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Synopsis

Theoretical calculations are conducted on the helix—coil transition of DNA, in the presence
of large, cooperatively binding ligands modeled after the DNA-binding proteins of current
biological interest. The ligands are allowed to bind both to helix and to coil, to cover up any
number of bases or base pairs in the complex, and to interact cooperatively with their nearest
neighbors. The DNA is treated in the infinite homogeneous Ising model approximation, and
all calculations are done by Lifson’s method of sequence-generating functions. DNA melting
curves are calculated by computer in order to explore the effects on the transition of ligand
size, binding constant, free activity, and ligand-ligand cooperativity. The calculations indicate
that (1) at the same intrinsic free energy change per base pair of the complexes, small ligands,
for purely entropic reasons, are more effective than are large ligands in shifting the DNA
melting temperature; (2) the response of the DNA melting temperature to increased ligand
binding constant K and/or free ligand activity L is adequately represented at high values of
KL (but not at low KL) by a simple independent site model; (3) if curves are calculated with
the total amount of added ligand remaining constant and the free ligand activity allowed to
vary throughout the transition, biphasic melting curves can be obtained in the complete ab-
sence of ligand-ligand cooperativity. In an Appendix, the denaturation of poly[d(A-T)] in
the presence of the drug, netropsin, is used to verify some features of the theory and to illus-
trate how the theory can be used to obtain numerical estimates of the ligand binding param-
eters from the experimental melting curves.

INTRODUCTION

Proteins that regulate biological processes by interacting with DNA can
be divided into two classes. One class contains what can be called “specific”
binding proteins exemplified by the lac and X repressors; these proteins
bind with a great affinity to one (or a few) genetically defined “operator”
sites on the genome. The second class, treated in the present paper, con-
tains what can be called “nonspecific”” binding proteins; these proteins do
not have a genetically defined binding site on the genome. Rather, any
and all of the DNA bases or base pairs can potentially be involved in a
binding site. This class of nonspecific binding proteins can be further di-
vided into those proteins that interact preferentially with the native con-
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formation of DNA and thus stabilize the DNA helix, and those proteins that
interact preferentially with the denatured or coil form of DNA and thus
destabilize the helix.

Examples of nonspecific helix stabilizers are the histones, protamines,
basic polypeptides, perhaps such exotic molecules as hormone receptors,!
and even the specific repressor molecules when bound “nonspecifically”
to nonoperator DNA. (Indeed it has recently been pointed out? that the
specific repressor—operator interaction can be quantitatively understood
only when the large background of weaker nonspecific binding is taken into
account.) Also to be included in a more general class of helix stabilizers
are drugs such as actinomyein and netropsin, dyes such as ethidium and
proflavine, and, for completeness, the small cations.

Proteins that belong to the second class of nonspecific DNA-binding
proteins, the helix destabilizers, have only been discovered fairly recently.
The first such “DNA-unwinding” or “‘melting protein” to be found was the
gene 32-protein produced in T4-infected E. coli;? since then, proteins that
bind strongly to single-stranded DNA have been isolated from a wide va-
riety of organisms.*® These proteins all appear to be present in large
amounts in vivo, to have little DNA base specificity, and are usually pre-
sumed, although it is actually known in only a few cases,7 to function in
DNA synthesis and/or recombination. Other members of the class of helix
destabilizers are proteins such as the gene 5-protein of filamentous pha-
ges,'%11 the enzyme bovine ribonuclease,!?!3 and, for completeness,
chemical denaturants such as OH~, H*, and formaldehyde.

Even the simplest model of the interaction of these nonspecific ligands
with DNA must contain the following two features. First, most of these
proteins are large, and may cover up to 20 or more bases or base pairs in the
bound complex. Second, in many cases the binding process is cooperative,
i.e., neighboring ligands interact favorably and tend to cluster on the DNA;
this is particularly important with the unwinding proteins such as T4 gene
32-protein.!* These two properties of the ligand make the isothermal
binding even to one form of DNA (i.e., to either all helix or all coil) rather
complex, although a number of theoretical treatments are available, both
for noncooperative!®16 and cooperative ligands.!’-1® The present paper
considers the further levels of complexity introduced when this binding
is imposed upon the helix—coil transition of DNA, where the proteins can,
in general, bind both to the helix and to the coil forms, and where all pro-
cesses vary with temperature in a complicated and interlocked fashion.

Over the last 15 years or so, the theory of the helix—coil transition of DNA
has been studied extensively (see, for example, Refs. 20, 21). Furthermore
a number of these studies have coupled the melting transition to reversible
ligand binding, both for DNA22-24 and for the analogous case of polypep-
tides.?5-27 However, the emphasis in all these binding theories has been
on using small simple ligands such as acid or alkali as a means to investigate
DNA by itself. Attempts to extend such theories to large noncooperative
ligands only allow ligand binding in what has come to be known as the
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“Scatchard” approximation;?428 the extent of this approximation will be
assessed below. Although these treatments have been found to be inade-
quate for the present purposes, nevertheless they indicate, at least quali-
tatively, the type of behavior to be expected in more complex ligand—-DNA
systems. Using a more comprehensive theoretical model, the present paper
attempts to explore quantitatively this more complex behavior and to
isolate the effect that each feature of the model has on the calculated DNA
transition. In all the calculations, the DNA is represented by an infinitely
long, homogeneous polynucleotide and treated by the nearest neighbor Ising
model, both for reasons of conceptual simplicity and because the number
of parameters required to describe even this simple model is close to ex-
ceeding the number that can be uniquely determined from an experimental
melting curve.l® At least for the present, a more complex model would
seem unwarranted. An attempt is made to use, in the calculations, nu-
merical values that might be representative of real DNA-binding proteins,
in order that some of the calculated curves might serve as rough “standard”
curves with which to compare experimental transitions. As will be illus-
trated in the Appendix, comparison of experimental and calculated melting
curves can easily be used to define ligand size within a factor of 2 and
binding constants to within an order of magnitude.

THEORY
Model and Statistical Weights

Figure 1 shows the model to be used to represent protein ligands binding
to a partially melted DNA molecule.

The DNA is taken to be an infinitely long homogeneous polynucleotide
and treated by the simple nearest neighbor Ising model. As is well
known,2%:21 only two parameters are required to describe this model. The
first parameter is the stability constant, s, which is the equilibrium constant
for forming a helix base pair from a coil base pair, at the end of a long helical
stack. If, asis conventional, the statistical weight of a coil base pair is de-
fined as unity, the statistical weight of a helix base pair is s; at the T}, of
free DNA, s = 1. The temperature dependence of s is given by the van’t
Hoff equation, using an experimental value for the enthalpy change for
melting a base pair. The second parameter required in the DNA model
is the cooperativity or nucleation parameter o; this is the statistical weight
assigned to a boundary between a helix region and a coil region. The os-
tensible purpose of ¢ is to correct for the loss of an extra stacking interaction
on forming a coil region; however ¢ will also contain some sort of average
of the loop-weighting function?%?! and in general will absorb anything that
makes the DNA-only transition cooperative. For simplicity, o is taken to
be temperature independent.

As seen in Figure 1, the ligand is considered to be a featureless object,
which can exist either bound to the DNA or free in solution. In the most
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Fig. 1. Diagram of the model of the DNA-ligand systemto be used for the calculations. The
homogeneous DNA consists of alternating regions of helix and coil. The ligand exists either
free in solution, bound to helix, or bound to coil; bound ligands can interact with their nearest
neighbors.

general case, the ligand is allowed to bind both to helix and to coil forms
of the DNA. However in a majority of the later calculations it will be
simpler to let the binding constant to either coil or helix be zero (to describe
pure stabilizers or destabilizers, respectively). It is emphasized that the
model assumes that the ligand is able to transfer freely around the DNA
molecules, i.e., the binding process must be at equilibrium at all points in
the helix—coil transition.

The free ligand concentration is taken to be equivalent to ligand activity
and denoted by L. The ligand is considered to bind to any particular
stretch of helical base pairs with an (intrinsic) association constant of Kj,
(M~1). This binding could either be strictly polar with respect to the DNA
(as might occur with coil-binding proteins) or twofold rotation could be
allowed (as might occur with helix-binding proteins); in the latter case, the
symmetry factor of 2 is contained in K;. In the complex, the bound ligand
sterically covers up, or makes inaccessible to a second ligand, a stretch of
ny, contiguous base pairs. The statistical weight of a helix-ligand complex,
relative to the statistical weight of the n, free helical base pairs, is K L.1827
Since, as noted above, all the statistical weights are assigned relative to the
statistical weight of the coil configuration (defined as unity), a helix-ligand
complex is assigned the overall weight s™»K,L. Bound ligands are allowed
to interact only with nearest neighbor bound ligands. The ligand-ligand
cooperativity parameter wy, is defined as the equilibrium constant for the
process of moving an isolated ligand, bound with no nearest neighbors, into
a position where it now has one nearest neighbor.’® Thus the statistical
weight assigned to a pair of bound nearest neighbor ligands is a factor of
wp, greater than for a pair of bound but isolated ligands.
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When a ligand binds to the coil form of DNA, it is assumed that both
strands in the loop region can bind ligand independently. The statistical
weights assigned to such coil-ligand complexes are similar to those assigned
to complexes with the helix, except that the subscript ¢ rather than £ is
used. Thus a ligand is allowed to bind to any particular stretch of n. bases
on one strand, with an intrinsic association constant, K, (M~1); the sta-
tistical weight assigned to the complex is then K.L. Nearest neighbor li-
gands are allowed to interact with an equilibrium constant of w,, i.e., a
contiguously bound ligand is assigned an additional statistical weight w..
The approximation by which opposite sides of the loop are allowed to bind
ligands independently is described below.

It will sometimes be convenient to use symbols without subscripts to refer
to either helix or to coil parameters. However it must be remembered that,
in the current model, the ligand binds to base pairs in the helix regions but
to bases in the coil regions. An alternative model, in which the ligand binds
to bases in the helix, will be mentioned below.

System Partition Function

The statistical weights (or local partition functions) defined in the last
section must now be combined into the overall, semigrand canonical par-
tition function Z of the DNA-ligand system. The procedure to be used
is Lifson’s method of sequence-generating functions;?® this has been fully
described, both in the original paper, and by several subsequent investi-
gators,15:18:20.30 and thus will be given here only in the briefest outline.

As seen in Figure 1, there are four different types of sequences of bases
or base pairs in which all the members are in the same configurational state:
a stretch or sequence of (one or more) helix base pairs; a sequence of helix
base pairs complexed with ligands; a sequence of free coil bases; and finally
a sequence of coil bases complexed with ligands. For each of these types
of sequences and for any particular sequence length, the statistical weights
can be assigned according to the last section. For example, the statistical
weight of a sequence of one helix base pair is s, of a sequence of two helix
base pairs is s2, and of a sequence of j helix base pairsiss/. The first step
in applying the method of sequence-generating functions is to write down,
for each type of sequence, an infinite series in increasing powers of a variable
1/x, where the coefficient of each term in the series is the statistical weight
assigned to the corresponding length of that particular type of sequence.
If T'(x) is the power series, or sequence-generating function, associated with
sequences of uncomplexed helical base pairs, then:

T(x)=i+<i)2+<§)3+.‘.

S

X =S8

under conditions where the series converges.
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If U(x) is the sequence-generating function for sequences of helix base
pairs complexed with ligand, then:

Ulx) = (i)"" KuL + 16)"" KhL]2 wh + [(i)"” KhL}3 onZ+ ...

_ s KL
X" — @y s KL

Two things should be noted about U(x): (1) since the bound ligand
covers up ny, base pairs in the complex, the length of any sequence of bound
ligands must be an integral multiple of ny base pairs and hence the variable
in the denominator of each term must always be a power of x7; (2) since
a sequence of J bound ligands has (j — 1) nearest neighbor ligand-ligand
interactions, the statistical weight of such a sequence contains the factor
wh -1,

There is an important difference between the sequence-generating
functions for a helix region and those for a coil region, since coil regions have
two strands, each of which can bind ligand independently. This feature
can be treated by a simple approximation in which the sequence-generating
functions for coil regions are constructed in increasing powers of 1/v'x,
rather than 1/x (i.e., if the average partition function of a base pair is x, then
that of a base is V'x). Physically, the approximation replaces the two
separate strands of a loop with one single strand, twice as long. (This has
only a minor effect on the calculated results, underestimating the average
helix length by about 30% and shifting the melting temperature by a few
tenths of a degree.) If V(x) is the sequence-generating function for free
coil regions, then:

V(x) =\/i;+ <%x>2+ <\/i;>3+
o

Finally, if W(x) is the sequence-generating function for sequences of li-
gands bound to coil, then:

K.L K. L2 K. L3
oSk S e
(x) N @ Ve We \Vxhe

_ K.L
Vighe - w. KL

Lifson has shown?? that, in the limit of an infinitely long DNA molecule,
the partition function of the DNA-ligand system can be written as:

Z=xN (1)

where N is the number of base pairs in the DNA molecule (N — «) and x;
ig the largest root of the following determinantal equation:
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o-T o¢-U vV -1

where the various entries are the sequence-generating functions defined
above. The statistical weight ¢ is inserted every time there is a coil-to-helix
junction, with no distinction being made whether the coil or helix has bound
ligand.

Using Eqs. (1) and (2) to define the partition function, expressions are
now derived for average quantities, such as fraction of the base pairs that
are helix, coil, or complexed with ligand, etc., as well as the average lengths
of each such sequence. In general, if any base pair can have a configuration
denoted by Y, with an assigned statistical weight y, then the average
number of Y configurations per DNA molecule is2%21 ¥ = (3 In Z/4 In y),
or using Eq. (1) above, the average fraction of base pairs in configuration
Yis Y/N=(dlnx./dIny). Forexample,if Y is the helical configuration
and hence y = s, then fraction helix = (3In x{/dIns). All average quantities
do not have to be obtained by direct differentiation of the partition func-
tion, but rather can be obtained by implicit differentiation of Eq. (2), f(x)
= (), used to define x;. Thus:

Y_  Gffalny)

N (f/alnx)
where the derivatives are evaluated at x = x1.3° The formal derivatives
of Eq. (8) are easily translated into more detailed expressions involving the
assigned statistical weights (s, K, etc.).

(3)

Calculation Methods

To calculate a melting curve of a homogeneous polynucleotide in the
presence of a ligand, the following procedure is used: (1) to describe the
DNA at any one temperature, the parameters s and ¢ must be specified;
alternatively, T,,, AH, and o are specified, where T, is the melting tem-
perature of pure DNA and AH is the enthalpy change for melting a mole
of base pairs; (2) to describe the ligand, the parameters that must be
specified are: Kj, K., np, n., wp, w., and L; (3) at any one temperature, the
sequence-generating functions are constructed and Eq. (2) is solved nu-
merically for the largest root x1; (4) all average quantities, such as fraction
helix, are calculated using Eq. (3); (5) the temperature is changed and the
above processes are repeated until the entire melting curve is constructed.

To limit the number of calculations, a “standard DNA” is used
throughout, and is defined by the following parameters: T, = 50°C, AH
= 8 kcal/mol of base pair,3! ¢ = 1074, and where required, a total DNA
concentration of 5 X 1072 M base pairs. These parameters give a DNA-only
melting curve (fraction coil versus temperature) that is superficially similar
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to that of poly[d(A-T)] in about 0.03 M Na*, with a transition slope and
average helix length measured at the T, of about 0.7 (°C~!) and 70 base
pairs, respectively (see below). A shift in T, of 40°C corresponds to a free
energy change of about 1 kcal/base pair. Although the theoretical treat-
ment given above is for an infinitely long DNA molecule, the length at which
an actual DNA becomes experimentally “infinite” will depend upon the
particular property being studied. For example, the melting temperature
of a series of alternating d(A-T)oligomers approaches that of the polymer
at about 50 base pairs,32 and the T, of natural DNA is unchanged above
a molecular size of several thousand base pairs.33 With cooperative ligands,
however, much longer DNA molecules might be required before end effects
can be neglected.1®

Ligand parameters are chosen so as to cover the range of values that have
been experimentally observed in several DNA-protein systems. Examples
of the site size nj, found for helix-binding ligands are 1-2 base pairs for ions,
dyes, etc.; 3—6 base pairs for drugs such as netropsin343% and actinomy-
¢in;36:37 13 base pairs for the nonspecific binding of lac repressor (P. H. von
Hippel, manuscript submitted for publication); probably 20-30 base pairs
for histones and protamines;38 and perhaps even larger for the highly po-
lymerized basic polypeptides (although it is doubtful in this last case
whether the ligands conform to the current model). Examples of the site
sizes n. found for coil-binding ligands are one base for chemical denaturants
such as acid, alkali, and formaldehyde; 4-5 bases for fd gene 5-protein;
10,11,39,40 1012 bases for ribonuclease,!34! and 5-10 bases for the various
unwinding proteins.46:.13:1442 Thus for a protein, 10 bases or base pairs
might be taken as roughly representative of the coil and helix site sizes,
respectively. The binding constants (K, and K.) might be expected to
range from very low (say <10% M1 for gene 32-protein binding to helix
DNA or lac repressor binding to coil DNA) up to at least 1081010 M~ (e.g.,
for gene 32-protein binding to coill3:14 or lac repressor binding to helix
DNA#44), The binding constants of histones to DNA may be even several
orders of magnitude higher. There is greater uncertainty in appropriate
values to be used for ligand-ligand cooperativities, but w, and w. probably
range from unity (for independent ligands) upwards to about 1000.13:14:45
In the following calculations, all these parameters are taken to be tem-
perature independent. A further important parameter in the calculations
is the total ligand concentration; this may range from several molar, for
ligands such as formaldehyde and small ions, down to 107 M or even below,
for the large tightly binding proteins.

RESULTS AND DISCUSSION

Using the above theory, it is now possible to determine the effect that
each feature of the ligand has on the shape and position of the melting
transition of a homogeneous polynucleotide. To isolate the effect of one
variable, such as ligand size, the calculations must be arranged in such a
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way that the effects of other variables such as ligand binding constant,
cooperativity, and total concentration, are maintained constant. This may
lead to somewhat artificial and experimentally inaccessible choices of
conditions and it will soon become apparent that other normalization
procedures are possible. It is simplest first to consider either a pure helix
stabilizer (i.e., one which has absolutely no affinity for the coil form of DNA
and thus K, = 0) or alternatively, a pure helix destabilizer (one which has
no affinity for the helix form of DNA and thus K; = 0). The more general
case, where ligand is allowed to bind both to helix and to coil (K, = K,
0), will be considered later.

Ligand Size

At the melting temperature of a homogeneous polynucleotide, the free
energy of a helical base pair is equal to the free energy of a coil base pair.
If a ligand that binds to the helix is now added to the system, the average
free energy of a helical base pair is lowered. Thus, to reach a new T, the
temperature must be raised, to an extent depending on the free energy
change per base pair caused by ligand binding. This quantity, the amount
by which a helix stabilizer lowers the average free energy of a helical base
pair, can be considered to consist of two parts: 1) an intrinsic free energy
change, describing the molecular details of the actual binding process; and
2) a mixing or shuffling free energy change, arising from the number of
different ways in which the bound ligands can be arranged on the helix.
Consider, for example, a region of a DNA helix which is N, base pairs long
and to which are bound By, helix stabilizers, each covering n, base pairs.
If, for the moment, all ligand binding is considered to be noncooperative
(i.e., wp = 1), the overall free energy change of these (independent) ligands
binding to this stretch of helix can be written as:

AGbind = By AGint + AGmix 4)

where AG, is the intrinsic free energy change of binding one ligand, and
is given by?*27 AG iy = —RT In (K, L); AG iy is the shuffling or mixing free
energy and is given by AGpix = —RT In (Q), where Q, the number of dif-
ferent ligand arrangements,!® is:

_ (Np — Bpny, + Bp)!
(Nh - Bhnh)! Bh!

One way to compare ligands of different sizes is to keep the intrinsic free
energy change per base pair of the complex the same for all sized ligands.
Thus a ligand that complexes with 10 base pairs provides 10 times more
intrinsic free energy of binding than does a ligand that complexes with one
base pair. By designing the binding constants in this manner, the intrinsic
free energy contribution will be the same for all sized ligands at the same
fractional saturation of the helix. Thus the difference between ligands of
different size will only appear through differences in AGnix. From Eq. (5),

(5)
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Fig. 2. Melting curves, plotted as fraction total coil vs. temperature, calculated for DNA
in the presence of various sized helix stabilizers and helix destabilizers. The product of
binding constant and free ligand activity (KL) is maintained constant at unity for all curves.
The dashed line is the DNA-only transition, with Tp, = 50°C.

AG nix is seen to be a fairly strong function of ligand size, with smaller li-
gands able to be arranged in many more ways than equivalent numbers of
larger ligands. Thus, even under conditions where the intrinsic free energy
change per base pair of the complex is the same for all sized ligands, the
overall DNA stabilization is expected to be greater, the smaller the ligand.
The same type of effect is also expected with helix destabilizers, with
smaller ligands being more effective than larger ligands in lowering the T),.
The magnitude of this effect can now be investigated quantitatively.
The intrinsic free energy change per base or base pair in the complex is given
by AGint/n = —(1/n) RT In (KL) (where, as noted earlier, lack of subscripts
refers to either helix stabilizers or helix destabilizers). If this quantity is
to be kept constant for all sized ligands, then (KL),~; = "V/(KL),>1- This
condition is most simply met if the product KL is maintained at unity for
all ligands. Figure 2 shows examples of such melting curves calculated,
for both helix stabilizers and helix destabilizers, with site sizes ranging from
one to 30 bases or base pairs, and all with (KL) = 1. (All these calculations
are done with free ligand concentration or activity remaining constant
throughout the transition.) As seen in Figure 2, the transition of the
standard DNA melting in the absence of ligand takes place at 50°C. In
the presence of a helix stabilizer, of size n; = 1 base pair (and with KL =
1), the helix—coil transition temperature is increased to about 69°C.
However, as expected from the above argument, with increasing ligand size,
the helix is stabilized less and less until at nj, = 30 base pairs, the DNA T,
is increased only about 2°C. Clearly ligand size can exert a large effect on
the DNA melting temperature, simply through changing the number of
ways that the bound ligands can be arranged. The same type of effect is
also seen with helix destabilizers, although in the current model and as will
be discussed below, the magnitude of T, shift is roughly twice that of a helix
stabilizer at the same values of n and KL.
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Fig. 3. The relation between melting temperature T (°C) and ligand size (either helix
stabilizer or destabilizer), when the intrinsic free energy change per base pair of the complex
is maintained constant. The DNA-only transition is at 50°C.

The effect of ligand size is also important at choices of KL other than
unity. Figure 3 plots melting temperatures for various sized ligands, both
stabilizers and destabilizers, calculated with (KL), - ranging from 0.3 to
5; for a ligand of size n = 10, this corresponds to (KL), -1 ranging from less
than 1075 up to about 107. It is seen that large ligands are always less ef-
fective than small ligands in perturbing the DNA melting temperature.
However, Figure 3 also shows that the dependence of T, on ligand size
decreases with increasing KL. At high values of KL, the mixing free energy
(which by design is the only distinction between different sized ligands)
becomes a smaller proportion of the overall free energy change of ligand
binding, both because the intrinsic free energy change increases (i.e., helix
saturation at T, increases with increasing KL ) and because, at these high
levels of lattice saturation, the number of ways in which the bound ligands
can be arranged, and hence the mixing free energy, decrease.

Several secondary effects of ligand size on the helix—coil transition can
also be detected in Figure 2 and in the melting curves used to construct
Figure 3. In particular, with increasing ligand size, the slope of the melting
curves, the average helix length, and the degree of helix (or coil) saturation
at the T, all increase. These effects can perhaps be most clearly illustrated
by comparing different sized ligands, not at the same intrinsic free energy
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change as was done above, but at the same melting temperature. For ex-
ample, consider a DNA molecule in the presence of a helix stabilizer of size
either np = 1 or np = 30 base pairs, but with the resultant T, of 55°C in
both cases. For a helix stabilizer of size n;, = 30, a value of (KL), =30 of 52
is required to raise the DNA T, from 50° to 55°C; for a ligand of np, = 1 on
the other hand, a value for (KL),=1 of only 0.2 is required for the same
degree of stabilization. At the T, the DNA helix is over 80% saturated with
the larger ligand whereas, with the smaller ligand, the helix is less than 20%
saturated. In addition, the average length of a helix region is over twice
as long for the larger ligands; from Eq. (5) above, it is seen that large ligands
tend to “spread.” (For the same reason, the degree of helix stabilization
caused by a large ligand depends to some extent on the average helix length
associated with the unperturbed DNA-only transition, as determined by
the cooperativity parameter 0. However, for o < 10~3, the T, becomes
essentially independent of ligand size.) All the above effects reflect the
difference between large and small ligands embodied in Eq. (4). If two
(independently binding) ligands have different site sizes but yet cause the
same T, shift in DNA, i.e., they both contribute the same overall free en-
ergy change per DNA base pair, the free energy change contributed by the
smaller ligand consists of a smaller intrinsic free energy change but a larger
change in the free energy mixing than does the free energy change con-
tributed by the larger ligand.

Intrinsic Binding Constant and Free Ligand Activity

A common experiment is to vary ligand activity and to observe any re-
sulting changes in the DNA melting temperature. In this section, calcu-
lations are performed in just such a manner except that, since the associ-
ation constant and ligand activity always appear together in the statistical
weights, the product KL is varied rather than K or L individually. (The
association constant K refers, as originally defined, to the overall intrinsic
ligand binding constant with no compensation being made for different
sized ligands, as was made in the previous section; L refers to the free ligand
activity at the T',; again the ligands are considered to bind noncoopera-
tively.)

The relation between DNA T, and the product KL is plotted in Figure
4 for both stabilizers and destabilizers, with site sizes ranging from 1 to 30
bases or base pairs. As expected, the absolute value of the shift in T, in-
creases with increasing ligand binding constant and/or ligand activity. At
the same value of KL, small ligands are considerably more effective in
shifting the T, than are large ligands. (This is much more evident in
Figure 4 than in Figure 3 since, as was just noted, the overall binding con-
stants are now the same for the different sized ligands and are not nor-
malized to the same intrinsic free energy change per complexed base or base
pair.) The shapes of the curves are also different for different sized ligands,
with the curves for large ligands being flatter at high KL. As noted earlier,
the mixing free energy for large ligands rapidly decreases as the lattice
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Fig. 4. DNA melting temperatures 7' (°C) plotted vs. the product of the ligand binding
constant and free ligand activity, for various sized helix stabilizers and helix destabilizers.
The dashed curves are plots of Eq. (6), calculated for ligands of size n = 10.

approaches saturation binding, reflecting the accumulation of gaps between
bound ligands that are smaller than the ligand size.

The curves in Figure 4, for nj, = 1 base pair and n. = 1 base, follow plots
of an equation previously derived for a number of situations in which re-
versible ligand binding is coupled to a helix—coil transition.?3-28 In the
present nomenclature:

L1
Twn°® Tnm

B {(1 + KhL)l/nh] ©)

AH (L + K L)2/ne

where for the moment n; = n, = 1 and either K, or K. = 0. T,.° is the
unperturbed DNA melting temperature measured in the absence of ligand
and both T},,° and T, are expressed in degrees kelvin; AH is the enthalpy
change for melting a base pair. The term containing K.L in Eq. (6) is
squared since, for a ligand of size n = 1 in the current model, there are twice
as many potential binding sites per base pair in the coil as in the helix.
Thus, as can be seen in Figures 2-4, at equivalent values of KL, the T, shift
caused by a helix destabilizer is always substantially greater than that
caused by a helix stabilizer.

With nn, > 1or n. > 1, Eq. (6) has also been used?428 to describe the re-
sponse of DNA T, to the binding of large ligands. However, this treats
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Fig. 5. The difference between the reciprocals of DNA melting temperatures (in degrees
kelvin) with and without ligand, plotted vs. logio (KL). Dashed lines are plots of Eq. (6) for
a ligand size of 10.

large ligand binding only in the Scatchard approximation, which in essence
stipulates that ligands can bind only at regularly spaced intervals of n. bases
or ny, base pairs. In the current model, any base or base pair can start a
binding site and the bound ligands can be arranged in many more ways than
are allowed by the Scatchard approximation, especially at low levels of
lattice saturation. Thus eq. (6) should underestimate the effect that large
ligands have on the T,,. The dashed lines in Figure 4 are calculated with
Eq. (6) for either a helix stabilizer or destabilizer of size n = 10, and, as
expected, are seen to deviate substantially from the curves produced by
the more extensive calculations. In this range of KL, more error is intro-
duced through using Eq. (6) than by a twofold error in the ligand size.
The curves of Figure 4 extend only to a value of KL = 10. However, with
proteins that bind very tightly, values of KL as high as 10° or so might
conceivably occur. As noted earlier, under such conditions the mixing free
energy becomes a smaller fraction of the total free energy of interaction,
and hence Eq. (6), which underestimates this mixing free energy, might be
expected to become a better approximation as KL is increased. Figure 5
plots the calculated relations between DNA melting temperature and
log1o{ KL) for various sized stabilizers and destabilizers and for 10 < KL
< 105, The ordinate in Figure 5 is expressed as the difference between the
reciprocals of the melting temperatures (in degrees kelvin) measured in
the absence and presence of ligand. This function of T}, is directly pro-
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Fig. 6. The effect of ligand-ligand cooperativity on the shape and position of the DNA
transition. Curves are calculated for helix stabilizers of size n = 1, 2, or 10 base pairs, each
present at a constant free activity of 1 M.

portional to the stabilization or destabilization free energy, is approximately
equal to AT,, X 1075 and, for KL > 1, is predicted by Eq. (6) to be linear
inlog1o(KL). The calculated plots are seen to be fairly adequately repre-
sented by straight lines, with slopes inversely proportional to the size of
the ligand. The dashed lines are calculated from Eq. (6) for ligands of size
n = 10, and are seen, as expected, to approach the more detailed calculations
as KL isincreased. Indeed, at KL = 103 and for n = 10, the T, predicted
by Eq. (6) would be less in error than would the T, predicted by the de-
tailed calculations but with a 10% error in ligand size.

If the ligand size can be determined (either from an independent titration
experiment or, as discussed below, from the behavior of the melting curves
at limiting ligand concentration), then Eq. (6) can readily be used to obtain
a preliminary estimate of KL from the observed T,,. If KL is large (say
KL > 100), this will be a fairly good estimate. If KL is low, curves such as
Figure 4 should be used for a closer estimate of KL. If the free ligand ac-
tivity at the T, can be determined (either by some propitious optical
property of the ligand, by working at ligand excess, or by estimating where
the Ty, would be if all added ligand remained unbound), the ligand binding
constant can at least be estimated.

Ligand-Ligand Cooperativity

In previous sections, the calculations have been done with independently
binding noncooperative ligands (w, = w. = 1). In this section, bound li-
gands are allowed to interact with their nearest neighbors.
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For any size of helix stabilizer and for any particular value of KiL, in-
creasing ligand-ligand cooperativity (w, > 1) leads to a further increase
in T, since ligands bound contiguously now have an added free energy of
binding not previously available, i.e., their binding constant is effectively
larger. For any value of wp, this effect is greater the smaller the ligand; i.e.,
the ratio of potential ligand-ligand contacts to ligand—-DNA contacts is
higher the smaller the ligand. Similar effects apply to helix destabilizers;
increasing w, decreases the T,.

Perhaps a better way to assess the effect of ligand-ligand cooperativity
on the melting transition is to vary both KL and w but to keep the product
KLw fixed; in this way, all ligands can potentially contribute the same
amount of stabilization free energy to the DNA. Such melting curves are
shown in Figure 6, and are calculated for a helix stabilizer of size np = 1,
2, or 10 base pairs, with either (K, = 10 M~ wp, = 1) or (K, = 1, wp = 10).
Ligand activity is maintained constant at unity through each curve. In
all cases, the curves calculated with independent ligands show a greater
T shift than do the curves calculated with the cooperative ligands; in the
former case, all ligands bind tightly whereas in the latter case, only those
ligands bind tightly that also bind with nearest neighbors. With increasing
wp, the melting curves also become steeper and the average length of a helix
region at T, increases since now the ligands tend to bind in long stretches.
For example, at the T}, of the nj;, = 1 curves of Figure 6, the average helix
length is about threefold larger and the average number of contiguously
bound ligands is about sixfold larger for the cooperative as compared to
the noncooperative ligand.

If nearest neighbor ligands interact unfavorably, w is less than unity and
the binding is termed “anticooperative.” In the current model, the effects
of w < 1 are not very revealing and in the limit of w = 0, i.e., infinite nearest
neighbor anticooperativity, the ligands simply appear one residue longer.
Conversely, if the current model is used to fit data from a ligand that ac-
tually exhibits anticooperative binding (e.g., adjacent ligands repel each
other electrostatically), this anticooperativity will be absorbed into an
“effective site size” and the ligand will appear longer than its actual physical
occlusion size.

As described briefly in the previous section, with independent ligands
the magnitude of the T}, shift can be used to estimate the product KL, if
the ligand size is known. The same procedure applied to cooperatively
binding ligands will underestimate the product KLw as can be seen in
Figure 6; the amount of error introduced will depend upon the exact con-
ditions.

Melting Transitions Calculated at a Constant Total Amount of
Ligand

The melting curves in previous sections have all been calculated with the
free ligand concentration (activity) constant throughout the transition; this
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Fig. 7. The effect of total added ligand concentration on the shape and position of the DNA
melting transition. Curves labeled with primed letters refer to a helix destabilizer of size n.
= 1 base; curves labeled with unprimed letters refer to a helix stabilizer of size n, = 1 base
pair. For all curves the product of the binding constant and total added ligand concentration
is unity, as detailed in Table I. The DNA-only transition is the dashed curve at T, =
50°C.

condition would apply if the melting took place inside a DNA-impermeable
ligand-permeable membrane immersed in a large reservoir of free ligand,
or, less contrived, if the ligand were present in great excess over the DNA
such that the bound ligand concentration were a negligible fraction of the
total ligand concentration. In DNA-protein systems, however, the total
protein concentration and the total DNA concentration will usually be
roughly comparable, and in the range of say one protein per 1-10 DNA base
pairs. Since the protein binding will usually be quite tight, the amount
of protein bound will certainly not be a negligible fraction of the total
amount of protein added; in many circumstances most of the added protein
will be bound, leaving very little ligand free in solution. Furthermore when
the DNA helix and coil interconvert during a melt, the concentration of

TABLE I
Parameters Used in Figure 7

Curve KM Liotar (M}
a,a’ 1 1

b,b’ 10° 107?
c,c' 104 107¢
d,d’ 5x 10° 2x 107
e 105 107

f,f 10°¢ 107°
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bound and free ligand (and hence the statistical weight KL) will also be
expected to change. To investigate how the melting curves reflect this
phenomenon, an iteration cycle has to be added to the calculation method
in order to adjust Lree + Lbound = Ltotal at each temperature. The DNA
concentration now becomes an important parameter and the following
calculations have been done with the standard polynucleotide at a con-
centration of 5 X 10~% molar base pairs (equivalent to an A g of about 0.6).

Figure 7 illustrates the quite striking effects to be expected when the total
ligand concentration is comparable to the total DNA concentration and
the free ligand activity is allowed to change continuously during the melt.
Curves are calculated for (independent) stabilizers and destabilizers, both
of site size n = 1. In order to be able to compare, even roughly, calculations
made over a large range of ligand concentrations, the curves of Figure 7 are
calculated with the product of binding constant, and total ligand concen-
tration fixed at unity; thus if the total added ligand is decreased, the binding
constant is increased (see Table I). If the ligand concentration and binding
constant are such that the amount of ligand bound is a negligible fraction
of the total amount of ligand added, then all curves would be the same as
the “constant-free-ligand” curves calculated above. This is seen to be the

-case in Figure 7 where, for total added ligand concentrations ranging from

1to 1073 M (with K thus ranging from 1 to 103 M~1) the melting curves are
almost super-imposable. In the other extreme, of very high binding con-
stant but very dilute ligand, the curves approach the DNA-only curve, since
there is very little ligand, even if tightly bound, to influence DNA behavior.
Between these two extremes, however, the melting curves broaden and
exhibit a variety of asymmetric shapes depending upon the exact condi-
tions. For helix stabilizers this transition broadening is due, as has been
realized for some time,26:47 to ligand transferring from the melted helix to
the remaining, as yet unmelted, helix, thereby causing it to be further sta-
bilized; the free ligand concentration increases on going through the tran-
sition. For helix destabilizers, the explanation is analogous, except now
the free ligand concentration decreases on going through the transition,
and the coil regions become progressively less stabilized as temperature
is increased.

For a helix stabilizer, all the added ligand is free in solution at the com-
pletion of the melting transition; for a helix destabilizer the same is true
at the beginning of the transition. Thus each “constant-total-ligand”
melting curve of Figure 7 has as an upper limit (for helix stabilizers) or as
a lower limit (for helix destabilizers) a “constant-free-ligand” curve cal-
culated as if all the added ligand remained free in solution. As remarked
earlier, it is useful to bear these limits in mind when interpreting experi-
mental melts.

The calculations of Figure 7 were arranged so as to cover a large range
of both total ligand concentration and ligand binding constant. However
in any experimental study of the effect of a particular ligand on the DNA
helix—coil transition, the binding constant is (more or less) fixed and a series
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Fig. 8. Melting curves of DNA at a series of total added ligand concentrations, ranging from
10 to 200% potential saturation of either the helix or the coil. Site size of helix stabilizer is
ny = 10 base pairs, of helix destabilizer is n, = 10 bases. The ligand binding constants are
top: K =108 M~!;middle: K =108 M~!;bottom: K =101°M-1, Total DNA concentration
is 5 X 1075 M base pairs = 1074 M bases. DNA transition is shown as dashed line. The total
ligand concentration corresponding to each curve is given in Table II.

TABLE 11
Parameters Used in Figure 8
Stabilizer Destabilizer
Potentigl Concentration Concentration
Saturation(%) Curve (M) Curve (M)
10 f 5x 1077 f' 10°¢
25 e 1.25 x 10°¢ e 2.5 X 107¢
50 d 2.5x 10°¢ d 5x 107¢
75 c 3.75 x 10~ < 7.5x 107°
100 b 5x 107° b’ 107
200 a 107 a’ 2x 107°
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of melting curves are measured over a usually rather limited range of li-
gand-to-DNA input ratios. Curves calculated so as to mimic this situation
are shown in Figure 8. A site size of n = 10 is chosen as representative of
a protein, either a helix stabilizer or destabilizer, and three different binding
constants are used: 108, 108, and 10° M~1; in all cases the ligand binding
is noncooperative. For each binding constant, melting curves are calculated
for input ratios of total ligand to DNA ranging from 10 to 200% potential
saturation (i.e., if all the added stabilizer or destabilizer were bound, 10 to
200% of the DNA base pairs or bases, respectively, would be complexed).
The total ligand concentration corresponding to each curve is given in Table
II. As expected, with the same binding constant, increasing the total added
ligand concentration increases the calculated shift in T,,; at the same total
ligand concentration, increasing the binding constant also increases the
calculated shift in Tp,. As the total added ligand is increased from low
levels, the melting curves can become very broad; however, as more ligand
is added they eventually sharpen until at about 200% potential saturation
(if not before) the curves have about the same slope as the DNA-only
transition. (If such a series of curves are experimentally available, this
observation can be used to estimate a ligand site size, at least to within a
factor of 2.) However the most striking feature of Figure 8 is that, above
a certain value of the binding constant, the calculated transition curves
become very definitely biphasic, with the relative sizes of the two phases
approximately reflecting the ligand-to-DNA input ratios. Furthermore,
this biphasicity is observed in the complete absence of any cooperative
interaction between the bound ligands.

To determine the origins of this noncooperative biphasicity, one par-
ticular curve from Figure 8 can be taken as an example and investigated
in greater detail. Consider the 50% potential saturation curve for a helix
stabilizer, curve d in the bottom panel of Figure 8, where the ligand binds
to the helix with an intrinsic binding constant of 101° M1, covers up ten
base pairs in the complex, and is present at a total concentration of 2.5 X
107¢ M. (These particular parameter values actually describe rather
closely the nonspecific low-salt binding of lac repressor to poly[d(A-T)].4
Figure 9 plots four different aspects of this melting transition.

Consider first what the DNA molecule looks like at a temperature below
the DNA-only transition, for example 45°C. The detailed calculations
indicate that the fraction coil is essentially zero, essentially all of the added
ligand is bound, and the helix is thus 50% saturated with bound ligand. The
ligand is so tightly bound that the free ligand concentration, before the start
of the transition, is calculated to be 2.4 X 10~11 M. When the temperature
is raised, the DNA molecule can melt by two nonexclusive processes. The
first type of process does not change the amount of bound ligand, i.e., the
uncomplexed base pairs can melt around the bound ligands (by overcoming
the DNA-only cooperativity) and/or the bound ligands can be rearranged
to allow the DNA to melt in larger loops. The process that actually occurs
will be some mixture of melting in small loops and rearranging the bound
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Fig. 9. Melting transition of DNA in the presence of a helix stabilizer, of size nx, = 10 base
pairs, Kp = 101® M~1, and total ligand concentration of 2.5 X 10~ M. (a) Fraction coil. (b)
Fraction of total added ligand that is free in solution. (c) Logarithm of the free ligand con-
centration. (d) Fraction of saturation of the remaining helix with bound ligand. Total DNA
concentration is 5 X 107% M base pairs; DNA-only transition has T, = 50°C. The dashed
line in (a) is calculated using the approximation described in the text.

ligands but both ways require free energy and thus even the start of the
transition occurs at higher temperatures than the DNA-only transition.
From Figure 9a, it is seen that uncomplexed base pairs melt reasonably
abruptly and the saturation of the remaining helix (Figure 9d) climbs
concomitantly.

However, to melt more than 50% of the DNA molecule, a second process
must obviously occur, in which the bound ligands are expelled from their
complexes. Indeed, as seen on the logarithmic scale of Figure 9c¢, the free
ligand concentration is increasing throughout the transition, even in the
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earliest portion. This increase in free ligand concentration must lead,
however, to a further stabilization of the remaining helix. From consid-
eration of Figure 5 for a ligand of n = 10, a change in the product KL by one
order of magnitude causes an increase in DNA stabilization of about 5°C.
In the present case, since K is fixed, if free ligand increases by a factor of
10, the T, of the remaining helix must similarly be increased by roughly
5°C. However, since the ligand is initially bound so tightly, and the free
ligand concentration is initially so low, the free ligand concentration can
increase by several orders of magnitude (and thus increase the helix stability
by several tens of degrees) before the actual free ligand concentration is
of the same order of magnitude as the DNA concentration. Only when this
happens does the further release of bound ligand show up as an observable
increase in melted DNA. The DNA stability depends roughly logarith-
mically on free ligand concentration, whereas the fraction of the DNA that
is uncomplexed depends arithmetically; thus the second phase, when it
occurs, is quite abrupt.

This same type of biphasicity is also expected with small ligands but only
under experimentally unrealizable conditions. Thus for a stabilizer of size
n =1, added at a total concentration of 2.5 X 1075 M (50% potential satu-
ration), a binding constant of 4 X 10° M~! is required to have the initial free
ligand concentration be 2.5 X 10~1° M and thus comparable to the condi-
tions of Figure 9. However from Eq. (8) it can be calculated that the end
of the transition will now occur at about 4000°C.

The possibility of having biphasic transitions with independent ligands
was suggested earlier by Crothers?4 from a consideration of the form of Eq.
(6). Egquation (6) however, besides being based on the Scatchard ap-
proximation, applies only to the T, where the fractions of helix and coil
are equal. With the Scatchard model, it is very straightforward to construct
the DNA-ligand partition function in terms of binding constants, free li-
gand concentrations, etc., essentially as was done above for the more
complete model; [actually the Scatchard model requires only that the
statistical weight s of the nearest neighbor Ising model be replaced by the
term s*(1 + KL)].23.2428 If complete melting curves are then calculated
with the same parameters as.in Figures 8 and 9, adjusting to constant total
ligand concentration at each temperature, biphasic curves are indeed ob-
tained as predicted,?* and as can be seen from the dashed lines in Figure
9a, are quite a reasonable approximation. Moreover the two phases of the
melt are substantially more distinct than those calculated with the more
extended model. In the Scatchard approximation, where discrete binding
sites occur every ny base pairs on the helix, each such binding site can
saturate independently of its neighbor. Thus in the initial phases of the
melt, the ligand can be readily rearranged and the remaining helix rapidly
approaches complete saturation. In the more extended model however,
as the initially uncomplexed DNA attempts to melt by rearranging the
bound ligands, these transferred ligands interfere with each other, small
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Fig. 10. Melting curves of DNA in the presence of various total added concentrations of
either a helix stabilizer (n, = 10 base pairs) or a helix destabilizer (n, = 10 bases). Ligand
concentrations range from 10 to 200% potential saturation of either helix or coil. Top: K
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concentration is 5 X 10 M base pairs. DNA-only transition is shown as dashed line. The
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gaps accumulate that are smaller than the ligand size, and the remaining
helix saturates only gradually. As can be seen in Figure 9d, the saturation
of the remaining helix reaches 90% only with difficulty.

Although these calculations demonstrate that biphasic melts cannot be
taken as diagnostic of ligand-ligand cooperativity, there is ample evidence
from other experimental techniques that some ligands do indeed interact
in a cooperative fashion.1448-50 The effect of ligand cooperativity at con-
stant total ligand concentration is examined in Figure 10. Helix stabilizers
and destabilizers, both of site size n = 10, are used as examples and the total
ligand input again varies from 10 to 200% potential saturation. In the three
series of Figure 10, the product Kw is maintained at 108 M~! but  is in-
creased from 1 to 10 from top to bottom. It is seen that with increasing
ligand-ligand cooperativity, although the overall T',, shift is somewhat less
for reasons discussed earlier, the two phases of the melting curve become
more distinct, with the middle region becoming quite flat and the end re-
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gions (especially the limb closer to the DNA-only transition) becoming quite
steep. The relation between curve shape and ligand cooperativity can be
used to estimate w from experimental melts.13

For these cooperative ligands, the free ligand concentration can be shown
to follow a temperature profile similar to that of noncooperative ligands
illustrated in Figure 9b; however helix saturation (for a stabilizer) now
rapidly reaches 100% with increasing temperature; favorable ligand in-
teractions offset mixing entropy effects and cause the bound ligands to
cluster, allowing any uncomplexed DNA to melt unhindered. At the T,
of the 50% potential saturation curves of Figure 10, the average number of
helix stabilizers bound in an uninterrupted string is about 2, 20, and 250
as w increases from 1 to 102 to 104

For a homopolynucleotide melting in the presence of less than saturating
amounts of ligand, there are thus at least three causes of biphasic melting
curves: 1) as discussed in the present section, large independent tightly
binding ligands, which are nevertheless free to transfer and are at binding
equilibrium throughout the transition; 2) “irreversible ligand binding” in
which ligands cannot transfer, such as may occur with histones and po-
lyamino acids bound to DNA at low salt;#8:51:52 3) true cooperative inter-
action between bound ligands, whether mediated through DNA distortion
or direct ligand-ligand contact. There are also a number of artifactual
origins of melting biphasicity; one which must always be considered with
proteins is the denaturation of the ligand with increasing temperature,
leading to an abrupt “cooperative” change in the DNA transition. Thus
it is seen that a biphasic melting curve is neither a sufficient nor a necessary
requirement of ligand-ligand cooperativity.

An Alternative Model for Helix Stabilizers

In the model used throughout the present paper, ligands are counted as
if they bind to base pairs in the helix. A concrete example would be a ligand
bound in the major groove of DNA, such that any transverse section through
the helix would intersect at the most one bound ligand. An alternative
model would be needed if, for example, helix stabilizers bound to the
DNA-phosphate backbone; in the simplest case the two backbones could
bind independently of each other and thus any transverse section through
the helix could intersect two bound ligands. The stabilizer site size should
now be counted in bases rather than base pairs. Such a model could apply
to many ligands, such as small ions. .

The problem as to which model to use logically arises if melting curves
are calculated using numerical parameters determined independently in
isothermal titration experiments. If normalized as fractional lattice sat-

- uration, plots such as the-Scatchard plot customarily used to estimate
binding parameters would probably be experimentally indistinguishable
for all sized ligands above a certain size, around five lattice residues long.1?
Thus, unless there is independent evidence, it is arbitrary whether the site
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size of a helix-binding ligand is expressed as n base pairs or 2n bases. (The
estimate of the intrinsic binding constant would however be the same for
both normalizations.) By rederiving all the above theory, it can be shown
that all the qualitative effects discussed in previous sections must also apply
to this alternate model. However, for purely entropic reasons, a ligand that
binds to 2n bases in the helix raises T}, by several degrees more than does
a ligand that binds to n base pairs (but has the same intrinsic binding-
constant).

The Melting of a Homogeneous Polynucleotide in the Presence of
Ligands that Bind Both to Helix and to Coil

Previous sections considered ligands that bound exclusively either to
the helix or to the coil form of DNA. Although this simplification is very
convenient, in general a ligand can be expected to have at least some affinity
for both forms of DNA; in addition, site sizes and cooperative interactions
can in principle differ between helix and coil binding. In this section, this
more general model is very briefly considered; only enough calculations are

‘done to illustrate the added complexity and to indicate under what con-
ditions the above helix-binding-only or coil-binding-only approximation
can be expected to fail.

In the current model, a ligand binds to base pairs on the helix and to bases
in the coil form. Since, at the melting temperature, there are twice as many
coil bases as there are helix base pairs, the binding constant of a ligand to
the coil form can be much smaller than the binding constant to the helix
and still keep the overall T}, unperturbed. For example, for a ligand of
size np = n. = 1, Eq. (6) indicates that (for K.L and KL > 1) the condition
to keep T, unshifted is K.L ~+V'K, L. As can be seen from Eq. (5) above,
there are many more possible ways of arranging the same number of bound
ligands on the coil regions than on the helix regions, and this consideration
becomes more important for larger ligands. For example, for a ligand of
ny = n, = 10, the value of K.L required to maintain 7', unperturbed ranges
from only % to % V'K, L. Ifligand size also changes (n, # n.), at least the
direction of the effect can be judged from Eq. (5). These shuffling entropy
effects are less important for cooperative binding ligands, and as cooper-
ativity increases, K.w.L approaches v K, w,L.

A more concrete illustration of the antagonism between the helix- and
coil-binding properties of a ligand is shown in Figure 11, for a ligand of site
size nj, = n, = 10 bases or base pairs, and present at a total concentration
of 5 X 1078 M (100% potential helix saturation). Inthe top panel of Figure
11, the helix-binding constant K}, is kept at 108 M~! and melting curves
are calculated with the coil-binding constant K, being increased from 0 to
108 M1, Itisseen that for K, < 102 M~1 there is no detectable effect on
the transition; however, for K. = 103 M1, the transition is perceptibly
lowered; at K, = 10* M1, the lowering is substantial; and somewhere be-
tween K, = 10% and 106 M~ the two binding processes balance and the 7',
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Fig. 11. The melting of DNA in the presence of a ligand that can bind both to helix and
to coil. The ligand covers n, = 10 base pairs on the helix and n. = 10 bases on the coil, and
is present at a total added concentration of 5 X 1078 M. Top: K, = 108 M~%; K, = curve
a: 0,b: 103, c: 104, d: 10%e: 108 M~1;bottom: K, =108M-%; K, =curvea: 0,b: 104,
c: 105d: 108, e: 107 M1

is unperturbed. Thus in this particular case, coil binding would have an
experimentally observable effect when K. is only 0.1% of K. The bottom
panel of Figure 11 considers the opposite calculations, with K. kept at 108
M~1and K, increased. In this case, a helix-binding constant of 104 M1
is necessary before the transition is noticeably shifted, and a Kj of between
108 and 107 M1 is necessary to balance the coil binding.

As discussed above, for a ligand of size n = 10 the rough condition for the
T,» to be unperturbed is that K.L ~ % to 5 V' K}, L and thus the free ligand
concentration must influence the interplay between helix and coil binding.
For example, in Figure 11, the difference between the T, at K. = 0 and the
T,. at K. = 104 M—1is roughly halved if the total ligand concentration is
halved and roughly doubled if the total ligand concentration is doubled.
In view of these added complexities it is reassuring that the paradigms of
biological stabilizers and destabilizers, lac repressor and T4 gene 32-protein,
respectively, show little affinity for the opposite form of DNA.

APPENDIX
The Melting of Poly{d(A-T)] in the Presence of Netropsin

The interaction of the antiobiotic netropsin with DNA has been extensively studied.3453.54
The results of these investigations indicated that the melting, at low ionic strength, of the
synthetic polynucleotide poly[d(A-T)] in the presence of varying amounts of netropsin might
be an appropriate experimental system with which to investigate certain aspects of the theory
described in the main part of this paper.
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Fraction Coll

Fig. 12. Comparison between experimental and theoretical melting curves for poly[d(A-T)]
melting in the presence of various amounts of netropsin. The points are experimental and
the different curves correspond to the following input ratios of drug/base pair: curve a—0
(DNA-only control); curve b—1/36.6; curve c—1/14.9; curve d—1/7.6; curve e—1/5.1; curve
f—1/3.7; curve g—1/1.9. The DNA concentration is 4.0 X 1075 M base pairs for all curves.
The solid lines are theoretically generated, using a site size of four base pairs and a helix-
binding constant of 5 X 108 ML

Poly[d(A-T)] (sized at 9S), obtained from PL Biochemicals, was extracted twice with phenol
and dialyzed into the buffer used for the melting experiments: 4 X 1073 M cacodylic acid,
2X 1073 M NaOH, 1 X 1074 M NagEDTA, pH 6.25. Netropsin (kindly provided by Drs. Roger
Wartell and A. M. Craig) was stored at —20°C and dissolved in the above buffer just before
use; drug concentrations were determined from the absorbance at 296 nm, using a molar ex-
tinction coefficient* of 2.02 X 10* M~! em~1. Solutions of poly[d(A-T)] (final concentration
4.0 X 1075 M base pairs) and netropsin (final concentrations ranging from 1 X 10~6 to 21 X
1076 M) were prepared by direct mixing, bubbled with helium, and transferred to Teflon-
stoppered cuvettes. Melting transitions were observed at 260 nm in a Gilford 2000 automatic
spectrophotometer, at a rate of temperature increase of about 0.3°C/min. Weight losses
during the runs were about 0.5%.

To allow comparison with calculated melting curves, the data were normalized as fraction
coil versus temperature, by means of the following manipulations. Absorbance readings were
first corrected for thermal expansion of the solvent and then expressed as a fraction of the
total absorbance change occurring between 20° and 95°C. (The average overall change in
absorbance on melting was 0.30 + 0.01 without drug, compared to 0.32 + 0.02 with drug. The
absorbance change brought about by the release of bound drug was small, contributing at the
most about 10% of the total absorbance change of melting and usually much less. An ab-
sorbance change due to drug release could also be observed at 325 nm?34:53.5¢ and, in principle,
could be used to correct the absorbance change at 260 nm to that representing DNA only;
however this correction was usually negligible.) To remove the dependence of the coil ab-
sorbance on temperature, a least squares straight line was fitted to the poly[d(A-T)]-only
transitions between 40° and 95°C and used as the fully melted limit at each temperature to
correct all the other melts.55 A series of such normalized curves was obtained with netropsin
inputs ranging from 1/37 to 1/2 drug molecules per base pair, and is shown as the points in
Figure 12. The solid lines in the figure are theoretically generated using the experimental
DNA and netropsin concentrations, assuming that the drug does not bind to the coil form
of DNA, and that the helix binding is noncooperative. Thus the only two adjustable pa-
rameters are the site size on the helix (n;, base pairs) and the helix binding constant K. The
values used to generate the curves in Figure 12 are n, = 4 base pairs and K, = 5 X 108 M1,
the process of choosing these parameters will be discussed below.

Before using the model of independent helix stabilizers to interpret the curves of Figure
12, the following qualifications and alternative explanations must be considered.

1) It is unlikely that the biphasicity in the transitions of Figure 12 is due to cooperative
ligand binding. In isothermal studies of netropsin binding to various DNA’s, Wartell et al.3¢
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Fig. 13. Refinement of the numerical estimates of the model by computer simulation. The
points represent the experimental melting curve obtained at 1 netropsin molecule/7.6 DNA
base pairs. The solid lines are computer generated using a ligand site size of either n;, = 3,
4, or 5 base pairs and a range of association constants, as marked on each curve.

found no evidence for humped Scatchard plots, indicative of ligand-ligand cooperativity.
Furthermore, when the solution of poly[d(A-T)] and about half-saturating netropsin used
in the above melting experiments was sedimented in the analytical ultracentrifuge, there was
no evidence for the two phases in the sedimentation boundary that might be expected if ligand
binding were cooperative.

2) The observed biphasicity is not due to irreversible ligand binding but rather ligand
is free to transfer throughout the melting transition. For example, if solutions are prepared
with equal concentrations of poly[d(A-T)] and calf thymus DNA and roughly half-saturating
levels of netropsin, the resulting melting curves are independent of the order of addition of
DNA, polynucleotide, or drug. Furthermore, if a solution of calf thymus DNA and netropsin
(about one drug per seven base pairs with virtually all being bound) is held at 35°C (i.e., above
the poly[d(A-T)]-only transition, but below the poly[d(A-T)]-netropsin or calf thymus
DNA-netropsin transitions) and poly[d(A-T)] is then added (also at 35°C and hence melted;
at a final concentration equal to the calf thymus DNA), the poly[d(A-T)] regains hypochro-
micity within the experimental mixing time, about 30 sec. This shows that netropsin must
be able to transfer and partition between the individual DNA molecules at a rate that is rapid
relative to the heating rate and thus the experimental melts can be regarded as being at
equilibrium with respect to ligand binding.
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3) Wartell et al.34 found no evidence, under their conditions, for any interaction of net-
ropsin with single-stranded DNA. Although this is less certain under the present conditions
of low ionic strength, this supports the assumption that K. = 0.

4) Several experimental factors caution against over-interpretation of the melting curves.
For example, netropsin is known to be unstable.?* If a solution of netropsin is boiled for 10
min the absorbance at 296 nm is reduced by about 15%; if this same solution is then added
to poly[d(A-T)], the melting curves are shifted to lower temperatures relative to the unboiled
netropsin controls, as if about 15% of the drug had been destroyed. This effect is difficult
to correct for, since under the melting conditions, the drug is usually completely bound to
the DNA, where it is probably protected against thermal destruction. In any event, a sudden
drug “denaturation” is certainly not the cause of the second melting phase since biphasic
curves are also seen on cooling. A further source of error is that, at these low ionic strengths
and slightly acid pH’s, poly[d(A-T)] by itself undergoes some hydrolysis during the melting;
(the S value drops by about 40% with 5-10% of the absorbance becoming acid soluble). For
these two reasons, the transition curves are not exactly reproduced on cooling and the fraction
coil values shown in the figures are probably accurate only to within about 5%.

5) Poly[d(A-T)] has the property of forming hairpins3 and thus it may be an inadequate
representative of the idealized infinitely long homopolynucleotide used in the theoretical
model. At the moment it is difficult to assess the associated errors.

Within the above limitations, the melting curves of Figure 12 can now be interpreted
quantitatively in terms of the simple noncooperative helix-binding-only model. The DNA-
only transition is fit reasonably well using ¢ = 10~* and AH = 8 kcal/bp; the same DNA pa-
rameters were used throughout the calculations of the text. Since the DNA concentration
and drug concentrations are given, there are thus only two adjustable parameters, n, and Kp,
with which to fit the observed melting curves. These two parameters can be first estimated
roughly and then their numerical values refined by computer simulation.

The curves of Figure 12 are at first very broad but sharpen with increasing ligand concen-
tration. The slope of curve g is fairly close to the slope of the DNA-only transition and, ac-
cording to observations made in the main text, this should occur at about 200% potential
saturation of the DNA with ligand. The ligand input for curve g is 1 drug per 1.9 base pairs
of DNA, and thus n,, can be roughly estimated as four base pairs (say three to five base pairs).

In curve g of Figure 12, all the added netropsin (2.1 X 1072 M) is free in solution just at the
completion of the transition, say 88°C. This temperature can be used to approximate the
melting temperature that would have occurred if the free ligand concentration at the T, were
also 2.1 X 107> M. Using Eq. (6), withn, =4, L = 2.1 X 1075 M, T,,° = 27°C, T, = 88°C,
allows K, to be estimated as about 4 X 108 M~1, [The product KL is about 104, and thus the
use of Eq. (6) is justified.]

In Figure 13, the range of acceptable parameter values is explored more closely, by at-
tempting to reproduce by computer the experimental curve with 1 drug per 7.6 base pairs,
i.e., about half-saturation. Three site sizes are used, n, = 3,4, and 5 base pairs. For each
site size, several values of the binding constants are used to generate the curves; outside this
chosen range of binding constants, the fit becomes much worse. It is seen that a site size of
ny, = 4 and a binding constant of around 5 X 108 M~ best fit the data. The curves generated
for nj, = 5 fit the data less well for all choices of Kj,; the curves with ny = 3 are considerably
worse. From this example, it is seen that there is remarkably little latitude in choosing the
adjustable parameters. For a curve such as was used in Figure 13, where the ligand is about
half-saturating, the size or vertical position of the first phase of the melt is determined by the
size of the ligand, almost independently of the choice of binding constant. Once ny, is de-
termined K}, is quite accurately determined by the temperature (or horizontal position) of
the second phase of the melt. The fit could certainly be improved by allowing nonintegral
numbers of base pairs in the binding site, and a temperature-dependent binding constant;
however both these refinements would seem to be presently unjustified.

The value of n, = 4 base pairs for the site size can be compared to n;, = 3 base pairs deter-
mined by Wartell et al.34 and nj, = 5 base pairs determined by Zasadatelev et al.35 The value
of the binding constant of 5 X 108 M~ is about 100-fold higher than that determined by
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Wartell et al.34 (at about a 100-fold higher ionic strength), and coincides closely to the low
ionic strength value estimated by Zimmer.5¢ At the present stage, the agreement between
the above theory and the melting behavior of at least this one selected model system, can be
regarded as encouraging.
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