
I. MOLECULAR RECOGNITION OF 

NUCLEIC ACID BY BMSP. 

II. SEQUENCE SPECIFIC B ~ H ~ A 

ALLOSTERIC TRANSITIONS IN DHA 

Thesis by 

Michael McClellan Becker 

In Partial Fulfillment of the Requirements 

For The Degree Of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1982 

(submitted March -27, 1981) 



-ii-

ACKNOWLEDGEMENTS 

I wish to thank Debbie Chester for typing and co

ordinating the thesis, HeatherMarrand Lilian Casler for 

artwork, Pat Bullard and Peter Dervan for countless ad

ministrative favors, Delmer Dill for constructing the 

competition dialysis cells, Ray Robbins and David Millar 

for fluorescence lifetime measurements, Kelly Tatchell 

and Ken Van Holde for nucleosomal DNA, Robert Watson for 

closed circular PM2 phage DNA, Dan Strauss for helical 

extension measurements, Professors Norman Davidson, 

Richard Dickerson, Michael Raftery and Ahmed Zewail for 

providing laboratory facilities, Horace Drew for many 

stimulating discussions of DNA structure, Richard Scheller 

for constant advice, support, and encouragement and 

Professors John Hopfield and Norm~n Davidson for critical 

comments on the constant X binding isotherm technique. 

I am also deeply indebted to my research advisor, 

Peter Dervan, for his enthusiasm and support and to my 

undergraduate research advisor, Douglas Raber, for en

abling me to come to Caltech. Financial support by the 

National Institutes of Health, Biomedical Research 

Support Funds, Eli Lilly Company and the American Cancer 

Society, as well as the receipt of an NIH predoctoral 

traineeship are also gratefully acknowledged. 



-iii-

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 nucleic 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 described1
• 

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. In contrast to classical indirect 

and direct techniques, accurate binding isotherms 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. 
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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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LIST OF ABBREVIATIONS 

BMSp - bis(methidium)spermine 

EB - ethidium bromide 

M+ - monovalent cation concentration 

v,r - binding density (bound drug/base pair) 

LF,CF - free ligand concent~ation 

MSp - mono(methidium)spermine 
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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 

entropic or steric constraints, polyintercalators
7

'
8 

may bind with a free energy approaching the sum of the 
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individual free energy contributions of the monomeric 

intercalating drugs. Since monomeric intercalators bind 

nucleic acid with significant specificity and affinity, 

(K ~ 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 

EB 

Hz~o .oNH2 
N, 

Q CH:s 

0 
NH 

~ HzN 0 • 0 NHz 

•NH2 

~N._-._.N 
Hz H 0 

BMSp 

Figure 1 

HzN~.o NHz 
N, 

0 
CH 3 

COOH 
I 

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

because of its known affinity for nucleic acid10 and its 

lengt~ which allows a geometry sufficient to reach non-

adjacent intercalation sites in accordance with a 

nearest neighbor exclusion binding mode. 11 (Fig. 2) 

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

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 
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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, l· Activation of compound 

l followed by condensation with spermine in excess yielded 

the corresponding monointercalator, mono(methidium)-

spermine (MSp) (Fig. 1). Compound l was prepared in six 

steps from C-amino-biphenyl by modification of previous 

techniques (Fig. 3). Nitration of O-aminobipheny1,
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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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 visibleabsorbance, 

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 low~r 

wavelengths of its visible maximum (E = 9850, 520 nm, max 

pH 7; £max= 10,200, 500 nm, pH 3.0). Decreasing the 

pH further protonates the phenanthridine chromophores, 

further disrupting the dimer (£ = 9510, 496 nm, max 

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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Figure 4 
Comparison of the absorption spectrum of BMSp 
(upper curve) and MSp at M+ = 0.075 M. 

E 
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10~00~------------------------------------------------------~ 

Ionic 

Figure 5 
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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( .. •6075 
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Figure 6 
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 (M+ = 1.0). 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 

because, like ethidium, a metachromic shift
14 

(Fig. 7) 

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 

(!) 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 ( 8A490) is linear up to a BMSp/ 

base pair ratio (BMSpjBP) of 0.25 (region A). 

After BMSp/BP = 0.25 there is a sharp break in the 

observed 8A490 . 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 (1 1 ) minus the fluorescence of an equivalent solu

tion of BMSp in the absence of DNA (!0 ) is plotted 

against the ratio BMSp/BP. 15 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 

thym~s 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 

-6 + (1.726 x 10 M BP) with BMSp at [M ] = 0.075. 

The increase in the fluorescence of BMSp in the pres-

ence of DNA (I8 ) 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 th~ 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 Oa/OF T(nsec) 

Unbound; I M+ - 2.81 !: 0.02 

Calf thymus; 0.075 M+ 42 :!:1 -
Calf thymus; I.OM+ - · 15.8 !0.2 * 

d ( C-G ) ; 1.0 M+ 80 -
dAdT; 1.0 M - 14.7 :!:0.2* 

*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-

dieted 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 it also begins to monointercalate. 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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. .. 

v=O.I66 

.. .. 

II= 0.2 

11=0.333 

Figure 10 
Change in the binding mode of BMSp with increased 
binding density, v([bound BMSp]/[base pair]). 
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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 

can 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, onechromophoreof 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 10-6 M and the results of two titra-

tions are shown. Since the time elapsed between 

measurements is the same in both titrat~ons 

(~ 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 

b h 1 . 1 t . 6,20 d conclusion is provided y e 1ca ex ens1on an 

21 unwinding measurements. If both EB chromophores simul-

taneously intercalate, BMSp would be expected to extend 

and unwind DNA twice as much as EB. 
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The ability of both drugs to increase the length 

of DNA has been investigated by viscometry. Since 

viscosity increases are associated with both lengthen-

. d t"ff" f DNA . t 1 t• 20 , 22 1ng an s 1 1ng o upon 1n erca a 1on, 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 

exhibitsa low incidence of single strand nicks(< 2%), 

stiffening effects are minimized thus allowing a less 

biased estimation of length extension. 

For 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/Lo (where L is the length 

of DNA in the presence of drug and L0 its length in the 

absence of drug) should increase linearly with inter

calation~ As shown in Fig. 12, BMSp intercalation extends 
0 

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 L0 , 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 

cove~ 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 

22 a L/L0 plot. 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 DN~ there-

by removing and reserving the supercoiling of closed 

circular DNA. 25 To test for simultaneous intercalation 

of both BMSp chromophores, viscometric titrations of closed 

circular PM2 DNA with BMSp and EB at low salt were carried 

out26 (Fig. 13). From the observed drug/base pair ratios 

at the maximum of the titration and the known unwinding 

angle of EB (26°), 27 the unwinding angle of BMSp is cal

culated to be 38° + 1°. 55 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 M+ = 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 contributions from mono- and 

bisintercalated species. However, at these drug/base pairratios 

(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). 

How is the 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 52°; 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 18°. 28 Apparently, each 

intercalation geometry extends DNA equally since the 

helical extensions induced by the binding of proflavin (18° 

unwinding) 29 a~d EB (26°) are identica1. 30 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-

f t
. 31 erma 1ons 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 Al-

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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Comparison of the absorption spectrum of BMSp bound 
to po1yrAdT and po1ydAdT at 1.0 M+. For po1yrAdT, 
the bound spectrum was obtained at a binding density 
v < 0.07 whereas for po1ydAdT it was obtained at 
\) < 0.007. 
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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 M+: 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 andtl;)erefore "condenses" 

counter ions onits surface. The concentration of these 

"condensed" ions is apparently 1 M and independent of the 

salt concentration in solution~2 , 33 Record has noted that 

when a charged ligand binds double helical DNA, some of these 

condensed ions must be lost~4 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 bi-nding affinity of ligand for DNA at 1M+, 

its binding affinity at another salt concentration, K, 

is given by: 

where M+ is the monovalent cation concentration (n) is 
' 

the number of ion-pair interactions which ligand makes 

with nucleic acid, and w is the charge density parameter 

h . h . k f "d . t f 1 . "d 34 w 1c 1s nown or a w1 e var1e y o nuc e1c ac1 s. 

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 

advantage of changes in the absorption14 and fluorescence 

properties15 of BMSp when it binds nucleic acid. Concen

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 

36 plot. 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) 

sonicated calf thymus DNA56 and (b) polyd(C-G) 57 

at 1 M+ determined by absorption spectroscopy. 

The results of two titrations <~ 
' 

6--,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 thea-

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 spectres-

copy. The results of two titrations at DNA concen

trations of 1.545 and 5.213 x 10-5 BP are shown. 

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 

.l.b . d. 1 . 38 equ1 1 r1um 1a ys1s. 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 concentration 

of free BMSp. The ratio of BMSp association constants 

for two nucleic acids i and j (K./K.) can be determined 
1 J 

directly from the observed ratio of binding densities 

(v.fv.) in the limit of low binding density 
1 J 

(v.,v. ~ 0). 39 Unlike Scatchard plots, the competition 
1 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: vCT' poly(dC-dG): vd(G-C)' poly(rA:dT): vrAdT 

or poly(dC:dG): vdCdG 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-

t t
. 31 ra 1on. 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 LF provided that M is significantly 

less than the inverse of the equilibrium constant (qB and 

qF 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, 6GBMSp' is equal to 1.5-1.6 6GEB' 

where ~GEB 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 10
4 

and KBMSp = 1.5 x 

107 at 1.0 M+ whereas at 0.075 M+ ~B = 2 x 105 and 

KBMSp > 2 x 1011 . The binding affinity of BMSp for soni

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~8 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-

f t
. 39 orma 1ons. 

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. 31 Since RNA41 and RNA-DNA42 

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-

f Gc t AT b . 15 t . b ence or a ase pa1rs, cer a1n ase sequences 

bind them more readily than others46 because the ability 

of DNA to undergo a B + H + A transition varies greatly 

31 with base sequence. 
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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 M+ (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 10-6 M BP. 

The absorbance at 485 nm (path length 10 em) 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 

-6 + to poly(dC;dG) (1.712 x 10 M BP) at 1 M . The 

absorbance at 485 nm (path length 10 em) 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 
~n 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 2 

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 Shafer45 in-

dicate that the binding affinities of both species are 

7 similar (6.5 versus 1.5 x 10 ). 

Although mono- or nonintercalated BMSp species are 

expected to bind as saturation of available bisintercala-

tion ~ites 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-



61 

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, 

0.867, and 0.578 x 10-6 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 

40 RNA-DNA duplexes n = 3. 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 

~nown 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 bothchromophoresof 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 (s), wavelength of the visible 

maximum (s ) 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 

at 1M+. 



BMSp € €(max) .,2W 

H20 10,160 502 99 
0.075 M+ 9,850 502 98 

1.0 M+ 8,900 502 97 
4.4 M+ 8,400 502 98 

pH 3.0 10,200 500 98 

DMSO - 539 96 

MeOH - 531 97 

dAdT 7,880 526 98 

C.T. 0.075 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 

0.075 M+ - 488 92 

C.T. 0.075 M+ - 529 91 

EB 

1.0 M+ 6,060 480 87 

C.T. 1.0 M+ 4,000 520 85 
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Comparison of the absorption spectrum of BMSp bound 
to po1yrAdT, po1ydCdG, and po1yd(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 preierred 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 co~formational specificity of 

BMSp and related compounds. 
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l Binding site size= 
4 bose pair 

BMSp/ H conformation 

X = 2' endo sugar 
• = 3' endo sugar 

] 
Binding site size= 
2 bose pair 

BMSp/B conformation 

X • 2' endo sugar 
+ 

Binding site size= 
6 bose pair 

BM Sp I 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 
la~ger 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 (26°) to an acridine like 19° geometry. 

Increasing the salt concentration to 1.0 M+ 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 1M+, 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 ~GEB' where 

~GEB 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 + 4 X 104 at 1 M KEB = 

and KBMSp 1.5 X 107 whereas at + 
2 X 105 = 0.075 M KEB = 

and KBMSp > 2 X 1011. The estimate of ~MSp at low salt 

agrees well with the value 1 x 1011 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 Chapter 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 ver~us 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 function9 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). 



74 

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 4oc under nitro-

gen (medium probe of a Branson ultrasonicator at 

maximum powe~ 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 artd polydT 

were purchased from PL Biochemicals. Each polymer was 

exhaustively dialyzed against low salt phosphate 

buffer (0.025 M KH2Po4 , 0.025 M Na2HP04 ) containing 2 mM 

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 ~millipore 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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dCdG (7400 at 255 nm); 48 dAdT (600 at 258 nm); 48 rAdT 

(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 Na2Po4 and 0.025 M 

KHPO 4 . ( 1 ) [ M +] = 0 . 0 7 5 , No N aCl ; ( 2 ) [ M +] = 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 36hr 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 em 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 0-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 window. 

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 ~ milli

pore filtered buffer before introducing millipore filtered 

solutions. 
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Spectrophotometric titrations were performed either 

in 10 em long cells (25 ml) on a Cary 14 spectrophoto

meter at 23 + 1°C or in 1 and0.5 em 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 ~m) buffer. Absorbance measurements at 10 em were 

reproducible to + 0.0005 absorbance units; for 0.5 and 

1.0 em 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 em Silica cuvetts were 

silanized with SiC12 (CH3 ) 2 before use. Buffers were pre-
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pared from triply distilled > 99% n2o. Samples of BMSp 

were introduced via a 10 ~t 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?1 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 ~m) 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 

= 1-nv n-1 
K(l-nv) (1-(n-l)v) (1) 

or · 

K 1-nv 1-n 
= vjLF(l-nv) (1-(n-l)v) (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 

10-5 A units cm-1). Since the DNA concentration employed 

was 1.727 x 10-6 BP/L, the minimum v and maximum LF 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 M+ 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: 

where EB = 2250, EM = 6075, and ED = 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 

D) · c~lculat~on 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) · HeTical Extension of 150 -Base Pair DNA by Drug

Binding 

The relationship between intrinsic viscosity 

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

[n]INT = CL
3 I~N;-A + ~Nip-B/ (3) 

for axial ratios (p) greater than one .53 For a 150 base 
0 

pair DNA molecule, p equals 25 (20 A diameter), A= 1.5 

B = 2.5 and C equals a constant?3 If L0 equals the length 

of DNA in the absence of ligand and L equals its length 

in the presence of ligand we can write~3 

{
0 

= l[nJINTf(p)o/f(p)[nolrNT/
113 

( 4 ) 

where f(p) is given by: 

f(p) = I~N;-A + ~N~-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/L0 . Assuming 

that one bound BMSp extends 6.8 ~ and one bound EB 3.4 ~' 

equation 5 can be rewritten as: 

1/3 

+ 0 2 % sat~ 
. 100 ) 

(6) 

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 

The intrinsic viscosity is related to the relative 

viscosity by: 

2 
nrel = [n]INT + K[n]INT C 

where C equals the DNA concentration in gfdl and K is 

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

(7) 

in this study, K has been experimentally determined to 

equal 5 and the intrinsic viscosity of DNA in the absence 
55 

of drug equal to 0.392 dlfg. 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 (LF) is given by: 

(1) 

for noncooperative binding and 

/
L = K(l- )U2w-l)(l-nv)+v-Rln-lri-<n+l)v+Rl

2 

v F nv [ 2(w-l)(l-nv) J L 2(1-nv)j 
(2) 

where R = ([l-(n+l)v] 2 + 4wv(l-nv)) 1 / 2 

for cooperative binding. 37 In the limit of low binding 

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

Limit (v/LF) = K (3) 
v+o 

If Limit f(x) = L and Limit g(x) = M 
x+a x+a 

then Limit f (( ~ )) = L/M. Thus for two nucleic acids ( i) 
x+a g 

and (j) we can write 

Limit (vi/LF) 
v.+o 

1. = K./K. ( 4) 
Limit (vj/LF) 1. J 
v.+o 

J 
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When ligand forms more than one bound complex and 

binding is noncompetitive we have: 37 

Ev. t 
L

1 = r K.(l-n.v.) 
F i 1 1 1 G )n.-1} 1-n.v. 1 

1-(n~-l)vi 

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

Limit Evi 
Ev.-+o 

1 LF 
= EK. /EK. 

Limit Ev . 1 J 

Ev.-+o _J_ 
J LF 

(5) 

(6) 

When ligand forms more than one bound complex and binding 

is competitive we have: 37 

(7) 

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

Limit Evi 
Ev.-+o r:;-1 

= EK./EK. 
Limit Ev . 1 J 

(8) 

Ev.-+o _J_ 
J LF 
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When ligand binding induces an allosteric transition 

in macromolecule, we have: 

n'-1 n' 1 n'Lca(l+ca) + n' (l+a) -
"' = n' n' n'L(l+ca) + n'(l+a) 

(9) 

where n' equals the number of macromolecule subunits, c 

equalsthe ratio of ligand association constants for the 

two forms of macromolecule, L equals the allosteric constant 

and ·a equals LFKR, where KR is the ligand association 

constant for macromolecule in the R configuration. 59 

In the limit of low binding density we can write: 59 

Limit v/LF 
'\)+0 

which, for N ~ 4, reduces to 

Limit v/LF ~ KR 
v+o 

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

when N > 4. 

Limit vi 
v +o -

LF 

Limit 'V; 
v +o ~ 

LF 

(10) 

(11) 

(12) 
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PREPARATION OF COMPOUNDS 

Preparation of 4,4'-dinitro-2-aminobiphenyl 12 

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 vacuo 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 ~ 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°C yielded 74.7g of 4,4'-dinitro-
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2-aminobiphenyl (70%): mp 206-208°C (lit. 205-206°); 

NMR (o, DMSO-d6 ), 8.65 to 8.35 (m, ar), 8.08 to 7.28 

(m, ar), 5.8 (s, broad-NH2 , exchanges in n2o). 

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 

<~ 500 ml). Recrystallization 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-

2490C); 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-cyanophenyl)-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 17lg of dry 4,4'-dinitro-2-

(p-cyanobenzamide)biphenyl and 650 ml of dry nitrobenzene 

(distilled in vacuuo from P2o5 ). 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 (N0
2

), 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-

5-methylchloride monohydrochloride monohydratel3 

In a three-necked 2 liter round-bottom flask fitted 

with Hershberg stirrer, stopper, andrefluxcondense~ 

wereplaced 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-d6 ) 4.72-4.62 (m, 9H, ar +phenyl), 3.5 (s, lH, -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 HCl), 20 ml of dry 

dimethyl sulfoxide (distilled from calcium hydride in 

vacuuo) and 155 ~t 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 mgj500g 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 

HCl 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 P2o5 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 

(C52H61N10o2cl5 ) C, 60.32; H, 5.94; N, 13.53; Cl, 17.12. 

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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inletwereplaced 250 mg of dry p-carboxy methidium hydro

chloride (recrystalized from 1 N HCl), 15 ml of dry 

dimethyl sulfoxide, and 78 ~t 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-
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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 II 

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 applicatio~ 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 

~y 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 + LF] - LF or LT - LF, where 

LT equals the total input ligand concentration), the error 

in ~ 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 twoquantitiesof 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 concentrations. 
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In light of these deficiencies we propose a new 

method for estimating 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: 

LT = E L~ + E L~ 
i i 

(1) 

where L~ 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: 

(2) 
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i i 
where qB and qF are species specific proportionality 

factors of bound and free ligands, respectively. 

For any given concentration of macromolecule M, 

associatedwith each value X is an unknown binding density 

EL~/M i and free ligand concentration (E LF) 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 

L~ yields: 

LT/M = E L~/M + L~/M 
i 

(3) 

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

discussion) equation (3) can be rewritten as: 

( 4) 

where ~ L~/M is now a constant (~ vi). Since v and L~ 
1 1 

are independent of M, (4) is a straight-line equation.
7 

Therefore, if two or more solutions have the same v and 

T LF, 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) vf = K(l - v) 
LF 

where K is the ligand-macromolecule association constant. 1 

Substituting equation (5) into equation (2) and rearrang-

ing yields: 

(6) 

If M << 1/K (or equivalently MK << 1), than for any v , 

equation (6) can be rewritten as 

(7) 
X qF v 
- =- (-) 
M KM 1-v 

or equivalently, from equation (5): 

(8) 

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 solut i ons 

will also have ·similar binding densities (v). 

Recalling equation (2) and solving for L~ yields 

(9) 
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Substituting this expression into equation (4) yields: 

LT X - qBLB 1 (10) M = M 
+ '\) 

qF 
or 

LT 

~~ ~ +tFq-Fq~v (11) M = 

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

tion 8), equation (11) can be rewritten: 

(12) v 

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 LF and intercept 

(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) 

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 

qB = 2300, qF = 6000 and K = 1 X 104 , the dependence of 

"' 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) = 

1 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-l cm-1 

respectively. 
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Figure 1 

Scatchard plot describing the noncooperative bind-

ing of a ligand to a macromo,lecule 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 

(LF) determined by equation (4) for three ranges of 

macromolecule concentration: MK << 1, (10-3-lo-5 ) 

and (10-4-lo-6 macromolecule subunits/liter) yield 

the indicated "estimated" Scatchard plots. 
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Although only the simplest ligand-macromolecule inter

action possible has been considered, eq. (4) can be applied 

at constant X to any ligand-macromolecule equilibrium. 

For example, as noted previously, when M << 1/K all ligand 

is essentially free. Since this statement will be true 

regardless of the number or type of bound complexes formed, 

at constant X and for M << 1/K eq. (4) will be a straight

line with intercept (qF-qB/qF)v and slope LF for any ligand

macromolecule interaction. When M is not significantly 

.less than 1/K, eq. (4) can still be applied to any ligand

macromolecule interaction since, regardless of the number 

or nature of bound forms, solutions with similar M will 

exhibit similar v and LF values at constant X. For non

cooperative (Fig. 1) and cooperative (Fig. 2) ligand bind

ing, the values of v and LF so obtained underestimate the 

true v,LF values characterizing the ligand-macromolecule 

equilibrium. 

In summary, for any ligand-macromolecule interaction, 

if two or more solutions have the same value of X, and 

M << 1/K, than a plot of LT/M versus 1/M will be a straight

line with intercept (qF-qB/qF)v and slope LF. If M is not 

less than 1/K, a plot of LT/M versus 1/M will not be linear. 

However, if a narrow macromolecule concentration range is 

investigated, equation (4) will be linear and its intercept 

and slope will yield good estimates of the values of v and 

LF, respectively. 
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Application of equation (4) requires that LB be 

proportional to M at constant LF. Two general binding 

situations must be considered: l ·igand binding is (A) 

noncooperative or . (B) cooperative. Noncooperative ligand 

binding is considered first. When the binding of ligand 

to macromolecule results in the formation of only one 

type of bound species, the relationship of the binding 

density to the free ligand concentration is given by: 

(14) 1r = v = K(l-nv)LF 1-nv LB G Jn-1 
1-(n-l)v 

where K is the association constant and (n) is the number 

of macromolecule subunits covered by one bound ligand. 2 

Rearranging equation (12) yields: 

(15) 
n n-1 -KLF(l-nv) + v[l-(n-l)v] = 0 

Since (n) is integral, equation (13) is polynomial and its 

solution, v, will equal a constant as desired. 

When two or more bound complexes are formed and 

binding is noncompetitive, 2 LV. is given by: 
i l. 
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Figure 2 

Scatchard plot describing the cooperative binding of a 

ligand to a macromolecule with association constant 

1 x 104 , a binding site size of one macromolecule subunit, 

and a cooperativity factor2 equal to 5 (denoted as "true"). 

When ligand binding is monitored at constant absorbance, 

the binding density (v) and free ligand concentration (LF) 

determined by equation (4) for two ranges of lattice con

centration (5 x 10-4-5 x 10-6 ) and (1 x 10-4-1 x 10-6 ) 

macromolecule subunits/liter) yield the indicated "estimated 

plots". Ligand is assumed to have an extinction coefficient 

of 2300 M-l cm-l (bound), 6000 cm-l M-l (unbound) and 

points are calculated for an absorbance range of 0.06-0.65. 

Points distributed about the "true" Scatchard plot are 

obtained by correcting the estimated Scatchard plot 

(5 x 10-4-5 x 10-6 ) according to equation (21) with M* = 

7 x 10-5 and v = l.Bv'. See text for further details. 
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( 16) ivi = LF ifi (1-ni vi) ~-~=:~~~vi ri -1} 
whereas when binding is competitive rv. is given by: 

< 17) ~vi = LF ifi < 1-~ni vi) ~~;l:: :~ )v;) nc
1
} 

Since ~vi/LF is measured experimentally, when two bound 
1 

species are formed equations (14 and 15) will be the sum 

of two polynomial equations containing one unknown vari-

able, v 1 . 

solution, 

When 

Such an equation is also polynomial and its 

E v., will be equal to a constant as desired. 
i 1 

ligand binds cooperatively as through ligand-

ligand contact, v is given by: 

(18) v = L K( 1-nv) fJ.2w-l) ( 1-nv )+v-il n-1. fi-(n+l )v+i)2 
· F [ 2(w-l)(l-nv) J [2(1-nv) j 

where R = [(l-(n+l)v)2 + 4wv(l-nv)] 112 and w is the coopera

tivity constant. 2 As with equation (12), (16) is a poly-

nomial equation whose solution, v is a constant. 

Finally, when cooperative ligand binding arises from a 

ligand induced allosteric transition in macromolecule, the 

binding density is given by: 
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(19) 
n'-1 n'-1 v = n'Lca(l+ca) + n'a(l+a) 

n'L(l+ca)n' + n'(l+a)n' 

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 a equals (LF)~ where KR is the ligand 

association constant for macromolecule in the R 

f . t' 5 con 1gura 1on. 

is a constant 

APPLICATIONS 

Since the right side of equation (17) 

at constant LF, v will also be a constant. 

The binding of the intercalating dye ethidium bromide 

to polyd(G-C) has been investigated by absorption spec-

troscopy at 12 different polymer concentrations. When the 

dependence of LT/M on M at constant X is analyzed by 

eq. (4) (see Fig. 3), no systematic curvature of the data 

is detected over the range of macromolecule concentration 

investigated. Approximate valuesof v and LF can thus be 

determined from the corresponding intercept and slopes 

yielding the Scatchard plot shown in Fig. 4 (see later 

discussion for the error limits of these measurements). 

As described elsewhere, 8 the three limbs of this Scatchard 

plot represents the progressive induction of a cooperative 

B + H + A conformational change in polyd(G-C) by e~hidium 

binding. 
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Figure 3 

Binding of EB to po1yd(C-G) at 1 M+ as monitored by 

absorption spectroscopy at 475 nm~1 The total EB 

concentration, EB, divided by the concentration of 

d(C-G) in base pairs is plotted against the inverse 

of the d(C-G) concentration at constant absorbance. 

The absorbance of the solution (1 em path length) 

is indicated adjacent to each series of measurements. 
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(a) Scatchard plot of the binding of EB to poyld(C-G) 
at 1 M+. The values of v and LF are obtained from 
linear regression analysis of the data in Fig. 3 by 
eq. (4). That region of the Scatchard plot defined by 
+1 standard deviation error limit in the value of v 
and vfLF is also outlined. (b) Same measurements at 
low binding density. Under these conditions, EB = 
22509 and EF = 6000 M-1 cm-1.20 
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Previous measurements9 by two different techniques have 

shown that the binding stoichiometry, n, (inverse of the v 

axis intercept of a Scatchard plot) of the second species 

is two base pairs. However, the Scatchard plot obtained 

at constant X exhibits a stoichiometry of 2.5 base pairs. 

This discrepancy indicates that the values of v deduced 

from eq. (4) at constant X underestimate the true values. 

As previously discussed, this behavior is expected when 

the concentration of macromolecule investigated is not 

significantly less than 1/K. Although the values of v 

and LF extrapolated from these measurements are approximate, 

the qualitative shape (whether a slope is positive or 

negative) or the Scatchard plot is unaffected. 

To correct Scatchard plots obtained at constant X, 

one or more physical properties of ligand must be known. 

For example, if binding is evaluated at a concentration 

of macromolecule such that MK < 1, the value of LF obtained 

at constant X will be close to the true value of LF and 

the value of v will be close to the quantity: (qF-qB/qF)v 

(e.g. equation 12 and Table I). Thus if qB and qF are 

known, one can correct v and hence the Scatchard plot 

obtained at constant X. The quantites qB and qF may be 

estimated directly from the experimentally measured 

. 13 23 
dependence of X on LT and M by conventional techn1ques ' 
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or they may be obtained from other measurements. 

If the quantity (MK) is not significantly less than 

one, the value of LF obtained at constant X must also be 

corrected. To correct LF, recall that the values of v 

and LF obtained at constant X obey an equation analogous 

to equation (4): 

(20) (~/M)' = v' + LF'/M 

Similarly, for the true dependency: 

(21) 

At some macromolecule concentration, M*, LT/M will equal 

LT/M and one can write: 

(22) 

which upon rearrangement yields: 

(23) 

Calculation of LF from equation (21) requires knowledge of 

two unknowns: v and M*. If one or more ligand binding 

parameters are known, such as K(v/LF axis intercept), 

n(v axis intercept) or some other portion of the Scatchard 

plot, a relationship between v and v' can be readily 

established thus allowing estimation of v. 

Other measurements may be used to establish one or more 

ligand binding parameters or they may be estimated directly 

from the experimentally observed dependence of X on LT and M. 



140 

In the later case, ligand is assumed to form one type of bound 

complex. Using known values of qB and qF, a Scatchard 

plot is constructed from the experimentally measured 

dependence of X on ~ and M by conventional procedures. 

Comparison of this Scatchard plot to the Scatchard plot 

obtained at constant X allows one to estimate a value of 

v for each v'. Having estimated a value of v, the value 

of LF can be then be estimated from equation (21) by 

adjusting M* until the corrected values of v and LF agree 

with one or more ligand binding parameters. Since M* 

may vary with X, values of LF calculated from equation (21) 

in this manner are approximate. Use of these various cor

rection procedures to correct the EB-polyd(C-G) Scatchard 

plot is demonstrated in Figure 6 (see also Fig. 2). 

At low and high binding densities the EB-polyd(C-G) 

Scatchard plot obtained at constant X differs from previous 

measurements. 9 The failure of classical indirect tech-

niques (compare Fig. 6b to 4) or direct (Fig. 6a) tech

niques to accurately describe the binding at these ligand 
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Figure 6 

a) Comparison of ethidium bromide - polyd(G-C) Scatchard 

plot deduced from indirect optica116 (e) and more 

direct sedimentation (o) measurements of Pohl, et a1. 9 

with the values obtained by correcting the Scatchard 

plot in Fig. 4a (A). The first (smallest) curve is 

the uncorrected data of Fig. 4a (v = v', M* = 0). 

The second curve is obtained from the first by 

letting 1/M* = 1 x 104 and v = 1.33 v'. The third 

curve is obtained in an analogous manner with 

1/M* = 12 x 104 and v = 1.63 v'. 

b) Scatchard plot of the binding of EB to polyd(C-G) at 

1 M+. Measurements are from Fig. 3. EB is assumed 

to form one bound complex with extinction coefficient 

equal to 2250 M-l cm-l at 475 nm. 16 Corrections for 

unbound EB dimerization have been applied. The same 

data, when analyzed by the constant X technique, 

yield the Scatchard plot shown in Fig. 4. The opti

cal measurements of Jovin from (a) are represented by 

the dashed line. 
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densities stems from two sources. First, these measure

ments assume that all bound species have identical physi

cal properties. Our measurements indicate, however, that 

at least three different bound species are formed. 

Secondly, as discussed in the introduction, the indirect 

and direct techniques utilized in these measurements 

are intrinsically inaccurate at low and high binding densities. 

The constant X technique avoids both of these errors be

cause no assumptions regarding ligand physical properties 

are made and the values of v and LF are extrapolated 

rather than measured. 

Error limits associated with each value of v and LF 

can be determined from eq. (4) by linear regression analysis 

(Figs. 4,8,12,14). With increasing X, the error in v and 

LF increase because larger values of LT must be evaluated. 

However, as one proceeds down the last limb of the polyd(C-G) 

(Fig. 4) or polydCdG (Fig. 5) Scatchard plot, the error in 

v and LF abruptly increase with increasing X. This behavior 

may result from the presence of multiple forms of bound 

and/or free ligand since their concentrations will not be 

uniquely defined by eq. (2) at constant X. The formation 

of dimers of unbound EB at these values of X (Fig. 6, Chap

ter I) as well as the ability of polyd(C-G) and polydCdG to 

form multiple bound complexes with EB (Chapter III), support 

this hypothesis. 
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In addition to the copolymer polyd(C-G) we have 

also measured by absorption spectroscopy the binding 

of EB to polydCdG at 1M+ (Fig. 7). Whenthesedata are 

analyzed by eq. (4) at constant X, the Scatchard plot 

shown in Fig. 8 is obtained. Alternatively, if one 

corrects for free drug dimerization, and assumes the 

formation of only one bound complex, the same data 

yield the Scatchard plot in Fig. 9. As previously 

discussed, this second Scatchard plot can be used 

together with eq. (20) to correct the Scatchard plot 

obtained at constant X. The Scatchard plot corrected 

in this manner is shown in Fig. 10 and discussed at more 

length in Chapter III. 

The binding of polyintercalator BMSp to polydAdT 

has also been measured by absorption spectroscopy at 

1M+ (Fig. 11). When these data is analyzed by eq. (4) 

at constant X, the Scatchard plot shown in Fig. 12 is 

obtained. Repeating these measurements over a more 

dilute range of macromolecule concentration (Fig. 13) 

yields the Scatchard plots shown in Figs. 14 and 15. 

Each of these Scatchard plots is discussed in more 

detail in Chapter III. 
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Dependence of the Constant X Technique on Concentration 

Proportionality Factors 

As noted previously, at constant X, the maximum value 

of the intercept of equation (4) equals (qF-qB/qF)v. 

Thus if binding is evaluated at a wavelength where qF 

equals qB (isobestic point), no information regarding 

the ligand-macromolecule interaction will be obtained. 

When two bound ligand species are formed, the maximum 

value of this intercept equals: 

2 (qF-qB fqF)v2 • In this case, if binding is monitored at 

a wavelength where qB1 and qB2 do not equal qF, the 

Scatchard plot obtained at constant X will describe the 

binding of both ligands to macromolecule. Alternatively, 

if binding is also monitored at a wavelength where 

qB2 = qF, only the binding of bound species one will be 

detected. Therefore, when ligand forms more than one type 

of bound complex, it may be possible by the constant X 

technique to obtain separate Scatchard plots for each 

individual bound species, an otherwise difficult task. 

In the EB-polyd(C-G) and EB-polydCdG Scatchard plots 

obtained at constant X, the value of v increases and 

then decreases. Since EB binding is postulated to change 

the conformation of both DNA's, v may decrease because the 
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corresponding extinction coefficient, qB, changes with 

macromolecule conformation (see equation 12), However, 

at the wavelengths used to monitor binding, qB is in-

sensitive to changes in macromolecule concentration. 

For example, at the wavelength used to monitor BMSp 

binding to dAdT (485 nm), the value of qB for the Band 

A conformations are identical (Fig. 15, Chapter 1). 

Similarly, at the wavelength utilized to monitor EB 

binding (475 nm), qB does not change significantly 

with nucleic acid conformation: 

Nucleic Acid Conformation -1 -1 
~B(M em 2 

rArU A 240022 

dAdT B 210022 

d(A-T) H 225022 

d(C-G) H 22509 

calf thymus H 2250 

Thus it is unlikely that ligand induced changes in macro-

molecule conformations cause qB and hence v to decrease. 

If ligand is assumed to form one bound and one free 

complex, the experimentally observed dependence of X on 

LT and M yields the Scatchard plots in Figures 6 and 9. 

Like the corresponding Scatchard plots obtained at constant 

X, the value of v increases and then decreases. Since 

ligand is assumed to form only one bound complex, the de-
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crease in v observed in these and corresponding constant X. 

Scatchard plots cannot result from free drug dimerization 

(Fig. 6, Chapter 1) or formation of multiple bound forms 

of ligand. For example, when ligand is assumed to form 

one bound and one free species, the concentration of 

bound ligand, LB, is given by: 

(24) 

where 

For a given concentration of ligand, LT, free ligand dimeri

zation or multiple bound species will decrease the observed 

value of X. As a result, the corresponding values of LB 

and LF will be underestimated and overestimated respectively, 

causing the Scatchard plot to exhibit anamolously high 

values of v and vfLF. Since low rather than high values 

of v and v/LF are observed at high degrees of binding, the 

unusual bending back of the EB-polyd(C-G) and EB-polydCdG 

Scatchard plots cannot be due to multiple forms of bound 

or free ligand. 
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According to Hopfield, equilibrium chemistry of dilute 

systems does not allow Scatchard plots to have two values 

of LF for a single v, regardless of the complicated inter

actions which may take place on binding. Thus some arti

fact (other than free ligand dimerization or changing 

extinction coefficient of bound ligand which we have ruled 

out) may be responsible for the apparent retrograde third 

limb of the ethidium bromide, polydG·dC and polyd(G-C)· 

d(G-C) Scatchard plots. 
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Figure 7 

Binding of EB to polydCdG at 1 M+ as monitored by absorp

tion spectroscopy at 475 nm. 12 The total EB concentra

tion, EB, divided by the concentration of dCdG in base 

pairs is plotted against the inverse of the dCdG con

centration at constant absorbance. The absorbance 

(0.5 em path length) is indicated adjacent to each 

series of measurements. 
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0.02 0 .04 0.06 0 .08 0 .10 0 .12 

II 

Figure 8 
Scatchard plot of the binding of EB to polydCdG at 
1 M+. The values of v and LF are obtained from linear 
regression analysis of the data in Fig. 7 by eq. (4). 
That region of the Scatchard plot defined by a + 1 
standard deviation error limit in the value of v and 
v/LF is also outlined. Under these conditions e 8 = 3100

13 

and £F = 6000 M-1 cm-1.20 
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Figure 9 
Scatchard plot of the binding of EB to polydCdG at 
1 M+ determined by absorption spectroscopy. Experi
mental data are taken from Fig. 7. EB is assumed 
to form one bound complex with extinction coefficient 
equal to 2250 M-1 cm-1 or 3100 M-1 cm-1 13 at 475 nm. 
Corrections for free EB dimerization have been applied. 
The same data, when analyzed by the constant X technique, 
yield the Scatchard plot shown in Fig. 8. 
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Figure 10 
Scatchard plots of the binding of EB to polydCdG at 
1 M+ as corrected by eq. (20) with ( 0 ) M+ = 2 x lo-5 
v = 4 . 6 v ' or ( e ) LF = L ' F , = 4 . 2 5 v ' . The 1 in e 
denoted (--- - ---) represents the Scatchard plot ob
tained by indirect measurements (Fig. 9) with £B = 3100. 
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Figure 11 

Binding of BMSp to po1ydAdT at 1 M+ as monitored by 

absorption spectroscopy at 485 nm~4 The total BMSp 

concentration, BMSp, divided by the concentration 

of dAdT in base pairs is plotted against the inverse 

of the dAdT concentration at constant absorbance. 

The absorbance (10 em path length) is indicated 

adjacent to each series of measurements. 
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II 

Figure 12 
Scatchard plot of the binding of BMSp to polydAdT at 
1 M+ (A). The values of v and LF are obtained from 
linear regression analysis of the data in Fig. 11 by 
eq. (4). That region of the Scatchard plot defined by 
a + 1 standard deviation error limit in the value of 
v aBd · ; ~/LF ~s also outlined. Under these conditions 
EB = 5240 and EF = 8000 M-1 cm-1. 



6.0----------------------------------------------------~ 

5.0 

4.0 

.. 
' 0 

X 
IL 

3.0 
_J 

' ~ 

0~-----------L------------~------------~----------~ 0 0.005 0.010 0.015 0.020 

" 



162 

Figure 13 

Binding of BMSp to dAdT at 1 M+ as monitored by absorp

tion spectroscopy at 485 nm. 15 The total BMSp concen

tration, BMSp, divided by the concentration of dAdT 

in base pairs is plotted against the inverse of the 

dAdT concentration at constant absorbance. The absorb-

ance (10 em path length) is indicated adjacent to each 

series of measurements. 
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Figure 14 

Scatchard plot of the binding of BMSp to polydAdT 

at 1M+. The values of v and LF are those obtained 

from linear regression analysis of the data in 

Fig. 13 and v is corrected using e:B = 524021 and 

e:F -- 8000 M-l cm-1 . 20 That region of the Scatchard 

plot defined by a ~ 1 standard deviation error 

limit in the value of v and v/LF is also outlined. 

Measurements at low binding density are shown 

separately in Fig. 13b. 
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Figure 15 
Scatchard plots of the binding of BMSp to polydAdT 
at 1 M+ obtained at constant absorbance. The upper 
curve is from Fig. 14 and the lower curve from 
Fig. 12 . 
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Comparison With Previous Work 

Several groups have previously suggested the use of 

equations similar to eq. (4) to determine ligand binding 
10,17-19 

parameters. In Helene's approach, the dependence 

of LT/M on 1/M is monitored at constant x;x0 where X 

is the circular dichroism of bound macromolecule and 

x0 is the circular dichroism of unbound macromolecule. 18 

Halfman and Nishida monitor ligand binding at constant 

x;x0 where X is some physical property of ligand17 

whereas Baguley and Falkenhaug monitor binding at constant 

X/M where X is the fluorescence of ligand at some macro

molecule concentration M. 19 Unfortunately, since these 

techniques evaluate ligand binding at different ratios of 

macromolecule or ligand physical properties, their sensi-

tivity is no better than conventional indirect or direct 

techniques. In contrast, because the constant X technique 

evaluates ligand binding at absolute values of ligand or 

macromolecule physical properties, ligand-macromolecule 

interactions which are normally unmeasurable by other 

techniques can be investigated (see Introduction). (Al

though unknown to these authors, 17- 19 like the present 

technique, estimates rather than true values of v and 

LF will be obtained). 
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CHAPTER III 

Sequence Specific B + H + A 

Allosteric Transitions in DNA: 

A New Conformational Theory 
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We have previously reported the synthesis and 

characterization of a dimer of ethidium bromide termed 

BMSp or bis(methidium)spermine. Comparison of the 

binding properties of BMSp to ethidium under identical 

conditions clearly demonstrate that both ethidium 

moieties of BMSp simultaneously intercalate nucleic acid, 

substantially enhancing both its binding affinity and 

specificity. 1- 3 Since BMSp is a tetracation at pH 7 

whereas ethidium is a monocation, the binding of both 

compounds was studied under conditions which minimize 

electrostatic contributions to the observed binding 

affinity and intercalation geometry (pH 7.0 and a mono

valent cation concentration of 1.0 M). 2 We found that 

for the five nucleic acids investigated:sonicated 

calf thymus DNA, polyd(C-G), polydCdG, polydAdT and 

polyrAdT, the free energy of BMSp binding, ~GBMSp' was 

equal to 1.5-1.6 ~GEB' where ~GEB is the free energy of EB 

binding to the same nucleic acid. If the salt concentra-

tion is lowered from 1.0 to 0.075 M thereby enhancing 

electrostatic interactions, the enhancement of BMSp's 

binding affinity relative to ethidium becomes much 

larger. For a heterogeneous DNA sequence (sonicated 

calf thymus DNA), we observed KEB = 4 x 104 and 

X 107 + + 
KEB KBMSp = 1.5 at 1.0 M whereas at 0.075 M = 

2 X 105 and KBMSp 'V 2 X 1011 . 
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In addition to binding affinity, the binding speci

ficity of BMSp is also substantially enhanced relative 

to ethidium. Bresloff and Crothers have demonstrated 

that ethidium binds the RNA-DNA duplex polyrAdT approxi

mately 100 times more tightly than the corresponding 

DNA duplex polydAdT. 4 This 100-fold specificity exhibited 

by ethidium was found to increase to 1500 for BMSp. 2 ' 3 

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 studies indicated that the speci-

ficity which BMSp and EB exhibit for certain nucleic 

acids could arise from preferential recognition of dif

ferent nucleic acid conformations. 2 ' 3 Furthermore, since 

the binding affinity of EB is not altered by changes in 

the AT or GC content5 of DNA, this conformational speci

ficity is apparently much larger than any direct base 

specificity. 

In this paper, both the molecular basis and gener

ality of the conformational specificity of EB and BMSp 

are examined in more detail. On the basis of these mea-

surements, evidence for a new conformational 

family of right-handed Watson-Crick DNA is presented. 

The ability of small sequence changes to greatly alter 

the conformational stability of this DNA suggests a new 

conformational theory of DNA which has important implica-
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tions for understanding DNA structure and its molecular 

recognition by other molecules. 

Binding of BMSp to PolydAdT 

The greatly enhanced affinity of BMSp and EB for the 

RNA-DNA hybrid form of dAdT must arise from the presence 

of a 2'-hydroxyl group in the hybrid. Although a 2' 

hydroxyl group could enhance binding by forming a hydro

gen bond to intercalated EB, crystal studies of ethidium 

intercalated into RNA dinucleotides indicate that it is 

too far away to do so. 6 Alternatively since a 2'hydroxyl 

group sterically forces nucleic acid to change structure 

from a B to an A conformation, 7 BMSp and EB may prefer 

to bind rAdT because it assumes a more tightly binding 

A conformation. Since DNA can adopt an (A) conformation 

in addition to its native B conformation, 8 we reinvesti-

gated the binding of BMSp to polydAdT over a wide BMSp/BP 

ratio. If BMSp binds A conformations of nucleic acid 

much more tightly than B conformations, · and if this 

specificity does not depend on the presence of a 2' 

hydroxyl group, we would expect polydAdT to adopt an A 

conformation as the concentration of BMSp is increased. 

Classical indirect spectroscopic techniques have been 

used to monitor this binding and the results of these 

measurements are presented in terms of a Scatchard plot 

in Fig. 1. Because our spectroscopic technique assumes 
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Figure 1 

Scatchard plot of the binding of BMSp to polydAdT 

at 1 M+ assuming the formation of one bound complex. 

Binding was monitored by visible absorption spec-

troscopy at 550 nm (upper curve) or 485 nm (lower 

curve). 42 The concentration of polydAdT in base 

pairs is indicated. 
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the formation of only one bound complex, the dependence of 

the Scatchard plot on DNA concentration suggests that 

BMSp forms at least two spectroscopically distinct com

plexes with dAdT. Furthermore, the change in slope 

observed at low binding densities indicates that the bind

ing properties of dAdT are altered as the concentration 

of BMSp is increased. Although these data suggest that 

dAdT changes conformation when bound by increasing amounts 

of BMSp, the assumption of only one bound complex in our 

spectroscopic analysis precludes quantitative analysis. 

Because BMSp appears to form more than one bound 

complex with dAdT, we have utilized another approach 

recently developed by us, 3 which can accurately :estimate 

ligand binding in cases where more than one bound complex 

is formed. Because this technique is also very sensitive, 

macromolecule binding at very low binding densities can be 

measured. As shown in Fig. 2, initially BMSp binds dAdT weakly 

and· noncooperatively since at very low binding densities 

its Scatchard plot exhibits a small vertical intercept 

and negative slope respectively. However, as the con

centration of BMSp is increased, dAdT binds BMSp coopera

tively (positive slope). Since bound intercalators do 
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Figure 2 

a) Scatchard plot of the binding of BMSp to 

polydAdT at 1 M+. The values of v and LF are 

obtained at constant absorbance43 by the 

constant X technique3 and v is corrected using 

That region 

of tte Scatchard plot defined by a + 1 standard 

deviation error limit in the value of v and vfLF 

is also outlined. b) Same measurements at low 

binding density. Under these conditions, the 

extinction coefficient of BMSp bound to polyrAdT 

or to the B conformation of polydAdT are equal. 
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not physical contact one another, 6 ' 9 cooperative bind-

ing must arise from changes in the structure of dAdT, 

induced by BMSp binding, which enhance subsequent BMSp 

binding. Although a variety of structural changes could 

conceivably enhance BMSp binding, a Scatchard plot mini-

mum requires that they arise from the induction of an 

allosteric transition in dAdT. 10 

In the allosteric or two-state model of Monod, macro-

molecule is assumed to adopt either a tightly bi~ding 

(T) or weaker binding (R) conformation. 11 In the absence 

of ligand all subunits adopt the thermodynamically pre-

ferred (R) conformation. However, as ligand is added 

the equilibrium shifts from the (R) to the (T) conforma-

tion due to the latter's enhanced affinity for ligand. 

Ligand binding is cooperative because with increased 

binding, there is an increased preference for 

macromoleculeto assume a more tightly binding (T) conforma

tion.11 

An extremely important feature of an allosteric 

t ·t· . •t 1·t ll R th th d. t t• rans1 1on 1s 1 s genera 1 y. a er an 1s or 1ng 

macromolecule in some peculiar fashion, ligand induces 

macromolecule to change conformation by "trapping" pre-

existing conformational states. Thus any ligand which 

exhibits the appropriate specificity can cooperatively 
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induce macromolecule to change conformation uniformly. 

Although a minimum in a Scatchard plot demands the 

induction of an allosteric transition, all allosteric 

transitions do not exhibit minima. Only when the native 

(R) conformation of macromolecule is greatly favored 

thermodynamically, but ligand strongly prefers to bind 

the unstable (T) form, does a Scatchard plot exhibit 

a minimum. 10 Since dAdT strongly prefers to adopt a 

B conformation, 12 , 13 while BMSp is expected to greatly 

prefer its A conformation, the induction of a two-state 

B ~ A transition in dAdT by BMSp would be expected to 

exhibit a Scatchard plot minimum. Furthermore, since 

a B to A transition is cooperative, 14 its induction is 

expected to exhibit two-state behavior. Thus the re-

luctance of dAdT to change conformation, the facile 

ability of BMSp to alter its conformation, and the allo-

steric character of the induced transition, argue that 

BMSp binding induces a B to A conformational transition 

in dAdT by virtue of its enhanced specificity for A con-

formations of nucleic acid. 

Since EB also appears to bind A conformations more 

tightly than B conformations, large amounts of it should 

induce a B to A transition in dAdT. Both the equilibrium 

and kinetic measurements of Bresloff are con-
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sistent with this hypothesis. 15 These authors found that 

large amounts of ethidium caused polydAdT to cooperatively 

change its structure into another form which resembled 

other intercalated nucleic acids. Although this behavior 

was attributed to the induction of a local conformational 

change by closely bound ethidium molecules, it is equally 

compatible with the induction of an allosteric transition 

by EB. 11 

Binding of EB to polyd(C-G) and polydCdG 

Since a B to A transition is a general property of 

Watson-Crick DNA, 12 ,l4 , 16 BMSp and EB have the potential 

to induce B to A transitions in any DNA base sequence, pro

vided their enhanced affinity for A conformations is not 

altered by base s~quence. We have employed EB rather 

than BMSp to monitor B ~ A transitions in other base 

sequences since it avoids the experimental difficulty 

of detecting abrupt conformational shifts at very low 

binding density (Fig. 2). The same sensitive technique used to 

monitor the dAdT-BMSp allosteric transition has been 

used to monitor the induction of conformational transi-

tions in polydCdG and polyd(C-G) by EB (Fig. 3). 
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Figure 3 

Scatchard plot of the binding of EB to A) polydCdG 

and B) polyd(C-G) at 1 M+. 44 The values of v 

and LF are obtained at constant absorbance by 

the constant X technique. 3 C) Same measurements 

of polyd(C-G) at low binding density. Under these 

conditions EB = 3100 and EF = 600 M-l -1 em For 

EB bound to polydCdG and EB = 2250 for BMSp bound 

to polyd(C-G). That region of the Scatchard plot 

defined by a + 1 standard deviation error limit in 

the value of v and v/LF is also outlined. 
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Because measurements were conducted under conditions 

of low salt concentration (1.0 M), initial ethidium 

binding is to a B conformation. 17 , 18 This binding is 

weak as reflected by a small vertical intercept on 

Scatchard plot at low binding densities. However, further 

addition of ethidium induces both nucleic acids to change 

structure as reflected by the change in slope which 

occurs in both Scatchard plots. Because this new 

form binds ethidium with higher affinity than the B con-

formation, initial binding is cooperative (positive 

slope). As saturation of this second structure is ;ap-

proached, a third binding form of both nucleic acids is 

cooperatively induced by ethidium addition. This third 

form appears to be an A conformation since, like RNA and 

RNA-DNA duplexes (known A conformations), it binds one 

ethidium every three base pairs at saturation15 (Fig. 4). 

Taken together, these measurements argue that EB can 

induce B to A transitions in both polydCdG and polyd(C-G) 

by virtue of its enhanced affinity for A conformations. 
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Figure 4 

Scatchard plot of the binding of EB to polydCdG 

+ 
and polyd(C-G) at 1 M . The values of v and 

LF are from Fig. 3 and have been corrected ac

cording to the procedure outlined in Chapter II. 

The correction parameters for dCdG are v = 4.25 v' 

and LF = LF' whereas for d(C-G) v = 1.63 v' and 

-4 M* = 1 X 10 . 
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Mechanism of the B + A Transition 

An unexpected feature of both ethidium Scatchard 

plots is the appearance of an intermediate in the B to 

A transition. EB apparently traps this intermediate 

by binding it more tightly than a B conformation but 

less tightly than an A conformation. 

What is the structure of this intermediate? Although 

a B to A transition alters the structure of DNA in 

several different ways, previous x-ray studies have shown 

that these changes are linked to one simple molecular 

motion: a change in each sugar pucker of B DNA from a 

2'endo to 3'endo configuration. 8 , 19 Because each base 

pair and phosphate linkage are attached to a sugar ring, 

a change in its pucker can give rise to a large tilt and 

twist of the base pairs thus allowing DNA to assume a 

shorter more compact A conformation. A simple mechanism 

for the B to A transition which complies with these 

structural constraints, accounts for the cooperative 

nature of the transition, and predicts the existence of 

an intermediate is presented in Fig. 5. Conversion of 

B DNA to A DNA is postulated to occur in two steps. In 

the first step, nucleation, one or more base pairs 

adopt a 2'endo (3' + 5')3' endo sugar pucker alterna

tion. Propagation of this sugar pucker change to ad

jacent base pairs is cooperative and results in the 
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formation of a species whose sugar pucker alternates 

every base pair. Because completion of the B to A 

transition can proceed from this species by the same 

steps used to generate it, this mechanism necessarily 

predicts the existence of an intermediate in the B to 

A transition. 

Sobel! and coworkers have demonstrated by x-ray 

crystallography that intercalation of ethidium into di-

nucleotides is accompanied by a change in sugar pucker 

to a mixed 2'endo (3' ~ 5' )3'endo configuration. 6 Pre

sumably structural changes necessary for DNA to accept an 

intercalator are easier when a base pair adopts a mixed 

sugar pucker. 40 An important feature of a mixed sugar pucker 

at the intercalation site is to sterically prohibit ad

jacent base pairs from intercalating11 (Fig. 6). This 

feature of Sobell's model provides a simple molecular 

basis for a characteristic feature of ethidium as well 

as other drug intercalation: at saturation, only one 

drug is bound every two base pairs (nearest neighbor 

exclusion). 9 Referring to Fig. 4, the proposed intermediate 

in the B to A transition also restricts EB intercalation 

to every other base pair. This observation not only 

supports the assignment of a 2'endo(3' ~ 5')3'endo sugar 

pucker alternation to the intermediate conformation 
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B H 

Figure 6 
Restricted ethidium binding to an H conformation 
of DNA. B DNA is shown in equilibrium with H DNA. 
Because a B ~ H transition introduces base tilt 
and twist to every other nucleotide (see lower 
figure) intercalation is restricted to every other 
base pair. Structural characteristics are based 
on the crystal structure of (ATAT) 245 which 
appears to adopt an H conformation. 
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(Fig. 5), but suggests further that a variety of ligands 

bind DNA in a nearest neighbor exclusion fashion because 

they induce B DNA to adopt an "intermediate" conformation. 

Hybrid DNA 

On the basis -of the proposed B to A mechanism shown 

in Fig. 5 and the observed binding properties of the A 

and intermediate conformation, (Fig. 4) we propose the exis

tence of a new conformational family of right-handedWatson-Crick 

DNA. Termed H or Hybrid DNA, such DNA is characterized 

by 2'endo(3' ~ 5')3'endo sugar pucker alternation every 

base pair. Since the proposed B ~ H ~ A mechanism is in

dependent of base sequence, we further postulate that a 

hybrid conformation is exhibited by all Watson-Crick DNA 

as an intermediate in the B to A transition. 

For RNA and RNA-DNA duplexes, 7 the H conformation, like 

the B conformation, is expected to be unstable with re-

spect to its native A conformation. As a result, the 

H conformation will be more accessible to DNA than RNA. 
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B ~ H ~ A Transitions in d(A-T) 

Pilet et. al. have demonstrated that polyd(A-T), 

like other nucleic acids, can undergo a B to A transi

tion when dehydrated. 12 Since EB is expected to bind 

the H and A conformations of d(A-T) more tightly than 

the native B conformation, its binding should progres-

sively induce a B ~ H ~A transition in d(A-T). Bresloff 

and Crothers have previously investigated the binding 

of EB to polyd(A-T) (Fig. 7). 15 The curvature of their 

Scatchard plot, as well as the dependence of d(A-T)'s 

circular dichroism on EB binding15 (Fig. 7b), demonstrate 

that from v = 0.1 to 0.4, EB binding cooperatively alters 

the conformation of polyd(A-T). Although neither mea-

surement is sensitive enough to monitor EB binding below 

v = 0.1, cooperative binding could arise from the indue-

tion of a B ~ H transition by EB (see dotted line Fig. 7a), 

since the altered conformation binds one EB every two 

base pairs at saturation with an affinity characteristic 

of H DNA (Table I). 

Increasing the concentration of EB above v = 0.4 

abruptly induces a second conformational change in 

d(A-T) 15 (Fig. 7b). This change in conformation may result 

from the induction of an H to A transition by EB sinceit occurs 
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Figure 7 

a) Scatchard plot of the binding of EB to 

polyd(A-T). 15 The solid line represents the 

best fit through experimental points and the 

dotted line represents the proposed B ~ H 

transition. b) The circular dichroic ellipicity 

(degress) of polyd(A-T) as a function of the EB 

binding density ( e , 307 nm; 0, 333 nm) . 15 
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at the same binding density as EB induced H to A transi-

tions in polyd(C-G) and polydCdG (Fig. 4). 

Very recent NMR work by Patel and coworkers20 may 

provide direct evidence for the occurrence of a hybrid 

conformation in polyd(A-T). These workers found that 

concentrated CsF or Me 3NC1 solutions (which presumably 

dehydrate DNA), as well as a 3a, 178 diprandium steroid, 

readily induce polyd(A-T) to change structure from a 

B to a right-handed alternating conformation. Since 

every glycosidic angle and phosphate linkage adopts a 

non B conformation, the alternating conformation appears 

to possess a hybrid DNA sugar pucker alternation. 

B ~ H ~ A Transitions in Other DNA 

Although B to A transitions have been investigated 

for many years, previous measurements have failed to 

detect an intermediate. 12 , 14 , 16 This failure could be 

due to the inherent instability of an intermediate in a 

cooperative transition. For example, the proposed B to 

A mechanism in Fig. 5 predicts that the free energy of 

the H intermediate is approximately halfway between the 

B and A conformations. Since the B to A transition is 

cooperative, induction of a B to H transition will be 

just as favorable as induction of an H to A transition. 
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As a result, H DNA is expected to be an unstable intermediate. 

EB binding can apparently trap and stabilize the hybrid 

intermediate because its binding gradually shifts the 

B ~ H ~ A equilibrium. 

Another type of experiment which could potentially 

detect an intermediate in the B to A transition is 

electron microscopy, since individual molecules can be 

investigated. Vollenweider et a121 have demonstrated 

that when dehydrated, T7 and A DNA always adopt one of 

three class lengths. The average axial rise per base 
0 

pair observed for these classes: 3.2, 2.9, and 2.6 A 

are compatible with B, H, and A conformations, respectively. 

Furthermore, as expected for a B ~ H ~ A equilibrium, 

these three class lengths of DNA appear cooperatively 

coupled to one another since small differences in sample 

preparation can greatly alter their relative proportions. 

Sequence Specifi~ity bf th~ B ~ A Transition 

The conclusion that BMSp and EB can induce B ~ H ~ 

A allosteric transitions in DNA by virtue of their en-

hanced affinity for H and A conformations of nucleic 
10 

acid is quantitatively supported by theoretical analysis 

of the Scatchard plots in Figs. 2 and 3. The allosteric 

constants (L) and ligand affinites for the various con~ 
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formations bound by BMSp and EB are summarized in Table I. 

Due to the comple·xity of a three state allosteric transi

tion, we have not as yet computed the allosteric con

stant for the H ~ A transition or the affinity of 

ethidium for the A conformations of dCdG and d(C-G). 

However, the fact that ethidium does induce A conforma

tions in these DNA's requires that its affinity for the 

A conformation equal or exceed that for an H conformation. 

Two important points emerge from this analysis. First, 

the affinity of BMSp and EB for H and A conformations 

of DNA is significantly greater than for B conformations, 

the observed affinities being very similar to those found 

for RNA and RNA-DNA duplexes, known A conformations. 

Secondly, the allosteric constant, L, which is the 

equilibrium ratio B/H in the absence of ligand, 

varies greatly with base sequences. 
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Stability versus Structure 

A variety of experiments have demonstrated that 

changes in the base sequence of DNA alters its secondary 

22 23 structure. ' As a result, local variations in DNA's 

secondary structure have been postulated to play an im-

portant role in base-specific recognition processes, 

notably regulatory protein-DNA interactions. 24 Although 

conceptually attractive, structural perturbations 

. . f b . t• 25 tl ar1s1ng rom ase sequence var1a 1on are apparen y 

no larger than those induced by torsional (or probably 

bending) fluctuations. 26 Thus it appears unlikely that 

local variations in the secondary structure of DNA play 

an important role in base-specific recognition processes. 

A property of DNA which could play an important role 

in base-specific recognition processes is its ability 

d B H A ·t· 52 F t· to un ergo ~ ~ trans1 1on. or a coopera 1ve 

transition like the B to H, the allosteric constant L 

can be written as: 

1) 

where 8 is the equilibrium constant for nucleation, ~ is 

the [H]/[B] ratio for a base pair in the absence of nucle-

ation, and N is the number of base pairs which change conforma

tion in the allosteric transition27 (refer to Fig. 5). 
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For the three synthetic DNA's examined, the maximum 

number of base pairs which could change conformation in 

the B to H allosteric transition is 700-900 base pairs 

(see next section). The actual number can be estimated 

from a Hill plot. 46 If one plots log(sites occupied/ 

sites vacant) versus log(free ligand), at high and low 

values of free ligand the corresponding slope will equal 

one, whereas for intermediate values of free ligand the 

slope will be less than or equal to Na, the number of base 

pairs which change conformation in the allosteric transition. 

When ligand strongly prefers to bind the non-native 

conformation of macromolecule, but macromolecule strongly 

prefers to assume its native conformation, the slope of 

the Hill plot at intermediate values of free ligand 

47 equals Na. For all other conditions, this slope 

underestimates Na, the magnitude of the underestimation being 

a function of the unfavorability of the allosteric transition 

and the ligands relative specificity for the two conforma

tions of macromolecule. 47 For the BMSp-dAdT Scatchard 

plot, the Hill plot slope at intermediate free ligand 

is expected to be very close to the acuual number of base pairs 

which change conformation in the B + H transition, since dAdT 

strongly prefers the B conformation but BMSp strongly 

prefers to bind the H conformation (Table One). 

However ·; since the experimentally observed binding 
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densities (Fig. 2) indicate that BMSp forms multiple bound 

complexes with dAdT, a meaningful value of Na cannot be 

calculated from these measurements. 

For the B ~ H transitions in polyd(C-G) and polydCdG, 

the Hill plot slope at intermediate free ligand is 

expected to be less than Na, since the preference of 

both DNA's for the B conformation is not extremely large 

and ethidium shows a moderate specificity for the H con-

formation. However, the value of Na calculated from each 

Hill plot can be corrected using the allosteric constants 

and relative binding affinities determined for the DNA's 

47 (Table One). The values of Na determined for polydCdG 

(5 base pairs) and polyd(C-G) (10 base pairs) compare 

favorably with Ivanov's estimate of 10-20 base pairs for 

the cooperative unit in the B to A transition14 , 48 (Fig. 9). 

Although a larger value of Na for the B to A transition 

is consistent with the proposal that A DNA is more 

than H DNA (Fig. 5), additional measurements are necessary 

to substantiate the generality of this observation. 

That Hill plots can be used to estimate the number 

of base pairs which change conformation in an allosteric 

transition is demonstrated by the work of Pohl, et a1.
49 

These workers found that the binding of ethidium to left-

handed polyd(C-G) results in an allosteric transition to 

a right-handed conformation. For oligo d(C-G) 10 the 
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Figure 9 

Hill plots of the binding of EB to poly dCdG and 

polyd(C-G) at 1M+. The binding site size of EB 

is taken as 2 base pairs. Measurements for 

polydCdG at intermediate concentrations of 

free ligand are also shown separately. 
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corrected value of Na is ·10 and for oligo d(C-G) 200 

it is too high to measure, but greater than 80. 

Although only 5-10 base pairs actually change con-

formation in a B ~ H transition, many more base pairs 

than this will be affected by the transition since ad-

jacent base pairs can change conformation without 

nucleating. Adjoining DNA is thus "silently activated", 

its ability to undergo a B to H transition being enhanced 

without a change in it~ conformation. 

Referring to equation one, the large sequence 

specificity observed for the B ~ H ~ A transition could 

be due to variations in B,£ or both with base sequence. 

Although the extreme reluctance of polydAdT to adopt 

an H or A conformation could be attributed to a very un

favorable nucleation event, the measurements of Bresloff
15 

suggest that the energy of activation required for the 

conformational change is low. Thus the large dependence 

of L on base sequence is probably due to variations in 

the ability of different base sequences to propagate 

B to H transitions. 

In summary, our measurements suggest that the 

equilibrium stability, rather than the secondary structure 

of Watson-Crick DNA, varies greatly with base sequence. 
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Since the number of base pairs which change conformation 

in a B ~ H ~ A transition is similar to the binding site 

size of regulatory protein subunits, the extreme base 

specificity of the B ~ H ~ A transition could play an 

important role in gene regulation. 
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Alternative Explanations and Summary 

Although the allosteric transitions induced in DNA 

by BMSp and EB binding are consistent with a 

B ~ H ~ A transition, other structural changes in DNA 

could conceivably exhibit similar behavior. Possible 

candidates would. include single strand ~ double strand, 

triple strand +~ double strand or right-handed ~ left

handed interconversions. The possibility that the ob

served allosteric transition arises from a single to 

double strand conversion is unlikely since under the con

ditions of our experiments, dCdG, dAdT, and d(C-G) are 

known to prefer double stranded Watson-Crick configura

tions.12,17,22' 28 , 29 A double to single strand transi-

tion is also unlikely since ethidium is known to greatly 

stabilizethe double helix. 30 Although each nucleic acid 

adopts a right-handed configuration under the conditions 

of our experiment, if ethidium preferred to bind left

handed forms it could induce a right to left allosteric 

transition. This possibility is also unlikely since 

ethidium appears to strongly prefer right-handed forms 

of DNA. 31 

The ability of dCdG and dAdT to adopt triple 

stranded structures29 , 32 raises the possibility that, in 

these cases, the observed allosteric transitions may 
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result from the induction of a triple ~ double strand 

interconversion. This hypothesis is made more plausible 

by the observation that ethidium can induce a triple to 

double strand allosteric transition in polydArU2 . 33 To 

ascertain whether the dCdG and dAdT homopolymers used in 

our binding studies contained triple strands, each DNA 

preparation was titrated with a single strand known to 

induce triple· strand formation. 28 , 32 As shown in Figs. 9 

and 10, both homopolymers form triple strands at a single 

strand percentage close to 66%. Since these measurements 

require that less than 5% of either homopolymer used in 

our binding study exist as triple strands, the observed 

allosteric transitions cannot be due to a triple to double 

strand interconversion. 

Although the allosteric constants we have measured 

are sequence-specific, this conclusion is valid only if 

the molecular weights of the DNA's are known. We have 

examined both the single and double stranded length 

distribution of the dAdT, dCdG, and d(C-G) polymers 

utilized in our drug binding experiments. The DNA prepara

tions used were chosen because their single-stranded 

lengths are long and similar: 700-950 bases (Fig. 12). 

Although single-strand lengths are similar, double-stranded 
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ultraviolet absorption spectrum of polydAdT (solid 
line) and polydAdT2 (dashed line) are also shown. 
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Figure 12 

Alkaline gel electrophoresis analysis of 

polydCdG, polyd(C-G), polydAdT, poly d(A-T), 

and PM2 DNA restricted by Hae III. 
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lengths differ for each nucleic acid. As shown in 

Figs. 13-14 and summarized in Table II, each nucleic 

acid can exist as double helical rods, aggregated rods, 

or intramolecular hairpins. Although polydAdT and 

polydCdG form rods and aggregated rods, unlike polyd(C-G), 

they do not form an intramolecular hairpin since their 

single strands do not form complementary double helixes. 

We have also compared our polyd(C-G) preparation 

to a sample of polyd(A-T) of similar single strand length 

to ascertain whether polyd(C-G), like polyd(A-T), forms 

small "branched" hairpins. 34 As shown in Figs . . . 13-14 under 

the conditions of our binding experiments no low 

molecular weight branched hairpins are formed by polyd(C-G). 

The number of base pairs which can undergo a 

B ~ H ~ A allosteric transition, N, depends on both the 

single and double strand length distribution since gaps 

created by strand overlap constitute ends of conforma

tional units. For rods and aggregated rods N equals the 

single-stranded length whereas for intramolecular hairpins 

N is one-half this length. From the measurements sum-
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Figure 14 

Double stranded molecular weight distribution 

of polydAdT, polyd(A-T), polydCdG, and 

polyd(C-G) at [M+] = 0.2 M and 4°C as deter

mined by Sepharose 4B chromatography. 
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marized in Table II, we conclude that the effective 

double-stranded lengths of dCdG, dAdT and d(C-G) are simi

lar and equal 700-900 base pairs. Thus the large dif-

ferences we observe in the ability of these DNA's to 

undergo B + H + A transitions must arise from differences 

in base sequence and not molecular weight. 

In summary, the binding affinity, binding coopera

tivity, and binding site size of BMSp and EB to a variety 

of nucleic acids suggests that these compounds induce 

sequence specific B + H + A allosteric transitions in 

DNA by virtue of their enhanced specificity for A and H 

conformations of nucleic acid. 

Possible Involvement of the Hybrid Conformation in Melting 

As shown in Fig.6, when DNA adopts an H conformation 

vertical stacking interactions and hydrogen bonding 

between bases are weakened by the alternating propeller 

twist introduced by a 2'endo(3' + 5')3'endo sugar pucker 

alternation. Since both forces are known to contribute 

significantly to the stability of the double helix,
35 

an H conformation may also be an intermediate in DNA 

melting. Loss of structural water, 36 which occurs in a 

B to A transition, 14 , 16 may also facilitate melting since 

its loss is known to destabilize the double helical form 

of DNA. 12 , 37 
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Because helical stability is a function of several 

intrinsic as well as extrinsic factors, the reluctance 

of DNA to undergo a B to H transition may, or may not, 

inhibit its ability to melt. For example, although our 

results suggest that alternating DNA undergoes B ~ H 

transitions more readily than nonalternating DNA, in 5 

to 6 sequences previously examined, the Tm of alternating 

DNA is 6° higher than nonalternating DNA. 22 , 38 The 

one exception to this observation, polyd(A-T), melts 

0 22 6 lower than the corresponding dAdT homopolymer. 

Since we have demonstrated that dAdT is very reluctant 

to undergo a B to H transition, it is possible that its 

enhanced thermal stability arises from its reluctance to 

undergo a B to H transition necessary for melting. It 

should be noted that the unusual instability of d(A-T) 

compared to dAdT cannot be attributed to hairpin forma-

tion in d(A-T) since d(I-C), which forms similar hairpins, 

is more stable than didC. 22 

An additional piece of evidence which implicates a 

B to H transition in DNA melting comes from the observa-

tion of Weischet, et al. that a conformational change 

. d DNA lt" 39 
whose enthalpy change 1s zero, precee s me 1ng. 

This observation is consistent with the proposal that a 

B to H transition preceeds melting since the change in 
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enthalpy for a B to A transition is also zero. 14 Although 

possible, we have no data concerning the possible involve

ment of an H conformation in RNA or RNA-DNA hybrid 

melting. 

Relationship of Hybrid DNA to Kinking 

We have proposed that the intermediate observed in 

the B +A transitionexhibits a 2'endo(3' + 5')3'endo 

alternation of sugar pucker on the basis of the proposed 

B to A mechanism shown in Fig. 4 and the observation that 

this species excludes intercalation to every other base 

pair (nearest neighbor exclusion). Sobell first postu

lated that a 2'endo(3' + 5')3'endo sugar pucker alterna

tion could constrain intercalation to every other base 

pair and went on further to postulate that this sugar 

pucker alternation facilitates DNA intercalation and bend

ing by allowing DNA to ukink" 40 If so, H conformations 

may also be intermediates in DNA kinking. 

Hybrid DNA and Previously Proposed Structures 

Two groups have previously proposed DNA structures 

which, like the hybrid conformational family of DNA, ap

parently exhibit a 2'endo(3' + 5')3'endo sugar pucker al

ternation. On the basis of x-ray analysis of intercalated 
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dinucleotide crystals, Sobell et al. postulate a structure 

for polymer DNA termed "B kinked" DNA which, in addition 

to possessing a 2'endo(3' ~ 5')3'endo sugar pucker alter

nation, is "kinked" every other base pair. 4 ° Kinking is 

postulated to arise from partial base unstacking, base 

pairs forming an angle of about 40° to one another. Klug 

et al. propose that polyd(A-T) adopts an "alternating B" 

conformation in which every second phosphate linkage has 

a conformation different from the B family. 41 

Although it may be possible for DNA to exhibit a 

"S kinked" or "alternating B" conformation (we do not 

know), no experimental evidence suggesting that DNA pos-

sessing a 2'endo(3' ~ 5')3'endo sugar pucker alternation 

is a conformational family, which occurs as an 

intermediate in a B to A transition and whose equilibrium 

stability rather than structure varies greatly with base 

sequence, is presented by these authors. The possibility 

that "S kinked" or "alternating B" DNA are members of 

the hybrid conformational family of DNA is not excluded. 

BIOLOGICAL IMPLICATIONS 

Biological implications of the B ~ H ~ A theory are 

summarized in Propositions 1-5. 
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MATERIALS AND METHODS 

Binding measurements and preparation of DNA's are 

described in Chapter I. Scatchard plots obtained 

by the constant X technique are described in Chapter II. 

Sepharose 4B Chromatography: Sepharose 4B chroma

tography was conducted either at 4°C in BPES buffer 

(0.006 M Na2HP04 , 0.002 M NaH2Po
4

, 0.001 M Na2EDTA, 

0.185 M NaCl) or at 25°C in l[M+] phosphate buffer (see 

Chapter I). Approximately 1 O.D . . of DNA was 

dialyzed 24-36 hours and then layered on a column mea-

suring 79 x 2.5 em (dia). Fractions of 3.4 ml or 1.7 ml 

were collected at a flow rate of 0.125 ml/min. Increas-

ing the flow rate or the DNA concentration by a factor 

of two had no effect on the results. Reproducibility 

was determined to be + 0.25 fractions. The elution 

of linear PM2 (restricted by HPA II) was found to be 

nearly Gaussian with a half-width of 1.9 fractions 

in 1 M [M+] (Fig. 33, Appendix). The dependence of 

DNA molecular weight on elution volume was determined 

by chromatography of restricted (Hind III) lambda DNA 

(Fig. 32, Appendix) and sonicated calf thymus . DNA 

(Fig. 34, Appendix). Molecular weights of sonicated 

calf thymus DNA were established by electrophoretic 

comparison to restricted DNA molecular weight standards. 
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Alkaline Gel Electrophoresis: Electrophoresis was 

conducted in a 2% agarose slab gel (4 mm x 30 em) at a 

constant current of 225 miliampree for 15-26 hours. 

The gel was prepared in 0.3 M NaCl and 20 mM EDTA; 

DNA samples were in electrophoresis buffer (0.3 N NaOH, 

20 mM EDTA, pH 13) containing 10% glycerol. The buffer 

was circulated throughout electrophoresis. After electro

phoresis the gel was neutralized by soaking in 50 mM 

Tris acetate - 2.5 mM EDTA, pH 8.3 for four hours, 

stained with ethidium bromide (4 ~g/ml) for one hour, 

and then destained overnight. The gel was 

photographically under uv transillumination through a 

red filter. 
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CALCULATIONS 

Estimation of Allosteric Constants 

The following data is used to estimate the values of 

KB, KH, and L for the BMSp-dAdT, EB-d(C-G) and EB-dCdG 

allosteric transitions: 

EB BMSp 

KB 2 X 103 dAdT 1.6 X 105 dAdT 

KH 5 X 104 d(A-T) 1.5 X 107 c.thymus 
104 108 5 X d(C-G) 2.6 X dCdG 

4.4 X 104 c.t~ymus 6.5 X 107 d(C-G) 

KA 1 X 105 rArU 2.4 X 108 rAdT 
2 X 105 rAdT 

given by: 
EB BMSp 
-a . 

(~/KB) = 5 X 104 /2 X 103 = 25 6 X 107 /1.6 X 105 = 370 

(KA/KB) = 1.5 X 105 /2 X 103 = 75 2.4 X 108 /1.6 X 105 = 1500 

A) PolydCdG + EB 

The allosteric constant, B/H, can be estimated from the 

initial slope and initial intercept of the Scatchard plot: 10 

(1) slope 

(2) intercept 
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The experimentally observed slope and intercept are: 

slope = 7 x 104 (lxl04-lxl05 ) 

intercept = 8 + 3 x 103 

Typical results, compatible with this intercept and a 

slope equal to 7 x 104 are shown below. 

KB = 5 xl03 4xl03 4 . x10 3 6 x103 7xl03 

~ = 1.5xl05 2x105 1.2x105 1.8xl05 2xl05 

~/KB = 30 50 30 30 30 

L = 150 300 100 150 200 

5xl05 

lxl05 

.20 

100 

Typical results, compatible with the observed intercept and 

a slope equal to 1 X 104 are shown below: 

KB = 5xl03 5 x103 5xl03 1x104 5xl03 

~ 5xl04 5 8x104 1x105 2x105 = 1.5xl0 

~~~ = 10 30 15 10 40 

L = 70 700 300 100 1500 

Typical results, compatible with the observed intercept 

and a slope equal to 1 x 105 are shown below: 

Ka " = 5 x103 4xl03 lxl04 

~ = 1.5xl05 2x105 2x105 

KH/KB = 30 50 20 

L = 90 200 100 
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In summary, the allosteric constant, (B/H), for polydCdG is: 

(B/H) = 70 ~ 1500 for (C)-l = 10-40 

with the best estimate being: 

(B/H) = 200 for (C)-l = 30 

B) Polyd(C-G) + EB 

The intercept and slope at v ~ 0 are: 

slope = 3 x 105 (6xl04-6xl05 ) 

intercept < 9 x 103 

Typical results, compatible with this intercept and a 

slope equal to 6-3 x 105 are shown below; 

KB = 3.3 X 103 4 X 103 

KH = 1 X 105 2 X 103 

KH/KB = 30 50 

L = 20 50 
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Typical results, compatible with the observed intercept 

and a slope equal to 6 x 104 are shown below: 

KB = 1.7xl03 5xl03 3.3xl03 5xl03 2x103 6.7xl03 

~ = 5 x104 2x105 
1 x105 5xl04 1x105 2 x105 

~/KB = 30 40 30 10 50 30 

L = 30 300 100 10 200 200 

In summary, the allosteric constant, $/H), for polyd(C-G) 

is: 

(B/H) = 10-300 for (C)-l = 10-40 

with the best estimate being 

(B/H) = 50 for (C)-l = 30 

C) PolydAdT + BMSp 

Since the polydAdT-BMSp Scatchard plot exhibits both a 

maximum and a minimum, the allosteric constant, (B/H), 

and ligand specificity constant (C = KB/~) are related 

by the following relationship: 10 

(3) 
[(n-l)L] 112-l 

[ (n-1 )L] l/ 2+L 
< c < 

where n is the number of subunits which change conformation 

in the allosteric transition. Assuming c = 1/1500 and 

n = 4 leads to the following results: 



[(n-l)LJ-112-1 

[ (n-1 )L] l/2 +L 

0.002 (L=l06 ) 

0.0005 (L=l07 ) 

0.0002 (L=l08 ) 
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< 0.007 < 

< 0.007 < 0.0025 (L=Io10 ) 

0.0014 (L=lo11 ) 

0.0008 (L=l012 ) 

Similarly, assuming C = 1/1500 and n = 20 leads to the 

following results: 

[(n-1)] 1 12-1 

[(n-l)L]l/ 2+L 

0.004 {L=l06 ) 

0.001 (L=l07 ) 

0.0004 (L=l08 ) 

< 0.007 < 

0.0014 (L=l011 ) 

0.0008 (L=lo12 ) 

0.0004 (L=l013 ) 

In summary, assuming C = 1/1500 and n = 4-20 the B/H 

allosteric constant for polydAdT is 1 x 107 - 1 x 1012 . 

It should be noted that this estimate is relatively in-

sensitive to the value of C and n . 
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The value of the (B/H) allosteric constant for polydAdT 

can also be estimated from the initial slope of the 

10 Scatchard plot. Since L is large and C small, the 

maximum value which the slope can assume is -(KB) (see 

later derivation). However, both indirect measurements 

(Fig. 1, Chapter 3) and constant X measurements 

(Fig. 15, Chapter 2) yield a value of (-4 x 106 ) for 

the initial slope. Since the smallest value for the 

slope is approximately -(1 x 106 ) (Fig. , Chapter 2), 

the experimentally observed slope is approximately 

six times too high. This discrepancy can be attributed 

to the exclusion of potential binding sites by ligand. 53 

For example, since initial BMSp binding is the B conforma-

tion of polydAdT, the maximum value of the initial slope 

isequal to -K(2n-l), where n is the number of base pairs 

covered by one bound BMSp. 53 Clearly, when n = 4, no 

discrepancy between theoretical and experimental slopes 

exists. 

A minimum estimate of the (B/H) allosteric constant 

can be obtained from the initial slope by noting that since 

this slope is negative, the quantity {-1 + c 2L2 -

(3C2 + 3 - SC)L} must also be negative (see equation 1). 

Since the value of this quantity changes from positive to 

negative at L =ll07 (for c-l = 1500), a minimum estimate 

of L is 1 x 107 , in good agreement with estimates from 
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Scatchard plot extrema (see above). 

D) Proof that the maximum value of the initial slope is 

-(KB) for large L and small c. 

From equation (1) we can write: 

{4) l+C2L2-(3C2+3-8C)L 
(l+CL)(l+L) 

Since the initial slope is negative, and the dAdT Scatchard 

plot exhibits both a maximum and a minimum (e.g. C < 1 

and L >> 1), we can rewrite equation (1) as: 

(5) 

Dividing numerator and denominator by L yields: 

(6) 

Since L >> 1 and c < 1 we can rewrite equation (5) as: 

(7) 
-1 

(~) slope ~ C - 3/CL 

Thus the maximum value which the quantity (KH)-l slope 

can assume is C, or equivalently, the maximum value of 

the slope is KB. 
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Figures 1-6 

Binding of EB at M+ = 1.0 to the indicated concen

tration of poly(dC-dG). The absorbance at 475 nm 

(path length 1.0 em) for increasing additions of EB 

is plotted against the corresponding EB/BP ratio. 

When more than one EB/BP axis is presented, the 

lower axis refers to the more dilute d(C-G) concen

traion. Five representative examples are shown 

and all measurements are summarized in Table III of 

the Appendix. 
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Figures 7-9 

Spectrophotometric titration of polydCdG with EB 

+ at 1 M . The absorbance at 475 nm (path length 

0.5 em) for increasing additions of EB is plotted 

against the corresponding EB/BP ratio. Six 

representative examples are shown and all measure-

ments are summarized in Table III of the Appendix. 

The concentration of dCdG in base pairs is: 

Fig. 12, 5.065 x 10-5 M; Fig. 13, upper curve 

3.93 x 10-5 M; Fig. 14, left curve 2.712 x 10-5 M, 

middle curve 2.395 x 10-5 , right curve 1.912 x 10-5 M. 
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Table V - Summary of the binding of BMSp to polydAdT at 1 lot+ 
followed by visible spectroscopy. The cell path length was 
10 em and the concentration of nucleic acid is in base pairs. 

BMSp,laP ~so A485 BMSp/BP '"sso A485 

0 0 0 0 0 0 

0.00595 0.0131 0.0095 0.0714 0.006 0.0087 

0.1189 0.0259 0.0194 0.1428 0.0117 0.0168 

0.0158 0.0351 0.0264 0.2143 0.0175 0.0254 

0.0198 0.0442 0.0342 0.2856 0.023 0.0344 

0.0237 0.0535 0.0422 0.3571 0.0287 0.0428 

0.0277 0.0632 0.0500 0.4283 0.0344 0.0517 

(3.01x1o-5) 0.4999 0.040 0.0597 

0.01525 0.0041 0.0047 0.5711 0.0461 0~0672 

0.0457 0.011 0.0136 0.6427 0.0519 0.0734 

0.0762 0.0176 0.0226 0.7138 0.0584 0.0807 

0.1066 0.0244 0.0320 0.7854 0.0654 0.087 

0.1371 0.0315 0.0413 0.8566 0.0714 0.0943 

0.1674 0.0375 0.050 0.9282 0.0773 0.1024 

0.1978 0.0444 0.0597 0.9999 0.0832 0.1118 

0.2282 0.0512 0.0677 1.0709 0.0892 0.1207 

0.2585 0.0586 0.0756 1.1427 0.0948 0.1303 

0.2885 0.0669 0.083 1.2137 0.1002 0.1390 

0.319 0.0746 0.0897 (1.502xl0-6 ) 

0.3493 0.0825 0.0967 0.1009 0.0296 0.0378 

0.3795 0.0918 0.1032 0.151 0.0447 0.0577 

0.4097 0.1003 0.110 0.2012 0.0609 0.0758 

0.455 0.1140 0.1198 0.2513 0.0779 0.0904 

(3.893xl0-6 ) 0.3012 0.0959 0.1038 

0.0159 0.0157 0.0143 0.3507 0.1147 0.118 

0.0317 0.0318 0.0299 0.0505 0.0149 0.0181 

0.0475 0.0475 0.0460 (5.082xl0-6 ) 

0.0633 0.0639 0.0630 

0.0791 0.080 0.0790 

0.1026 0.1022 0.1004 

(1.48x10-5 ) 
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Figures 10-14 

Binding of BMSp at [M+] = 1.0 to the indicated 

concentration of poly(dA:dT). The absorbance 

at 485 and 550 nm (path length 10 em) for in

creasing additions of BMSp is plotted against 

the corresponding BMSp/BP ratio. 
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Figures 15-18 

Spectrophotometrictitration of polydAdT with BMSp 

at 1M+. The absorbance of BMSp at 485 nm (10 em 

path length) is plotted against the corresponding 

BMSp/BP ratio. Five representative examples 

are shown and all measurements are summarized 

in Table V of the Appendix. The concentration 

of dAdT in base pairs is: Fig. 20 upper curve 

1.144 x 10-6 M, lower curve 4.955 x 10-7 M; 

the BMSp/BP axis corresponds to the lower curve; 

-7 -6 Fig. 2~ 1.3941 X 10 M; Fig. 22,1.392 X 10 M; 

Fig. 2~ 1.856 x 10-7 M. 
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Figures 19-22 

Spectrophotometric titration of po1ydAdT with 

+ BMSp at 1 M . The absorbance of BMSp at 485 nm 

(10 em path length) is plotted against the cor-

responding BMSp/BP ratio. Six representative 

examples are shown and all measurements are 

summarized in Table V of the Appendix. The con-

centration of dAdT in base pairs is: Fig. 24, 

upper curve 8.049 x 10-7 M, lower curve 1.394 x 

10-7 N, the BMSp/BP axis corresponds to the lower 

curve; Fig. 25, upper curve 1.559 x 10-7 M, lower 

curve 2.998 x 10-7 M, the BMSp/BP axis corresponds 

to the upper curve; Fig. 26, upper curve 1.903 x 

-7 -6 10 M, lower curve 1.424 x 10 M, the BMSp/BP 

axis corresponds to the upper curve; Fig. 27,the 

unusual dip in the absorbance at 0.65 is due to non-

linearity in the slidewire response of the Cary 14 

spectrophotometer. 
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[LT] I [B.P.] 

Figure 23 
Viscometric titration of closed circular PM2 DNA 
with BMSp (upper curve) and EB (lower curve) at 
[M+] = 0.075. The reduced viscosity in deciliter/ 
gram is plotted against the ratio of total ligand 
added (LT) and the concentration of DNA in base pairs. 
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Figure 24 

Binding of BMSp to sonicated calf thymus DNA at 

+ 
1.0 M . The absorbance at 485 nm (path length 10 

em) for increasing additions of BMSp is plotted 

against the corresponding BMSp/BP ratio. The results 

for two different concentrations of DNA are shown. 

Thin lines indicate the absorbance which results 

when all added BMSp is unbound or bound. 
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0.056r----------------------------------------------------------

Figure 25 
Binding of BMSp to poly(dC-dG) at 1.0 M+. The 
absorbance at 488 nm (path length 10 em) for in
creasing additions of BMSp is plotted against 
the corresponding BMSp/BP ratio. The concentration 
of nucleic acid was 2.042 x 10-6 BP. 
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Figure 26 

Fluorescence lifetime measurementof .BMSp bound 

to A) sonicated calf thymus DNA and B) polydAdT 

at 1 M+ in D20. The concentration of DNA was 

.44 x 10-4 BP/L and the corresponding BMSp binding 

density was 2.5 x 10-3 BMSp/BP. The observed 

fluorescence intensity is plotted against time 

(nano seconds), the best fit to the decay being 

represented by the solid line. Also shown is the 

difference between observed and calculated data 

(residuals) as well as an autocorrelation function 

of the residuals. 
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Figure 27 

Fluorescence lifetime measurement of BMSp at 1M+ 

. -6 1n n2o. The concentration of BMSp was 4.1 x 10 

BP/L. The observed fluorescence intensity is 

plotted against time, the best fit to the decay 

being represented by the solid line. Also shown 

is the difference between observed and calculated 

data (residuals) as well as an autocorrelation 

function of the residuals. 
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Figure 28 

Determination of the extinction coefficient of 

ethidium bromide (EB) bound to polydCdG at 1M+. 

The inverse of the difference between, EF' the ex

tinction coefficient of free drug and the apparent 

(observed) extinction coefficient Eapp is plotted 

against the square of the inverse of the dCdG con-

centration in base pairs. Measurements are from 

Table IV of the Appendix. 
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PROPOSITIONS 
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ABSTRACTS OF PROPOSITIONS 

Proposition One: A Molecular Basis of Genetic Regulation. 

The genetic potential of DNA is postulated to be dictated 

by its conformational state. B DNA is argued to be gen

etically inactive while its activation is postulated to 

necessitate at least a B + H conformational transition. 

Since B ++ H transitions are cooperative and alter helical 

unwinding, DNA supercoiling is expected to play an impor

tant role in gene regulation. 

Proposition Two: Initiation of Gene Expression. A mo-

lecular basis for the structure, function, and evolution 

of procaryotic RNA polymerase and its promoters is pre

sented. Analysis of available data suggests that simi

lar molecular principles may also apply to viral and 

eucaryotic organisms. 

Proposition Three: Genetic Regulation Through Allosteric 

Control. Reexamination of the binding properties of lambda 

repressor to linear and supercoiled operator suggest that 

the cooperativity of repressor binding, the induced unwind

ing of operator, and the ability of repressor to autoregulate 

its own synthesis may result from a common mechanism: 

induction of an allosteric transition in Qperator by bound 

repressor. Experiments designed to distinguish this 
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mechanism from mechanisms invoking protein-protein contacts 

are described. 

Proposition Four: Physiochemical Characterization of a DNA 

Conformational Code. Experiments designed to directly probe 

the occurrence of B ~ H ~ A transitions in DNA and to char

acterize their role(s) in gene expression are briefly 

described. 

Proposition Five: 

Hotspots in DNA. 

Specific Localization of Conformational 

Since the ability of DNA to undergo a B ~ 

H ~ A transition varies greatly with its base sequence, DNA 

whose sequence is heterogeneous should exhibit conforma

tional "hotspots". An experimental method which can 

specifically localize these hotspots is described. 
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PROPOSITION 1 

A Molecular Basis of Genetic Regulation1 
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Evolution of complex organisms demanded the develop-

ment of genetic regulatory mechanisms. By regulating 

when and to what extent a gene is expressed, these 

mechanismsprovidedsingle cells with enhanced ability 

to adapt to their environment. Eventual!~ genetic regu-

lation provided a means whereby single cells could dif-

ferentiate into organisms composed of many different 

specialized cells thereby enabling higher life forms 

to evolve. 

Conceptually, genetic regulation must occur through 

transcriptional control, post-transcriptional processing 

of gene products or some combination of both processes. 

Control at the level of transcription necessitates base-

specific interactions between DNA and effector molecules -

principally proteins. The specificity demanded of these 

interactions requires intimate contacts between effector 

and DNA, a process which must necessarily disrupt water 

bound to the grooves and base pairs of the double helix. 

Any molecular description of gene regulation must there-

fore consider the consequences of effector induced dehydra-

tion on DNA structure. 

The double-helical B conformational family is the most 

. 1 d"t " 2 
stable form of DNA under physiolog1ca con 1 1ons. When 

dehydrated, B DNA becomes unstable and cooperatively adopts 
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an H3 and then A conformation. 4 ' 5 With additional loss of 

a small amount of water the double helical form coopera- -
5-7 

tively denatures. Since base-specific recognition neces-

sitates disruption of water bound to DNA surfaces, gene 

regulation should be associated with destabilization of 

the native conformation of DNA. 

The extent to which B DNA will be destabilized by 

specific protein recognition can be estimated from the 

work of Falk, et al. These workers found that hydration 

of the grooves and base pairs of DNA in fiDbers begins at 

a relative humidity of 65%. 8 Since the double helix 

denatured just below these humidities, 6 protein induced 

destabilization can be estimated to be approximately 

equal to the difference in free energy between a native 

and denatured base -pair at 25°, or 1.5 kcal/mole base 

pair for the heterogeneous DNA examined. A lower limit 

of 0.7 kcalfmole can be placed on this estimate since 

states whose free energy is less than this value will 

be thermally accessible and not perturbed by protein 

recognition. Because recognition subunits of typical 

regulatory proteins bind approximately one turn of the 

helix, the B conformation will be greatly destabilized, 

destabilization ranging from 6 to 15 kcalfprotein subunit. 

Ivanov has estimated the free energy required to nucleate 

a B to A transition as 4 kcalfmole, 10 or one-half that 
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required to nucleate a melting transition. 9 Since the free 

energy required to propagate a B ~ A transition is approxi

mately 1.0 kcal or less per base pair, 10 destabilization 

could be large enough to induce a B to A transition in DNA. 

Thus base specific recognition of DNA by regulatory proteins 

is expected to induce at least a B to H transition in DNA 

since H DNA is an obligatory intermediate in the B to A 

transition with free energy intermediate between the B 

and A forms. 3 

These considerations suggest that the native (B) con-

formation of DNA may be genetically inactive, its function 

being storage of the genetic code. If so, a B ~ H transi-

tion would represent a minimum and obligatory molecular 

basis of genetic activation. 

Although it could be argued that regulatory proteins 

have evolved special mechanisms which prevent DNA destabiliza-

tion destabilization is expected to enhance their function 

by rendering accessible otherwise hidden or hydrated DNA 

recognition sites. Furthermore, since a B ~ H transition 

is allosteric, 3 protein binding could regulate gene expres-

. b b 1 h"f . B H "l"b . 12 s1on y a rupt y s 1 t1ng a ++ equ1 1 r1um. 
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Base-Specific Recognition of DNA by Regulatory Proteins 

Unwinds the Double Helix. 

If base~specific recognition of DNA by regulatory pro-

teins is accompanied by at least a B + H transition in 

bound DNA, a small but significant unwinding of the 

double helix should be detected. The unwinding properties 

of three base-specific regulatory proteins have been 

examined in some detail. The simplest of these to con-

sider are the lac and lambda repressors, since the unwinding 

they induce does not appear to arise from denaturation of 

the double helix or hairpin formation. 13 

Analysis of constitutive mutants14 as well as methyla-

t . t t• 15 1" k" 16 d d" t• 17 t d" 1on pro ec 1on, cross 1n 1ng, an 1ges 1on s u 1es 

indicate that lac repressor binds tightly and specifically 

18 to a region of the lac operon termed operator. Base-

specific contacts are apparently confined to an 18 base 

14-17 19 . 0 13 pair region of operator ' and unw1nd operator 90 . 

If an obligatory B + H transition is limited to the 18 base 

pair recognition region of operator, the predicted un-

winding angle can be estimated to be approximately 18 x 

5° or 90°. 3 Although this value is in good agreement 

with experimental estimates, the close fit is probably 

fortuitous since uncertainties in both values could be 

as high as 50%. Uncertainties in theoretical estimates 

arise from several sources. First, although a B + H 
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transition unwinds the double helix, the final bound con-

formation of operator need not be an H conformation. It 

is only required that operator undergo at least a B + H 

transition when binding base-specifically to repressor. 

Secondly, the unwinding angle associated with a B + H 

transition could be somewhat smaller or larger than 5° 

owing to small variations in helical unwinding which are 

possible with the B and H families. Lastly, when bound 

base-specifically by a regulatory protein, the number of 

base pairs which undergo a conformational change need not 

equal exactly the protein binding site size. 

Like lac repressor, lambda repressor also appears to 

unwind its operator since supercoiling can enhance its 

binding (Fig. 3b). Although the magnitude of unwinding 

cannot be estimated from these measurements, other fea-

tures of this data suggest that unwinding is associated 

with at least a B + H transition in operator (next 

section). 

The unwinding properties of E.coli RNA polymerase have 

been extensively investigated by Saucier and Wang
20

,
21 

and are of particular interest since gene regulation in 

all organisms necessitates interactions of similar pro-

teins with the DNA template. E.coli RNA polymerase has 

been shown by a variety of techniques to bind base-



315 

Figure 1 

Proposed mechanism of single-strand template formation 

induced by RNA polymerase. (A) Top view of two adjacent 

base pairs of a right-handed DNA double helix in an H 

conformation. The bold box represents a base 'pair which 

is lying on top of an adjacent base pair. This latter 

base pair is depicted as two nucleotides bonded to one 

another by Watson-Crick hydrogen bonds. Both major and 

minor grooves as well as the polarity of each phospho

diester chain are indicated. DNA melting of a base pair 

is proposed to occur by rotation of each nucleotide with 

little or no further unwinding of the double helix. For 

a right-handed double helix rotation is sterically preferred 

in a right-handed direction as depicted by the arrows . 

Exposure of only one nucleotide of a base pair will occur 

because RNA polymerase contacts, which occur in both 

grooves of the template forming region of promoter, are 

localized __ on 54 the 5' + 3' strand . . 
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specifically 50 + 10 base pairs of double stranded DNA?2 , 23 

Like lac and lambda operators, bound DNA also appears to 

change conformation since polymerase unwinds DNA 240°. 21 

The observed unwinding angle agrees with the theoretical 

value, 250°, predicted to result from a B + H conforma-

tiona! change over a 50 base pair binding site. However, 

RNA polymerase is also known to break Watson-Crick 

hydrogen bonds in a 15 base pair region of DNA when it 

binds. 23 If most of the unwinding results from a B + H 

conformational change, then it must be assumed that RNA 

polymerase can expose these 15 bases with little or no 

further unwinding of the double helix. If correct, this 

hypothesis provides a simple molecular basis for the 

observation that only one strand of a gene normally 

serves as a template in vivo (Fig. 1). 

Nonspecific Recognition of DNA 

Although base-specific recognition of DNA by regulatory 

proteins is postulated to necessitate at least a B + H 

transition, nonspecific recognition process may also induce 

B + H transitions. For example, the apparent affinity of 

polyd(A-U) for lac repressor increases by a factor of 20 

when the 5-hydrogen or uracil is replaced by a methyl 

b 
. 24 

group, and by a factor of 600 when replaced by a rom1ne. 

Since both substitutions could facilitate B + H transi-
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tions in DNA by disrupting bound water, enhanced binding 

suggests that these nonspecific complexes may prefer to 

bind conformations other than the B family. Although 

contacts between the 5 position of uracil and lac repres

sor could also explain these data, other experiments have 

d t t d th t d t t ·t th1"s s1"te. 25 emons ra e a repressor oes no con ac 

Kinetic studies of several base-specific proteins 

also suggest that B ~ H transitions may be involved in 

nonspecific recognition processes. For example, the lac 

and lambda repressors, as well as E.coli RNA polymerase, 

all appear to bind their target sequences considerably 

faster than simple bimolecular collision theory would 

predict, given the very small percentage of target se

quences.26 Since nonspecific complexes can form at many 

more sites than specific complexes, these kinetic studies 

have suggested that nonspecific complexes facilitate 

specific complex formation. 27 If so, the ability of non-

specifically bound regulatory proteins to induce a 

B ~ H transition would play an important role in base-

specific recognition processes by directly coupling the 

formation of nonspecific and specific complexes. Inter-

estingly, removal of flanking sequences next to lac 

operator, which would prevent nonspecific complexes from 

forming next to it, decreases operators affinity for re

pressor by a factor of 100. 28 
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Regulatory Proteins May Alter Gene Expression by Enhancing 

Conformation Transitions in Adjacent DNA 

Lambda repressor appears to cooperatively unwind its 

operators (Fig. 2) since supercoiling can enhance its 

binding (Fig. 3). However, when more than one repressor 

is bound at operator, supercoiling no longer enhances 

repressor binding. This observation indicates that 

bound repressor can alter the binding properties of adjacent 

DNA. 

Th b . d. t. . 29 . . d e 1n 1ng coopera 1v1ty, operator unw1nd1ng, an 

alteration of DNA binding properties indu~ed by lambda 

repressor are consistent with ~he induction of a B ~ H allo

steric3 transition in operator. In the allosteric model of 

12 Moond, operator is postulated to exist in either a 

strong binding (T) or weaker binding (R) form. 12 In the 

present discussion (T) represents the final unknown con-

formation of bound repressor which is derived from an H 

conformation and (R) represents the B conformation of 

operator. In the absence of repressor, operator assumes the 

more thermodynamically favored B conformation. However 

since repressor prefers to bind to the (T) form, its 

binding will shift the equilibrium from the B to the (T) 

form. Repressor binds cooperatively because with increased 

repressor binding there is an increased preference for 

DNA to assume a more tightly binding (T) conforma-
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Figure 2 

Sequence organization of the right and left lambda 

52 operators. The 17 base-pair repressor binding sites 

are boxed within each operator. Transcription initia-

tion sites for genes N, ~' and ci (repressor) are 

indicated by arrows. Alternating sequence clusters, 

which enhance B ~ H transitions, are 

depicted by bold [py(3' ~ 5')pu] or thin [pu(3' ~ 5' )py] 

vertical lines. Dashed Pribnow boxes represent sites 

within operator where RNA polymerase must bind in 

order to transcribe the subsequent gene. 53 
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Figure 3 

A) Binding of lambda repressor to supercoiled and 

linear lambda DNA as determined by Maniatis and Ptashne.
29 

Arrows indicate the points of half-maximal binding. 

B) Data in Fig. 3a has been re-expressed in terms of 

percent maximum counts retained by the binding filter. 

The horizontal dashed line at one-third saturation (one 

bound repressor per operator) denotes the point where 

both linear and supercoiled lambda DNA exhibit the 

same affinity for repressor. 
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t . 12 ( t. . 1on coopera 1ve repressor binding aris1ng from repressor-

30 repressor contact is not excluded; it is distinguished 

from the present hypothesis, however by its relative in-

sensitivity to DNA supercoiling; see proposition 3). Un-

winding of operator by repressor is also consistent with 

the induction of a B ~ H transition in operator since 

recognition involves base-specific contacts. Lastly, 

the observed alteration of operator binding properties in-

duced by repressor binding would result from the formation 

of B/T conformational interfaces in operator near each 

each of bound repressor (Fig. 4). Since nucleation of un-

winding B ~ T conformational transitions in adjacent DNA 

would be facilitated by these interfaces, bound repressor 

could enhance subsequent repressor binding more than does 

supercoiling as required experimentally (see dashed line, 

Fig. 3b). 

The apparent ability of lambda repressor to alter the 

conformational potential of adjacent DNA may provide a 

simple molecular basis for the observation that lambda 

repressor can activate as well as deactivate its own 

transcription. 31 For example, when lambda repressor 

binds OR3 , it both inhibits transcription from its own 

Ic gene and facilitates transcription from the distant 

cro gene (refer to Fig. 2). Similarly, lambda repressor when 

bound at ORl inhibits transcription from the £££ promoter and 

facilitates transcription from its distant IC gene. These 

results are readily interpreted by the allosteric B ~ H model 

presented above. 
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Figure 4 

A) Mechanism of a B ~A conformational transition in DNA. 3 

B DNA, which contains all 2' endo sugar puckers (X), is 

converted to A DNA which contains all 3' endo ( e) sugar 

puckers in two steps. The first step involves nucleation of 

a sugar pucker change in two or more adjacent and diagonal base 

pairs. Propagation of this sugar pucker change to adjacent 

base pairs is cooperative and results in an H conformation. 

Completion of the a~A transition proceeds from the H con

formation by the same steps used to generate it. B) In

duction of a B ~ H transition by protein binding. In the 

first step, protein (shaded circle) binds to a stretch 

of H DNA. Since DNA near each end of protein has a nuclea

tion configuration, propagation of a B ~ H transition to 

adjacent base pairs is facilitated. Therefore, at equi

librium the probability that sequences adjacent to protein 

will assume an H conformation is enhanced. 
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When bound to oR1;oR3 repressor sterically preventspolymerase 

from binding the cro/Ic promoter. However, since bound 

repressor enhances nearby B ~ H transitions, bound repres-

sor will also increase the probability that its distant Ic/ 

cropromoter will assume an activated (H) conformation 

necessary for transcription. It should be noted that 

activation may result in no apparent change in the 

physical properties of adjacent DNA (e.g. unwinding) 

since the probability of undergoing a B ~ H transition, 

although enhanced by· protein binding, may still be less 

than one. 

Other proteins which modulate transcription, like 

catabolite activating protein32 and T antigen, 33 may 

also exert all or part of their effect by enhancing 

B ~ H transitions in associated DNA. 

Genes Can Adopt Activated As Well As Active States 

Although postulated as an obligatorystep in gene expression, 

a B ~ H transition may only serve to activate a gene since 

additional conformational changes, such as DNA melting may 

also be required for full activity. Of particular inter-

est in this regard is the initial finding by Weintraub 

and Gourdine that an alteration in nucleosome structure, 

as revealed by enhanced sensitivity of DNA to DNAse I 

digestion, is also a necessary but insufficient criterion 
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f t . t. . t 34 or gene 1c ac 1v1 y. For example, globin genes in 

erythrocytes show enhanced sensitivity to DNAse I diges-

tion whereas the same genes in fibroblasts or brain, 

tissues wh~ch do not express globin, do not. Since 

transcription of globin genes in adult erythrocytes 

eventually ceases while maintaining enhanced DNAse I 

sensitivity, DNAse I probes activated rather than active 

genes. 

The adoption of an H conformation by an activated 

gene may enhance its sensitivity to DNAse I digestion 

by rendering DNA in a conformation which is more readily 

bound or digested by DNAse I, by disrupting pre-existing 

DNA-protein interactions which otherwise retard enzymatic 

digestion, or by some combination of both effects. The 

observation that alternating DNA is digested five times 

more readily by DNAse I than nonalternating DNA35 suggests 

that DNAse I digests H conformations more readily than 

B conformations, since alternating DNA also undergoes 

B ~ H transitions more readily than nonalternating DNA. 2 

Of the two possible sites in alternating DNA, pu(3' ~ 5' )py 

sites are more readily digested than py(3' ~ 5')pu sites.
35 

Since DNAse I cuts those base pairs directly adjacent to 

the one which it binds, 36 DNAse I prefers to bind 

py(3' ~ 5')pu sites more readily than pu(3' ~ 5')py sites. 
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This binding specificity exhibited by DNAse I also suggests 

that it binds H conformations more readily than B conforma-

tions, since ethidium bromide, which prefers to intercalate 

H rather than B DNA, 3 also exhibits the same binding 

preference~ Finally, the proposed conformational speci-

ficity of DNAse I is consistent with the observation 

that base specific recognition of DNA by regulatory proteins 

h DNA ' ·t· "t t DNA I d" t" 37 · en ances s sens1 1v1 y o se 1ges 1on, s1nce 

regulatory protein binding is postulated to induce at 

least a B ~ H transition in DNA. 

The adoption of an H conformation by an activated gene 

may also enhance its sensitivity to DNAse I digestion by 

disruption pre-existing nucleosomal protein-DNA interactions. 

For example, if nucleosomal DNA is topologically constrained 

so that free rotation of DNA is prevented, then a B ~ H 

transition .throughout nucleosomal DNA would necessarily dis-

rupt the native nucleosome structure by uncoiling DNA from 

its surface. As a result, protein-DNA contacts would be 

reduced thereby enhancing DNA's sensitivity to DNAse I di

gestion. An interacting feature of this model is its ability 

to reconcile apparently contradictory evidence regarding 

the association of nucleosome with active genes. For exam-

ple, a variety of techniques have demonstrated that DNA is 

stabilized in a B conformation when complexed in a nucleo

some structure. 38 If B DNA is genetically inactive, 



330 

nucleosomal DNA should be more refractory to genetic 

activation processes then naked DNA. Indeed, numerous 

experiments support this prediction. 38 , 39 However, 

previous measurements have demonstrated that although 

active genes are depleted of nucleosomes, all sequences, 

regardless of their genetic activity, can be isolated 

as nucleosomes by nuclease digestion of chromatin. 40 

Since native (inactive) and disrupted (activated) nucleo-

somes are proposed to be in equilibrium with one another, 

association of active genes with native nucleosomes is 

not excluded. 

Torsional or Bending Stresses Exerted on DNA May Regulate 

Gene Expression 

Since the discovery of supercoiled DNA by Vinograd 

and coworkers, 41 supercoiling has been increasingly 

implicated in DNA function. Proteins which supercoil 

DNA occur throughout nature, their enzymatic activity 

varying with both the growth and development of the 

organism. 42 In addition, increasing evidence has demon-

strated that DNA supercoiling can play an essential role 

in DNA replication, 43 RNA transcription, 44 DNA trans

position,45 genetic recombination, 46 chromosome condensa

tion,47,48 nucleosome formation, 49 and virus encapsida

tion.48 
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The postulated role of B +~ H transitions in gene 

regulation allows one to make specific predictions regard

ing the role of supercoiling in these processes. For 

example, since B ~ H transitions are cooperative and 

unwind DNA, small torsional (or bending) stresses, aris-

ing from supercoiling or protein binding, could activate/ 

deactivate gene expression by abruptly shifting the B +~ 

H equilibrium to the right/left. This behavior is a 

necessary consequence of the cooperative nature of a 

B ~ H transition and is absolutely essential if super-

coiling is to play an important role in regulating gene 

expression. 12 That the enzymatic activity of a variety 

of DNA unwinding proteins can beabruptly controlled by super

coilinghas been clearly demonstrated by Wang. 50 Included 

in his study were regulatory proteins which bind base-

specifically as well as those which induce DNA melting 

(like a B ~ H transition, melting also cooperatively 

unwinds DNA). 

Whether a B ~ H transition is inhib~ted or initiated 

by torsional (and/or bending) stresses will depend on 

the type of DNA supercoiling. When DNA is supercoiled as 

a left-handed torroid, as in a nucleosome, B to H transitions 

are enhanced. In contrast, when DNA is supercoiled as a 

left-handed interwound structure (as in a hairpin), B ~ H 

transition will be inhibited. Since a left-handed inter

wound structure is equivalent (topologically) to a right-
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handed torroid, 51 supercoiling chirality is also expected 

to play an important role in gene regulation. lni Fig. 5 

a simple model relating supercoiling stresses to changes 

in gene regulation is presented. 
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Figure 5 

Hypothetical model of genetic regulation at the level of 

transcription in chromatin. (A) One nucleosome, con-

sisting of 1-3/4 supercoiled turns of left-handed 

torroidal B DNA55 wrapped around an octameric protein 

core is shown associated with additional DNA. (B) Activa-

tion of a nucleosome. Nucleosomal DNA is subject to 

torsional (or bending) stress, as for example by the intra-

duction of right-handed interwound turns (or equivalently, 

left-handed torroidal turns) in neighboring DNA. Although 

the resulting nucleosome is genetically inactive, super

coiling stress may be sufficient56 so that (C) induction 

of a B + H transition will occur throughout nucleosomal 

DNA upon the introduction of further small torsional or 

58 d t " t" bending stresses, disrupting the nucelosome an ac 1va 1ng 

it towards transcription. These additional torsional or 

beding stresses could arise, for example, from the enhance-

ment of B + H transitions by regulatory protein binding. 

(D) Relaxation of torsional and bending stress by nicking-

closing enzyme generates an inactive nucleosome. 
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PROPOSITION 2 

Initiation of Gene Expression1 
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Certain sequences along the DNA chromosome, when 

mutated, alter gene expression. A large number of these 

sites have been isolated and sequenced in the hope that 

new insights into the molecular basis of gene expression 

and its regulation might emerge. One example which has 

necessarily received much attention are DNA sequences 

which initiate gene expression~' 3 Termed promoters, such 

sites, by virtue of their special sequence, are recognized, 

bound, and melted by RNA polymerase~ Subsequent uptake 

of ribonucleotide triphosphates then initiates specific 

transcription of promoter associated gene(s). 

The most extensively characterized promoters are 

those of procaryotes. They are of special interest since 

their sequence variability is an important element in 

distinguishing not only their transcriptional efficiency 

but their control by regulatory factors as well~,S In this 

paper recent postulates concerning DNA conformation6 and 

its role in gene expression6 are used to examine these

quence organization of procaryotic promoters. This 

analysis suggests a simple molecular basis for the struc

ture, function, and evolution of procaryotic RNA poly

merase and its promoters. Analysis of available data 

suggests that similar molecular principles may also 

apply to viral and eucaryotic organisms. 
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Pribnow's Box 

One of the most thoroughly characterized promoters 

whose structure is representative of procaryotic pro

moters in general is the lac promoter shown in Fig. 1. 7 

Three regions of sequence homology have been observed 

in procaryotic promoters: a recognition region, Pribnow's 

box~ and the initiating nucleotide triphosphate (NTP) 

binding site(s)~'DThe close proximity of Pribnow's box 

to the site where RNA transcription starts suggests 

that melting of the presumptive DNA template initiates 

at Pribnow's box. Indeed, since RNA polymerase breaks 

Watson-Crick hydrogen bonds in a 15 base pair region of 

DNA~ melting initiated at Pribnow's box would just extend 

to the NTP incorporation site. Direct evidence for these 

expectations has been presented by Sibenlist:2 

who trapped melted base pairs in promoter by methylating 

the one position of adenine in the presence of bound 

polymerase. After removal of polymerase, DNA was allowed 

to reanneal and mismatched base pairs were detected by s1 

digestion. Melting was found to cover at least an 11 base 

pair region extending from the later half of Pribnow's 

box to the NTP incorporation site. 

How does Pribnow's box initiate promoter melting? 

One clue is suggested by experiments which probe close 

contacts between promoter and polymerase~3 These experi

ments have detected base-specific contacts between RNA 
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CCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGT~~~AA: 
GGGGTCCGAAATGTGAAATACGAAGGCCGAGCATACAACACA CTTA 

Figure 1 
Lac promoter sequence. Three important regions of 
sequence homology are denoted. From left to right 
these are the recognition region, Pribnow's box, and 
the nucleotide triphosphate incorpo~ation site. The 
startpoint of transcription is denoted by an arrow. 
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polymerase and Pribnow's box suggesting that polymerase 

could induce melting by binding to sites normally involved 

in Watson-Crick hydrogen bonding. The failure of trapping 

experiments to detect the formation of 1-methyladenine 

in the first four base pairs of Pribnow's box may reflect 

bi~ding of polymerase to this Watson-Crick hydrogen bonding 

•t 12 s1 e. 

A second feature of Pribnow's box which appears to 

play an important role in promoter melting is its se-

quence organization. For example, in procaryotes, the 

most efficient Pribnow box, the lac UV-5 mutant, has the 

TATAATG 14 sequence ATATTAc· Three features of this sequence are 

expected to contribute significantly to its efficient 

role in initiating transcription. First, since AT base 

pairs melt more readily than GC pairs, its high (A+T) 

content would enhance melting. Secondly, since the se-

quence is largely alternating it can easily adopt 

transcriptionally active conformations. For example, 

it has been proposed that transcription demands a 

B ~ H ~ melt conformational transition in DNA because the 

necessity of base-specific recognition as well as 

template melting will greatly destabilize the native B 

conformation of DNA~ Since alternating DNA undergoes 

B ~ H ~ melt transitions more readily than nonalternating 

sequences~ sequence alternation in Pribnow's box should 
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facilitate its transcription. Lastly, since the UV-5 

Pribnow box begins with an AT base pair and is alternating 

in the rightward direction whereas in the opposite direc-

tion alternation is interrupted and begins with a GC 

base pair, initiation of a B ~ H ~ melt transition would 

be preferred in the rightward direction. As a result, 

polymerase would engage promoter in only one direction 

thereby insuring specific transcription of associated 

gene(s). 

In addition to initiating promoter melting, Pribnow's 

box may also be utilized in other DNA melting processes. 

For example, integratio~ of lambda DNA into the E.coli 

chromosome involves recombination between specific sites 

on lambda (POP') and E.coli (BOB'f?DNA supercoiling is 

essential for recombination since at least the POP' site 
16 

must be located on a negatively supercoiled DNA molecule. 

In addition to supercoiling, a phage protein, INT (inte-

) 11 t . . dl7 A grase , as we as accessory pro e1ns are requ1re . 

15 base pair core sequence, the crossover region for 

site-specific recombination, is common to both the POP' 

and BOB' sites and binds INT base specifically~8 As 

shown in Fig. 2, the POP' site, which overlaps the common 

core sequence, consists of two Pribnow boxes directed 

towards one another. Since recombination necessitates 

strand separation, it may be suggested that when super

coiled, each Pribnow box induces a B ~ H ~ melt transition 
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over the common core sequence which is trapped by 

the INT protein. Subsequent steps, catalyzed by INT 

and accessory proteins, then exchange reciprocal strands:
9 

RNA Polymerase-Promoter Evolution: Pribnow's Box 

The suggestion that the sequence of Pribnow's box 

is designed to initiate a B ~ H ~ melt transition in 

the direction of transcription when bound base specifically 

by RNA polymerase suggests a plausible scheme for the 

evolution of RNA polymerase and its promoters. For ex-

ample, since alternating sequences readily undergo B ~ H 

transition~and AT rich DNA readily melts, the first ef-

ficient promoter may have been a stretch of alternating 

AT DNA (eg. d(A-T)). At this early stage in evolution 

RNA polymerase could have been a protein which bound 

electrostatically and disrupted structural water bound 

to the double helix. Loss of structural water would not 

only induce a B ~ H transition in promoter thereby 

enabling the eventual development of base specific con-

tacts, but it would also simultaneously enhance DNA 

melting. Melting would be enhanced because vertical 

stacking interactions and hydrogen bonding between base 

pairs will be weakened by the propellor twist which 

occurs when a base pair adopts an H conformation.6 
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Although integration of an alternating d(A-T) 

sequence into a segment of DNA would facilitate transcrip-

tion of associated DNA, transcription of both flanking 

sequences would occur owing to the two-fold symmetry of 

this primitive promoter. Since the most efficient, as 

well as the most conserved Pribnow box3 has the UV-5 sequence 

<I~I~~rg), it may be suggested that transcriptional 

polarity was established in a primordial alternating 

d(A-T) promoter by introduction of a mirror plane to 

-TATAATA-
generate the sequence -ATATTAT- followed by substitution 

of the last AT base pair with a GC pair. Introduction 

of polarity in this manner would preserve those sequence 

features (alternation and high AT content) which are 

essential for its efficient transcription. 

RNA Polymerase-Promoter Evolution: Duplication 

In addition to Pribnow's box, procaryotic promoters 

exhibit a second region of sequence homology. This region 

has been termed the recognition region because although 

it is not necessary for template melting, it is necessary 

for functional promoter complex formation~-lO For example, 

if transcriptionally active promoter-RNA polymerase com

plexes are digested with DNAse I, the undigested DNA, which 

now lacks the recognition region, no longer rebinds RNA 

polymerase in a productive complex~-lO A number of promoter 

mutants involving single base changes have been isolated 
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and located within the recognition region. Analysis of 

a number of these mutations strongly suggests that the 

recognition region is actually an inverted Pribnow box 

(Fig. 3). For example, mutations in this region which depress 

transcription can be interpreted to result from the for-

mation of an inverted Pribnow box whose sequence deviates 

more from the inverted UV-5 sequence than wild type. 

(Promoters whose recognition region overlapsthe binding sites of 

bound by additional regulatory factors such as CAP may 

exhibit more complicated behavior~) 

These observations suggest that when bound to pro-

moter, RNA polymerase makes base-specific contacts 

within the recognition region which are maximized for 

the UV-5 sequence. As a result, mutations which render 

the recognition region more like an inverted UV-5 Pribnow 

box should enhance transcription. Although this appears 

to be true for the Iq mutant~ the APL sexl mutation
21 

suggests that possession of a more efficient Pribnow 

box in the recognition region than in the melting region 

actually depresses transcription from Pribnow's box. 

This behavior may result from transcription in the wrong 

direction as the recognition region rather than Pribnow's 

box would melt. 

The observation that procaryotic promoters possess 

two Pribnow boxes suggests that following evolution of a 
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Figure 3 

Promoter mutations in the recognition region are 

shown for the lac gene, the lac repressor I gene, 

and the lambda PL promoter. In each case the wild 

type sequence is listed first followed by mutant 

sequence(s). Nucleotides in the vicinity of the 

recognition region are shown along with each 

associated Pribnow box and RNA transcript initia

tion site. Underlined sequences represent proposed 

inverted Pribnow boxes in the recognition region. 

Arrows above each sequence delineates the site of 

mutation. All mutations shown impair promoter 

function expect the Iq mutant which enhances pro

moter function. 
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Pribnow box duplication of promoter and RNA polymerase 

occurred. Through duplication, the complexity of the 

transcriptional process could be enhanced thereby facilita-

ting further control of transcription as demanded by more 

complex organisms (eg. see discussion on sigma factor). 

Although two Pribnow boxes could be combined in several 

ways, combination of a poorly melting inverted Pribnow 

box with an efficient Pribnow box, assures that promoter 

is capable of both recognition and unidirectional tran-

scription (Fig. 4a). 

In order that a duplicated promoter be bound with 

enhanced affinity and specificity, each Pribnow box 

must be bound simultaneously by polymerase. RNA synthe-

sis by modern day procaryotic RNA polymerase is carried 

out by four subunits: 6,6', and the a 2 dimer~
2 Since the 

a 2 dimer binds the 6 and 6' subunits rather than DNA~3 it 

may be suggested that it binds two DNA binding monomers 

into a functional dimer (Fig. 4b). The observation that the 

proposed DNA binding monomers of polymerase differ in their 

amino acid constitution24 suggests that one subunit may 

have evolved mechanisms which prevent its melting the 

recognition region when bound. 

RNA-Polymerase-Promoter Evolution: The Sigma Factor 

The two a subunits together with the 6 and 6' subunits 

constitute the core of procaryotic RNA polymerase. Al-
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Figure 4 

I .) Sequence organization of a procaryotic promoter. 

Promoter is postulated to consist of two Pribnow boxes 

separated by 18 + 1 base pairs (the exact distance was 

deduced from an analysis of 60 promoters3 ). The start

point and direction of transcription are denoted by a 

bent arrow (j~ ). Arrows within each Pribnow box denote 

the direction of the B ~ H (dotted arrow) or B ~ H ~ 

melt transition (solid arrow) induced by RNA polymerase 

binding. The Pribnow box farthest from the startpoint 

of transcription (lying within the so-called recognition 

region) binds polymerase base-specifically but does not 

melt. Its sequence, relative to the other Pribnow box, 

is inverted and exhibits less homology with the lac 

UV-5 Pribnow box. The second Pribnow box, begins 12-15 

base pairs from the startpoint of transcription, binds 

polymerase base specifically, and initiates template 

melting. The example considered is the lac promoter. 

II) Proposed subunit organization of E.coli RNA poly

merase (A) core polymerase (B) holoenzyme. The 8 and 

8' subunits are postulated to possess a fixed region 

which binds Pribnow's box base specifically. These 

regions are denoted by heavy vertical lines in each 

subunit. The proposed structures are consistent with 

1 . k" t d" 51 previous cross 1n 1ng s u 1es. 
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though core polymerase can elongate an RNA transcript, 

it does not bind or transcribe promoter specifically.
25 

Specific transcription of promoter is induced by the 

binding of a fifth subunit, sigma, to core polymerase 
25 

resulting in a "holoenzyme". Since sigma is lost from 

core after RNA synthesis is initiated, its binding 

regulates transcription by reversibly switching poly-

merase from a promoter-specific initiating structure 

(holoenzyme) to a nonspecific chain elongating structure 

(core polymerase)~6 Sigma apparently regulates transcrip

tion by inducing a conformational change in RNA poly-

merase. For example, when bound to nonpromoter DNA, 

polymerase unwinds DNA by 240° .27 ' 28 As previously discussed, 

unwinding can be interpreted to result from the induction 

of an obligatory H conformation in DNA over the 50 

6 base pair binding site of polymerase. However, when 
· o28 

bound to promoter, polymerase only unwinds 150 suggest-

ing that sigma restricts polymerase contact to approxi-

mately 30 base pairs of promoter. These observations sug-

gest that both DNA binding monomers of polymerase 

undergo a conformational change in the presence of sigma 
. . 

which reduces their binding capacity from approximately 

25 to 15 base pairs. 

Two additional observations ·support this hypothesis. First, 

indirect binding measurements have shown that one-hatf of the 
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electrostatic interactions between polymerase and double

stranded DNA are lost when sigma binds core~9 Secondly, 

in addition to protecting 12 base pairs of the RNA 

transcript~holoenzyme-promoter complexes also protect 

double-stranded fragments of DNA 15 base pairs long 

from extensive nuclease digestion~1 

Since polymerase-promoter contact is apparently 

reduced when core polymerase binds sigma, the affinity 

of polymerase for DNA in general should decrease. 

Indeed sigma is known to decrease the affinity of 

25 polymerase for nonpromoter DNA by a factor of 10,000. 

However, simultaneously, sigma enhances the affinity 

of polymerase for promoter~5 This apparent contradic-

tion may be reconciled by suggesting that in the absence 

of sigma, polymerase assumes a conformation which prevents 

its DNA binding monomers from simultaneously engaging 

both Pribnow boxes base specifically. With incorpora-

tion of sigma, polymerase then assumes a conformation 

which not only reduces nonspecific DNA contacts, but 

simultaneously orients both DNA binding monomers in such 

a way as to allow formation of simultaneous base-specific 

contacts to each Pribnow box. The observation that 

binding of sigma to polymerase results in a more compact core 

enzyme32 suggests that sigma may "pull" the two DNA 

binding monomers of polymerase into a position where 

simultaneous contacts to each Pribnow box are possible. 
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Initiation of Transcription 

Previous measurements have implicated the formation 

of two base specific complexes in the initiation of tran

scription.4 The first complex, termed the closed com

plex, presumably binds promoter base-specifically but 

does not melt DNA. In terms of the proposed structure 

of RNA polymerase and promoter, this complex would in

volve simultaneous binding of the S and S' subunits of 

holoenzyme to both Pribnow boxes of promoter. Since 

this complex does not melt DNA, recognition would be 

restricted to sites accessible on the outside of the 

helix. Direct evidence for simultaneous base-specific 

contacts in both Pribnow boxes by polymerase has been 

obtained by a variety of chemical probes. 13 

In equilibrium with the closed complex is an 

open complex which can rapidly initiate RNA synthesis. 

Open complex formation exhibits a pronounced sigmodial 

dependence on temperature which varies with the sequence 

of promoter~3 This, as well as other observations, in

dicates that transition from a closed to an open complex 

cooperatively melts promoter~ However, since induction 

of a native conformation in unbound RNA polymerase by 

sigma exhibits a similar temperature dependence~open 

complex formation may involve simultaneous conforma

tional changes in both promoter and polymerase. If so, 

sigma may induce the closed complex to initiate promoter 

melting by "pulling" one or more bases of Pribnow's box 

into a melted configuration. 
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In most cases, transition from closed to open complex 

is the rate-limiting step in transcription~ However, a 

notable exception is the lac UV-5 mutant whose rate of 

transcription is governed by a step subsequent to open 

complex formation~5 As previously discussed, the sequence 

organization of the lac UV-5 Pribnow box appears to 

greatly enhance its ability to undergo a B ~ H ~ melt 

transition when bound by RNA polymerase. Since, initia-

tion of melting by the UV-5 Pribnow box may not require 

polymerase to pull bases into a melted configuration, 

it may be suggested that a slow rate-limiting conforma-

tional change in polymerase is avoided. 

Promoter Strength 

The experimental observation that (in general) transi-

tion of promoter from a closed to an open complex is the 

rate-limiting step in transcription allows one to 

identify those features of promoter sequence which are 

expected to play an important role in its transcriptional 

efficiency. For example, mutations which render the 

sequence of Pribnow's box more homologous to the UV-5 

sequence are expected to increase promoter efficiency 

for two reasons. First, these mutations would enhance 

the ability of Pribnow's box to form both closed and 

open complexes by facilitating initiation of a B ~ H ~ 
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melt transition in the direction of transcription when 

bound by polymerase. Secondly, since base-specific 

contacts between Pribnow's box and polymerase are 

utilized in the formation of both closed and open com

plexes, single base pair mutations could lead to incor

rect or unproductive contacts thereby impairing promoter 

recognition. Approximately 15 promoter mutants in 

Pribnow's box have been sequenced and those mutations 

which increase the homology between Pribnow's box and 

the UV-5 sequence enhance promoter efficiency whereas 

decreases in homology impair its efficiency. 3 This ob

servation indicates that those base changes in Pribnow's 

box which enhance its ability to undergo obligatory 

conformational transitions also enhance its ability to 

contact polymerase. Since the UV-5 sequence is the 

most conserved as wellasthe most efficient Pribnow 

box~ polymerase presumably has evolved base-specific 

contacts which are maximized for this sequence. 

A second feature of a promoter sequence which is 

expected to play an important role in its transcriptional 

efficiency is the (G+C) content of the 15 base pair 

melting region. Whereas a low (G+C) con-

tent would enhance transcription, a high (G+C) content 

would not necessarily prevent transcription since 

formation of a tight closed polymerase-promoter complex 
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may still be possible. An interesting example in this 

respect is the lac promoter. Transcription of wild 

type lac promoter requires catabolite activating protein 

(CAP)~ CAP apparently stimulates transcription by 

binding base-specifically to a site 60 base pairs up-

stream f~om the startpoint of lac transcription~ The 

location of the CAP binding site has suggested two pos-

sible mechanisms for its stimulation of lac transcription: 

CAP could directly contact polymerase thereby stabilizing 

its interaction with promoter37 , 38 or it could induce a 

transcriptionally active conformation in promoter~' 39 Al-

though direct evidence for or against these hypotheses 

is lacking, the proposed sequence organization of 

procaryotic promoters suggests a third possible mechanism. 

For example, overlapping thelacpromoter, and adjacent 

to the CAP binding site, one can locate a second potential 

promoter (which will be termed the pseudo lac promoter) (Fig. 5). 

Since the Pribnow box in the melting and recognition region 

of both promoters are very similar, closed polymerase 

complexes could form equally well at either promoter. 

However, the (G+C) content in the melting region of the 

pseudo lac promoter is twice that found in the lac pro

moter. As a result, the efficiency of transcription 

from the pseudo lac promoter would be much lower than 

from the lac promoter. Since the pseudo lac promoter 

overlaps the CAP binding site, it may be suggested that 
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one way in which CAP may stimulate lac transcription is 

to prevent polymerase from being "trapped" by the non

productive pseudo lac promoter. Interestingly, replace

ment of the wild type Pribnow box with the UV-5 sequence 

removes the dependency of the lac promoter on CAP 

stimulation~0 Since the UV-5 lac promoter would bind 

polymerase much more tightly than the pseudo lac promoter, 

CAP binding would not be required to block access of 

polymerase to the pseudo lac promoter. Thus the lac operon 

may consist of two promoters, one repressed by CAP and 

the other repressed by lac repressor. 

As previously discussed, analysis of mutations in 

the recognition region indicates that polymerase makes 

base-specific contacts within this region which are maxi

mized for an inverted UV-5 Pribnow box. Since similar 

homology is demanded within Pribnow's box, transcriptional 

efficiency should be governed by the relative strength 

of each Pribnow box. Comparison of 60 procaryotic pro

moter sequences3indicates that the Pribnow box nearest 

the startpoint of transcription exhibits greater homology 

to the UV-5 sequence than the inverted Pribnow box in 

the recognition region. 
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Eucaryotic and Viral Promoters 

The following observations suggest that in some, 

but perhaps not all cases, the sequence organization 

of procaryotic and eucaryotic promoters are similar. 

1) Eucaryotic RNA polymerase II and E.coli RNA 

polymerase have been shown by electron microscopy to form 

stable initiation complexes at identical sites on eucaryotic 

DNA (SV-40 and polyoma DNA) . 41 

2) The fibroin promote~? which is transcribed by 

eucaryotic RNA polymerase II, exhibits a procaryotic 

like sequence organization (Fig. 6). 

Figure 6 
Fibroin promoter. Numbers denote the distance 
from the 5' end of the mRNA coding part of the 
gene. 
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3) 43 44 The adenovirus VAl RNA promoter, the yeast, 

45 45 X borealis oocyte and X borealis somatic 58 promoters 

as well as the tRNAphe and tRNAtyr promoters of X 

laevis, 46 all of which are transcribed by eucaryotic 

RNA polymerase III, exhibit a procaryotic like sequence 

organization (Figs. 7 and 8). 

VAl (A),(G) 

Figure 
Adeno virus VAl promoter. Arrows mark the 5' ends 
of the VAl(A) and VAl(G) RNA's and the two base pairs 
missing in the 309 promoter mutant are denoted (A). 
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a) The observed variance in transcription 

startpoints may arise from subunits differ-

ences within the RNA polymerase III class 

of eucaryotic polymerases. 

b) The suggestion that the Xbl gene contains 

two promoters, one of which lies within the 

II t 1 • 114 7 • 1 con ro reg1on, suggests that transcript1ona 

control may be mediated by RNA polymerase-RNA 

polymerase as well as RNA polymerase-control 

factor protein interactions. 

4) Th "b 1 "t f X 1 . 48 h" h . e r1 osoma gene un1 o aev1s, w 1c 1s 

transcribed by RNA polymerase I, exhibits procaryotic-like 

promoters (Fig. 9). The observation of low but detectable 

transcription from the BAM islands49 may be attributable to the 

presence of the proposed promoters at positions 2270 and 

3380. 

T7 Promoters 

Comparison of 13 class II and III T7 promoters50 sug-

gests that these phage specific promoters contain a Pribnow 

box separated 10-11 base pairs from an inverted Pribnow box 

and thus exhibit a sequence organization similar to 

procaryotic promoters (Fig. 10). 

Since the T7 viral polymerase contains only one very 

large polypeptide chain (molecular weight 107,000), 52 fusion 
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of ancestral procaryotic polymerase monomers may have 

occurred later in its evolution. In contrast, the large 

number of subunits characteristic of eucaryotic poly-

53 merases suggest that they may have evolved from pro-

caryotic polymerases by incorporating additional subunits 

into polymerase. 
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CTT~GGTT~ACGACTCA 
GAACCAA TGCTGAGT TATC GGAATTC 

Acr~GA!Gi~\TACGACTCA ~ CAATGCITA 
TG~ATGCTGAGT~~ACGAAT 

TT~CTGGT~TACGACTCA~TACACACC 
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A AAGA ATGCTGAGT TTTC GTGTGGTA 

Figure 10 
T7 class II and III promoters. Arrows denote 
start points of transcription. 
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PROPOSITION 3 

Genetic Regulation Through 

Allosteric Control 
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Macromolecules, composed of subunits, can exhibit 

different conformations whose relative proportions may be 

greatly altered by small changes in the concentration of 

effector molecules. 1 If effector binding induces all 

macromolecule subunits to change conformation, the transi

tion is termed allosteric. 1 Since different biological 

activities are often associated with different conforma-

tiona! states, the abrupt response of an allosteric 

transition to an effector molecule represents a simple 

mechanism for controlling biological activity. 1 When the 

free energy difference between different conformational 

states is large, an allosteric transition may occur 

throughout many subunits enabling control of biological 

activity from a distance. 

Although allosteric transitions play a critical role 

in the function of many regulatory proteins1 ' 2 little is 

known about their function in nucleic acids. However, the 

postulated obligatory involvement of DNA conformation in 

genetic regulation 3 suggests that allosteric transitions 

could play an important role in regulating the genetical 

potential of DNA. Consider, for example, the interaction 

of lambda repressor with its operon. Lambda repressor 

has been shown to bind two operators, OR and OL, which 
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contain multiple repressor binding sites 17 base pairs long 

(Fig. 2, Proposition 1). 4 Binding of repressor to operator 

is cooperative since binding isotherms (Fig. 3a, Proposition 1) 

. .d. 1 5 are s1gmo1 1a . Reexamination of these measurements (Fig. 3b, 

Proposition 1) also indicates that lambda repressor unwinds op-

erator since supercoiling enhances repressor binding. However, 

when more than one repressor is bound at operator, super-

coiling no longer enhances repressor binding. These re-

sults indicate that bound repr.essor also alters the 

binding properties of adjacent DNA. 

The binding cooperativity, operator unwinding and 

alteration of DNA binding properties by repressor may re-

sult from a common mechanism: an induced allosteric 

transition in operator by repressor. For example, the 

two state or allosteric model of Monod1 would postulate 

that operator exists in a strong binding (T) and weaker 

binding (R) form. In the absence of repressor, operator 

is in the more thermodynamically favored (R) form. How-

ever, as repressor is added the equilibrium shift from 

the (R) to the tightly binding (T' form due to the 

latter's enhanced affinity for ligand. This model accounts 

for the cooperativity of repressor binding because with 

increased repressor binding there is an increased preference 

for DNA to assume a more tightly binding (T) con-

formation.1 Operator unwinding is also compatible with 
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the allosteric model since repressor is postulated to induce 

a conformational change, R + T, in operator. A likely 

candidate would be a B + H conformational transition5 , 18 

since base-specific recognition of DNA by regulatory pro

tein binding has been postulated to necessitate at least 

a B + H allosteric transition in DNA (see Proposition 2). 

Lastly, the observed alteration of operator binding 

properties induced by repressor binding would represent 

the enhancement R + T conformational transitions in 

operator which result from the creatment of conformational 

interfaces by bound repressor (Fig. 4, Proposition 1). 

In addition to providing a molecular basis for the 

binding properties of lambda repressor, the allosteric 

model also provides a simple molecular basis for the obser

vation that lambda repressor can activate as well as de

activate its own transcription. 4 ' 7 For example, when 

lambda repressor binds oR3 , it both inhibits transcrip-

tion from its structural gene Ic and facilitates tran

scription from the distant~ gene (see Fig. 2, Proposition 1). 

Similarly, lambda repressor when bound at ORl inhibits 

transcription from the cro promoter and facilitates 

transcription from its distant structural lc gene. These 

results can readily be understood in terms of the allo

steric model presented above. When bound to oR1/0R3 repres

sor sterically prevents polymerase from binding to the cro/ 

Ic promoter. However, since repressor enhances nearby 
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R ~ T transitions, bound repressor will also increase the 

probability that its distant Ic promoter will assume an 

activated (T) conformation. Other proteins which modulate 

transcription, like catabolite activating protein, 19 

T antigen, 16 and the cro repressor8 may also exert all 

or part of their effects by enhancing B ~ H transitions 

in DNA. 

Although an allosteric transition in operator appears 

to be induced by lambda repressor binding, alternative 

models must be considered. For example, physical con-

tact between lambda repressors could account for the co-

operativity of repressor-operator binding whereas repres-

sor activated transcription may arise from contacts be-

tween repressor and RNA polymerase. These two models, 

allosteric and contact, may be distinguished from one 

another by monitoring the effect of supercoiling on 

repressor binding and repressor activated transcription. 

For example, if the contact model is correct, little 

change in the binding cooperativity of repressor should 

result when the supercoiled density of operator is altered. 

In contrast, as the negative supercoiled density of 

operator is increased/decreased the allosteric model 

predicts that repressor binding will become less/more 

cooperative. For positively supercoiled operator, bind-

ing is predicted to be weaker and more cooperative than 
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to linear operator. The allosteric model also predicts 

that as the negative supercoiled density of operator is 

increased/decreased, transcriptional activation by repres

sor should decrease/increase relative to the case where 

no repressor is present. In contrast, supercoiling 

should have little effect on repressor stimulated tran

scription if activation requires repressor-polymerase 

contact. It should be noted that both the allosteric and 

direct contact models, either acting separately or in 

concert, couldmodulaterepressor-repressor and/or 

repressor-polymerase interactions. 

The effect of supercoiling on lambda repressor 

binding cooperativity and transcriptional activation may 

be assayed using a plasmid whose construction is outlined 

in Figure 1. This plasmid contains the three OR operators 

necessary for monitoring lambda (and/or cro) repressor 

binding. In addition, the PR and PRM promoters necessary 

for monitoring lambda (andfor £££) repressor stimulated 

transcription are present and adjacent to lac operators. 

Transcription in vitro of this plasmid in the presence 

of lac repressor should yield only two transcripts: 

a 140 bp PR and 330 bp PRM mRNA. Subjecting purified 

plasmid to N/C enzyme in the presence of varying amounts 

of ethidium bromide followed by removal of the drug should 

generate plasmids of varying negative supercoiled density. 
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Positively supercoiled plasmid may be obtained by the 

action of N/C enzyme in the presence of high concentra

tions of cations followed by their remova1. 9 In vitro 

assays for monitoring repressor binding cooperativity5 

and transcriptional activation8 , 10 have been previously 

described. 
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Figure 

Construction of a plasmid for investigating the 

effect of supercoiling on lambda repressor-operator 

binding and lambda repressor activated transcription. 

A 117 base pair (bp) fragment containing the lac opera

tor is isolated (A,B) from the pLJ3 plasmid11 and blunt 

end ligateJ
2

(D) to the 790 bp HAEIII fragment 10 (C) 

of lambda DNA. Following Eco RI restriction (E) the 

resulting fragment is ligated13 (G) to the pA02-HAEIII 

C fragment (F) of the COl EI pA02 plasmid. 14 The final 

plasmid contains the entire right operator of lambda 

and bears viable PR and PRM promoters flanked on each 

side by a lac operator (LOP). The lac operators allow 

selection (S galactosidase production) 15 , 17 of the final 

desired plasmid and assure that transcription of the PR 

and PRM promoters will yield reproducible and discrete 

RNA transcripts. Transcription in vitro of the final 

plasmid should yield a 140 bp PR and 330 bp PRM mRNA. 

No other transcripts will be produced since the pA02-

HAEIII C fragment cuts in the middle of the pA02 RNA-I 

14 promoter. Incorporation of the pA02-HAEIII C fragment 

1 1 . t 14 enables the final plasmid to autonomous y rep 1ca e. 
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PROPOSITION 4 

Physiochemical Characterization of a 

DNA Conformational Code 
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In Chapter III evidence for a new conformational 

family of Watson-Crick DNA was presented. Termed H or 

hybrid DNA, such DNA was postulated to be an obligatory 

intermediate in the interfamily B + A transition. The 

ease with which DNA undergoes B + H + A transitions 

was also found to vary greatly with its sequence. On 

the basis of these results, the equilibrium stability, 

rather than the structure of Watson-Crick DNA was postu

lated to vary greatly with base sequence. 

Since the ability of DNA to undergo B + H transitions 

varies greatly with base sequence, expression of DNA 

functions which necessitate such transitions is expected 

to be influenced by base sequence. Thus, in addition to 

a genetic code, the base sequence of DNA may harbor a 

conformational code which specifies the ease with which 

a given sequence of DNA assumes conformations other than 

the B family. If, as proposed in Proposition 1, B DNA 

is genetically inactive, such a conformational code would 

be expected to play an extremely important role in gene 

expression. The following experiments are designed to 

probe, both directly and indirectly, the occurrence of 

B ++ H ++ A transitions in DNA and their possible role(s) 

in genetic regulation. 
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Since the free energy of H DNA is intermediate between 

B and A conformations, and its transition to B or A forms 

cooperative, it will (in general) be an unstable inter-

mediate in the B ++ A transition. Thus classical tech-

niques normally used to induce B ~ A transitions, such 

as the addition of small amounts of ethanol, are likely 

to miss B ~ H or H ~ A transitions. However since inter-

calators such as EB and BMSp strongly prefer A and H con-

formations over B conformations, their binding could be 

used to progressively shift the B ++ H +~ A equilibrium 

allowing detection of each conformation. 1 · For DNA which 

is 1000 base pairs long, the amount of BMSp needed to 

induce a B ~ H transition in the most conformationally 

inert DNA (dAdT) is .approximately one BMSp per 25 base 

pairs; other base sequences would require significantly 

less BMSp. 1 Since th.e concentration of BMSp required 

to induce a B ~ A transition is so small, changes in the 

physical properties of DNA could be used to directly 

monitor the transition without interference from bound 

drug. A variety of physical techniques, such as circular 

dichroism, NMR spectroscopy, fluoresence depolarization 

measurements2 or electric dicrhoism3 could be used to 

simultaneously monitor shifts in the B ++ H ++ A equi

librium upon BMSp or EB addition. Once a convenient 

technique was established, the indiction of a B ~ H ~ A 
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transition by other drugs or proteins could be investigated. 

It has been proposed that ~ase specific recognition 

of DNA by regulatory proteins necessitates at least a 

B ~ H transition in DNA. Since the ability of DNA to 

undergo a B ~ H transition varies greatly with base se-

quence, sequences known to inhibit B ~ H transitions, 

when ligated to a regulatory protein target sequence, 

would be expected to impair protein expression. Presumably 

if the binding of a regulatory protein to its target 

necessitates a B . ~ H transition, its association rate 

and/or affinity will progressively decrease when the 

linker is changed from d(C-G) to dCdG and then dAdT 

(ligation linkers must be of a similar length since the 

ease of a B ~ H ~ A transition is dependent on molecular 

weight). 1 

Another approach which could be used to monitor 

the effect of B ~ H transitions on regulatory protein 

binding would involve insertion4 of d(C-G), dCdG and 

dAdT fragments, of variable but known length, into re-

striction sites nearby protein target sequences and 

monitoring subsequent protein expression. 

Lastly, since B ~ H transitions unwind DNA, 1 the 

effect of supercoiling on the proposed ligation and 

insertion experiments could also be investigated. Nega

tive supercoiling is expected to enhance B ~ H transi

tions whereas positive supercoiling is expected to inhibit 

their occurrence. 
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PROPOSITION 5 

Specific Localization of Conformational 

Hotspots in DNA 
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The polyintercalator BMSp has been shown to exhibit 

greatly enhanced specificity for A and H conformations 

of DNA. 1 Since the ease with which DNA undergoes a 

B ~ H ~A transition varies greatly with base sequence, 

DNA whose sequence is heterogeneous should exhibit 

conformational hotspots. 1 We wish to understand how 

base sequence, supercoiling, drug or protein binding, 

etc. can influence the reactivity and distribution of 

conformational hotspots. Since BMSp nicks DNA photo

chemically (personal observation) specific localization 

of conformational hotspots could be achieved by first 

binding BMSp to DNA and then photochemically inducing 

a nick at its binding site. Those sequences or regions 

of the DNA which have been nicked can be identified by 

either subsequently treating with s1 nuclease to intro

duce a specific double strand break2 or if a free 3'-

hydroxyl group can be generated at the nick, carrying 

out a nick translation reaction with DNA polymerase !.
3 

Restriction analysis of BMSp-S1 indu~ed double strand 

breaks or hybridization of nick translated material to 

known sequences localizes the conformational hotspots~ 

Alternatively, if BMSp binds DNA covalently when it 

nicks, one could incorporate a radioactively labeled 
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BMSp at the nick. Subsequent restriction and hybridiza

tion of labeled single strand specifical~y localizes 

the hotspot. 
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