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Interaction of 10-methylacridinium iodide MAI as fluores-
cence probe with nucleobases nucleosides and nucleic acids has
been studied by UV-visible absorption and fluorescence spec-
troscopy. It was found that fluorescence of MAI is strongly
quenched by the nucleobases nucleosides and nucleic acids re-
spectively. The quenching follows the Stern-Volmer linear
equation. The fluorescence quenching rate constant k, was
measured to be 10°—10' L/mol /s within the range of diffu-
sion-controlled rate limit indicating that the interaction be-
tween MAI and nucleic acid and their precursors is characteris-
tic of electron transfer mechanism. In addition the binding in-
teraction model of MAI to calf thymus DNA ct-DNA was fur-
ther investigated. Apparent hypochromism in the absorption
spectra of MAI was observed when MAI binds to ct-DNA.
Three spectroscopic methods which include 1 UV spec-
troscopy 2 fluorescence quenching of MAI 3 competitive
dual-probe method of MAI and ethidium bromide EB  were
utilized to determine the affinity binding constants K of MAI
and ct-DNA. The binding constants K obtained from the above
methods gave consistent data in the same range 1.0—5.5 x
10* L/mol which lend credibility to these measurements. The
binding site number was determined to be 1.9. The influence of
thermal denaturation and phosphate concentration on the bind-
ing was examined. The binding model of MAI to ct-DNA in-
cluding intercalation and outside binding was investigated .
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Introduction

In recent years luminescent probe particularly flu-
orescence probe of nucleic acid NA and its precursor
NP including nucleobase nucleoside and nucleotide has
become one of the most powerful tools in the study of NA.
It is well known that there is versatile interaction between
nucleic acid and exogenous substrates such as hydrogen
bond electrostatic action stacking and van der Waals
force etc. ' which basically belongs to the physical inter-
action. However the latest progress in this area has shown
that electron transfer ET process of nucleic acid with en-
dogenous and exogenous substrates initially induces hole
transport along the nuclear acid chain. These chemical in-
teractions eventually cause significant mutation of base
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side-chain or cleavage of nucleic acid strand.?> Besides
there have been intensive studies on elucidating factors
that determine affinity and selectivity in binding of small
molecules to DNA.® Quantitative understanding of such
factors that affect recognition site and ability of DNA
should be valuable in the rational design of sequence-spe-
cific DNA binding molecules for application in chemother-
apy and in the development of tools for biotechnology. It is
very important in bioorganic chemistry to know that how
the molecular structure and the biological function of a nu-
cleic acid are influenced by small molecules such as probe
under different conditions. The interaction of acridine dyes
with DNA is of special interest because of their unique
binding activity.’” Optical methods particularly fluores-
cence methods are the most useful methods for the study
of the binding interaction because of the high sensitivity to
the environment.

10-methyl

was employed as a

In this paper a cationic heterocyclic dye
acridinium iodide MAI  Fig. 1
probe for the study of its interaction with nucleic acids and
their precursors. With UV-visible absorption and fluores-
cence spectroscopic methods the Stern-Volmer quenching
and Scatchard correlation were further utilized to measure
the quenching rate constant the apparent binding constant
and the binding site number in base pairs. These results
reveal the electron transfer quenching mechanism of fluo-
rescence probe MAI and intercalation binding modes with

DNA and RNA.

MAI EB

Fig. 1 Structures of compounds MAI and EB.
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Experimental
Chemicals

10-Methyl acridinium iodide MAI was prepared ac-
cording to the reported method ® recrystallized from alco-
hol/water m.p. 249—250 °C. Ethidium bromide EB
calf thymus DNA  ¢t-DNA  salmon sperm DNA  ss-
DNA  yeast RNA y-RNA and sodium dodecyl sulfate
SDS  were purchased from Sino-American Biotechnologi-
cal Co. Shanghai and used without further purification.
Adenine ADN and hypoxanthine HXT
reagents. Uracil URA uridine ~ URD
THM and cytosine CTS were commercial available
from Sino-American Biotechnological Co.  Shanghai
and deoxyuri-

were Fluka
thymine

Guanosine GS  deoxyguanosine DGS
dine  DURD were Aldrich reagents. These nitrogeneous
bases and nucleosides were recrystallized respectively from
twice distilled water. All samples were dissolved in 5

mmol/L of Tris-HCI buffer at pH =7.2 and 50 mmol/L of

NaCl solution unless mentioned otherwise.
Instruments and methods

All the UV-visible absorption spectra were recorded
on a Lambda Bio-40 UV-vis spectrophotometer. Fluores-
cence spectra were recorded on a Perkin Elmer LS-50 fluo-
rophotometer. Fluorescence lifetime was measured on a
Horiba NAES-1100 single photo-counting transient spec-
trometer with a multi-channel analyzer.

The concentration of nucleic acid in buffer solution
was determined by UV absorbance at 260 nm by using e

DNA = 6600 cm?/mol.° The absorbance ratio of NA was
determined as A,50/A280=1.8—1.9 indicating the purity
of NA used was eligible.

Denaturation of DNA was carried out by boiling in
water for 30 min in tightly capped vials and by cooling in
ice-water stored frozen before use. When needed for ex-
periments it was thawed and boiled for 5 min and cooled
to room temperature in ice-water. In experiments the high-
er concentration of sodium chloride was used > 20 mmol/
L. and the salt was added just prior to measurement in
order to minimize renaturation .

For intercalation studies the temperature was main-
tained at 25 °C. The intrinsic binding constant K of
MAT with DNA was determined by absorption and fluores-
cence titration. The titration was performed by varying the
nucleic acid concentration and by keeping the concentra-
tion of the probe constant. In the former case the ab-
sorbance at 357.5 nm was recorded with increasing the
concentration of DNA  whereas fluorescence intensity of
MAI was monitored at 486 nm.

Results and discussion

Fluorescence quenching of MAI

Cationic dye MAI as fluorescence probe excitation

energy FEgo=2.77 eV ® possesses strong electron-ac-

cepting ability E,.q= —0.37 V vs. SCE ° whereas the
oxidation potentials E,; of NA and its precursor NP were
known in the range of 1.1—1.8 V.? ° Therefore the driv-
ing force for the primary photoinduced electron transfer

PTE process Eq. 1  from the ground states of NA
and NP to the singlet state of MAI can be predicted from

the Rehm-Weller equation . !
MA* '"+NA or NP MA.+NA*  ORNP*: 1

Calculation from the above data and equation gave the
free energy change AG from - 57.7 kJ/mol to - 115.8
kJ/mol. The negative values of AG clearly imply that
these primary PET processes are thermodynamically fa-
vored .

Fluorescence quenching technique is an important
method to study the electron transfer and energy transfer
processes. ! The fluorescence quenching of MAI by a se-
ries of NP and NA as quenchers was measured. The
quenching was found to follow the static and dynamic

3 11

Stern-Volmer linear correlation Eqs. 2

Q 2
to/t=1+ ki d 79 Q 3

Io/1=1 + kg s 79

Herein Iy and [ are the fluorescence intensities of a probe
in the absence and presence of quencher () respectively.
7o and 7 are the fluorescence lifetimes in the absence and
presence of the quencher  respectively. Fig. 2 shows
both the static and dynamic Stern-Volmer linear plots of
Io/I and 7o/t vs. THM . The 7 value of MAI was
measured to be 9.50 and 9.87 ns in SDS and H,O re-
spectively . The static and dynamic quenching rates %
and k, d

All the quenching data for a series of nucleobases

DNA and RNA are listed in Tables 1 and 2. The data indi-

q S

were determined from the plot slopes and 7.
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Fig. 2 Static and transient Stern-Volmer plots of fluorescence
quenching of MAI by THM in SDS. MAI =5.73 x

10 mol/L  SDS =2.0x 1072 mol/L A, =400
nm Ae, =490 nm.
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cate that the fluorescence of MAI is significantly quenched
by these NP and NA quenchers and values of k£, s and
k, d are in the order of 10" s mol~* s~' near the dif-
fusion-controlled limit rate. This implies that the quench-
ing is characteristic of the singly electron transfer SET
mechanism as illustrated by Eq. 1  which coincides
with the reported ET mechanism for the interaction of a se-
ries of electron-deficient dyes to DNA using varies spectral
and electro-chemical means. In addition the quenching of
MAI by DNA or RNA such as ct-DNA  ss-DNA and y-
RNA were found to be stronger than that by nucleic acid
precursors e . g . nucleobases and nucleosides.

Table 1 Fluorescence quenching data of MAI by nucleobases”

ky s ky d
Quencher {f » T .
L mol~! s L mol™" s

URA 5.85 —
ADE 9.50 6.65
HXZ 3.29 —
THY 3.32 2.92
CYT 3.74 —

“kys x107° ko d x1077.

Table 2 Fluorescence quenching data of MAI by nucleobases and

NA“
kys @
Quencher L moll"' - r

URD 0.83 0.998
DURD 5.48 0.998
GS 7.26 0.999
DGS 7.29 0.997
ct-DNA 34.5 0.999
ss-DNA 15.6 0.997
y-RNA 26.5 0.998

“kys x1077.

The quenching ability shows the following sequence
DNA ~ RNA > NP nucleobase nucleoside . This general
behavior of ET-type of quenching interaction of electron-
deficient MA* by NA and NP can be interpreted as fol-
lows.

The electron-donating power of NP is due to its un-
shared electron pair at ntrogen atom and the multi-nitrogen
in the base pair region of NA should make NA to have
even stronger electron-donating ability .

Binding of probe MAI to DNA

In order to study further the binding interaction model
and mechanism of MAI to DNA three spectroscopic meth-
ods were utilized to determine the apparent affinity binding
constants of MAI with ct-DNA. They include 1 UV
spectroscopic measurement 2 fluorescence quenching of
MAI and 3 the competitive fluorescence method of dual

probe MAI and EB. The results can reveal the binding

ability binding site number and model as well.

UV spectroscopic determination Fig. 3a shows the
UV-visible spectra of MAI with increasing ct-DNA concen-
tration. The absorption band of MAI at 360 nm decreases
rapidly with the increase in ct-DNA concentration and
isobestic points at 365 and 338 nm were observed. This
pronounced hypochromism at 360 nm indicates a close
proximity of MAI to the ct-DNA base pairs and probably
it is a result of strong intercalation of the MAI probe into
the base pairs of ct-DNA. Moreover the wide absorption
bands longer than 365 nm may imply the complex forma-
tion of MAI-DNA in the ground states. To verify this com-
plex formation
performed according to the Eq.

the absorption titration experiment was
4 1213

1/e,—ep=1/c ep—¢ey K + 1/eg—ep 4

A reciprocal plot of 1/e, - epvs. 1c¢ gave a linear correla-
tion Fig. 3b
tinction coefficient e, was obtained by calculating A/

where ¢ = ct-DNA  and the apparent ex-

MAI . ep and ey correspond to the extinction coefficient
of the bound form of MAI and the titration coefficient of the
free form of MAI respectively. With the ratio of the slop
and intercept from Eq. 4 the apparent affinity binding

T T
320 360 400 440 480

A (nm)

1/[ct-DNA]x107

Fig. 3 a Absorption specira of MAI with increase of ct-
DNA b Reciprocal plot of 1/e, — ep vs. 1/ ct-
DNA  MAI =6.25x 10" mol/L.  ct-DNA =0 2
x107* 2.5x107* 3x107* 4x10"* 5x10°*
and 10 x 10~* mol/L from top to bottom.
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constant was determined as K = 1.4 x 10* L/mol in base
pairs .

It is demonstrated that when the double helix of ct-
DNA was denatured the absorption spectrum of MAI re-
stored to the same shape and intensity of the free probe.
This result verifies that the UV hypochromism of MAI at
360 nm and wide band of the complex above 365 nm in the
presence of ct-DNA was due to the intercalation of MAI in-
to the double helix of DNA.

Fluorescence quenching of MAI Binding of the
probe MAI to the DNA helix was found to quench the
probe fluorescence very strongly. Thus the fluorescence
intensity of MAI decreases rapidly with increasing concen-
tration of ct-DNA  Fig. 4 . The fluorescence quenching
constant  Ksy = k, s 7o  evaluated from the Stern-
Volmer Eq. 2 and the plot slop was 1 x 10* L/mol of ct-
DNA see Fig. 2 . With the fluorescence lifetime of MAI

79=32.5 ns it gave the quenching rate constant k, of

3.5x 100 mol=* s,

S.SJ
S.OJ
o5

4.0

3.5

rler (X10°%)

3.0
2.5 T T T T T T T T T T T
4.0 4.5 5.0 5.5 6.0 6.5
r

Fig. 4 Scatchard plot of r/cvs. r for binding of MAI to ct-
DNA by fluorescence quenching. MAI = 6.25 x
105 mol/L. c¢t-DNA =0 2x107* 3x10°* 4
x107* 5x 107* and 10 x 10~* mol/L from top to
bottom A. =380 nm A, =480 nm.

According to the modified Scatchard Eq.
posed by McGhee and von Hippel '# where K; is the ap-

5  pro-

parent binding constant and n the binding site number in
base pairs the concentration of the probe can be calculat-

ed by Eq. 6 .

r/ci=K; 1-nr l=nr /1= n-=17r n-! 5

Cpr=CT ]/Io—P/l—P 6

Herein ¢t and cy are the total concentration of the probe
added and the concentration of the free probe respective-
ly. P is the ratio of the observed fluorescence intensity of
the bound probe to that of the free probe. The value of P
was determined from the intercept in the plot of /1 ver-
sus 1/ DNA . The concentration of the bound probe c¢p

equals cp— cr . Thus the Scatchard plot of r/c; vs. r

gives rise to the apparent binding constant K; = 1.03 x 10*
L/mol n =1.9 in base pairs.

Competitive fluorescence method of MAI and EB

Apparent binding constant was also measured by com-
petition of MAI with EB. EB is known as an important
stain reagent for DNA. The advantage of this competition
assay is that the fluorescence of EB in the absence of DNA
is very weak however fluorescence of EB increases ap-
parently when EB intercalates into ct-DNA. In contrast
the fluorescence of MAI decreases rapidly as MAI interca-
lates into ct-DNA . Based on this opposite fluorescence be-
havior of the dual-probe complex MAI- DNA-EB a com-
petitive fluorescence quenching method of the dual-probe
is developed to determine the binding constant. Thus the
measurement of the fluorescence intensity of EB bound to
DNA was carried out in the presence of various concentra-
tions of the second probe MAI. Considering the second
probe competitor the Scatchard analysis was modified as
shown in Eq. 7 !* where K is the intrinsic binding con-
stant of EB to DNA in the absence of MAI. K’ represents
the binding constant of the competitor MAI and K, is
the binding constant of EB in the presence of the competi-
tor. ¢’ is the concentration of free competitor such as

MAL.
1/Kgps= K'/K cf +1/K 7

The decrease of fluorescence of EB-ct-DNA complex
with various concentrations of the competitor MAI allows
the determination of the apparent binding constant K’ of
MALI to ct-DNA according to Le Pecq and Paoletti. ! Fig.
5 shows three Scatchard linear plots a—c for the binding
of EB to ct-DNA with different concentration of MAI from
0 to 1.25 pmol/L  according to the Eq. 5  which gives
three values of K,,,. Then the binding constant of MAI to

rles (X107

0.6

%

0'4—‘|‘|’|‘|‘|'|'|'|'|
03 04 05 06 07 08 09 L0 LI 12

r

Fig. 5 Scatchard plots for the binding of EB to ct-DNA with
competition of MAI. a  MAI =0 pmol/L K, =
1.92x 10° L/mol b MAT =0.60 pmol/L K,
=1.31 x 10° L/mol ¢ MAI =1.25 pmol/L
Kogps=1.11x10°L/mol  EB =2.5x 1073 mol/L
Aex =525 nm A, =590 nm.
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ct-DNA was obtained as K’ =5.53 x 10* L/mol from the
MAI by the Eq. 7 .
In summary the above three spectroscopic methods

linear plot of 1/Kp vs.

give consistent binding constants of MAI in the range 1 x
10*—5.5 x 10* L/mol  which lend credibility to these
measurements. In addition the high affinity and strong in-
teraction of MAI to ct-DNA indicated by K value is closely
related to the binding model as discussed later.

Other influence factors on the binding

Effect of phosphate concentration

In the buffer medium MAI and NaH,PO, was added
into DNA-EB solution. With the increase of phosphate
concentration the relative fluorescence intensity of MAI-
DNA-EB system increases drastically as shown in Table
3. The experimental results demonstrate that phosphate
ions weakened the interaction of the MAI and DNA be-
cause phosphate anion of NaH,PO, competes with the
phosphate group of the ct-DNA in binding to cation MA*
and thus weakens the fluorescence quenching of MAI-
DNA-EB ligand. Hence it could be concluded that the
MATI can interact with the ct-DNA phosphate backbone by

electrostatic binding.

Table 3  Effect of phosphate ions on the fluorescence intensity of
MAI-DNA-EB complex*

N aH2P04

. 0 2.5 5.0
10~ mol/L

10.0 25.0 50.0

Relative fluorescence o s 13 17 16 58 25.96 40.21 56.34

intensity %

“ DNA =2.52x10"*mol/L.  EB =1.24x 1073 mol/L
MAI =5.00x 1073 mol/L.

Effect of ds-DNA and ss-DNA on the fluorescence quench-
ing of MAI

The single strand ct-DNA  ss-ct-DNA  was obtained
by thermal denaturation of the double strand DNA  ds-ct-
DNA . The effects of ds-ct-DNA and ss-ct-DNA on the
fluorescence quenching of MAI were performed. The
Stern-Volmer plots were shown in Fig. 6. It was found that
the fluorescence quenching of the dye MAI by ds-ct-DNA
is about 1.8 stronger fold than that by ss-ct-DNA in terms
of the fluorescence quenching rate constants k. This im-
plies that the dye MAI intercalates into the helix stack of
ds-ct-DNA very strong because the helix stacks of ds-ct-
DNA were destroyed to ss-ct-DNA during the denatura-
tion. Otherwise if the dye had bound to DNA in a non-in-
tercalation mode the denaturation of DNA would have had
little effect on the fluorescence quenching of the dye. Ac-
cordingly this phenomenon further confirmed that MAT in-
tercalates into the helix stack of ds-ct-DNA.

The influence of the melting point T, on the binding
of MAI to ct-DNA was also measured. It was observed that
T\, of ct-DNA was 78 °C in the absenceof the probe MAI

Fig. 7b  whereas raised to 84 °C when MAI was present

Fig. 7a . This phenomenon illustrates that the intercala-
tive binding of MAI to ct-DNA will enhance the stability of
the double strand ct-DNA  being consistent with the case
of the intercalation of EB to DNA.

1.35
1.30 7

1.25

1.20J
1.15J
1.10J

1.05

!

1.00 — | —
0.5 1.0 L5 20 25 30 35
[ct-DNATX10* mol/L

Fig. 6 Stern-Volmer plots for MAI/ct-DNA system. a ds-
ct-DNA  ky =3.5 x 10" L/mol /s b ss-ct-
DNA k,=2.0x10" L/mol /s.

1.4
L
. b
1.3
| a
< 1.2 4
)
< |
1.1+
1.0 o
0.9 T T T T T T .
20 40 60 80 100

7(°C)

Fig. 7 Thermal denaturation of ct-DNA and plot of A¢/A vs.
T. a MAI =6.25x10°mol/L. b MAI =0
mol/L.  ¢t-DNA =2.5x 107 mol/L A, = 260

nm.

Binding model of MAI to DNA

The binding of a small molecular probe to DNA has
been intensively investigated . '®%° In general there are two
types of binding ways territorial binding and site binding.
In territorial binding the ligands interact with the DNA
phosphate groups by the electrostatic Coulomb force but
they are not associated with any specific site or group of
they move free around the DNA skeleton.
Therefore this outside binding is comparably weak. In

sites 1.e.

site binding the ligands associate with one or more specif-
ic sites on the DNA. In particular
cationic dye
cation of the dye tends to intercalate between the adjacent

if the ligand is a

electron-deficient the fused aromatic
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base-pair planes of DNA because the multi-nitrogen region
of the adjacent base-pair planes is of electron-rich hence
this intercalation is much stronger than the former binding.
The two binding models are depicted below in Fig. 8. In
the preceding experiments it is demonstrated that the fluo-
rescence of MAI is strongly quenched by NP and NA via
the ET mechanism. The electron-deficient MAI is a fused
tricycle-cation  which can insert vertical to the axis of
DNA helix and in sandwich-like into the adjacent layers
consisting of electron-rich base pairs. This strong binding
of MAI to ct-DNA may enhance the ETs interaction and is
proved by the measurement of large K values. The thermal
denaturation of ct-DNA also indicates that the intercalation
binding the model is major one in this work. Finally the
anionic influence of H,PO; ! on the binding of MAI to ct-
DNA implies that the outside binding should be a minor
model. Therefore the binding mode is dependent on the
structure of small molecule and DNA as well as the ionic
strength of the medium.

O
~—
Ve
O
O
Electrostatic Intercalation

linking binding

Fig. 8 Binding model of probe O to DNA.

Conclusion

The fluorescence of MAI was quenched by NP and
NA strongly. The quenching follows very well the Sterm-
Volmer linear equation. The quenching rate constants £,
lie in the region of the diffusion-controlled limit ca . 10"

! which is an indication of the electron

L mol~! s~
transfer interaction between MAI and NA. On binding
study of MAT to DNA the strong binding constants in the

order of 10% L/mol measured by three optical methods veri-

fy that MAI binds to the double helix of ct-DNA in a inter-
action binding model. The experiments in thermal denatu-
ration and anionic effect further support the intercalation
mechanism of the dye to ct-DNA .
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