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Summary 

Proton magnetic resonance (pmr), ultraviolet absorption, induced 
circular dichroism (CD), and viscometric evidence is presented which 
show that reporter molecules 1 and 2 bind to DNA via an intercalation 
process. Preliminary kinetic-studies show that the DNA.I complex forms 
rapidly (i.e., ~1 msec), whereas the DNA.2 complex forms at a consider- 
ably slower rate (t,>lOO msec). The kineiic results, and the steric 
requirements for in?ercalation of 2 can be explained on the basis of a - 
dynamic structure of DNA. 

Through the use of hydrogen-exchange techniques (1-5) as well as 

the rates of reactions of formaldehyde with native and denatured deoxy- 

ribonucleic acid (6), it has been shown that the conformation of DNA 

is "subject to continuous thermally-induced local fluctuations and 

distortions" (4). One type of transient conformation involves 

unstacking of adjacent base-pairs with a concomitant H-bond breakage to 

form an open DNA structure. This communication presents further 

evidence for the dynamic structure of DNA in solution as well as addi- 

tional data on the interaction specificity of novel reporter molecules 

with DNA. 

To accomplish the above objective, two types of reporter molecules 

were synthesized (1 and Q, and their interaction specificities with 

native salmon sperm DNA (s.s. DNA), polydAT-polydAT, and polydG-polydC 

were examined. It is noted that the 1,8-naphthylimide ring of 1 may 

intercalate readily between base-pairs of DNA without the necessity of 

breaking H-bonds between base-pairs. However, in order to intercalate 

the 1,8,4,5-naphthyldiimide ring of 2 between base-pairs of DNA, 

unstacking of adjacent base-pairs and local melting (H-bond breakage) 
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of the helix must occur. (If the 1,8,4,5-naphthyldiimide ring of 2 

intercalates, the N-benzyl, N,N-dimethyl side chains must occupy 

opposite grooves in DNA (i.e., one side chain in the minor, the other 

in the major groove) since the distance between side chains of 2 is 

approximately 11.2 A’. Moreover, it has been shown in this laboratory 

that a t-butyl group on an aromatic ring blocks the intercalation 

process (7). Since the N-benzyl, N,N-dimethyl group of 2 is larger 

than a t-butyl group, it is therefore concluded that intercalation of 

the aromatic ring of 2 must be preceeded by local opening, i.e., melting, 

of the helix. This conclusion is supported by the kinetic study (see 

below)). 

The evidence for intercalation of reporters 1 and 2 between base- 

pairs of DNA is briefly summarized. (1) The proton magnetic resonance 

signals of the aromatic and side chain protons of 1 and 2 are totally 

broadened and are indistinguishable from base-line noise in the 
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presence of salmon sperm DNA. (For a detailed discussion of the pmr 

signals of intercalated molecules see references (8) and (9)). (2) It 

is noted from the viscometric titration studies shown in figure 1 that 

2.6 2.6 

24 24 

2.2 2.2 

2.0 2.0 

1.8 1.8 

1.6 1.6 

I .4 I .4 

1.2 1.2 

2 4 6 8 IO 2 4 6 8 IO 
Reporter cOncentrOllOn ix 105) Reporter cOncentrOllOn ix 105) 

Figure 1. The effect of increasing concentration of 1 (00 ), 

and 2 (Q-O) on the specific viscosity of ss DNA solu- - 

tion (2.65 x 10 -4 M P/l) in 0.01 M FlES buffer pH 6.2. 

the relative specific viscosity, n gmplyq~pNA, of the DNA solution 

increases with increasing concentrations of reporters 1 and 2 and - 

finally levels off at a base-pair to reporter ratio of 2.30 and 1.74 

for reporters 1 and 2, respectively. It should be noted that inter- 

calation of planar molecules between base-pairs of DNA leads to an 

increase in the length of the helix and is usually accompanied by an 

increase in the viscosity of the solution (10-12). (3) A large hypo- 

chromic effect and an induced circular dichroism in the absorption band 

1085 



Ta
bl

e 
I. 

Ef
fe

ct 
of

 
Sa

lm
on

 
Sp

er
m

 
DN

A 
(s

s 
DN

A)
, 

Po
lyd

AT
-P

oly
dA

T 
an

d 
Po

lyd
G-

Po
lyd

C 
on

 
th

e 
Ab

so
rp

tio
n 

an
d 

In
du

ce
d 

Ci
rc

ula
r 

Di
ch

ro
ism

 

Sp
ec

tra
 

of
 

Re
po

rte
r 

M
ole

cu
les

 
1 

an
d 

2.
 

Re
po

rte
r 

&O
 

bu
ffe

r 

h m
ax

 
Em

ax
 

nm
 

Ab
so

rp
tio

n 
Sp

ec
tra

a 
Ci

rc
ula

r 
dic

hr
ois

m
' 

Po
lyd

AT
-P

oly
dA

T 
Po

lyd
G-

Po
lyd

C 
ss

 
DN

A 
ss

 
DN

A 

x m
ax

 
Em

ax
 

%
Hb

 
x 

m
ax

 
Em

ax
 

%
H 

x m
ax

 
Em

ax
 

%
H 

A'
 

LO
I 

1 
x2

 
nm

 
nm

 
nm

 
[O

l 
2 

1 
34

4 
12

,4
80

 
34

7 
6,

36
0 

11
4 

34
7 

7,
61

0 
78

 
34

8 
5,

67
0 

12
0 

35
7 

18
00

 
31

6 
-1

50
0 

2 
38

1 
29

,7
00

 
38

1 
11

,7
00

 
14

9 
38

4 
12

,0
00

 
14

4 
38

4 
10

,9
50

 
17

1.
 

40
8 

- 
90

0 
35

5 
-5

50
0 

a 
Ab

so
rp

tio
n 

sp
ec

tra
 

we
re

 
tak

en
 

in
 

10
 

m
m

 
ce

lls
 

us
in

g 
a 

Ca
ry 

15
 

sp
ec

tro
m

et
er

 
at

 
a 

nu
cle

ic 
ac

id
 

co
nc

en
tra

tio
n 

an
d 

re
po

rte
r 

co
nc

en
- 

tra
tio

n 
of

 
1.

0 
x 

10
m

4 
M 

P/
l 

an
d 

5 
x 

10
 -

6 
M

, 
re

sp
ec

tiv
ely

, 
in

 
0.

01
 

M 
2-

(N
-M

or
ph

oli
no

)e
th

an
es

ulf
on

at
e 

bu
ffe

r 
(M

ES
) 

pH
 

6.
30

 
an

d 

0.
00

5 
M 

Na
+ 

at
 

am
bie

nt
 

te
m

pe
ra

tu
re

. 

b 
Pe

rc
en

ta
ge

 
hy

po
ch

ro
m

ici
ty 

(IH
) 

= 
(e

~~
~/$

"" 
- 

1.0
) 

10
0,

 
wh

er
e 

c!
Tg

 
an

d 
cF

ax
 

ar
e 

th
e 

ex
tin

cti
on

 
co

ef
fic

ie
nt

s 
in

 
th

e 
pr

es
en

ce
 

an
d 

ab
se

nc
e 

of
 

th
e 

po
lyn

uc
leo

tid
es

. 

' 
Ci

rc
ula

r 
dic

hr
ois

m
 

sp
ec

tra
 

we
re

 
tak

en
 

in
 

SO
 

m
m

 
ce

lls
 

us
in

g 
a 

Ja
sc

o 
J-

20
 

sp
ec

tro
m

et
er

 
an

d 
th

e 
sa

m
e 

co
nc

en
tra

tio
n 

co
nd

itio
ns

 

as
 

ab
ov

e. 



Ta
bl

e 
II.

 
Ki

ne
tic

s 
of

 
th

e 
Bi

nd
in

g 
of

 
1 

an
d 

2 
to

 
N

uc
le

ic
 

Ac
id

s.
 

k 
-la

 
ob

s' 
se

c 

DN
A 

(C
 

x 
10

6)
 

Po
ly

dA
T-

Po
ly

dA
T 

(C
 

x 
10

6)
 

d 
-6

 
d 

Po
lyd

G
-P

ol
yd

C
 

(C
 

x 
10

 
) 

R 
(C

 
x 

10
6)

 
T°

C 
97

.0
 

12
9.

0 
69

.3
 

34
.7

 
17

.3
 

8.
7 

58
.1

 
_I

_-
---

 

1 
(2

.5
0)

 
20

 
b 

---
-- 

b 
- -

 - 
_ 

- -
 _

 - 
- -

 - 
_ 

b 

A(
2.

50
) 

20
 

C 
11

.9
5 

9.
15

 
7.

30
 

5.
40

 
4.

40
 

3.
48

 

2 
(1

.2
5)

 
20

 
C 

12
.4

0 
8.

85
 

6.
80

 
---

- 
---

- 
3.

57
 

2 
(2

.5
0)

 
10

 
C 

--_
-- 

3.
86

 
__

__
 

__
__

 
__

__
 

1.
36

 

2 
(2

.5
0)

 
30

 
C 

_^
__

_ 
23

.3
 

__
__

 
__

__
 

_-
__

 
9.

30
 

a 
St

op
-fl

ow
 

kin
et

ics
 

we
re

 
ca

rri
ed

 
ou

t 
on

 
a 

Du
rru

m
 

sto
p-

flo
w 

ap
pa

ra
tu

s 
th

er
m

os
ta

tte
d 

wi
th

 
a 

La
ud

a 
K-

2/
R 

ci
rc

ul
at

in
g 

ba
th

. 
Th

e 
re

ac
tio

n 
wa

s 
fo

llo
w

ed
 

at
 

34
8 

an
d 

38
3 

nm
 

fo
r 

re
po

rte
rs

 
L 

an
d 

2,
 

re
sp

ec
tiv

el
y,

 

in
 

BP
ES

 b
uf

fe
r 

(0
.0

8 
M

 N
a2

HP
O

s, 
0.

02
 

Na
Hz

PO
k, 

0.
18

 
M

 N
aC

l, 
an

d 
0.

01
 

M
 d

i 
Na

ED
TA

) 
pH

 
6.

90
. 

b 
Th

e 
kin

et
ics

 
of

 
bi

nd
in

g 
of

 
1 

to
 

nu
cl

ei
c 

ac
id

s 
we

re
 

fo
un

d 
to

 
be

 
fa

st
er

 
th

an
 

th
e 

ca
pa

bi
lit

y 
lim

it 
of

 
th

e 

in
st

ru
m

en
t 

(i.
e.

, 
cl

 
m

se
c)

. 

' 
Th

e 
re

ac
tio

n 
of

 
DN

A 
wi

th
 

1.
 d

id
 

no
t 

fo
llo

w 
si

m
pl

e 
fir

st
 

or
de

r 
kin

et
ics

; 
ho

we
ve

r, 
it 

ca
n 

be
 

fit
te

d 
to

 
a 

se
rie

s 
of

 
sim

ul
ta

ne
ou

s 
fir

st
 

or
de

r 
pr

oc
es

se
s 

(E
. 

G
ab

ba
y,

 
an

d 
R.

 
D

eS
te

fa
no

, 
wo

rk 
in

 
pr

og
re

ss
). 

d.
 Fi

rs
t 

or
de

r 
kin

et
ics

 
ar

e 
ob

se
rv

ed
 

fo
r 

po
ly

dA
T-

po
ly

dA
T 

an
d 

Po
lyd

G
-P

ol
yd

C
 

fo
r 

at
 

le
as

t 
3 

ha
lf-

liv
es

. 

Th
e 

ra
te

 
co

ns
ta

nt
s 

gi
ve

n 
ab

ov
e 

ar
e 

re
pr

od
uc

ib
le

 
to

 
t3

%
. 



Vol. 51, No. 4, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

of the reporter molecules 1 and 2 are obtained upon binding to salmon 

sperm DNA, polydAT-polydAT, and polydG-polydC (Table I). These obser- 

vations also suggest an intercalation mode of binding of reporters 1 

and 2 to DNA (8). 

Preliminary kinetic studies of the intercalation process of 

reporter molecules 1 and 2 to nucleic acids were studied by stop-flow - 

techniques (Table II). The results support the “breathing model” of 

DNA as postulated by von Hippel et. al. (1,2,4,6). For example, the 

following points should be noted. (1) Intercalation of the 1,8-naphthy 

imide ring of 1 between base-pairs of nucleic acids occurs rapidly 

(<l msec), whereas the corresponding process of intercalation of 2 

with nucleic acids is significantly slower. (2) The binding of 2 to 

polydAT-polydAT and to polydG-polydC exhibit first order kinetics for 

at least 3 half-lives; however, complex kinetics are obtained with 

salmon sperm DNA. (Complex kinetics of binding of reporter 2 to DNA 

may be due to the presence of 10 different possible intercalation sites 

in the latter (13)). (3) The reaction of 2 with polydAT-polydAT and 

polydG-polydC is first order with respect to reporter concentration. 

For example, first order kinetics are observed for the binding 2 to 

polydAT-polydAT at DNA phosphate to reporter ratios which varied from 

103/l to 3.5/l (Table II). (4) A sequence-dependent dynamic structure 

of nucleic acid may also be indicated by the data shown in Table II, 

i.e., the observed rate constant, kObs, for intercalation of z to 

polydAT-polydAT is approximately 2.5 times as great as that noted for 

intercalation to polydG-polydC. 

The above kinetic data is consistent with a “dynamic” structure 

of DNA helix in solution. The slower rates of binding of reporter 

2 to nucleic acid helices, as compared with 1, together with the 

steric requirements for intercalation of 2 strongly suggests that the 

helix exist in rapid equilibrium between a closed and an opened helical 
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StrUCtlirc. ‘This conclusion is completely in line with the “breatllin~, 

model” proposed by van lfippel, et al. (1,2,4,6). 

Current work is in progress to ascertain (i) the kinetic order 

in polynucleotide concentration, (ii) the dissociation rate constants, 

and [iii) to fit the kinetics of binding of 2 to S.S. DIiA to a set of - 

parallel first order processes. 
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