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Abstract
The study of the strength of binding of drugs and other
bioclogically active compounds to nucleic acids is an important area
of research. The present paper shows that using a nonlinear
regression model can provide advantages to the standard linear
statistical model approach for determining such constants. The
necessary methods are developed and discussed. The method is

illustrated using a real data set.
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Introduction

The binding of biologically active compounds to nucleic acids

1,3,4,12,13,14,15,18,24,27,30,32

is an important biological event . Many of the

compounds that bind nucleic acids are anti-tumor drugs®/14-182
' s . ,18,19,36 2,12,27 .

antibiotics'*® 193, mutagens ; and c:arcn.nogensm'24 as well as

other compounds of biological interest®®%**3  1n addition, it

is known that the binding of some drugs to nucleic acids can
increase the drugs pharmaceutical effectiveness™. Thus, it is
important to study drug-DNA interactions.

There are many different experimeﬁtal techniques that can be
used to study the interaction of these compounds and nucleic
acidg?10-12.15.16,17,20,21,27,28,30,31 = yayeyer, an analysis technique that can
be used with many different types of experimental study is the
Scatchard plot'**®*. The purpose of this plot is to determine the
association constant for complex formation, K, and the maximum
number of binding sites per mononucleotide, n. The constant K gives
the strength of binding of the ligand to the nucleic acid.

For DNA binding the Scatchard plot is biphasic because there
are basically two modes of binding that the ligand can take,
intercalation or binding to the DNA sugar-phosphate backbone.
Thus, one observes a Scatchard plot of the form of Figure 1.

The standard method of determining the two binding constants
(K,, for intercalation and K, for sugar—phosphate binding) is by
calculatior; from the slopes of thé two lines on the plot in Figure

1 (described in detail later). What this paper proposes is that a

more accurate and more realistic approach to the determination of
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K, and K;, can be obtained by considering the plot of Fig. 1 to be
a single curve. Then one determines the binding constants from the
application of nonlinear regression models. In the following
sections, the standard apprcach and the proposed approach will be
described. Then the nonlinear regression méthod will be
demonstrated by considering the binding of phenazine methosulfate
with double stranded DNA. Finally, the advantages of the nonlinear

regression method will be discussed.

© The Standard Scatchard Plot

We follow the descriptions given by Ishizu et al.'’ for the use
of the plot with optical spectrophotometry. The Scatchard plot
itself is a plot of B/F versus B where B is the average number of
bound ligands per nucleotide and F is the molar concentration of
free ligand. If all binding sites are equivalent and
noninteracting such plots are approximately straight lines
according to the expression, B/F = K(n-B). If optical
spectrophotometry is used to study the complex formation then the
fraction of total ligand bound, @, is given by & = (A,-2)/(A,-A)
where A, and A, are the absorbance of ligand when it is present
entirely in the free or bound form respectively, and A is the
observed absorbance of the mixture. B and F can then be determined
from the relations B = (T-F)/P and F = T(l-a) where T is the total
molar concentration of ligand and P is the molar' concentration of
DNA nucleotide. Once B/F and B are determined from the above

relations, a Scatchard plot of the form of Fig 1 is made and then
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K, and K, are computed from the slopes of the two lines using

1

standard least squares regression.
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The Nonlinear Regression Approach
The nonlinear regression approach is now considered. It
follows the usual Scatchard Plot approach through formation of the
plot itself. The determination of the equilibrium constants, K;
and K,,, is different. We first recall that a linear statistical
model is one that is linear in the regression coefficients while a
nonlinear model is one that is not linear in the regression

5,6,7,8,13,23,25,26,33

coefficients Full details on dealing with such

models are given in the references®? 3. In this paper, we assume
that the Scatchard plot data is not perfectly linear and hence the
data graph shown in Fig.l is really a curve rather than two
intersecting straight lines. We propose to model the curve,
compute the two constants, K; and K, with only one nonlinear
regression run and then determine the exact point of intersection
of the two binding regimes.

For a scolution to this type of problem two models have been
proposed“. These models are propfsed for use with data in the form
of Figure 1, under the assumptions given in the last paragraph.

In dealing with the behavior of stagnantr.band height data
Watts and BaC0934 considered data which appear to behave according
to two different essentially straight-line relationships on

opposite sides of an undetermined join point. Such a situation
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could be treated by a model of the ferm
(1) ¥ = ay+0, (X=X,) + o, (X-X)tanh ((X-X,)/Y} + 2 where 2 is a random
error term. By considerations of differential geometry, Watts and
Bacon were able to show that X, and ¥y determine, respectively, the.
location of the join point and the radius of curvatufe of the model
at the join peoint. Further, in the limit, as Y approaches 0, (1)
devolves to two straight lines with slopes (&,-G,} and (&,+x,),
intersecting at the coordinates (X;,,). Thus by fitting the
nonlinear regression model (1), one can compute the binding
constants K; and K;; as well as the location of the join point.

Watts and Bacon# also proposed a second approach based on a
hyperbolic model for the data in Fig. 1. They considered a
hyperbola for which

(i) Y is a single valued function of X

(ii) the left asymptote has slope €3

(iii) the right asymptote has slope %,

(iv) the asymptotes intersect at (X, B, and

(V) the radius of curvature at X = X, is proportiocnal to a

quantity 8. Such a hyperbola can be written as |

(2) Y = By+B, (XX} + Bl (X-X)7 + 8%/41'% + z

where B, = ¢8,+ ©;)/2 and

B, = (8,-9,)/2
Thus the binding constants in this model are €y, énd 0, and they can
be determined simply by fitting model (2) to thé data. Watts and
Bacon note the parameterizatioﬁ for model (2) is chosen to
correspond directly to that in model (1). We will now examine the

use of model (1) and {2} to determine binding constants
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Data
The data for this study were determined based on a binding
study of the methylphenazinium cation with DNA authored by Ishizu
et al'?’. The data were taken from their Scatchard plot (Figure 2
of the reference). This data is summarized in Table 1 and plotted
in Figure 2. Figure 2 is thus the same plot as shown in Ishizu et

al# and it compares favorably with theirs.

- T s o —— —— —— e L W G S . o —— ——
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Nonlinear Regression
The nonlinear regression of the Table 1 data with models (1)
and (2) was accomplished with sAs®®* Proc NLIN using the approach
Qgscribed in Wadsworth®. The DUD**** method of computation was used
because it does not require the specification of derivative values,

The program for Model 1 is given in Fig.3.

—— . —— ——— > Yo S T S WP S — —— — " ——— —-— —

The program requires the specification of initial starting values
of the model parameters. The starting values used in this study
were the values reported by Ishizu et al*’. Because the computation
can be sensitive to the choice of starting valueé I recommend that
these values be determined from the standard Scatchard plot.
Should outlying observations be a potential problem, robust

[} L L] r ITI ’ 3
(Outlier resistant) versions of these procedures can be used %%,
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Results
The results for model (1) are given in Table 2 and those for
Model (2) are given in Table 3. The binding constants are computed

as described by Watts and Bacon™ and the previous discussion.

. e — —— — W S o A T - T ———
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We first consider the Table 2 results obtained with Model (l1). We
observe that K, is quite reasonable in considering the results
reported by Ishizu et al and K;; is as well when one considers that
the slope of a mostly horizontal 1line is quite difficult to
measure, In any case, K; , the intercalation constant, is the most
important based on the currently held theories of ligand-DNA
binding and we seem to have determined it well.

We now consider the Table 3 results obtained with Model (2).
These are much less satisfactory. It is especially important to
notice that the Jacobian Matrix used in the computation was
singular. Such a situation is discussed by Seber’®, p. 623. In the
case of a singular Jacobian, it 1is a signal of a lack of
identifiability in the parameters in the nonlinear regression
model. This is quite like the situation of multicollineraity in a
linear statistical medel. In such a case, the regression
coefficients are often uninterpretable. 1In fact as we can see in
Table 3 K,, even has the wrong signf Thus, we can‘not recommend the

use of model (2) in studying the binding of ligands to DNA.
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Conclusicn

It is clear that the study of the binding of drugs and Sther
biologically active compounds to nucleic acids is an important
endeavor. This research shows that more information (such as the
join point) can be obtained using a nonlinear regréssion approach
along with a standard linear model method for the initial parameter
estimates. Further, if outliers are expected in the data more
robust methods can be used to accomodate them. These methods help
to determine the binding constants to the fullest accuracy allowed
by the data. Thus, model (l) seems to provide a very reasonable
approach to the analysis of binding constant data.

However, a cautionary note must be added. Model (2) does not
seem ﬁo provide a good method for use in a ligand-DNA binding study
since it provides unreliable parameter estimates based on a
singular Jacobian Matrix. I therefore recommend only Model (1) be

applied in these studies.
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Table 1

Binding Data From Ishizu et al.

Observation B/F X107° B “
1 1.73 .088 |
2 1.30 .10

3 1.17 .104

4 .91 L1

5 . 157 .116

6 .63 .1195

7 .56 .123

8 .54 .131

S .48 .141

10 __===.476 .162
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Table 2

Model (1) Results

o —

Parameter Estimate Binding Constants "
7ao 5982.4408 "
a, -186712.8028 R
o, 155632.50290

X, 0.1213 K, +3.42 x 10°
IT 0.0134

e — RIS
R —— — ———————

e T ——.
I e ——————

Table 3

Model (2) Results*

K, +3.1 x 10°
L

Binding Constants _w

Parameter Estimates
B, 4082.079 K, +3.92 x 10°
B, 28938.152 K, -3.98 X 10°

3951100.05

X, 0.150 ﬂ
‘8 -0.128 l

*In this analysis the Jacobian Matrix was singqular.
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Figure 1. Biphasic Scatchard Plot for Ligand-DNA Interaction
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*REF EX 3 P 17. 14 WADSWORTH, HBOOK OF STAT METH FOR ENG & SCIENT. 1989;
TITLE 'HHD DATA COMPUTATIONS"

* DATA FROM BIOCHEM 8,1238 (1969), MODEL TECHNOMETRICS 16,369 (1974);
* START VALUES FROM GRAPH;

* USING ACTUAL DATA 6/13/94;

DATA A;

INPUTXY @@;

CARDS;

.088 1.73e4

1 1.3:4

104 1.17e4

.11 .97e4

116 .757¢4

119 .63e4

123 .56e4

131 .5ded

141 48e4

162 .476ed

-PROC PLOT; PLOT Y*X;

PROC NLIN METHOD = DUD;

PARMS AO=.59e4 XO=.122 A1=2.03E5 A2=1.97e5 GAM=.1;
MODEL Y=AO + A1*(X-XO) + A2*(X-XO) TANH(X-XO)/GAM);

Fig. 3. SAS Program for the Analysis
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