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ABSTRACT: Reduced viscosities, viscometric titrations, flu-
orescence, and flow dichroism measurements indicate that
the aromatic ring system of naphthothiopheneethanol-
amines (NA) is intercalated on binding to DNA. No
marked change in binding was found on substituting a di-
butylamino group for a piperidyl ring on the side chain.
Ionic strength studies, however, did indicate that the posi-
tive charge on the side chain is quite important for binding.
Both the binding equilibrium constant and the number of
binding sites, as determined from a Scatchard plot of spec-

Developing an understanding of the complex formed be-
tween a drug and its cellular receptor is of obvious impor-
tance in studying the related disease, the mechanism of ac-
tion of the drug, and aids in design of new and more effica-
cious compounds. For most drugs, the cellular receptor is
unknown and even in cases where it is known, isolation and
purification of it for in vitro studies often proves impossible.
Since DNA can be obtained in a highly purified form,
drugs which involve complex formation with DNA as part
of the postulated mode of action have received much atten-
tion (¢f. Hahn, 1971). In particular the intercalation theory
of Lerman (1963, 1964) has provided a model which classi-
fies compounds into those which intercalate and those that
bind outside of the DNA helix. Many investigations have
had as one of the primary goals, differentiation between
these two modes of binding.

Hahn er al. (1966) has shown that the probable mode of
action for the antimalarial drug chloroquine involves forma-
tion of a complex with- DNA through intercalation of the
chloroquine aromatic ring system and interaction of the
positively charged side chain with the negatively charged
DNA phosphate groups. The methods used to demonstrate
intercalation of chloroquine included ultraviolet spectral
changes, 7, measurements, intrinsic viscosities, and flow
dichroism. These results have been substantiated by the
finding that chloroquine causes unwinding followed by re-
verse coiling of closed circular supercoiled DNA, as is typi-
cal for intercalating compounds (Waring, 1970).

We have been studying a group of naphthothiophene-
ethanolamines! which show significant antimalarial ac-
tivity (Das et al., 1972). DNA binding studies with these
compounds indicated that although factors such as mem-
brane permeability are important, a group of NAs active
against malaria gave DNA binding constants in the same
order as their activity against the parasite (Panter et al.,
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! Abbreviations used are: NA, naphthothiophencethanolamine;
DNA-P, DNA phosphorus.

trophotometric results, decreased on increasing the sodium
chloride concentration. The increase in T, for several DNA
samples, caused by adding NA to DNA at a fixed ratio,
showed a marked dependence on the percentage of AT base
pairs. The conclusion drawn from these data is that the
DNA-NA complex involves high specificity of the NA for
AT base pairs, intercalation of the aromatic ring system,
and binding of the NA side chain in the DNA minor groove
with strong interaction between the positively charged side
chain and the DNA phosphate groups.

1973). These initial studies also suggested possible interca-
lation of the aromatic portion of the NA and interaction of
the side chain with the DNA phosphate groups. Because of
the possible importance of DNA interactions in the mode of
antimalarial action of these compounds, and also because of
the need for more detailed binding data on compounds
which have both a planar aromatic ring system which can
intercalate and a side chain which binds outside the DNA
helix, we have investigated the binding of a dibutylamino
NA with significant antimalarial activity, 1 (Das et al.,
1972), and its analog in the piperidyl series, 2, which has

Cl
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LR = N(n-Bu),;HCl

2,R= M-HCI
N

the highest affinity for DNA found for the NAs studied to
this time (Panter et al., 1973). The goals of this work were
to obtain results, using viscosity and flow dichroism mea-
surements, pertaining directly to the mode of binding of the
aromatic portion of the NA, to determine whether there is a
preference for the NA to bind to AT or GC base pairs, to
determine what part the positively charged side chain plays
in binding of the NA to DNA.

Experimental Section

Materials

NA (Das et al., 1972) stock solutions were prepared in
absolute ethanol at concentrations of approximately 1073 M
(Panter et al., 1973). A low molecular weight ([n] = 35.2
dl/g at 7 = 0.012) calf thymus DNA (Miles Laboratores,
Inc., Lot 36-155) was used for viscosity, binding, and ther-
mal denaturation experiments. A higher range molecular
weight DNA (Worthington Biochemical Corp., Lot 33H
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742) was used for flow dichroism experiments. Other DNA
samples used in denaturation experiments were: Micrococ-
cus lysodeikticus (Miles Laboratories, Inc., Lot 12); Esch-
erichia coli (Worthington Biochemical Corp., Lot 43H
027); and poly(dAT-dAT) (Miles Lot 11-34-317). For most
experiments DNA stock solutions in 7.5 X 1073 M sodium
phosphate-1 X 10~3 M EDTA buffer (pH 6.0. I = 0.012)
were used.

1,5-Diaminopentane (Aldrich Chemical Company, Inc.)
was vacuum distilled, the HCI salt was prepared (dry HCI
gas was bubbled through a 10% v/v solution of the amine in
ethanol), and the resulting precipitate was collected, recrys-
tallized twice from ethanol, and dried. The salt had a melt-
ing point of 255-256° compared to a literature value of
255° (Braun, 1904) and elemental analysis for carbon and
hydrogen agreed with calculated values. For viscometric ti-
trations a 0.02 M solution of the salt was prepared in 7.5 X
103 M sodium phosphate, 1 X 10=3 M EDTA buffer (pH
6.0, I = 0.012) containing 5% ethanol by volume (now
called standard buffer). Because of solubility limitations on
the NA, it was necessary to add them to DNA from stock
solutions in ethanol (Panter et al., 1973) and, for consisten-
cy, a concentration of 5% ethanol was used in all experi-
ments.

Other chemicals were of the highest purity commercially
available. Water was glass redistilled.

Methods

Viscosity Studies. The viscometer used was a Cannon-
Ubbelohde four-bulb dilution viscometer (Cannon Instru-
ment Co., No. 75s-177). For measurement of specific vis-
cosity solutions of NA with DNA at a ratio of 1 mol of NA:
20 mol of DNA-P were prepared in standard buffer. From
the DNA concentrations in g/dl the reduced viscosities
were calculated and extrapolated to zero shear rate. A plot
of the square root of the shear rate vs. the log of the reduced
viscosity for each viscometer bulb (Lerman, 1964) gave a
linear relationship for shear rates of less than 500 when
using low molecular weight DNA.

For viscometric titrations a measured volume of DNA (2
X 107 M DNA-P in standard buffer) was titrated with a
concentrated solution of NA in absolute ethanol. After each
addition of NA the solution in the viscometer was mixed for
30 min by gentle airflow. No change in viscosity with time
could be detected after 30 min. The NA was added with a
calibrated microliter syringe and the total volume change at
the end of any titration never exceeded 2%. The effect of
adding just ethanol to the DNA solution was also deter-
mined and subtracted from the change caused by the NA in
ethanol.

Flow Dichroism. DNA and DNA-NA solutions were
driven from a 50-ml syringe through a narrow path cuvet
(special purchase from Precision Cells, Inc., 0.25-mm light
path) using a variable speed synchronous motor driven
pump (Sage Instruments, Model 255-1) (Cavalieri et al.,
1956: Lerman, 1963). Polarized light was obtained from a
polarizing filter (Polacoat Co., U.V. 105) in a rotatable
mount. The fiiter and cell were mounted in the sample com-
partment of a Beckman Acta V spectrophotometer. Tem-
perature was maintained at 25° using a circulating water
bath with coils around the sample syringe and in the spec-
trophotometer sample compartment. Flow rates in the
range of 20 ml/min were typically used.

Thermal Denaturations. The procedure was essentially
the same as described previously (Panter er al., 1973) ex-
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Table I: Reduced Viscosities for DNA and Complexes of 1
and 2 with DNA @

Reduced Viscosities (dl/g)

DNA Concn

(g/dl x 10°) DNA DNA-1 DNA-2
9.25 37.1 48.1 48.4
7.40 36.7 47.0 47.4
6.20 36.4 46.6 47.2

2 The ratio of 1 and 2 to DNA-P was 1:20 in all experi-
ments with these compounds.

cept that the NA to DNA ratio was 0.31 rather than 1.0.

Spectrophotometric Binding Experiments. Solutions of
NA were prepared in standard buffer and solid sodium
chloride was added for studies at different sodium ion con-
centrations and different ionic strengths. The NA concen-
tration was always near 2.5 X 107° M and a 5-cm spectro-
photometer cell was used so that initial absorbances at 310
nm were near one. The total decrease in absorbance on add-
ing DNA was usually around 50%. Aliquots of a DNA
stock solution (usually around 3 X 10~ M DNA-P in stan-
dard buffer) were added to the NA solution using a cali-
brated microliter syringe. The DNA was added to the NA
because concentrated solutions of NA could not be pre-
pared in standard buffer. The DNA additions were moni-
tored by adding DNA to a cuvet containing only buffer and
measuring the increase in DNA absorbance. This ensured
that the DNA was actually passing through the syringe in
the expected amounts. After adding the DNA, the solutions
were gently mixed for 30 sec using a small magnetic stirring
bar in the cuvet. Longer stirring times gave no additional
decrease in NA absorbance. The measured absorbance was
corrected for the small volume increase caused by the DNA
addition and for any DNA absorbance or light scattering as
determined from a blank titration. Absorbances were mea-
sured using a Beckman Acta V spectrophotometer with
temperature maintained at 25° as above.

Fluorescence. The effect of DNA on the fluorescence
emission spectrum of NA in standard buffer was deter-
mined using the Spectral Fluorescence Accessory (Model
569384) to the Acta V spectrophotometer. The exciting
wavelength was selected using a Corning narrow pass filter
No. 7-60 {(maximum transmission near 350 mn) and the
spectrum of the radiation emitted at 90° to the incident
light beam was determined with the Acta V monochroma-
tor.

Results

Viscosity Studies. The zero shear rate, reduced viscosi-
ties of DNA alone, and complexes of DNA with 1 and 2 at
different DNA concentrations are given in Table I. The
molar ratio of NA to DNA-P was maintained at 1:20 for
each concentration. It can be seen from Table I that when 1
and 2 are added to DNA at the same ratio, they have essen-
tiailly identical effects on the DNA viscosity. Intrinsic
viscosities were not calculated due to the difficulty of main-
taining a constant amount of bound NA as the DNA con-
centration is reduced. This is especially true for compound
1 for which accurate equilibrium data could not be deter-
mined owing to solubility limitations. Although these vis-
cosity increases are indicative of intercalation, it is felt that
viscometric titrations give more information about: the
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FIGURE 1: Viscometric titration of DNA with NA (@) and 1,5-diami-
nopentane (). The ratio (n/no) of the viscosity of DNA with added
compound (n) to DNA alone (no) is plotted as a function of the molar
ratio of compound to DNA.

mode of binding of compounds to DNA. In Figure 1 are
curves for the titration of DNA with 2 and with 1,5-diami-
nopentane which is known to bind externally to the DNA
double helix (Mahler and Mehrotra, 1963). As can be seen,
the DNA-NA complex exhibits a large rise and then a lev-
eling off in reduced viscosity with increasing NA while the
DNA -diaminopentane complex continues a much lower de-
creasing change in viscosity as a function of added com-
pound.

Flow Dichroism. Another method for studying the mode
of binding of planar aromatic compounds to DNA is by
measuring the orientation of their ring system with respect
to the DNA bases. This can be investigated by flow aligning
the asymmetric DNA molecule in a narrow path spectro-
photometer cuvet and measuring the change in absorbance
of polarized light caused by the alignment for both the
DNA and DNA small molecule complex. A plot of the
change in absorbance as a function of the angle of the en-
tering polarized light (zero degrees is parallel to the direc-
tion of flow) is given in Figure 2. If the NA ring system is
intercalated, the fractional change (absorbance change di-
vided by the total absorbance) should be the same for DNA
and the DNA-NA complex. From Figure 2 the calculated
fractional changes for DNA at 260 nm are —0.136 at 0°
and +0.060 at 90°, and for the DNA-NA complex are
—0.138 at 0° and +0.057 at 90°. This indicates that the
DNA is maintained in the double helical conformation
when the NA is bound and is consistent with parallel align-
ment of the NA ring system to the DNA base pairs; 36% of
the absorbance at 260 nm for the complex is due to the NA.
The absorbance change at 310 nm, which is due almost en-
tirely to the NA, is also shown in Figure 2. Although the
magnitude of the change is too small for accurate calcula-
tions, because of the limitations of the spectrophotometer, it
can be seen that the changes are in the expected directions,
the relative changes at 0 and 90° are as expected, and the
approximate fractional changes are quite close to those
given above for DNA.

Spectrophotometric Binding Studies. In addition to the
mode of NA binding to DNA, the number of binding sites,
Nap, and binding equilibrium constant, Kap, are important
in understanding the DNA-NA complex. Using the change
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FIGURE 2: Flow dichroism measurements for calf thymus DNA at
260 nm (@, 3.1 X 1073 M DNA-P) for DNA-NA at 260 nm (® 2.88
X 10=3 M DNA-P, 4.97 X 1074 M NA) and for DNA-NA at 310 nm
(A, 2.88 X 10-3 M DNA-P,4.97 X 1074 M NA).
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FIGURE 3: Scatchard binding curves at varying ionic strengths where »
is the number of moles of NA bound per DNA-P and ¢ is the molar
concentration of free NA: (a) NA concentration of 2.72 X 1075 M, ti-
trated with 3.41 X 1073 M DNA-P, ionic strength 0.012; (b) NA con-
centration 2.62 X 10~% M titrated with 3.41 X 10~ M DNA-P jonic
strength 0.062; (c) NA concentration of 2.29 X 1075 M titrated with
3.4 X 1073 M DNA-P, ionic strength 0.087; (d) NA concentration 2.95
X 1075 M titrated with 3.4 X 10~3 M DNA-P, ionic strength 0.112.

in NA extinction coefficient on binding to DNA (Panter et
al., 1973), these constants can be determined by the Scat-
chard plotting method (Scatchard, 1949). In Figure 3 the
results of four spectrophotometric binding experiments at
different ionic strengths are plotted by the Scatchard meth-
od. The binding constants are large enough so that the ab-
sorbance of the completely bound form can be determined
by adding excess DNA. The data from binding experiments
of the type are most accurate in the range from 20 to 80%
of the added NA bound to DNA (Deranleau, 1969) and all
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FIGURE 4: Thermal denaturation curves for DNA samples of varying
A-T content without NA (@) and with NA (A) at a molar ratio of 0.31
NA/DNA-P: (a) Calf thymus DNA; (b) M. lysodeikticus; (c) pol-
y(dAT-dAT); and (d) £. coli DNA. The per cent change in absorbance
at 260 nm (AA26p) is plotted as a function of centigrade temperature.

of the experimental points in this range are included in Fig-
ure 3. The points in Figure 3 are experimental and the
straight lines are computer generated from a least-squares
program. In curves a and b of Figure 3 two classes of bind-
ing sites are indicated by the curvature of the experimental
points. The points are visually divided into two groups be-
fore computer evaluation. The large difference in equilibri-
um constants for the binding sites being studied in these two
cases makes this separation reasonably straightforward.
The number of binding sites and the binding equilibrium
constants determined from the data in Figure 3 are collect-
ed in Table II. All binding constants are reduced on in-
creasing ionic strength and the number of apparent binding
sites is also reduced in each case.

It should be mentioned here that the Kap value reported
by Panter er al. (1973) for strong binding of these NA at
ionic strength 0.012 was approximately twice that reported
here, while the values for Nap are essentially the same
(0.25 and 0.27). There are two primary reasons for this dif-
ference in Kap. First, because of the low solubility of the
NA, the binding constant could not be determined using
spectrophotometric changes on adding NA to DNA solu-
tions. The procedure used by Panter et al. (1973) involved
preparing separate solutions containing a constant concen-
tration of NA but varying amounts of DNA. Slight errors
in pipetting NA can give large errors in these measure-
ments. In this report the DNA and NA solutions were made
up in the same buffer (containing ethanol) and the DNA
was titrated into the NA solution in a 5-cm cuvet fixed in
position in the spectrophotometer. This procedure greatly
increases the reproducibility of the measurements, allowing
a determination of more points, which facilitates the deter-
mination of both Kap and Nap. A second possible source of
error in these experiments is the curvature of the Scatchard
plot and extended extrapolation to the r/c axis necessary at
low ionic strength (Kap can be determined from the slope of
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Table II: Binding Data for the DNA-2 Complex at Differ-

ent Ionic Strengths.

Ionic Na*

Strength Molarity Kap X 107 Nap
0.012 0.010 5.34 0.27
0.062 0.060 5.63 0.16
0.062 0.060 1.30 0.26
0.087 0.085 2.33 0.14
0.112 0.100 1.34 0.14

the plot or from the r/c intercept.) As can be seen from Fig-
ure 3, a deviation in the slope of the plot would cause a
greater change in the r/c intercept than in the r axis inter-
cept, giving more error in the determination of Kap than
Nap. The best solution to these problems seems to be to use
higher ionic strength when doing comparisons of different
compounds. The curvature of the Scatchard plots in Figure
3 decreases significantly at higher ionic strength (greater
than 0.05) and both Kap and Nap can be more unequivo-
cally determined. The values at low ionic strength should
not be ignored, however, since they determine whether any
outside binding is possible and also allow a determination of
the maximum possible number of intercalation sites.

Thermal Denaturation. To determine whther there is any
base pair specificity for NA binding, thermal denaturation
experiments for DNA-NA complexes varying from 100%
A-T to 28% A-T were performed. For denaturation curves,
which are shown in Figure 4, the per cent change in absorb-
ance is plotted as a function of temperature. For calculating
the per cent change in absorbance, 0% was arbitrarily taken
at 15° below the T, and 100% change at 10° above T, (T
is the temperature at 50% change in absorbance). For the
above calculations the 7, was first approximately deter-
mined by plotting absorbance vs. temperature for each de-
naturation experiment. Shifting the above limits farther
from the Ty, (for example 20° below and 15° above Tp)
makes no more than a 0.5° change in Ty, for any of the
curves. In Figure 5 the change in Ty, caused by the addition
of NA to the different DNA samples (ATn) is plotted as a
function of the per cent AT for each denaturation experi-
ment. The points are calculated from the curves in Figure 4
and the line was computer generated assuming linear be-
havior. Although there is at present no theoretical reason to
assume a linear change in AT}, with per cent AT, any cur-
vature in the plot of the data would be slight and would not
change the general interpretation of the results.

Fluorescence. The fluorescence emission spectrum of 2
gives two peaks of approximately equal magnitude at 348
and 364 nm. The fluorescence quantum yield of both peaks
decreases by at least a factor of ten on binding to calf thy-
mus DNA. The fluorescence quantum yields for this com-
pound and other NAs studied were too low for use in ob-
taining quantitative binding data.

Discussion

In a previous study (Panter et al., 1973) we have found
that although NAs with dibutylamino side chains bind to
DNA and are good antimalarial agents, NAs with piperidyl
side chains bind to DNA with similar binding constants but
show no antimalarial activity. One possible explanation for
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this is a different mechanism for binding of the two types of
NA to DNA. Reduced viscosity data presented here in
Table I for the two N As differing only in side chain indicate
that they have essentially the same effect on DNA, and the
increase in reduced viscosity for both points to intercalation
as the mode of binding. It seems then that both the binding
constant and mechanism of interaction of these compounds
with DNA are very similar and cannot account for the large
differences in their antimalarial activity. The most striking
difference between the two classes of NAs is in solubility
(Panter et al., 1973) which could explain the differences in
activity through unequal rates of excretion or transport
through membranes. Obviously other experiments will be
necessary before a molecular understanding of the activity
differences of these compounds is reached.

Since the compounds seem to interact with DNA in a
similar manner, their mechanism of interaction with DNA
was investigated employing the piperidyl compound 2 be-
cause of its greater solubility. The absorbance decreases
(Panter et al., 1973) and large fluorescence change on bind-
ing of 2 to DNA indicate a strong interaction of the NA ar-
omatic ring system with the DNA double helix. This sup-
ports intercalation as the mode of binding, but is not con-
clusive proof since hydroxystilbamidine (Margo et al.,
1973; Festy and Daune, 1973) which does not intercalate,
shows absorbance and fluorescence changes of similar mag-
nitude. The reduced viscosities and particularly the visco-
metric titration which show large increases on addition of
NA to DNA are more direct proof of intercalation. Some
compounds such as netropsin (Zimmer et al., 1971) or hy-
droxystilbamidine (Margo et al., 1973; Festy and Daune,
1973), which bind outside of the DNA helix, cause slight
increases in viscosity at low ratios of compound to DNA,
but these are small compared to the change caused by the
NA. Also in the NA viscometric titrations, the viscosity lev-
els off at a high value while the viscosity of nonintercalating
compounds either decreases continuously or shows a slight
increase followed by a decline as the ratio of compound to
DNA is increased (¢f. a diamine in Figure 1). These viscosi-
ty increases coupled with the fact that the flow dichroism
results for the DNA-2 complex shown in Figure 2 are of
the same sign and magnitude as those obtained for DNA
alone provide strong evidence for intercalation of the NA
aromatic ring system.

In binding studies the manner in which modifications of
the macromolecular receptor affects interactions can fre-
quently provide as much information as modification of the
small molecule. With DNA the base pair composition can
be varied by using samples from different species or by
using synthetic DNA. Data are presented in Figures 4 and
5 showing how varying the AT composition affects the T,
increase on adding a fixed ratio of NA to each DNA. As
can be seen there is a striking dependence of AT}, on the
per cent AT in a DNA sample. The question of whether this
base pair specificity originates with the NA aromatic ring
system or the side chain or some combination of the two
cannot be determined from these data. Ethidium bromide,
for example, which intercalates but has no charged side
chain shows no AT specificity (Le Pecq and Paoletti, 1967).
The specificity of proflavine, which has no side chain, is in
question since Kleinwachter et al. (1969) have reported
some AT specificity for this compound while Ellerton and
Isenberg (1969) found that the binding constant of proflav-
ine did not depend on the AT composition of the DNA
being studied. Many compounds which bind outside of the
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FIGURE 5: Changes in DNA T, values due to addition of NA (ATrm)
were determined from Figure 4 and are plotted as a function of per
cent AT for each DNA. See Figure 4 for the DNA samples used.

DNA double helix, on the other hand, such as distamycin
and netropsin (Zimmer et al., 1971), some amines (Von
Hipple, 1973), and diamines (Mahler and Mehrotra, 1963)
show strong AT specificity. Actinomycin which has an in-
tercalating ring system and a side chain which binds outside
shows strong GC specificity which seems to be due primari-
ly to the interactions of the side chain with guanine (Sobell
et al., 1971) although some contribution from the aromatic
ring system apparently also occurs with this compound
(Miiller and Crothers, 1968). Chloroquine which also has
both an intercalating aromatic ring system and a side chain
seems to show some slight specificity for guanine (Hahn et
al., 1966). Therefore, since many compounds which show
base specificity in DNA binding either bind outside or have
side chains which bind outside of the double helix,-it seems
probable that at least part of the base specificity of the NA
is due to its side chain. To test the point we are now synthe-
sizing NAs with altered side chains to measure binding
specificity.

The reduced viscosity results indicate that NA binding is
not greatly changed when either a dibutylamino or a piper-
idy! side chain is present. This does not, however, answer
the question of the importance of the positive charge on the
side chain to binding. The large decrease in binding shown
in Figure 3 on increasing ionic strength indicates that the
interaction of the positive charge with the DNA phosphate
groups is an important contribution to binding. Both the
binding equilibrium constant and the number of binding
sites decrease with increasing concentrations of NaCl. Gab-
bay and coworkers (Sanford et al., 1975) have recently sug-
gested that a decrease in binding of the compound on in-
creasing the concentration of sodium ion indicates binding
of the compound or its side chain in the minor groove. This
is based on the X-ray data of Rosenberg er al., (1973)
which shows a strong binding site for sodium ions in the
minor groove of the double helix. According to this theory
the side chain of the NA would project into the minor
groove. In general, investigations of small molecule binding
to DNA have not been able to determine in which groove of
DNA the molecule is bound or even whether there was a
preference of one groove over another. Gabbay’s suggestion
then is most important and tests of sodium binding to AT
sequences especially in solution (in contrast to crystal bind-
ing) should prove most helpful in characterizing binding in-
teractions.

Another possible source of both the curvature of the
Scatchard plots and of the decrease in Nap at higher ionic
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strengths? is the fact that there are ten different intercala-
tion sites in the double helical DNA molecule (Gabbay et
al., 1972) which could interact quite differently with the
NA. From Figure 3 it can be seen that on increasing ionic
strength, Nap decreases to a value near 0.14 and shows only
a slight decrease after this point. This could indicate that
some NA intercalation sites are more strongly affected by
ionic strength (or Na%) than others and are essentially
eliminated at an ionic strength of 0.10. This results in a
lower Nap value and a Scatchard plot of much less curva-
ture since the intercalation sites are now more homoge-
neous. It should be mentioned that this is consistent with
Gabbay’s work since Rosenberg ez al. (1973) found specific
binding of Nat ion to double helical AU and not to GC.
From the X-ray work it seems that any specific Na* bind-
ing in the minor groove of a double helix composed of
mixed AT and GC base pairs would be very weak and
would not interfere with NA binding.

The most probable mode of binding of NA is by interca-
lation of the aromatic ring system between DNA bases with
a high specificity for AT base pairs. The side chain proba-
bly lies in the minor groove of the double helix and ex-
changing a dibutylamino for a piperidyl side chain causes
little difference in the binding. The interaction of the posi-
tive charge on the side chain with the DNA phosphate
groups provides a significant portion of the binding energy
at low ionic strength. It seems probable the side chain ac-
counts for part of the AT specificity of the NA, but the rea-
son for this base selection is not clear at this time. We have
found using Pauling-Cory-Koltun molecular models and
the above constraints on the NA-DNA interaction that a
hydrogen bond could form between the hydroxyl group on
the NA side chain and the thymine carbony! oxygen in the
DNA minor groove. This would help account for the AT
specificity and the location of the NA side chain in the
minor groove. This is the same interaction that Henry
(1972) has proposed for aryl amino alcohols as a result of
model building studies. Further studies on NAs with varied
structure should allow determination of a detailed binding
model.
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