic acid
has been measured at a monovalent cation concentration
of 1 M because at this concentration electrostatic con-
tributions to the observed binding affinity (and inter-
calation geometry) are minimized. Thus the nucleic
acid affinities measured for BMSp, a tetracation at pH 7,
can be directly compared to EB a monocation. This con-
clusion follows from the polyelectrolyte theory of DNA32
which postulates that the double helical conformation of
DNA is electrostatically unstable andtherefore '"'condenses"
counter ions on its surface. The concentration of these
"condensed" ions is apparently 1 M and independent of the
salt concentration in solution:.az’33 Record has noted that
when a charged ligand binds double helical DNA, some of these
condensed ions must be lostg4 Consequently, by mass-action, if
the salt concentration in solution is less than 1 M, con-

densed ion release will enhance ligand binding whereas

if it is more than 1 M, it will disfavor ligand binding.
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If K1 is the binding affinity of ligand for DNA at 1 M+,
its binding affinity at another salt concentration, K,
is given by:

K = Kl[M+]-nw
where M+ is the monovalent cation concentration,(n) is
the number of ion-pair interactions which ligand makes
with nucleic acid, and Yy is the charge density parameter
which is known for a wide variety of nucleic acids.34
This relationship has been shown by LePecq to accurately
describe the binding of several mono- and bisintercalators
to nucleic acid where n is the number of positive charges
of the respective intercalator.35

Four different techniques have been utilized to de-
termine the binding affinity of BMSp and/or EB for dif-
ferent nucleic acids. The first two methods take

14

advantage of changes in the absorption and fluorescence

15 of BMSp when it binds nucleic acid. Concen-

properties
trations of bound and free BMSp can be determined by these
indirect methods assuming the formation of one bound com-
plex. These data is then plotted in terms of a Scatchard
plot.36 Comparison of the experimentally observed
Scatchard plot to theoretical plots generated by the
binding equations of von Hippel-McGhee allows estimation

of the binding affinity.37 (Fig. 16)
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Figure 16

Scatchard plots of the binding of BMSp to (a)

56 and (b) polyd(C—G)57

sonicated calf thymus DNA
+ . .
at 1 M determined by absorption spectroscopy.

The results of two titrations (e—e A—A ) are

shown for calf thymus DNA. The binding density,
concentration of bound drug per base pair (v), is
plotted against the ratio v/CF where CF equals the
concentration of free drug. Dotted lines are theo-
retical plots generated by the von Hippel-McGhee
binding equation for the indicated binding affinity,
K, binding site size n, and binding cooperativity

w. For noncooperative binding, w = 1. (c) Scatchard
plot of the binding of BMSp to polyd(C-G) at 1 M'

as determined by fluorescence spectroscopy. Experi-
mental conditions are the same as in (b) and the
results of two titrations are shown. (d) Scatchard
plot of the binding of EB to sonicated calf thymus
DNA at [M+] = 1.0 determined by absorption spectros-
copy. The results of two titrations at DNA concen-

5 BP are shown.

trations of 1.545 and 5.213 x 10
Dimerization of free drug (Fig. 6) has been taken

into account.
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A third technique used to determine the binding
affinity of BMSp to nucleic acid involves competition
equilibrium dialysis.38 In this method, a three-part
dialysis cell containing two different nucleic acids
in the outer compartments is stirred to equilibrium.

At equilibrium the two nucleic acid-BMSp complexes are
in simultaneous equilibrium with the same concenération
of free BMSp. The ratio of BMSp association constants
for two nucleic acids i and j (Ki/Kj) can be determined
directly from the observed ratio of binding densities
(vi/vj) in the limit of low binding density

(vi,v. - O).39 Unlike Scatchard plots, the competition

J
approach allows relative binding affinities to be deter-
mined without specifying the binding site size and
binding cooperativity of each complex.

We have used this competition dialysis approach
to determine the relative binding affinity of BMSp to
polyd(G-C), polydC-polydG, calf thymus DNA, and polyrA-
polydT (Fig. 17). By conducting competition dialysis
between several different pairs of nucleic acids, we
have been able to internally verify binding affinities
obtained by the competition approach as well as those

obtained by the indirect spectroscopic techniques. Com-

bination of the two methods allows an estimation of
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Figure 17
Equilibrium dialysis competiton plots at [M+] =
1.0 M. The BMSp binding density of calf thymus
DNA: Vo poly(dC-dG): vd(G-C)’ poly(rA:dT): V. .AdT
or poly(dC:dG): V4cdG is plotted against the bind-

ing density ratio for the indicated nucleic acids.
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the binding affinity to within an accuracy of + 10%
for calf thymus DNA, d(C-G), dCdG, and rAdT.

The fourth technique used to estimate binding
affinities monitors ligand binding by indirect techniques
over a broad ratio of (LT/M),where LT is the total
ligand concentration and M is the macromolecule concen-
tration.31 If two or more solutions have the same
value of X, where X is some physical property of ligand
which is proportional to its concentration, than a plot of
LT/M versus 1/M will be a straight-line with intercept
-(qB-qF/qF)v and slope Ly provided that M is significantly
less than the inverse of the equilibrium constant (qB and
Qp are the extinction coefficients of bound and free ligand,
respectively). Construction of a Scatchard plot from these
v and LF values allows one to estimate the affinity of
ligand for macromolecule. If M is not significantly less
than 1/K, a plot of LT/M versus 1/M will not be linear unless
a narrow macromolecule concentration range is investigated.
In this case, the intercept and slope can be used to con-
struct approximate Scatchard plots which, in most cases, can
be further corrected to yield accurate estimates of the
ligand-macromolecule association constant. We have utilized
this technique to monitor the binding of BMSp to polydAdT
and of EB to polydCdG and poly(dC-dG) (see Chapter II and

Chapter III for corresponding measurements).
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The binding affinities of BMSp and EB measured by these
four techniques are summarized in Table II. We find that
for the five nucleic acids investigated:sonicated calf thymus
DNA, poly(C-G), polydCdG, polydAdT and polyrAdT the free

energy of BMSp binding, AG is equal to 1.5-1.6 AG

BMSp’ EB’
where AGEB is the free energy of EB binding for the same
nucleic acid. If the salt concentration is lowered from

1.0 M+ to 0.075 M+, thus enhancing electrostatic interactions,
the enhancement of BMSp's binding affinity becomes much
larger. For a heterogeneous DNA sequence (sonicated calf
thymus DNA) we observe KEB =4 x 104 and K

107 at 1.0 M* whereas at 0.075 M* Kep = 2 x 10

Kpusp > 2 X 1011, The binding affinity of BMSp for soni-

BMSp = 1.5 x

5 and

cated calf thymus DNA at low salt is estimated from the
spectrophotometric titration data shown in Fig. 7 and the
value so obtained agrees well with the value, 1 x 1011,
extrapolated from the measured affinity at 1 M+ (Table II)

by the polyelectrolyte analysis of Record (Eq. 1).

+
Binding Specificity of BMSp and EB at 1 M

In addition to binding affinity, the binding speci-
ficity of BMSp relative to EB is substantially enhanced.
Bresloff and Crothers have shown that EB binds the
RNA-DNA duplex rAdT 100 times more tightly than the DNA-

DNA duplex dAdT°® This 100-fold specificity exhibited by
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EB increases to 1500 for BMSp (Table II). Since the only
difference between rAdT and dAdT is the presence of a

2' hydroxyl group on the sugar ring and not base sequence,
these results indicate that the specificity which BMSp
and EB exhibit for certain nucleic acids can arise from
preferential recognition of different nucleic acid con-

formations.39

As discussed in Chapter III, the conformational specificity

exhibited by EB and BMSp is not restricted to the copoly-
mers dAdT and rAdT. Instead, evidence is presented which
suggests that regardless of base sequence, BMSp and EB
prefer to bind H and A conformations of nucleic acid much more
tightly than B conformations.>! Since RNA*! and RNa-DNA%2
hybrids adopt A conformations as their native structure,
BMSp and EB bind these nucleic acids more tightly than
corresponding DNA duplexes. Furthermore, since DNA adopts
a native B conformation,43 BMSp and EB can cooperatively
induce sequence specific B+ H - A allosteric44 transi-
tions in DNA. Although both compounds show litte prefer-
ence for GC at AT base pairs,15 certain base sequences
bind them more readily than others46 because the ability
of DNA to undergo a B - H - A transition varies greatly

with base sequence.31
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Binding Site Size Measurements

The number of base pairs covered by BMSp when it
binds a nucleic acid, n, the binding site size, has been
determined in two ways. For calf thymus DNA at low salt,
and for dCdG as well as rAdT at 1 M+, n can be determined
directly from absorbance measurements (Figs. 8, 18, & 19).
In these cases the binding affinity of BMSp is sufficiently
high as to render binding vritually stoichiometric. For
all other nucleic acids, n has been determined fromcorrespond-
ing Scatchard plots (Fig. 16). As expected for a bisinter-
calation binding mode, we find that the binding site size
of BMSp for four of five nucleic acids investigated is
twice that observed for EB( Table III).

The one exception to this behavior, polyd(C-G), ex-
hibits a binding stoichiometry of 3.4 base pairs at
1 MY (Fig. 16). This nonintegral binding site size im-
plicates a mixture of binding modes, as for example bis-
intercalation with n = 4 and monointercalation with n = 2;
alternatively, both n = 4 and n = 2 binding species could
be bisintercalated. In any event, the observation that
the fluorescence of BMSp begins to decrease at high
binding density when the concentration of polyd(C-G) is
increased demonstrates that two bound species with dif-

ferent binding stoichiometries are formed (Fig. 20). At
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Figure 18

Determination of the binding stoichiometry of
BMSp to polyrAdT at 1 M+. The upper curve was

obtained at a rAdT concentration of 2.04 x 10"6

M
BP and the lower curve at 1.361 x 10°° M BP.

The absorbance at 485 nm (path length 10 cm) for
increasing additions of BMSp is plotted against

the corresponding BMSp/BP ratio.
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Figure 19

Determination of the binding stoichiometry of BMSp
to poly(dC;dG) (1.712 x 1076 u BP) at 1 M*. The
absorbance at 485 nm (path length 10 cm) for in-
creasing additions of BMSp is plotted against the

corresponding BMSp/BP ratio.
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Table III - Comparison of the binding site size

@An base pairs) of BMSp and EB bound to various nucleic
acids.

Binding Site Size

Nucleic Acid [(m*] BMSp EB
Calf thymus 1.0 4 2
0.075 4 P

d(C-G) 1.0 3.3(4,2) 2
dC-dG 1.0 4 2
rA-dT 1.0 6 3

least one species must be intercalated since the quantum
yield of BMSp is substantially enhanced upon binding
(Table I). Although we do not know if the second species
is bisintercalated, the equations of Shaf9r45 in-
dicate that the binding affinities of both species are
similar (6.5 versus 1.5 x 107).
Although mono- or nonintercalated BMSp species are
expected to bind as saturation of available bisintercala-
tion sites is approached, polyd(C-G) is the only nucleic acid
investigated which exhibits a significant departure from an inte-

gral binding site size. Although the reason for this be-
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Figure 20

Fluorescence titration of poly(dC-dG) with BMSp at
[M+] = 1.0. The increase in the fluorescence of BMSp
in the presence of nucleic acid (IB) minus the
fluorescence of an equivalent solution of BMSp in

the absence of nucleic acid (If) is plotted against
the ratio BMSp/BP. The difference IB--If is
normalized by dividing by k where IF = k[BMSp].

The concentration of poly(dC-dG) was 3.464, 1.748,

6

0.867, and 0.578 x 10 ~ M BP (proceeding from top

to bottom).
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havior is presently unknown, it is of interest to note

that a naturally occurring bisintercalator, echinomycin,

exhibits similar behavior.45

The binding site size of BMSp and EB appear to
sense changes in nucleic acid structure. For example,
the measurements of Bresloff have demonstrated that
when EB binds DNA n = 2 whereas when it binds RNA or
RNA-DNA duplexes n = 3.40 Similarly BMSp covers four
base pairs when bound to DNA and six base pairs when
bound to the RNA-DNA duplex rAdT (Table III).

We have demonstrated that the binding site size of

ethidium also varies with nucleic acid conformation.

For example, we find that like RNA and RNA-DNA duplexes
&known A conformations), the binding site size of ethidium

to an A conformation of DNA is three base pairs.31 Thus
the presence of a 2' OH group on one or both strands is not
necessary for ethidium to exhibit a three base pair bind-
ing site size. This observation suggests that the binding
site size of BMSp may also vary with nucleic acid conforma-
tion. A particularly interesting example in this respect
is the binding of BMSp to dAdT. At low BMSp concentrations

dAdT adopts a B conformation whereas at higher BMSp con-

centrations it adopts an H conformation.31 The binding
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site size observed for the H conformation, four base
pairs, is the same as observed for dCdG, calf thymus DNA and
d(C-G), and presumably arises from steric restrictions im-

posed by the sugar pucker alternation of the H conforma-

tion.18

When bound to the B conformation of dAdT, the
half-width of the visible spectrum of BMSp is 98 nm
whereas it narrows to 90 nm when bound to calf thymus,
polyd(C-G), polydCdG or polyrAdT (Figs. 7 and 21; Table
IV). Since unbound BMSp also exhibits a visible half-
width of 98 nm whereas the corresponding monomers
ethidium and MSp exhibit a 90 nm value, it may be sug-
gested that both chromophores of BMSp are in close prox-
imity and electronically coupled when bound to the B
conformation of dAdT. Although binding of an intra-
molecularly stacked dimer of BMSp to the outside of the
helix could exhibit similar behavior, the fluorescence
lifetime of bound BMSp argues that it is intercalated
into the B conformation of dAdT (Table I). Because

the visible spectrum of BMSp does not broaden when two
or three base pairs separate its intercalated chromophores,
it may be suggested that only one base pair separates
both chromophores of BMSp when it is bound to the B con-

formation of dAdT.
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Table IV

Comparison of selected optical properties of BMSp,
EB and MSp. The extinction coefficient of the
visible maximum (e), wavelength of the visible

maximum (e ), and half-width of the visible

max
absorption spectrum are shown for cases where drug
is either unbound or bound to nucleic acid. Mea-
surements of BMSp bound to calf thymus DNA,
polyd(C-G), polydCdG and polyrAdT were obtained

et 1 M+.



BMSp € €(max) W
H>0 10,160 502 99
0.075M* 9,850 502 o8
.OM* 8,900 502 97
44 M 8,400 502 o8
pH 3.0 10,200 500 o8
DMSO - 539 96
MeOH - 531 o7
dAdT 7,880 526 o8
C.T. 0075 M* 7,140 533 90
C.T. 7,800 530 92
(dC-dG) 7,240 529 90
dC : dG 7,880 530 92
rAdT 8,600 530 89
MSp
0.075M* = 488 92
C.T. 0.075M* — 529 9l
EB
.OM* 6,060 480 87
C.T.I.OM* 4,000 520 85
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Figure 21

Comparison of the absorption spectrum of BMSp bound
to polyrAdT, polydCdG, and polyd(C-G) at 1.0 M*.
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In conclusion, these stoichiometry measurements
demonstrate that the binding site size of BMSp varies
with both the structure and conformation of nucleic
acid. The preferred binding site size of BMSp is two
base pairs when bound to a B conformation of DNA, four
base pairs when bound to an H conformation of DNA and
six base pairs when bound to an A conformation of an
RNA or RNA-DNA duplex (and perhaps a DNA duplex)

(Fig. 22). Thus changes in linker length and flexi-
bility may alter the conformational specificity of

BMSp and related compounds.



o Binding site size=
4 base pair

BMSp/H conformation

X =2' endo sugar
® =3’ endo sugar

Binding site size=
2 base pair

BMSp /B conformation

X =2' endo sugar .

+ Binding site size=
6 base pair

BMSp /A conformation

@ =3' endo sugar

Figure 22
Proposed dependence of BMSp's binding site size on
nucleic acid conformation. Although absorption and
fluorescence measurements indicate that intercalated
chromophores of BMSp are separated by one base pair
in the B conformation, the actual binding site may be
larger than two base pairs since binding may distort
DNA (e.g. compare to BMSp bound to the A conformation.)
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SUMMARY
The results of our BMSp-nucleic acid binding studies
can be summarized as follows:
1) The preferred binding mode of BMSp to nucleic

acid involves simultaneous intercalation of both EB

moieties into the double helix (bisintercalation). Al-
though less important, the relative contributions of mono-
and nonintercalated species increases as saturation of

bisintercalation sites is approached.

2) Under conditions of low salt (0.075 M+), BMSp
extends DNA twice as much as EB, causes little or no
bending of the double helix, and unwinds DNA 38° or 1.5
times as much as EB. The failure of BMSp to unwind DNA
twice as much as EB is shown to arise from electrostatic
interactions between the spermine linker of BMSp and DNA.
Although these electrostatic interactions do not affect
the ability of BMSp to extend DNA, they do alter slightly
the unwinding geometry of each intercalated chromophore
from an ethidium (260) to an acridine like 19° geometry.
Increasing the salt concentration to 1.0 Vel decreases
electrostatic interactions between the spermine linker of
BMSp and DNA resulting in an increase in its unwinding
angle from 38 to 49 + 3°, or twice that of EB under similar

conditions.
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3) At 1 M+, where electrostatic contributions to
the observed binding affinity and intercalation geometry
are small, the free energy of BMSp binding to five differ-
ent nucleic acids is found to equal 1.5-1.6 AGEB, where
AGEB is the free energy of EB binding to the same nucleic

acid. When the salt concentration is lowered from 1 M+ to
0.075 M+, thus enhancing electrostatic interactions, the

enhancement of BMSp's binding affinity becomes much larger.

For a heterogeneous DNA sequence at 1 M+ KEB =4 x 104
_ 7 + _ 5
and KBMSp = 1.5 x 10" whereas at 0.075 M KEB = 2 x 10
11 .
and KBMSp > 2 x 1077, The estimate of KBMSp at low salt
11

agrees well with the value 1 x 10 extrapolated from
the measured affinity at 1 M+ by the polyelectrolyte
analysis of Record.34

4) In addition to binding affinity, the binding
specificity of BMSp relative to EB is substantially en-
hanced. The 100-fold preference of EB for the RNA-DNA
hybrid rAdT over its DNA counterpart, dAdT, is
found to increase to 1500 for BMSp. Since the only dif-
ference between rAdT and dAdT is the presence of a 2'-
hydroxyl group on the sugar ring and not base sequence,
these results indicate that the specificity which BMSp

and EB exhibit for certain nucleic acids can arise from

preferential recognition of different nucleic acid con-

formations.
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5) As discussed in Chaptef III, the conformational
specificity exhibited by EB and BMSp is not restricted to
the copolymers dAdT and rAdT. Evidence is presented which
suggests that regardless of base sequence, both compounds
bind H and A conformations of nucleic acid much more tightly
than B conformations. Since RNA and RNA-DNA hybrids adopt A
conformations as their native structure, BMSp and EB
bind these nucleic acids more tightly than corresponding
DNA duplexes (eg., rAdT versus dAdT). Furthermore,
since DNA adopts a native B conformation, BMSp and EB
can cooperatively induce sequence specific B+ H - A
allosteric transitions in DNA.

6) In addition to binding affinity and binding
cooperativity, the binding site size, and visible spectrum
of BMSp are found to vary with nucleic acid conformation.
Whereas B DNA binds one BMSp every two base pairs and H
DNA one BMSp every four base pairs, A conformations can
bind one BMSp every six base pairs. Thus control of
linker length and flexibility may be used to predictably
alter the conformational specificity of BMSP and related

compounds.
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BIOLOGICAL IMPLICATIONS

1) The observation that ethidium is both a potent
and selective inhibitor of nucleic acid function?suggests
that polyintercalators like BMSp may exhibit remarkable
inhibitory properties. Of particular importance in this
regard is the finding that under physiological conditions,
both the binding affinity and specificity of BMSp are
similar to DNA binding regulatory proteins. Thus BMSp

represents one of the first rationally designed drugs which

may selectively inhibit or alter gene expression. The

finding that BMSp preferentially inhibits certain sequences
on closed circular pBR-322 from restriction digestion,
whereas the monomer ethidium shows no selectivity,
demonstrates the possibility of such behavior.46
2) The very slow dissociation rate of BMSp coupled
with its high affinity and specificity for nucleic acid con-
formation could be used to selectively alter nucleic acid
structure or function by delivering additional functionality
to the nucleic acid backbone.
3) The greatly enhanced affinity of BMSp for A and
H conformations of nucleic acid should significantly en-
hance both the detection and characterization of B - H ~»

A transitions in nucleic acid (eg. see Propositions 4

and 5).
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4) The high binding affinity and specificity of
BMSp should significantly enhance its ability to fraction-
ate nucleic acids. For example, the proposal that gene
activation necessitates enhancement of a B -+ H transition
in DNA (Proposition 1) suggests that BMSp will selectively
inhibit activated or active genes. Similarly, BMSp could
also be used to specifically localize and probe these
genes (eg. see Proposition 5).

5) Through competition methods, the high affinity
and specificity of BMSp could be used to probe the binding
properties of other tightly binding ligands such as
nucleic acid binding regulatory proteins, an otherwise

difficult experimental task.
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MATERIALS AND METHODS

Nucleic Acids: Highly polymerized calf thymus DNA

(Sigma) was phenol extracted, sonicated at 4°C under nitro-
gen (medium probe of a Branson ultrasonicator at
maximum power) and fractionated on Sepharose 4B to yield
double stranded DNA 150-300 base pairs in length. PolydAdT,
polyrAdT, polyd(C-G), polyd(A-T), polydG arnd polydT

were purchased from PL Biochemicals. Each polymer was
exhaustively dialyzed against low salt phosphate

buffer (0.025 M KH2P04, 0.025 M Na HPO4) containing 2 mM

2
EDTA followed by exhaustive dialysis against either low

or high salt phosphate buffers containing no EDTA.

PolydCdG was obtained from Boehringer Mannheim and

was carefully reannealed as previously described‘%7 PM2
phage DNA was a gift from R. Watson and contained 80%
supercoils, 20% nicked circles and < 1% linear molecules

as determined by agarose gel electrophoresis. Chicken
erythrocyte nucleosome core DNA was a gift of K. Tachell.
The sample used was 150 + 5 bp with < 2% of the single
strands exhibiting a nick as determined by gel electro-
phoresis. All nucleic acid solutions were sterilized

by passage through 0.45 umillipore filters and stored
frozen. DNA concentrations were determined spectro-
photometrically using the following extinction coefficients:

calf thymus, chicken erythrocyte, PM2 (6600 at 260 nm);
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8 4AdT (600 at 258 nm);38 radr

dCdG (7400 at 255 nm);4

(6900 at 258 nm);49 and d(C-G) (7100 at 256 nm).50
Buffers: The following buffers, designated by

their total monovalent cation concentration, were prepared

by adding the appropriate amount of sodium chloride

to a solution containing 0.025 M Na2P04 and 0.025 M

KHPO,. (1) (M¥] = 0.075, No Nac1; (2) [MT] = 0.21,

NaCl = 0.25 M; (3) [M'] = 1.0, 0.9 M NaCl; (4) [M'] =

4.4, 4.3 M NaCl. The pH was then adjusted to 7.0 with

solid NaOH. The corresponding ionic strengths are 0.14,

0.27, 1.05, and 4.45, respectively.

Competition Equilibrium Dialysis: Competition equi-

librium dialysis was conducted in the dark using a
specially prepared three compartment dialysis cell (Fig.
23). Each compartment, containing 25 ml of buffer, was
vigorously stirred to equilibrium for 36 hr and the con-
centration of drug determined by comparing observed ab-
sorption spectra with appropriate '"bound" spectrum of
BMSp. Typical absorbances ranged from 0-0.02

units for the 10 cm cell path length. Nucleic acid con-
centrations used in each cell were such that at equi-
librium all drug was bound and equally distributed be-

tween outer compartments.
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Figure 23
Competition dialysis cells. Additional notes:

1. The three compartment dialysis cell was
constructed from polished lucite. Cells were sealed with
Viton O-rings.

2. Metal optical window assemblies were painted
flat black to reduce scattered light. Suprasil optical
windows were also painted flat black except for a 3/8"
wide slit down the center of each wingow.

3. Solutions were stirred with teflon magnetic
stirbars (13 x 3 x 3 mm) vertically positioned in the well
at the bottom of each dialysis cell. All three dialysis
cells can be stirred simultaneously on a Corning PL351
magnetic stirrer.

4. Nucleic acid and drug solutions were introduced
by syringe through a small hole introduced in the middle
of each teflon plug used to seal each cell.

5. Cells were extensively rinsed with 0.45 yu milli-
pore filtered buffer before introducing millipore filtered

solutions.
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Spectrophotometric titrations were performed either

in 10 cm long cells (25 ml) on a Cary 14 spectrophoto-
meter at 23 + 1°C or in 1 and0.5 cm long cells on a
Beckman Model 25 spectrometer at 21 + 0.5°C. Increasing
amounts of BMSp were added to a known quantity of DNA
and the absorbance recorded until equilibrium was
attained (15 min for EB and 30-60 min for BMSp). Each
cell was rendered dust free before adding DNA and drug
solutions by extensive rinsing with millipore filtered
(0.45 um) buffer. Absorbance measurements at 10 cm were
reproducible to + 0.0005 absorbance units; for 0.5 and

1.0 cm cells reproducibility was 0.001 absorbance units.

Fluorescence Measurements: Fluorescence measurements

were conducted on a Perkin-Elmer MPF 4 fluorescence
spectrophotometer operating in the energy mode with the
chopper on. The spectrophotometer was equipped with a
circulating bath which was used to regulate the sample
temperature (25°C). Fluctuations in the Xenon lamp source
and recorder response were monitored and adjusted if
necessary by alternatively measuring a standard solution
of ethidium bromide. Fluorescence emission was monitored
at 640 nm and/or 577 nm through a 515 nm (calf thymus)

or 610 nm d(C-G) cutoff filter with a 10 nm slit width.
Excitation was at 482 nm through a 455 nm cutoff filter
with a 4 nm excitation slit. 1 cm Silica cuvetts were

silanized with SiClz(CHB)z before use. Buffers were pre-
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pared from triply distilled > 99% D20. Samples of BMSp
were introduced via a 10 u? Hamiltonian syringe and the
contents of the cell were gently mixed by bubbling air
into the solution through a millipore dust filter.

Viscometry Measurements: Viscometry measurements

were performed in the same apparatus as previously de-
scribed.51 Temperature control was maintained to within

+ 0.01°C and flow times recorded by photoelectric detec-
tion. Concentrated drug solutions were added via a
Mannostate microliter pipette to 1.00 ml of nucleic acid
solution. After each addition of titrant solution, the
solution was thoroughly mixed by bubbling air gently
through the solution via a millipore dust filter. Flow
times were recorded until three successive determinations

agreed to < (+ 20 msec).

Miscellaneous: All solutions were millipore

filtered (0.45 um) before use. Dialysis tubing was boiled

in EDTA before use.
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CALCULATIONS

A) Estimation of the Binding Constant of BMSp to

Calf Thymus DNA Under Conditions of Low Salt.

When ligand binds macromolecule noncooperatively and

forms only one bound complex, the binding density (v) is

given by:37
v/Lp = K(1-nv) (=fampys) ™™t (1)
or
_ l-nv 1-n
K = \)/LF(l—n\)) (m) (2)

The minimum amount of free drug which could have escaped
detection at saturation was determined to be 3% of the
total drug added (based on a detection error of + 6 x

107°

A units cm‘l). Since the DNA concentration employed

was 1.727 x 107° BP/L, the minimum v and maximum Ly at
saturation are 0.2425 and 1.3 x 10—8 M/L respectively. (Fig.7)
Substituting these values into equation 2 and taking n

as 4 yields a minimum binding constant, K, of > 2 x 1011.
This value must be considered approximate since fluores-
cense measurements indicate a mixture of mono- and bis-

intercalated forms for v > 0.18. (Fig. 9)

B) Relative Quantum Yields

The quantum yield of bound BMSp relative to free BMSp
was obtained by simultaneously titrating a solution of
DNA and buffer, respectively, with BMSp under identical
conditions. The dependence of the fluorescent intensity

on BMSp concentration was found to be linear for unbound
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BMSp as well as for bound BMSp at low degrees of satura-
tion. The ratio of these bound and unbound slopes was
multiplied by the inverse ratio of the corresponding
extinction coefficients to yield relative quantum yields.
No correction for polarization effects were made.

C) Binding of EB to Calf Thymus DNA at 1 M Na+.

Under the 1 Mt conditions employed EB was found to
dimerize (Fig. 6). The dimerization constant and extinc-
tion coefficient were calculated as described by
Bresloff.40 The concentrations of bound and free EB

in the presence of calf thymus DNA were then determined

from the equation:

€ -1 + /IBKy(Lg-Lp)
A= LT('z_D) + Lg(eg-ep/2) + (ey~ep/2) ( K, )

where €Eg = 2250, ey = 6075, and €p = 2800 (at 475 nm) and
KD = 950. For different LT values, a range of A values
was generated from a range of LB values. Comparison of

the observed to calculated A values for a given LT yields

LB and LF'

D) ‘Calculation of Bound Spectra

Spectra of BMSp or EB bound to nucleic acid were
+
determined in two ways. For polyrAdT and polydCdG at 1 M and

calf thymus DNA at low salt, BMSp spectra obtained at low levels
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of saturation (see Figs. 8, 18, 19) were taken to be
100% bound, an assumption compatible with their high
affinities. For calf thymus DNA, d(C-G) and dAdT, bound
spectra were obtained by analyzing the dependence of
their absorption spectrum on nucleic acid concentration
as previously described;52 this technique was also

utilized to obtain the spectrum of EB bound to calf

thymus DNA. (Fig. 24)

E) Helical Extension of 150 Base Pair DNA by Drug
Binding )
The relationship between intrinsic viscosity

([n]INT) and DNA length (L) is given by:

_.3] 3 1
[(nTint = CL7 \i¥p-z * TN2p-B (3

for axial ratios (p) greater than oneFxBFor a 150 base
pair DNA molecule, p equals 25 (20 X diameter), A = 1.5

B = 2.5 and C equals a constant 23 If L0 equals the length
of DNA in the absence of ligand and L equals its length
in theApresence of ligand we can Write.f’3

L 1/3

o = 1 et o/ L) [ng] 1y (4)

where f(p) is given by:

_)_s3 1
£(P) = 17%p-2 * 7Wp-B (5)
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Figure 24

Determination of the extinction coefficient
of BMSp bound to (A) polyd(C-G); (B) sonicated

calf thymus DNA and (C,D) polydAdT at 1 M'.
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Since (p) changes with drug binding, f(p) must be
corrected to yield the desired ratio L/LO. Assuming
that one bound BMSp extends 6.8 X and one bound EB 3.4 X,

equation 5 can be rewritten as:
/3 1/3

L _)[nlinr % sat
L, |nol 1+ 0-2 150 (8)
INT

where (% sat)equals the percent saturation of available

intercalation sites. At saturation, the correction of

f(p) for drug extension amounts to a 6% increase in
L/Lo.
The intrinsic viscosity is related to the relative

viscosity by:

Nre1 = NIyt * K[n]%NT C (7)

where C equals the DNA concentration in g/dl and K is

the Huggins constant?4 For the 150 base pair DNA used

in this study, K has been experimentally determined to
equal 5 and the intrinsic viscosity of DNA in the absence
of drug equal to 0.392 dl/gE.,5 Since K is a function of
molecular weight, ligand binding will continually alter
its value. However, at saturation (one drug/two base
pairs) the effect of this correction on the ratio L/L0

is less than 1% and therefore is ignored.
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F) Competition Equilibrium Dialysis: Estimation

of Relative Binding Affinities

When ligand forms one bound complex with macromolecule,

the relationship between binding density (v) and free

ligand concentration (Ly) is given by:

n-1
1-nv ) (1)

\)/LF = K(1l-nv) T-(n-1)v

for noncooperative binding and

-1 2
_ (2w-1)(1-nv)+v-R || 1-(n+1)v+R
v/Lp = K<1'n")[: g(m—l)(l—nv) ] [: 2(1-n\)):|

1/2 (2)

where R = ([1—(n+1)v]2 + 4wv(1l-nv))

37

for cooperative binding. In the limit of low binding

density, equations (1) and (2) reduce to:

Limit (v/LF) = K (3)
V+0
If Limit f(x) = L and Limit g(x) = M
x+a X+a
then Limitziz-l = L/M. Thus for two nucleic acids (i)
x+q B(X)
and (j) we can write
- Limit (vi/LF)
V4o
Limit (vi;/Ip) Ky /%; 4

Vv _.+0
J
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When ligand forms more than one bound complex and

binding is noncompetitive we have:37

Thus for two nucleic acids (i) and (j) we can write:

Limit Zvi
Zvi—>o e

Lp
= IK,/IK, (6)
Limit Zv. J
IV .20 - -
J Le

When ligand forms more than one bound complex and binding

is competitive we have:37
Ivg (I—Znivi )ni"l
— = I (K;(1-Zn.v.) 2= (7)
LF i i i‘i l—Z(ni 1)\)i
Thus for two nucleic acids (i) and (j) we have:
Limit Xv.
Z\)i+o LF
= ZKi/ZK. (8)
Limit Sv, J
Zvj+o T,

F
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When ligand binding induces an allosteric transition

in macromolecule, we have:

1 1

n'Lea(l+ca)? ™ + n¢ (1+a)n'—

v = . ;
n'L(1l+ca)? + n'(1+a)?

(9)

where n' equals the number of macromolecule subunits, c
equals the ratio of ligand association constants for the
two forms of macromolecule, L equals the allosteric constant

and o equals LFKR’ where KR is the ligand association

constant for macromolecule in the R configuration.59
In the 1limit of low binding density we can write:59
Limit v/Lp = (s5r)Kp + (s2)K (10)
F 1+L’7"R 1+L7/7T
V-+0
which, for N ] 4, reduces to
Limit v/LF ~ Kp (11)

V>0

Thus for two nucleic acids (i) and (j) we can write:

Limit vy
LA

o]

~ K 1/Rpd (12)
Limit v,
v 20

=12

when N > 4,
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PREPARATION OF COMPOUNDS

Preparation of 4,4'—dinitro—Z—aminobiphenyl12

In a 2 liter 3-necked round bottom flask fitted with
Hershberg stirrer, immersion thermometer, and drying
tube was place 810 ml of reagent grade concentrated
sulfuric acid. The flask was immersed in a cooling bath
and cooled to 0°C. To the rapidly stirring solution was
added 70g of 2-aminobiphenyl (Aldrich reagent grade
distilled in wacuo before use: 129°C/1.2 mm) and stir-
ring continued until the biphenylamine dissolved. To
the rapidly stirring white solution was slowly added,
portion-wise, 84.7g of dry powdered potassium nitrate
over a period of two hours. During the addition, the
solution was maintained at -2 to —5°C; addition resulted
in an initial green solution which later turned olive
and then brown in color. Stirring at 2°C was continued
for an additional 15 h. The mixture was poured onto
4000 ml of ice and the resulting orange solid isolated
by suction filtration. This orange solid was transferred
to a 2 liter beaker and stirred for 30 min with 1.2
liters of 5 N sodium hydroxide. After isolation by suc-
tion filtration the orange solid was washed with
water until the washings were no longer basic to litmus.
Recrystallization from 2-ehtoxyethanol followed by

drying in vacuo at 25°Cc yielded 74.7g of 4,4'-dinitro-
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2-aminobiphenyl (70%): mp 206-208°C (1lit. 205-206°);
NMR (6§, DMSO-dg), 8.65 to 8.35 (m, ar), 8.08 to 7.28

(m, ar), 5.8 (s, broad—NHz, exchanges in D20).

Preparation of 4,4'-dinitro-2-(p-cyanobenzamide)biphenyl

In a three-necked, 2 liter round-bottom flask fitted
with Hershberg stirrer, reflux condensor, and nitrogen
gas inlet was placed 132.5g of dry 4,4'-dinitro-2-amino-
biphenyl, 84.7g of p-cyanobenzoyl chloride (Aldrich,
reagent grade) and 650 ml of dry chlorobenzene (dried
over 4A Linde sieves). The nitrogen inlet was positioned
just above the solution and a steady stream of nitrogen
was passed through the reaction flask and into an acid
trap. The mixture was vigorously stirred to reflux until
no further hydrogen chloride was evolved. After cooling
overnight, the resulting yellow crystals were isolated
by suction filtration and washed with dry chlorobenzene
(v 500 ml). Recrystaliization from dry reagent grade
pyridine-absolute ethanol followed by drying at 25°C
in vacuo yielded 171.3g (86%) of 4,4'-dinitro-2-(p-
cyanobenzamide)biphenyl as yellow crystals: mp (247-
249°C); IR (KBr) 3430, 3100, 3075, 2230, 1680, 1620 to
1585, 1530, 1510, 1455, 1420, 1390, 1340, 1315, 1305,
1105, 1080, 1015, 1005, 910, 890, 870, 865, 830, 820,

755, 740, 695, 675, 560.
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Preparation of 6—(4—cyanopheqyl)—3,8—dinitrophenanthridinel3

In a three-necked 2 liter round-bottom flask fitted
with reflux condenser, Hershberg stirrer, and 250 ml
dropping funnel was placed 171lg of dry 4,4'-dinitro-2-
(p-cyanobenzamide)biphenyl and 650 ml of dry nitrobenzene
(distilled in vacuuo from P5,05). A stream of nitrogen
was slowly passed through the dropping funnel and exited
into an acid trap. The mixture was vigorously stirred
to reflux and a solution consisting of 56 ml of dry
phosphous oxychloride (distilled under nitrogen and
dried over 4A Linde sieves) and 60 ml of dry nitrobenzene
was added dropwise (very exothermic) over a period of
one minute. Reflux with vigorous stirring was maintained
for an additional three hours and the solution concentrated
to one-half volume under reduced pressure. After cooling
overnight, the resulting solid was isolated by suction
filtration and washed with 300 ml of cold acetone. After
air drying the tan solid was dissolved in a minimum
amount of hot dry nitrobenzene and filtered. The filtrate
upon cooling deposited cream colored crystals which were
dried at 25°C in vacuuo to yield 105.3g (65%) of the
desired product; IR (KBr) 3120-3000, 2230, 1630-1400,
1330 (N02), 1090, 1070, 820, 730.
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Preparation of 6-(4-carboxylphenyl)-3,8-dinitro-5-methyl-

phenanthridinium methosulfatel3

In a three-necked, 2 liter round-bottom flask fitted
with Hershberg stirrer, reflux condenser, immersion
thermometer, and nitrogen inlet was heated to 160°C
192 ml of dry dimethyl sulfate (4A Linde sieves). To
the rapidly stirring solution was added 75g of 6-(4-
cyanophenyl)-3,8-dinitro-phenanthridine. After stirring
at 106°C for one hour the mixture was allowed to cool to
50°C and 750 ml of water added all at once. The result-
ing orange solution was refluxed for four hours, rapidly
suction filtered, and the filtrate concentrated to one-
half volume under reduced pressure. Storage at 0°C over-
night resulted in light brown crystals which were iso-
lated by suction filtration and saved. The filtrate
was transferred to a 500 ml round-bottom flask and
stirred overnight with 5g of lithium hydroxide. The
resulting solution was adjusted to approximately pH 8
with ammonium hydroxide yielding a gummy brown solid
which was isolated by suction filtration and air dried.
The brown solid was then suspended in water and made
weakly acidic. Filtration of the mixture yielded a brown
solid which was combined with the brown solid previously
isolated. After washing with cold acetone and air
drying, 79g (76%) of the desired product was obtained

as a light brown solid: IR (KBr) 3420, 3120-3000, 2960,
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1715, 1610, 1605, 1590, 1545, 1520, 1345, 1225, 1110, 1070,
1020, 870, 850, 820, 740, 600.

Preparation of 6-(4-caboxyphenyl)-3,8-diaminophenanthridium-

S-methylchloride monohydrochloride monohydrate13

In a three-necked 2 liter round-bottom flask fitted
with Hershberg stirrer, stopper, and reflux condenser
were placed 45g of reduced iron powder and 180 ml of dis-
tilled water. To the rapidly stirring mixture at reflux
was added portionwise over 10 mins, a mixture of 45g
of 6-(4-carboxyphenyl)-3,8-dinitro-5-methylphenanthridium
methosulfate in 900 ml of boiling water. Reflux was
maintained for an additional 30 min and the purple solu-
tion rapidly filtered through a coarse glass filter.
The filtrate was concentrated to one-half volume and 45 ml
of hot concentrated hydrochloric acid added to the boiling
solution. The red solution was immediately stored at 0°c
and cooling overnight yielded dark purple crystals. The
purple crystals were isolated by suction filtration,
dissolved in approximately 250 ml of hot 1 N hydrochloric
acid and filtered through Whatman #1 filter paper. The
filtrate was concentrated to a viscous red solution which
deposited 20.3g (54%) of the desired product as maroon

crystals upon storage at 0°c overnight: IR (KBr) 3340,
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3200, 3120-3000, 2590, 1790, 1630, 1490, 1475, 1440, 1405,
1315, 1280, 1240, 1180, 1110, 1020, 825, 690. NMR
(DMSO-dg) 4.72-4.62 (m, 9H, ar + phenyl), 3.5 (s, 1H, -H7),

2.87 (s, exchangeable), 2.08 (s, 3H, Me+).

Preparation of bis-methidium spermine hydrochloride

In a dry 50 ml two-necked round-bottom flask fitted
with nitrogen inlet, rubber inlet septum, and magnetic
stirrer was placed 500 mg of dry paracarboxy methidium
chloride (recrystallized from 1 N HC1l), 20 ml of dry
dimethyl sulfoxide (distilled from calcium hydride in
vacuuo) and 155 uf of dry N-ethylmorpholine (stirred
over calcium hydride overnight; distilled in vacuuo
from lithium aluminum hydride). To the purple solution
at 25°C was added, all at once, 200 mg of acyldimidazole
(freshly sublimed in vacuuo before use) in 5 ml of dry
dimethyl sulfoxide. After stirring at room temperature
for one hour, 126 mg of spermine (Aldrich, dried in
vacuuo at 25°C) dissolved in 1 ml of dry dimethyl sulfoxide
was added. The reaction mixture was allowed to stir
overnight and the purple solution upon concentration in
vacuuo at 25°C yielded a purple solid. This solid was
dissolved in a minimum amount of dry methanol (distilled

from sodium metal) and chromatographed on silica gel
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60 (70-230 ASTM) which had been extensively washed with
the elution solvent (100 mg/500g of silica). The elution
solvent consisted of dry acidic methanol generated by
adding 7 ml of acetylchloride to 1000 ml of dry methanol.
The elution pattern consisted of two faint orange bands
followed by a dark orange band. The dark orange band was
collected, filtered through a fine glass frit (4-4.5 ASTM)
and concentrated in vacuo at 25°C. The resulting dark
orange solid was dissolved in a minimum amount of 1 N

HC1 at 25°C in a test tube and precipitated in the cold
upon the addition of tetrahydrofuran. This orange solid
was washed several times with tetrahydrofuran and upon
drying at 110°c in vacuo over P205 yielded the desired
product as maroon crystals. Rechromatography and isola-
tion of the maroon crystals as described above yielded
450 mg (70%) of analytically pure solid: IR (KBr) 3400-
3300, 3200, 3120-3000, 2950, 2800, 1630, 1540, 1490, 1475,
1320, 1260, 1235, 1160, 1015, 825. Elemental analysis:
Found C, 60.07; H, 5.76; N, 13.41; Cl, 16.82. Calculated

(C o,Ci.) ¢C, 60.32; H, 5.94; N, 13.53; C1, 17.12.

52851N1002C15

Preparation of mono(methidium)spermine

In a dry two-necked 25 ml round-bottom flask fitted

with magnetic stirrer, rubber inlet septum, and nitrogen
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inlet were placed 250 mg of dry p-carboxy methidium hydro-
chloride (recrystalized from 1 N HC1l), 15 ml of dry
dimethyl sulfoxide, and 78 uf of dry N-ethyl morpholine.
To the stirring solution at 25°C was added 100 mg of
freshly sublimed acyldiimidazole dissolved in 2.5 ml of
dry dimethyl sulfoxide. After stirring for one hour, the
contents of the flask were transferred under nitrogen with
a syringe to the dropping funnel of reaction flask two.
Reaction flask two consisted of a 50 ml three-necked
round-bottom flask fitted with a rubber inlet septum,
nitrogen inlet, magnetic stirrer, and 25 ml dropping
funnel. The contents of the dropping funnel were added
dropwise, over a period of two hours, to a stirring solu-
tion of 610 mg of spermine dissolved in 3 ml of dry
dimethyl sulfoxide. Stirring under nitrogen was main-
tained for an additional 24 h. The purple solution was
concentrated to a purple solid at 25°C in vacuo and
chromatographed in the same way as bis(methidium)-
spermine. The elution pattern consisted of a faint orange
band (compound 1) followed by a major dark orange band.
The dark orange band was collected, filtered through
a glass frit (4-5.5 ASTM) and concentrated at 25°C in
vacuo. After drying in vacuo at 110°C the orange solid
was rechromatographed and isolated as above. The re-

sulting orange solid was dissolved in 1 N ammonium hy-



102

droxide and extracted with isoamyl alcohol. The isoamyl
alcohol was concentrated at 25°C in vacuo to yield a
dark purple solution which precipitated a purple solid
upon the addition to cold ethyl acetate. Thin layer
chromatography (cellulose 0.1 mm plates without fluores-
cent indicator) in 0.025 M phosphate buffer (50%) - .
50% 2 propanol indicated the absence of bis(methidium)-
spermine, approximately 1% p-carboxyl(methidium)chloride,
8% of a derivative of p-carboxyl(methidium)chloride
(presumably the secondary amine condensation product),
and 90% of the desired product. The sample contained
less than 2% of unreacted spermine as determined by TLC
analysis of fluram derivatives. The UV-visible spectrum
exhibited maxima at 486, 269, and 243 nm. IR (KBr)
3400, 3200, 3100, 2950, 1630, 1540, 1490, 1475, 1440,
1420, 1320, 1260, 1160, 1015, 965, 885, 825.
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CHAPTER 1II

Experimental Determination of Equilibrium
Binding Isotherms at Constant X:

A New Sensitive Technique
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INTRODUCTION

Ligand-macromolecule interactions often constitute the
molecular basis of biological function. Their complete
description necessitates specification of a binding: site
size, affinity, and cooperativity for each type of bound
ligand. In addition, the presence of multiple forms of
free ligand species as well as multiple binding forms of
macromolecule must be considered. The most widely used
technique for extracting these binding parameters from
experimental data entails plotting the calculated binding
density ([bound ligand]/[macromolecule subunits]) versus
the same quantity divided by the corresponding free con-
centration of ligand. This plot, termed a Scatchard
plot,1 owes its wide application to the sensitivity which
it shows toward changes in binding parameters. Although
theoretical interpretation of Scatchard plots is possible
for many different binding situations,2—6 acquisition of
accurate data for their construction is often difficult.

Experimentally, ligand-macromolecule interactions
are monitored by indirect or direct methods. Equilibrium
dialysis of radioactively labeled ligand is an example of
a direct method because the concentration of bound and

free ligand(s) can be calculated without specifying species
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specific proportionality factors. In contrast, indirect
methods such as spectroscopic techniques necessitate
specification of the extinction coefficient, quantum
yield, Beer's Law behavior, etc. of each species before
their concentrations can be calculated.

Although less dependent on assumptions, direct methods
are generally less applicable, less sensitive, and more
subject to error than indirect methods. For example, consider
how concentrations of free and bound ligand are determined
by equilibrium dialysis, a direct technique. Radioactive
ligand is added to both compartments of a two-part dialysis
cell which contains the macromolecule of interest in one
cell. A membrane impermeable to macromolecule separates
both compartments. At equilibrium, the compartment with
macromolecule contains both bound and free ligand whereas
the other compartment contains only free ligand. At low
binding density the concentrations of free and bound
ligands are very small. Since the concentration of bound
ligand is determined by subtraction of two quantities of

similar magnitude (either [LB + L L, or LT - L where

rl — Ly F’

LT equals the total input ligand concentration), the error
in LB will be large. Thus binding parameters at low
binding density cannot be accurately measured by direct

methods. Similar behavior will be exhibited at high
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binding densities since as the concentration of LF rela-
tive to LB becomes large, LB will be determined by the
subtraction of two quantities of similar magnitude.

Additional complications arise when ligand-macro-
molecule binding is tight or weak. When binding is tight,
very dilute concentrations of ligand and macromolecule
must be employed to assure detection of free ligand.
This restriction introduces two complications. First,
the concentration of bound and free ligand will often be
too small for accurate detection by either direct or
indirect methods. Secondly, since dilute concentrations
of macromolecule must be employed, nonspecific binding
of ligand and macromolecule to cell walls and/or membrane
becomes important. Therefore, calculation of binding
densities by either method will require determination of
bound ligand and macromolecule concentrations
actually present in solution. This requirement will en-
hance the error in the corresponding binding density
since it is a ratio of these quantities.

When ligand-macromolecule binding is weak, large
concentrations of macromolecule must be employed to
assure formation of bound ligand. Often, however, this
requirement cannot be tolerated experimentally since
the complex between ligand and macromolecule will be

too insoluble at these high concentrationms.
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In light of these deficiencies we propose a new
method for esfimating accurate ligand binding parameters
by indirect measurements. In contrast to other indirect
techniques or direct measurements, accurate binding
parameters can be estimated over a wide range of binding
densities for tight or weakly binding ligands in most

cases by this method.

Theory

When added to a solution of macromolecule, some
ligand will bind and some will remain free in solution.
The total ligand concentration in the presence of macro-
molecule can therefore be written as:

(1) LT = ; Lé + ; L%

i i
where Lé and L% equal the concentration of bound and
free ligand species i, respectively. If some physical
property X of ligand is monitored during binding, its
value will be given by:

i

(2) X =% qglg *+ I aglp
i

. B
i
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i i : o . .
where ag and q% are species specific proportionality
factors of bound and free ligands, respectively.

For any given concentration of macromolecule M,

associated with each value X is an unknown binding density
ZLE/M and free ligand concentration (I L;) whose
values we wish to determine. These quantities can be
related to the experimental observables X, M, and LT/M

in the following manner. Dividing equation (1) by

M and letting the total free ligand concentration equal

i )
LF yields:
(3) L./M =z Li/m + LI/u
T i B F

Since L; is proportional to M at constant LF (see later

discussion) equation (3) can be rewritten as:
(4) Lo/M = I v. + LL/M
/M = I v; + Lg/)

where ; Lé/M is now a constant (; vi). Since v and Lg
are inéependent of M, (4) 1is a s%raight-line equation.7
Therefore, if two or more solutions have the same v and
Lg, the dependence of LT/M on M for these solutions can
be used to determine their total binding density (inter-
cept) and total free ligand concentration (slope). As
discussed below, two or more solutions will have the same
binding density and free ligand concentration when their

values of X are identical and a) all ligand is essentially

free or b) their macromolecule concentrations are similar.
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Consider a ligand-macromolecule equilibrium in which
each bound ligand covers one macromolecule site and one
type of bound and free ligand are formed. The rela-
tionship between v and LF is then given by:

(5) v/L = K(1 - v)
F

where K is the ligand-macromolecule association constant.1
Substituting equation (5) into equation (2) and rearrang-

ing yields:

(=)

El@
~iH

=X

(6)

agv +

If M << 1/K (or equivalently MK << 1), than for any v,
equation (6) can be rewritten as

X
M

(7) R

or equivalently, from equation (5):
(8) X v oaglp

Thus when M << 1/K, two or more solutions with the same
value of X will have similar free ligand concentrations.
Furthermore, as required by equation (5), these solutions

will also have similar binding densities (V).

Recalling equation (2) and solving for Lg yields

(X - qBLB)
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Substituting this expression into equation (4) yields:

L X - guL
T BB 1
(10) v = ———a;T—— M + v
or
L _ (x) 1 ,(E %),

Since X i qFLF when M is significantly less than 1/K (equa-

tion 8), equation (l1l1l) can be rewritten:

, Qo—q
(12) T"LTAE”’ F B,

Thus if two or more solutions have the same value of X
and M << 1/K, a plot of LT/M versus 1/M for these solu-

tions will be a straight-line with slope L. and intercept

F
(qF—qB/qF)/v'
When M is not significantly less than 1/K the value

of X will be a function of both bound and free ligand.

From equation (2) we have:

(13) X = qplp + qpWM

Since v is now a function of M at constant X, equation (4)
will not be a straight-line with slope LF and intercept

v. However, if a narrow range of macromolecule concentra-
tion is investigated, solutions with the same value of X
will have nearly identical values of v and LF. Since

equation (4) can be linear over this range of M, values of
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v and LF may be estimated from the corresponding intercept
and slope respectively. For example, reconsider the non-
cooperative binding of a ligand to macromolecule in which
each bound ligand covers one lattice site. For this simple
case, the behavior of equation (4) at constant X for any
range of M can be calculated directly from equation (11)
by assigning known values to X, M, v and LF' Letting
ag = 2300, qp = 6000 and K = 1 x 10%, the dependence of
v, LF and LT/BP on M at constant X is given in Table I.
As expected from equations (5) and (11), when M is not
less than 1/K, the value of v and LF decrease with an in-
crease in M at constant X. As a result, a Scatchard
plot constructed from these estimated v,LF values under-
estimates the true Scatchard plot (see Fig. 1). However,
the following points should be noted:
a) Both estimated and true Scatchard plots

are linear - that is, little or no distortion (curvature)

is introduced if macromolecule concentrations

not significantly less than 1/K are investigated;

b) Although estimated values of K and v will
be obtained, the underestimation is not bad;

eg. K(estimated) = 3.7 x 103 whereas K(true) =

1l x 104;
c) Better estimated Scatchard plots are ob-
tained when the range of M considered is more dilute

than 1/K; when M << 1/K only the value of v is signifi-

cantly underestimated, its value being (qF—qB/qF)v.
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Table I

Dependence of binding density (v) and free ligand
concentration (LF) on macromolecule concentration
(M) at constant absorbance (A). Bound ligand is
assumed to interact noncooperatively and cover
one macromolecule subunit. The association con-

stant is 1 x 104 and the extinction coefficients

of bound and free ligand are 2300 and 6000 M_1 cm—1

respectively.



A = 0.01 = 0.1 = 0.5 A=2.0
(1 (M] -1 v L¢ v L¢ v L v L¢
S x 10-* 2 x 10*| 0,0000865 8.651 x 10-*] 0.000865 8.657 x 10-? | 0,004325 4.,3437 x 10-7 | 0,01729 1.759 x 10~¢
1 x 102 1 x 102 ] 0.000424 4,2388 x 10-* ] 0,004237 4,255 x 10-7 | 0.02117 2,163 x 10-¢ ] 0,08455 9.236 x 10°¢
5 x 10-% 1 x 102 | 0,000826 8.271 x 10-% § 0,00826 R.33 x 10-7 J0,04123 4.3 x 10-¢ }0,1637 1.957 x 10~
1 x 107 1 x 10%] 0,00345 3.45 x 10-7 10,0342 3.54 x 10-¢ ] 0.1656 1.984 x 10-% | 0.515 1.06 x 10-¢
S x 10-¢ 2 x 102 ] 0,0057 5.73 x 10-7 10,056 5.93 x 10-¢ 10,2556 3.434 x 10-% 10,672 2,05 x 10-¢
1 x 10-¢ 1 x 104} 0,01194 1.21 x 10-¢ 10,11 1,236 x 10-% J 00,4042 6.78 x 10-% 10,753 3.04 x 10-¢
5 x 10-% 2 x 104]0.,0138 1.4 x 10-¢ 10,1249 1,423 x 10-% 1,429 7.513 x 10-% 10,761 3.18 x 10-¢
1 x10°*% 1 x 10%)0.0158 1.61 x 10-¢ 10,139 1.613 x 10-% 0, ,4494 R.162 x 10-% 10,768 3.303 x 10-¢
2 x10°¢ 5 x 109]0,0163 1.65 x 10°¢ ] 0,142 1.65 x 10-% 00,4538 R.298 x 10-% 10,769 3.327 x 10-¢
1 x 10-¢ 1 x 10} 0.01633 1.66 x 10-¢ 10,1424 1.66 x 10-% 0,454 8,315 x 10-% 10,769 3.33 x 10-¢
1 x 10-7 1 x 107§ 0,0164 1.67 x 10-¢ } 0,1428 1.666 x 10-3 §0,4545 8.33 x 10-% 10,769 3.33 x 10-¢

écl
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Figure 1
Scatchard plot describing the noncooperative bind-
ing of a ligand to a macromolecule with association

constant 1 x 104

and a binding site size of one
macromolecule subunit (denoted as true). When

ligand binding is monitored at constant absorbance,
the binding density (v) and free ligand concentration
(L) determined by equation (4) for three ranges of

3 5)

—10“6 macromolecule subunits/liter) yield

macromolecule concentration: MK << 1, (10 °-10"

and (10~%

the indicated "estimated" Scatchard plots.
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Although only the simplest ligand-macromolecule inter-
action possible has been c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>