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Abstract

Caffeine (CAF) inhibits the intercalation of acridine orand®O) into cellular DNA. Optical absorption and
fluorescence spectroscopy were employed to determine the molecular interactions of AO with itself, with CAF, and
with double stranded herring sperm DNAsSDNA). AO dimerization was observed at concentration® wmol. The
sharp increase in fluorescen€g,,,=530 nm at 5 umol of AO was attributed to AO multimer formation. From 0.5
to 5.0 wmol, the AO self-association binding constdi#,..,) was determined to be 38 620 mdl , however, the
presence of 150 mmol NaCl increaskgl...to 118 000 mot* attributed to the charge neutralization. Kpg,for
AO with CAF was confirmed to be 256 mot K, for the binding of AO with 20pmol DNA ranged from,
32000 mot? at 2umol AO, to approximately 3700 mot at 1@mol AO, in the absence of NaCl. This AO
concentration dependency &f....value with DNA was attributed to AO intercalation into dsDNA at high dsDNA
AO ratios, and electrostatic binding of AO to dsDNA at low AO ratios. The findings provide information used to
explain fluorescence intensity valuesagt, at 530 nm from studies that combine AO, caffeine, and dsD&A002
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1. Introduction cancer aim to block this initial DNA damage,
either by altering the metabolic pathways away
DNA intercalating agents disrupt the normal from activation andor towards detoxification, or
function of cellular DNA and can lead to interfer- by ‘scavenging’ the reactive electrophil¢4$—g].
ence with gene expression, gene transcription, Antimutagenic agents that trap mutagens have
mutagenesis, carcinogenesis, and cell déath]. been termed ‘interceptor molecules’ or ‘desmuta-
Many carcinogenic chemicals damage DNA-  geng’, and may represent an important first line of
3]. Several strategies for the chemoprevention of jaofense against mutagens and carcinodéns.

— . veral laboratories have report n the inter-
*Corresponding author. Tel.#1-210-567-3896; fax:+ 1- S_e eral labo (?10 es have ep_o ed o € _e
210-567-3803. action of xanthines and xanthine analogs with
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[3,9-14. These same xanthines bind with DNA and DNA will open avenues for practical applica-

intercalators through an interaction referred to as
polarization bonding [15]. Polarization bonding is
the w—= interaction and stacking of two planar
molecules, where one is polariziiganthine and
the other ispolarizable (DNA intercalato). The
binding of these carcinogens to certain xanthines
has been shown to inhibit or reduce their binding
to dsDNA [12,13,16,1F. Planarity has been

tions and therapies.

An objective of this study was to better under-
stand the mechanisms that influence CAF com-
plexation with the DNA intercalator acridine
orange. Acridine orang€AO) was chosen as a
representative DNA intercalator because of its
known spectral and self-aggregation characteris-
tics, and its wide use as a fluorescence chromo-

described as a necessary requirement for polariza-phore marker for both DNA and RNA33-34.

tion bonding complexatiofl5,18—-23, as well as
for intercalation into dsDNA[16,24—2T. Polari-

Purified herring sperm dsDNA was chosen for
study as the DNA target for AO intercalation due

zation bonding has been proposed as the mecha_to its availability, purity, and biOIOgicaI relevance.

nism for the bonding of carcinogenic polyaromatic
hydrocarbons, such as befiagpyrene and dimeth-

The specific aims of this study were to deter-
mine the effect of reactant concentration and

yl benzanthracene to the purine bases adenine ancéharge modification under conditions of dynamic

guanine within dsDNA, as well as to other xan-
thine-like moleculed24,25. The specific mecha-
nism by which xanthine-like molecules inhibit
polyaromatic DNA intercalating agentéDNA-
IAs) from intercalation into dsDNA, has been
suggested to be due to the formation of a polari-
zation bonding complex between the xanthine and
the DNA-IA [8-11,14.

Review of the literature[3,10-13,17,28—-30
suggests that caffein€CAF), a widely ingested
xanthine, may be able to reduce the cytostatic
cytotoxic activity of agents that share three prop-
erties: (1) they are planar polyaromatic molecules;
(2) they interact with DNA by intercalation; and
(3) they form polarization bonding complexes with
CAF [9,31]. When added simultaneously with or
immediately before the DNA-IA, CAF has also
been reported to diminish the cytotoxic &iod
cytostatic effects of the DNA-IA cancer chemo-
therapeutic drugs doxorubicin and novantrone, in
a variety of cell lines[10,11]. Additionally, CAF
reduced the cytotoxicity of the DNA intercalator,
ethidium bromide, by reducing its ability to enter
cells [32]. The mechanism responsible for the
reduction of the cytostaticytotoxic effects of
these DNA-IAs may be the formation of polari-
zation bonding complexes between CAF and the
DNA-IA, rendering the DNA-IA less available for
intercalation into the DNA. It is anticipated that a
better understanding of the role of polarization

bonding between intercalating agents, xanthines,

equilibrium on:(1) the self-association of AQ2)

the competitive complexation of AO with a poten-
tial interceptor molecule CAF; antB) the inter-
calation of AO into highly polymerized DNA. This
report provides information that is used to interpret
fluorescence intensity results from studies that
combine AO, CAF, and dsDNA.

2. Experimental
2.1. Chemicals and preparation of stock solutions

Acridine orange (AO; 3,6-
bis(dimethylamingacridine hydrochloride>99%
purity, caffeine(CAF; 1,3,7-trimethyl xanthine;
99% purity, Aldrich Chemical Company, Milwau-
kee, WI, USA), sodium chloride(NaCl; >99%
pure, Sigma Chemical Company, St. Louis, MO,
USA), HEPES buffer(1.0 mol solution, Medi-
atech, Inc., Herndon, VA, USA and highly pol-
ymerized herring sperm deoxyribonucleic acid
sodium salt (dsDNA; ACR@S Organics, Pitts-
burgh, PA, USA were used without further puri-
fication. The purity of the dsDNA was verified by
absorbance spectroscopyA,eo/A s> 2.0 and
Asgo/A 230> 2.0). Stock solutions of CAF and AO
were prepared at a concentration of 50 mmol. A
stock solution of herring sperm DNA was prepared
fresh the day of use. The concentration calculations
used for dsDNA were based on the method by
Shoyab [17]. This method assumed that each
purine and pyrimidine base occurs equally within
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the DNA. Stock solutions of DNA were prepared each AO titration with AO. Initial absorbance data
at a concentration of 5 mmol and concentration were corrected for the dilution due to the addition
was verified by optical density at 260 nm. All of CAF by multiplying the absorption value by an
solutions and subsequent dilutions were preparedadjustment factor determined by the volume of
by dissolving the appropriate weighed amount in aliquot added [9]. This manipulation slightly
5.0 mmol HEPES that was adjusted to pH 7.0 increased the absorption value to offset the effects
with 0.1 mol NaOH. Acridine orange was prepared of dilution. Adjusted absorption values were plot-
in a stock solution at a concentration of 50 mmol ted and compared to spectra from non-complexed
in 5 mmol HEPES buffer(1.0 mol solution, AO. This allowed for the visualization of an
Mediatech, Inc., Herndon, VA, USA expected spectral shift that occurs when AO forms
a complex.

When the CAF caused a spectral shift, a differ-
ence absorbance plot @elta plot was obtained.
Delta plots were constructed by subtracting the

Optical titrations (serial additions of CAF or  adjusted absorption spectrum of AO in the pres-
dsDNA to a solution of AQ were performed on  ence of the xanthine from the initial spectrum of
a Beckman DU-600 Scanning Spectrophotometer AO alone at each wavelength and for each aliquot
(Beckman Instrument Co., New York, NY, USA  of the titration. This procedure allowed for the
using a 3-ml(1-cm light path quartz cuvette creation of difference absorption values dulta
containing 2.0 ml of AO solution at a specified absorption values. Delta absorption values
concentration. The DU-600 Spectrophotometer obtained in this manndiy-axis= delta absorptionh
was blanked with 2 ml of a pH 7.0 buffered 5 were plotted against wavelength in n¢e-axis).
mmol HEPES solution over the full range of The determination of a single isobestic point was
wavelengths to be scanned prior to sample analy-indicative of only two species in solution, AO,
sis. This effectively eliminated the need to subtract and an AO complex. Graphic representation
the background absorbance from the HEPES buf- allowed for the selection of a wavelength with the
fer. Optical absorbance scans were performed overmaximum sensitivity for determining the associa-
a wavelength range from 400 to 550 nm. Neither tion constan{37]. This wavelength was character-
CAF nor dsDNA produces absorbance spectraized by the greatest positive response in delta
above 400 nm. The AO solution was scanned absorbance values observed upon addition of each
before the start of each titration series to quanti- aliquot of xanthine to the AO solution. The AO-
tatively monitor any changes in the absorbance xanthine association or binding constant was deter-
spectrum. Optical absorbance experiments weremined by the following equilibrium expression:
performed using aliquots varying in volume from I+ X=X (1)

1 to 20l taken from the prepared stock solutions

2.2. Determination of complex formation and
K s50c by absorbance spectrophotometry

a

(50 mmo), and titrated into the cuvette containing
2.0 ml of the AO solution. The solution in the
cuvette was then thoroughly mixed by shaking for
10 s before scanning. All titrations were performed
at room temperaturé25+1 °C). The absorbance

spectra were measured in 1-nm intervals and stored

in digital format. Digitized scan data were con-
verted to a spreadsheet fild.otus™) using a

wherel represents the intercalatGhO), X repre-
sents the interceptor molecu{ganthing, and IX
represents the AO-xanthine complex, respectively.
This leads to the following equation for the asso-
ciation constantk ,c.0:

AA=KDI[X]/(1+K[X])Po 2
whereAA is the change in absorption after addition

conversion program supplied by the manufacturer of a xanthine(AA =[Ix]) and becomes the-axis

(Beckman Instruments Inc.for further analysis.

of the delta plot;D is the delta extinction coeffi-

Spectral data for each titration were combined and cient (also obtained from the fit [X] is the

expressed in graphic forn{Excel™) (x-axis=
wavelength in nmy-axis= optical absorbangefor

xanthine concentratiofmolan in the cuvette fol-
lowing each aliquot addition?, is the concentra-
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tion of the intercalatolAO) in moles; andK is
the association constamtK,.s.d. TOo solve fork,
Eq. (2) thus becomes:

Y =K (AAna)[X]/(1+K[X]) (3

The resulting AA values (y-axis=AA) were
plotted against the final xanthine concentrat(@n
axis=[X]) at the \.,. that exhibited the greatest
sensitivity for monitoring the formation of the
AO—xanthine complex. The\A,,., value is the
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2.3. Fluorescence analysis by 96-well plate reader
and determination of K, values

Fluorescence analysis was performed on a range
of AO concentrations from 0.5 to 1@mol using
a computer coupled Perkin—Elmer Model HTS
7000 Bio Assay ReadefPerkin—Elmer Corp.,
New York, NY, USA). Experiments were conduct-
ed using Serocluster 96-well EIA flat bottom plates
(Costar, Data Packaging Corp., Cambridge, MA,

maximum absorbance of the complex at saturation USA) to contain the test solutions. Minimum

and is equivalent to the delta extinction coefficient
multiplied by the concentration of substrafie.
AO), and can be expressed B$P,]. The AA .«

volumes analyzed were 100 and aliquots were
added at 5Qxl increments. Fluorescence excitation
was performed at 48510 nm, and fluorescence

value used to calculate the binding association was monitored at emission wavelengths of

constanfEq. (3)] was iterated from the initial AO
spectrum to maximize the correlation coefficient
of the non-linear analysigk?), while not deviating
significantly from the model. This method differs
from a two-parameter fiti.e. both K and AA .
are floated by iterating a variety ofAA,,.. values

manually before selecting a value that maximizes

the best fit of the data to th&,...curve. Fits to

530+12.5 and 63%-15.7 nm using fluorescence
filters. Optical gain was set at 55 to allow for
uniformity between experiments. Fluorescence val-
ues were downloaded from spreadsheet files and
transformed into graphed form using Microsoft
Excel™ 97 and/or Prismi™ software.

Association constants were calculated using a
modification of an equation described by Zaini et

the association curve were determined and a graphal. [39] to determine equilibrium constants for
created by non-linear least square analysis with weakly bound complexes by absorbance spectro-

Prism™ software (San Diego, CA, USA The
value of the association constaR,.s,d With a
standard error was determined from this pl@ee
Connors[38] for a review and discussion of the
formulas described above.

Spectrophotometric analyses of AO with dsDNA

were conducted as described above for AO-CAF,

as well as an additional series of titrations per-
formed at an AO concentration of 10@mol.

Aliquots of dsDNA were added from a 5-mmol
stock solution of DNA and optical absorbance
values were adjusted to account for dilution. Delta

photometry. By definition K=X,/(X,,XX,,),
where K is the binding constank,cs.s X, is the
concentration of the AO dimer, ani,, is the
concentration of the AO monomer. Conservation
of mass givesX,=X,, +2X,, whereX, is the total
concentration of AO in solution. Rearranging the
conservation of mass equation giv&s=X,—2X,,
and substituting into the equation f@f,s.c and
rearranging gives Eq4):

Kasso (XIXXf)

absorbance values were obtained by subtracting Rearranging gives:

the optical absorbance values from the spectrum
containing the lowest amplitude of absorbance

found for all wavelengths between 450 and 525

nm. This base spectrum was used in lieu of the

initial spectrum containing only AO. ThAA, ..

value used to calculate the binding association

constant [Eq. (3)] was iterated from an initial
value taken from this spectrum. The DNA concen-
tration of this spectrum was subtracted from the
DNA concentration of all subsequent spectra.

— (X, XX ,)+4HX ;X X,)—X,=0 (4)
((XdXXLi)_Xt+ l/(4XKassog) XXd
+(X,XX,)/4=0 (5)

Applying the quadratic formula{X=[—B
+SQRT(B2—4A(C]/2A} to Eq.(5) and taking the
only physically reasonable root gives EH®):

Xa=[X,+1/(4xK)— SQRT(X,/2 X K)

+1/(16XK xK))] /2 (6)
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Fig. 1. The optical absorbance spectra of AO shown at various concentrations. Absorbance was scanned over a range of wavelengths
between 400 and 550 nm in @ mmol solution of HEPES buffer at pH 7.0. The concentration of AO for each spectrum is
indicated in the legend by number. Inset: the inset figure is a linear regression analysis depicting the ratio of absorbance at 492 nm
(A40) to the absorbance at 468 nfn 469, as a function of AO concentration.

The fluorescence values ®f,,=530 nm(Fs3) pounds electrostatically(ionic) through charge
is a function ofX, and Fs30=X,X &, where ¢ is transfer it has a characteristic fluorescence maxi-
the fluorescence yield of the dimer. The equation mum at approximatelyA.,=650 nm. The two
was solved by non-linear least squares using emission wavelengths used in this study,= 635
Prism™ software and binding constants deter- and 530 nm, represent the approximatg,, for
mined. Concentrations of the reactants were adjust-the fluorescence emission of AO when electrostat-
ed for dilution whereas AO concentrations are ically associated with other compound, .=
reported without adjustment for dilution. Fluores- 635 nm) and in a stackedw—m) association with
cence valued f;) are reported as raw data nor- itself or another compound or compoun@ds,.,=
malized to scale and not adjusted by a dilution 530 nm.
factor following aliquot additions(Note, absorb-
ance data taken at 468 nm was also used to3. Results
calculate theK .. for the AO—AO dimer using

Eq. (6).) 3.1. Physiological concentrations of NaCl and
higher concentrations of acridine orange facilitate
2.4. Spectrofluorometric characterization of acri- the self-association of acridine orange

dine orange bonding
Optical absorbance of AO at various concentra-

AO is known to exhibit two\,,. fluorescence tions indicates that AO dissolved in 5 mmol
peaks, depending upon the type of interaction it HEPES solution buffered at pH 7.0 has two spec-
has with itself or other compound9,40,41. For tral peaks, Fig. 1. AO at a concentration of 2.5
example, when AO intercalates into DNA, presum- pmol exhibits a distinct spectrum with &,,,, of
ably by forming aw—m interaction or stacking 492 nm. At increasing concentrations of AO, a
complex, it has a characteristic green fluorescencesecondary spectral peak at 468 nm became more
maximum at approximately.,=526 nm. Alter- distinct and increased in amplitude. When the ratio
natively, when AO associates with other com- of the absorbance value at 492 nm over the
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absorbance values at 468 nm was plotted vs. AO
concentrations ranging from 2.5 to 20mol, a
significant linear correlationfR?=0.99 resulted
(see inset of Fig. 1 These results conform to the
absorbance maximums reported by Kapuscinski
and Darzynkiewicz[34] where the absorbance
maxima for AO were 492 nm for the monomeric
(electrostati¢charged form, and 466 nm for the
dimeric (w—m stacking form.

The fluorescence characterization of AO at low
concentration$0.5—10umol) is illustrated in Fig.
2a. The results also indicate the effect of a physi-
ological concentration of Na@l150 mmo) on the
fluorescence of AO at both,,,=530 (green and
635 nm(red) over a range of AO concentrations
from 0.5 to 10.0pmol. At an AO concentration
of between 5 and @.mol, the amplitude of green
fluorescence at.,,=530 nm increases abruptly.
The red fluorescende\,,=635 nm also increases
abruptly between 5 and @mol. However, the
magnitude of the increase a,,=635 nm is
proportionally less than that found at,,=530
nm. As the concentration of AO increases from 5
to 6 wmol, the changes in mean fluorescence
values were highly significant, changing from
457+ 16 to 5194 289 at\,,,=530 nm, and from
17444 to 1371+41 at\,,,=635 nm(n=4). At
AO concentrations from 0.5 to pmol, the addi-
tion of NaCl (150 wmol) significantly increases
green fluorescence at,,,=530 nm(see Fig. 2b,
whereas no significant change in the mean fluo-
rescence values was observed \f,=635 nm.
Additionally, the presence of 150 mmol NaCl has
no significant effect on the fluorescence intensity
of AO at either \.,,=530 or 635 nm at AO
concentrations of gumol and above.

Association constants were calculated for AO

self-association by assuming that the fluorescence

values derived ah.,,=530 nm reflect the extent
of dimer formation. Association constant&,s<cd
were calculated from the change in mean fluores-
cence valuegdelta fluorescendeat A ¢, =530 Nm
(see Fig. 2b. At AO concentrations from 0.5 to 5
pmol, K, ssocWas determined to be 37 4301758
mol~* (R?=0.97) in the absence of NaCl, and
118 000+ 16 120 mot* (R?=0.99) in the pres-
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Fig. 2. Spectrofluorometric analysis of AO at concentrations
ranging from 0.5 to 10.@umol in the absence and presence of
150 mmol NaCl.(a) Spectrofluorometric analysis was per-
formed at\.,=485 nm, and emission was observed\at=

530 and 635 nm. Error bars shown denote standard deviation
unless obscured by legend symbdls=4). (b) The graph
depicts the binding plot calculated at,,=530 nm for the
molecular association of AO with without and in the presence
of NaCl. The association constant&,...d for AO derived
from these two plots are 118 086 120 mol* (R2=0.98),

in the presence of NaC{150 mmo) and 37 41@-4758
mol~* (R?=0.97) in the absence of NaCl. The fluorometric
parameters were as described. Error bars denote standard devi-
ation unless hidden by legend symbéis=4).

ence of 150 mmol NaClsee Fig. 2b. For AO
concentrations>5 pmol, the association constants
were determined to be 31 58056 mol* (R?=
0.96) for AO alone, and 31 388697 mol* (R?=
0.96) for AO in the presence of NaQldata not
shown. This indicates a significant AO concentra-
tion-dependent difference in the association con-
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stant in the presence of 150 mmol NaCl at low

. L CAF [uM]
AO concentrationg <5 pmol), but not a signifi- 0 4 3 12 (6 20
cant difference at AO concentrations above 5 (a)' : : - -
pwmol. 81 AO [2 uM]

3.2. Absorbance and fluorescence of caffeine with
acridine orange at equilibrium conditions in the
absence and presence of 150 mmol NaCl

To determine the association constant for the
AO-CAF complex, delta absorbance values were
taken at\,»=511 nm and plotted against the 4
concentration of CAF according to the methods of
Larsen et al.[9]. The calculatedK s fOr the
AO-CAF complex was found to be 25%
mol~*. The AO-CAF binding plot fit wel(R?=
0.997 to a model in which AO and CAF form a
1:1 complex as previously reportéfl].

Spectrofluorometric analysis was performed at
an AO concentration of 2umol to determine the
effect of CAF and a physiological concentration
of NaCl on the fluorescence spectra of AO. CAF
was added over a series of CAKO molecular
ratios ranging from 2500:1 to 0.5:1, and the fluo-

Fluorescence ¢ 10 2)
(o)}

T+ CAFFEINE + AO
-O-CAF + AO + NaCl

0 2 4 6 8 10
RATIO CAF:AO

(b) AO [2 uM]

e
i

N
+

e
to

0O CAFFEINE+AO

Delta Fluorescence (x 10 %)

rescence intensity determinediat,=530 and 635 0.01 O CAF+ AO + NaCl
nm. The fluorescence intensity was again deter- : i > T T :
mined following the addition of NaCl to a final CAF [mM]

concentration 150 mmol and pH 7.0 to each test
well containing both AO and CAF. Fig. 3. Effect of CAF and NaCl on the fluorescence of AO and

The data in Fig. 3a depict the mean fluorescence the formation of the AO—CAF complexa) A plot of fluores-
values at\.,=530 nm of 2umol AO with CAF cence intensity of AO excited at,,=485 nm and monitored
in the absence of, and in the presence of, 150 "=’C‘tA>\Fem=c5]|3,?l o VS-tr?Af'IZ Conce”tfatio?A"\%Shoz’j"tthhefeffe‘?tt_‘)f

an aCl on the fluorescence o an e Tormation

mmOI NaCl over a range of CARO molecular of the AO—CAF complex. Solutions of 2mol AO were ana-
ratios from 0.5 to 10.0(1-20 pmol CAF). The lyzed using spectrofluorometric techniques in the presence of
initial fluorescence values for AO at a concentra- various concentrations of CAF, with and without addition of
tion of 2 wmol with and without 150 mmol NaCl,  NaCl (150 mmo). Error bars indicate standard deviation
differed significantly prior to titration with CAF. ::13522 thi-:‘drger}ottt)sgig(cj)rr:hneets%rglr)gcz%e E/l;)l u:sqsuoscgi;t)k“
Specmcal_ly the. p_re_sence .Of NaCl in thednol ground quorepscenOevs. CAF concentration. This delta fluo-
AO solution significantly increased the fluores- |escence plot was used to determikig.,.for the AO—CAF
cence value at\.,=530 nm from a mean of complex at an AO concentration ofi2mol in the absence and
approximately 400 to approximately 500. Howev- presence of 150 mmol NaCK,ss..for the AO—CAF complex
er, upon the addition of increasing amounts of at 2umol AO was found to be 25427 mol * (R*=0.89) in
CAF, the mean fluorescence values increased sig-g‘ggapse“ce of 150 mmol NaCl, and 2480 mol™* (R*=

o . .93 in the presence of NaCl.
nificantly over the initial mean fluorescence val-
ues. The addition of 150 mmol NaCl to the series
of AO—CAF solutions did not significantly effect CAF/AO ratio of 1000:1(data not shownh How-
(P>0.05 the mean fluorescence values over the ever, at the CAF concentration of 5 mm@holec-
full range of CAF concentrations tested up to a ular ratio=2500:1), there was a significant change
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Fig. 4. Optical absorbance spectra taken from a series of titrations pfM.AO with different concentrations of dsDNA. The

dsDNA BP/AO ratio of selected spectra denoting important transitions within the titration series are denoted with bolder lines.

Some of the spectral series is not shown to simplify the data presentation./ABrtios between 0.0 and 0.75, prevalent peaks

occur ath\ ., of 468 and 492 nm. These peaks correspond to the prevalent absorbance peaks found at concentrations of AO at 10

wmol or above. The absorbance spectra fronyBP ratios above 0.75 denote a definitive red-shift in absorbance with the simul-
taneous creation of two distinct peaks at 475 and 500 nm, respectively.

in the mean fluorescence intensity with the value 3.3. Association of acridine orange with dsDNA:

going from 124553 for CAF and AO alone to
1150434 with the addition of 150 mmol NaCl
(data not shown The gradual change in fluores-
cence intensity ak.,,=530 nm went from a mean
value of 671109 (n=3) at a CAFAO ratio of
0.5 (1 pmol CAPF), to a value of 124553 at a
molecular ratio of 250@5 mmol CAP. The mean
values in fluorescence intensity that resulted with
the addition of either CAF or CAF with NaCl to
AO (2 wmol) did not significantly differ from
each other in mean fluorescence values\gt=
635 nm for all test condition§¢data not showh
Mean spectrofluorometric values were plotted
against CAF concentratiotsee Fig. 3b to deter-
mine an association constafi,...J) for the AO—

evidence for multiple acridine orange binding sites
on dsDNA

Experiments were undertaken to characterize the
interaction of AO with DNA over a range of DNA
base pairs(BP)/AO ratios in the absence and
presence of a physiological concentration of NaCl.
As the ratio of BP to AO increased from approx-
imately 0.4 to 0.65, an overall drop in absorbance
values between the wavelengths of 450 and 525
nm occurredFig. 4). With continued additions of
aliquots of DNA, the absorbance peak near 468
nm is still apparent while the initial main absorb-
ance peak at 492 nm is no longer detectable. With

CAF complex in the absence and presence of 150the continued additions of aliquots of DNA and

mmol NaCl. The association constant for the for-
mation of the AO—CAF complex at an AO con-
centration of 2 uwmol was determined to be

254+27 and 21620 mol ! in the absence and

presence of NaCl, respectively.

the subsequent increase in the/B® ratio above
0.65, the absorbance at, =475 nm began to
increase and to display a red shift from 468 to 475
nm. This spectral peak at,,.=475 nm gradually
increased in height with increasing DNA concen-
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Table 1 o _ _ ratios over which these absorbance peaks were
Summary and description of optical absorbance maxima peaks ophserved during the titration series

observed during the titration of 1gOM AO with dsDNA, and . . .
the range of BPAO molecular ratios over which these absorb- SpECtral data from the titration of AO with

ance peaks were observed during the titration series dsDNA performed at a concentration of f0nol

AO were used to generate the delta absorbance
Amax BP:AO plot shown in Fig. 5. The results indicate a single
abs. ratio isobestic point at 470 nm. The association constant
(nm)

was calculated from a plot of delta absorbance
468 <0-092—29-9% values at 503 nm vs. DNA concentrati¢ee inset
475 1.72-9.1 ; ;
195 <0.09.0.53 Flgij)' The K,ssocfrom this plot was 3766 131
500 0.97-9.13 Mol =

In addition to the optical absorbance of AO and
dsDNA, a spectrofluorometric analysis of the inter-

tration before reaching an absorbance plateau ataction of AO with dsDNA ath.,=485 nm, and
BP/AO ratios of 3.0 and above. Additionally, at Aem=530 and 635 nm was also conducted. The
amplitude with each additional aliquot of DNA. higher AO concentration of 2fimol for BP/AO
increased throughout the range of titrations from a association curve for AO over a series of steadily
BP/AO ratio of 1.72-9.13. Table 1 is a summary increasing DNA concentrations ranging from 8 to
and description of the optical absorbance peaks 290 rmol of DNA is shown in Fig. 6. The delta
observed during the titration of 10p.mol AO fluorescence values were obtained by subtracting

with dsDNA and the range of BRAO molecular ~ the background fluorescence of HEPES buffered
AO at 2 wmol in the absence of DNA. The

0.08 503 nm

2.75 BP:AO

0.064 L]

0.044

Delta Absorbance

0.04 4
0.021 > =503 nm

0.03 4 0.00

0 10 20 30 40 50
DNA [pm
0.02 [pm]

0.75 BP:AO

0.01 4

Delta Adsorbance

0.00 1
4

-0.01 1

-0.02

Fig. 5. Delta absorbance plot of 20M AO titrated with herring sperm dsDNA. Actual DNA concentrations ranged from 5 to 55
pmol. The inset figure shows delta absorbance values taken at 503 nm plotted against the DNA concentration.
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Fig. 6. Spectrofluorometric analysis of AQ pwmol) with var-

ious concentrations of herring sperm DNA in the presence and
absence of NaC{150 mmo). The effect of NaCl on the flu-
orescence of Zumol AO was determined over a range of
BP/AOQ ratios from 4 to 62.5. The excitation wavelength was
485 nm while emission was monitored at 530 nm. The asso-
ciation constant was determined fopu2nol AO with DNA to

be 3199310 mol* (R?=0.998) in the absence of NaCl, and
3169+498 mol* (R?=0.96) in the presence of NaCl. Error
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concentration range of AO. The addition of NaCl
(150 wmol) to the experimental environment con-
taining AO and DNA, did not contribute signifi-
cantly to the fluorescence values at eithef,=
530 or 635 nm until AO concentrations exceeded
2 wmol as determined by ANOVA statistics. At
AO concentrations> 3.5 pwmol, the fluorescence
values of the DNA solution ah.,,=530 nm in
the absence and presence of NaCl increased four-
and five-fold, respectively. In the absence of NaCl,
the plot of fluorescence values at,,=530 nm
plateaus at AO concentrations ranging from 4.0 to
7.0 wmol. Also, the data in Fig. 7 reveal that the
fluorescence values in the presence of 150 mmol
NaCl over the AO concentration range 4.0-7.0
wmol, differed significantly(were increasexfrom

the values obtained at,,=530 nm in the absence
of NaCl. At \.,=635 nm, fluorescence values
increased slightly between AO concentrations of
3.5—4.0p.mol and continued to gradually rise with
increasing concentration of AO. Unlike the results
obtained at\.,,=530 nm, the presence of or the
absence of NaCl had no significant effect on the

bars are shown to denote confidence intervals at 95% unlessﬂl'loresc(_:.nCe ak. =635 nm
em .

hidden by a data point symbol.

association constant obtained for the interaction of

AO with DNA using spectrofluorometric methods
was 31 996-3190 mol*. As also illustrated in
Fig. 6, the addition of 150umol NaCl to the
initial 2 wmol AO solution, had little if any effect
on the binding constant between AO and the
dsDNA resulting in a value of 316994980
mol~*.

Experiments were conducted to determine the
effect of physiological concentrations of NaCl on
the fluorescence intensity of the AO—DNA com-
plex. Fig. 7 depicts the spectrofluorometric analy-
sis of AO at concentrations ranging from 0.5 to
10.0 wmol with 20 wmol DNA, in the presence or

absence of 150 mmol NaCl. Samples were excited

at a wavelength of 485 nm, and fluorescence
emission values were read &t,,=530 and 635
nm. Spectrofluorometric analyses of 20mol
DNA at AO concentrations ranging from 0.5 to
3.0 nmol revealed a slight, but significant increase
in fluorescence values at,,=530 nm over this

15000

Aem = 530 nm
- DNA
4 DNA + SALT

12500

100001 3 =635 nm

<-DNA
O-DNA + SALT

75004

50004

Fluorescence

2500

Fig. 7. Spectrofluorometric analysis of 20mol DNA in the
presence of concentrations of AO ranging from 0.5 to 10.0
pmol, in the absence and presence of 150 mmol NaCl. Spec-
trofluorometric analysis was performed ®t,=485 nm, and
emission was observed at,,=530 and 635 nm. Error bars
shown denote standard deviation unless hidden by legend sym-
bols (n=4).



M.B. Lyles, I.L. Cameron / Biophysical Chemistry 96 (2002) 5376

Table 2

The effect of 150 mmol NaCl, 5 mmol caffeine, giod 2 mmol
DNA on the fluorescence intensity at,,, 530 nm of a 2s.mol
AO solution

Reactants Without NaCl With NacCl

(2 pmol AO) Meant+ S.E.(SNK) (150 mmo)
Mean+ S.E. (SNK)

AO 514.0+6.5 (A) 635.5+17.7(B)

AO+CAF 661.0+19.3(B) 701.3+53.7(B)

AO+DNA 988.0+11.1(E) 795.0+17.7(C)

AO-+DNA+CAF 880.3+27.6(D) 793.7+14.4(C)

Fluorescencé\.,=485 nm and\ .,=530 nm was meas-
ured for AO (2 umol) in the absence of, and in the presence
of NaCl (150 mmo), caffeine(5 mmol), and DNA (2 mmol)
alone or in combination. Significant differences were found by
one-way ANOVA (P<0.095. The Student—Newman—Keuls
(SNK) multiple range test revealed a significant difference
between mean&P <0.05), as indicated in the table. Statistical
means having a different letter designation are statistically dif-
ferent(P <0.05), while those means having the same letter are
not significantly different(P>0.05). (Note: experiments with
AO and NaCl,n=4; all other experiments;=3.)

3.4. Spectrofluorometric study of effects of 150
mmol NaCl on the interactions of acridine orange
with itself, with caffeine, and with dsDNA

Experiments were performed to determine the
influence of NaCl at physiological concentrations
on the interactions of AO with itself, AO with
CAF, and AO with dsDNA. It was hypothesized
that the addition of salt might affect th&,csoc
values of AO and the other reactants by modifying
the charge on the reactants #@od decreasing the
influence of water molecules. To minimize AO
self-association, i.e. dimerization, a relatively low
concentration of AQO(2 pwmol) was used through-
out this series of experiments. The interaction

between reactants was analyzed by spectrofluoro-

metric methods ah.,=485 nm and monitored at
Aem=530 nm(green.

Solutions of 2umol AO alone and in various
combinations with 150 mmol NaCl, 5 mmol CAF,
and 2 mmol DNA were studied. Table 2 summa-
rizes the results and the statistical analysis for
difference. The results, as reported in Table 2, fell
into distinct groups with statistically different
means(P <0.05. The lowest mean fluorescence
value of 514.0 was produced byu2Znol AO alone.
Addition of 150 mmol NaCl to q.mol AO caused
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a significant increase in the mean fluorescence
value from 514.0 to 635.5. This value of 635.5
was not significantly different from either the mean
fluorescence value of 661.0 determined for AO in
the presence of 5 mmol CAF, or the mean fluores-
cence value of 701.3 determined for AO in the
presence of both 5 mmol CAF and 150 mmol
NaCl. The addition of 2 mmol DNA to the 2mol

AO solution caused the highest mean fluorescence
value of 988.0, which was almost double the mean
fluorescence value of 514.0 determined with AO
alone. Yet, this value of 988.0 was significantly
higher than the value of 795.0 obtained with the
addition of 150 mmol NaCl to the AO-DNA
solution.

Further manipulation of the AO—DNA solution
by the addition of 5 mmol CAF significantly
lowered(P <0.05) the mean fluorescence value to
880.3. Yet, this value of 880.3 was significantly
higher than the value of 795.0 obtained with the
addition of only 150 mmol NaCl to the AO—DNA
solution. The combination of 2 mmol DNA, 5
mmol CAF, and 150 mmol NaCl with AO gave a
mean fluorescence value of 793.7, that was not
significantly different from the mean value
obtained for the same reactants in the absence of
CAF with the combination of AO with DNA and
150 mmol NacCl.

Thus, the AO fluorescence at.,=530 nm
almost doubled by the addition of either 2 mmol
DNA or by the addition of 5 mmol CAF, plus 2
mmol DNA compared to only a modest increase
by the addition of CAF. However, the addition of
NaCl to the same experimental environment fur-
ther increased the fluorescence intensity of AO in
the presence of CAF, but significantly reduced the
ability of DNA to increase the fluorescence inten-
sity of AO.

3.5. The competitive binding of AO to dsDNA in
the presence of CAF with and without charge
modification using NaCl

The following presents the results of fluores-
cence intensity experiments that kept all but one
reactant at constant concentration while varying a
single reactant, such as AQFig. 8), CAF (Fig.

9), or dsDNA (Fig. 10). The effect of 20umol
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Fig. 8. The effects of 1.3 mmol caffeine on the fluorescence
of AO at \.,,=530 nm over a series of AO concentrations
ranging from 0.01 to 1Qumol, in the absence or presence of
20 pmol DNA, with and without 125 mmol NaCl. Fluores-
cence(\ =485 nm was monitored ak .= 530 nm. Standard
deviation bars are hidden by symbols that represent means
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DNA on the fluorescence intensity of a 20mol
AO solution (1:2 BP/AO ratio) over a series of
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Fig. 9. The effect of 150 mmol NaCl in the absence and pres-
ence of 2 mmol DNA on the fluorescen€k,,=485 and 530
nm) of 20 wmol AO with increasing concentrations of caffeine.
Error bars denote standard deviation=4).

with 1.3-mmol CAF, in the absence and presence
of 20 wmol DNA, with or without 125 mmol
NaCl. The plot of the fluorescence values from
the formation of the AO—CAF complex illustrates
a minimal effect on fluorescence intensity\at,=

CAF concentrations in the absence and presences3g nm until the AO concentration exceeded 1

of 125 mmol NaCI\.,,=530 nm is illustrated in
Fig. 9. The addition of 125 mmol NaCl to the
AO-CAF solution caused a significant decrease
in mean fluorescence values throughout the range
of CAF concentrations. Upon the addition of 20
pmol DNA to AO solutions containing both CAF
and 125 mmol NaCl, the mean fluorescence values
further decreased. However, fluorescence analysis
of 2 wmol AO with CAF over the same molecular
ratio range of 0.5—2500 in the absence of or the
presence of 125 mmol NaCl, with and without 2
wmol DNA (1:2 BP/AO ratio, data not shown
revealed no significant change in fluorescence
values atA.,=530 nm over a range of CAF
concentrations up to 5 mmol CAF. Fluorescence
values for all test conditions at,,,=635 nm for
both 2 and 20umol AO concentrations showed
no significant differenceg¢data not shown
Experiments were conducted to determine the
effect of AO concentration in the absence of or in
the presence of 125 mmol NaCl on the interactions
of AO with DNA and CAF. Fig. 8 is a plot of
mean fluorescence valués..,=530 nm of AO
at concentrations ranging from 0.1 to 3jdmol

pmol. At AO concentrations of 5 and 1@mol,
obvious differences in fluorescence intensity were
observed. A similar pattern of fluorescence values
occurs with 1.3 mmol of CAF in the presence of
20 pmol DNA, but the slope of the rise in

45001
. 40001
2 o0
% 25001
[;Z] ]
& 20001
B 15001
B~ 10004
5004

X

T AO [20 uM]
-O-AO + CAF [1.3 mM]
== AO + CAF + NaCl [125 mM]

DNA [uM]

Fig. 10. Spectrofluorometric analysis &t,,=530 nm of 20
pmol AO titrated with dsDNA in the absence and presence of
1.3 mmol caffeine, with and without 125 mmol NaCl. Error
bars indicate standard deviation unless hidden by syn{bets

4).
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fluorescence intensity is lower. In this case, fluo- ing values to increasing values occur at a DNA

rescence values at AO concentrations of 5 and 10 concentration of~ 23 wmol or a DNA/AO molec-

wmol were substantially lower. The presence of
125 mmol NaCl in the AO—-DNA mixture sup-

ular ratio of approximately 1:1i.e. 1:2 base pair
AO molecule ratio. With higher DNA

presses the fluorescence intensity at AO concentra-concentrations, fluorescence intensity\at,= 635

tions of 5 and 1Qumol.
Spectrofluorometric analysis of 20mol AO at
Nem=530 nm was conducted with increasing DNA

nm steadily increased reaching a plateau at 100
pwmol of DNA (2.5:1 BP/AO). Exposure of a 1.3
mmol CAF and 2Qumol AO solution to increasing

concentrations in the absence and presence of 1.3concentrations of DNA resulted in a distinctly

mmol CAF, with and without 125 mmol NaCl
(Fig. 10. In the presence of low concentrations
of DNA (<40 umol), plots of fluorescence values

show a significant decrease in the mean fluores-
cence intensity for each of the three test conditions:

AO-DNA; AO-DNA+CAF; and AO-DNA+
CAF+SALT. This DNA-dependent decrease in

different fluorescence plot than was observed when
CAF, was absent from the mixturédata not
shown. This spectral pattern with 1.3 mmol CAF
present differed in two ways from the plot of AO
with only DNA present. First, the transition of
mean fluorescence intensity with higher concentra-
tions of DNA occurred at a lower concentration

fluorescence values with increasing concentrations of approximately 9umol of DNA or a BP/AO

of DNA reaches a minimum value at 40mol
DNA concentration or a BPAO ratio of 1:1. This
drop in mean fluorescence values over DNA con-
centrations ranging from 0 to 4@mol, was
greatest for test solution containing only gonol
AO. The presence of 1.3 mmol CAF in the test
system containing 20.mol AO at low DNA

ratio of 0.25. Secondly, at higher DNA concentra-
tions, the fluorescence intensity plateaus at signif-
icantly lower mean fluorescence intensity and at a
DNA concentration of approximately 6@mol of
DNA (3:2 BP/AO ratio). However, when 125
mmol NaCl is present in the AO—-CAF solution
over the range of DNA concentrations, the large

concentrations, resulted in a more precipitous changes in fluorescence intensity as described in
decrease in mean fluorescence intensity over thethe two previous experimental conditions is not

DNA concentrations< 20 wmol. Finally, the addi-
tion of 125 mmol NaCl to the AO—CAF solution
at DNA concentrations of 1Qumol and above,

significantly suppresses the decrease in mean flu-

orescence values at.,,=530 nm as seen for
solutions containing AO alone or AO—CAF, over
the same range of DNA concentrations.

To characterize the electrostatic interactions,
spectrofluorometric analysis of 2@amol AO at
Nem=635 nm was conducted with increasing DNA

concentrations for the same experimental condi-

tions as described in the legend of Fig. (data
not shown. A plot of mean fluorescence values
observed at\,,,=635 nm from a 20umol AO
solution over a range of DNA concentrations up
to 135 pmol, revealed a significant decrease in
fluorescence intensity upon the addition of low
concentrations of DNA. However, as DNA con-
centrations increased to even higher levels23

seen. In the two previously discussed experimental
conditions of AO—DNA and AO—-CAF-DNA, the
guenching of mean fluorescence intensity with low
concentrations of DNA does not occur when 125
mmol NaCl was present in the AO—CAF solution.
The addition of NaCl to the test environment
caused the mean fluorescence intensity at DNA
concentrations above 40mol, to be significantly
lower than the previous experimental conditions
of AO and DNA in the absence or presence of
CAF

4. Discussion
4.1. Self-association of acridine orange
Kapuscinski and Darzynkiewic#34] reported

that the absorbance maxima for the AO monomer
and AO dimer to be 492 and 466 nm, respectively.

wmol), fluorescence values stopped decreasing andAt low AO concentration, we observed a peak
began to increase. The apparent transition point in absorbance at 492 nnithe monomer and at
the plot of mean fluorescence values from decreas-increasing concentrations of AO, a secondary peak
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at 468 nm begins to increase in amplitutfeig.
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solutions facilitates dimer formation at lower AO

1). Spectral analyses of AO at concentrations of concentrations, but has no significant additional

less than lumol do not exhibit this secondary

effect at AO concentrations above gmol. The

peak. The peak at 466 nm has been proposedsharp increase in green fluorescen@e,,=530

[34,35,42—44to be indicative of the formation of

self-aggregates of AO, specifically a stacked dimer.
This suggests that the formation of thermodynam-

ically stable AO—AO dimers may occur even at a
concentration below 2.5.mol.
Bound AO is known to fluoresce at two distinct

nm) at an AO concentration of fmol is probably
due to a shift in AO equilibrium toward the
formation of AO aggregates. The critical concen-
tration for this phenomenon seems to be approxi-
mately 5—6umol. Below this concentration, AO
exists primarily as a monomer with an increased

wavelengths based on the type of molecular asso-formation of multimeric species as the concentra-

ciation that occurs. When AO binds electrostati-
cally to a compound(e.g. RNA), it has a
characteristic red fluorescence with,., emission
of 635 nm. Alternatively, when AQO intercalates as
occurs with DNA it fluoresces green at),.,=
530 nm [40]. The fluorescence of free unbound
AO monomer is weak at low concentratiofis—

10 wmol) and therefore contributes little to back-

tion of AO increases toward p.mol. At concen-
trations above 5umol, molecular AO exists in
solution as a monomer, a dimer, and possibly as
unstacked aggregates of dimers. The sharp increase
in fluorescence ah.,=530 nm at 5pumol may

be attributed to the formation of AO aggregates
that facilitate docking and dimerization of AO
monomers. In support of this idea, note that the

ground fluorescence. The electrostatic interaction addition of high molecular weight DNA lowered

of AO with itself can therefore be monitored at
Aem=635 nm, while the formation of the AO-AO
stacked dimer can be followed by monitoring the
fluorescent emission at 530 nm.

The equilibrium in the AO-AO system is con-
trolled by the association constant for the forma-
tion of the AO—AO dimer. Short-range stacking
interactions including hydrophobic and dispersive
forces are driving this associatiofil4]. These

the apparent critical concentration of AO to aggre-
gate from 5—6(Fig. 6) to 3.5 umol (Fig. 7).

4.2. Interactions of caffeine with acridine orange

The optical absorbance and fluorescence results
from present and past studid9,10,14 on the
interaction of AO and CAF can be explained as
follows; the DNA intercalator chromophore acri-

forces are not supposed to be affected by changesdine orange, exhibits optical absorbance and sin-

in ionic strength. At a pH close to 7, however, AO
is almost completely protonategk,=10.4 at 20
°C, [45]) and this introduces a long-range electro-
static interaction to the systef33]. At AO con-
centrations of up to 50uwmol, the repulsive
electrostatic forces limit self-aggregation of AO
[33], and the process is strongly affected by
electrolytes. According to Robinson et §83], the
log K,ssocfor AO (AO—AO dimerization constant
is proportional to the square root of ionic strength,
as predicted by the Debye—Huckel theory. The
increase of NaCl concentration to 150 mmol result-
ed in an increase ik ...from 37 410 to 118 000
mol~! at AO concentrations ranging from 0.5 to
5.0 wmol.

In summary, the formation of the dimer or

glet state fluorescence emission bands in the
visible region of the spectrum that are sensitive to
the solvent environment of the chromophore. The
observed red-shift of AO absorption and the cor-
responding fluorescence emission bands and
increase in fluorescence intensity of AO in the
presence of the trimethyl xanthine, CAF, with its
three hydrophobic methyl groups, are characteristic
of changes in the solvent environment associated
with the intercalator in the presence of DNA
[34,39. In general, excited states arising fram-

a transitions such as the optical transitions
observed with AO and DNA, are expected to
decrease in energyred-shify as the solvent
becomes increasing hydrophobi¢é6—44. Com-
plexation between CAF and the DNA intercalator

stacked AO aggregate is dependent upon the con-AO results in the replacement of water molecules

centration of AO. The addition of salt to AO

solvating the intercalator by the more hydrophobic
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CAF molecule. Thus, ther—m excited state expe-
riences a more hydrophobic environment and a
correspondingly lower energy resulting in a red-
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that such a complex is less able to bind to DNA
or otherwise affect cellular replication.
Additional evidence for CAF—intercalator com-

shift in the absorbance and emission bands. In plexation as a mechanism for reducing the biolog-

addition, the exclusion of water molecules sur-

ical effects of the intercalating agent can be found

rounding the chromophores cause an increase inin the energy-minimized complexes of CAF with

the fluorescence intensity of AO as water is an
effective quencher of the excited state of the
intercalator.

It appears that the primary criteria for energy
minimization of the AO—-CAF complex is the
centering of the CAF ring system over that of the
DNA intercalator ring system with only a minimal
contribution from the relative orientation of side
groups[9]. Previous descriptions of complex for-
mation between CAF and DNA intercalators por-
tray, complexes between CAF and DNA
intercalators with distinctly planar ring structures
[15].

4.3. Caffeine as an interceptor of the DNA inter-
calator AO

hadicine and hydroxyurepd9]. Caffeine displays
a non-protective property against cellular damage
caused by hydroxyurea and was shown to increase
cell death in combination with hydroxyurdd9].
It should be pointed out that hydroxyurea and
hadicine are aliphatics and contain no conjugated
ring systems. The molecular modeling studiék
show that the energy for complexation between
hydroxyurea and CAF are much less favorable
than for AO—CAF resulting in a weaker complex
with a lower association constant. This phenome-
non of weak complex formation is presumably due
to the aliphatic nature of hydroxyurea, which is
not capable ofr—m complex formation with CAF.
The result is an effective concentration of hydrox-
yurea that is unaffected by the CAF in solution.
Comparison of the complexing ability of CAF
relative to other DNA interceptor molecules is of

Caffeine has been suggested as a naturallyjnterest. Optical titrations and molecular modeling

occurring interceptor molecule for a variety of
DNA intercalators. Previous results from Traganos
et al. [10,11 demonstrate that CAF can modulate
the effects of the DNA intercalator molecules
doxorubicin(DOX), novantrongNOV), and ellip-
ticine (ELP) in L1210 leukemic cell line. Specif-
ically, the addition of DOX, NOV, and ELP to
L1210 cells decreases cell growth to 26, 48 and
20%, respectively, relative to control cultures. The
simultaneous addition of 5 mmol of CAF together
with either DOX, NOV, or ELP reduces the sup-
pression of cell growth to only 65, 83 and 42%
relative to control cultures. In addition, Traganos
et al. [10,11 found that the sequence in which
CAF was added affects the degree of cytotoxicity
relative to cell proliferation with these mutagens.
When CAF is added either before or after the
mutagens, CAF afforded no protection against
these mutagens. Only when CAF is added simul-

calculations of mutagen—porphyrin complexes
revealed binding constants and relative binding
energies for these complexes. Binding constants
for chlorophyllin complexes with heterocyclic
amines are at least one order of magnitude higher
than that of CAF with the same model intercalators
[4—6,50. This trend is also reflected in the relative
binding energies determined from molecular mod-
eling calculations[8,51]. These binding energies
are a factor or two larger for mutagen—chloro-
phyllin complexes relative to mutagen—CAF com-
plexes. Thus, although CAF may play a role as an
interceptor molecule, its ability to prevent cell
damage is predicted to be less effective than the
porphyrin-type interceptors at the same molecular
concentration.

In summary, the results of optical titration and
spectral analysis studies of CAF with the DNA-
intercalator AO demonstrates that CAF can com-

taneously with the mutagens are the cell-damaging plex with AO via a m—w type interaction. The

effects leading to cell death reversed. Taken togeth- dominant force in the formation of such complexes
er, these findings imply that co-treatment facilitates appears to be van der Waals interactions resulting
the formation of a CAF—intercalator complex and in maximal ring overlap between the two mole-
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Table 3
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Summary of association constarif§,..,d for AO with itself, with caffeine(CAF), and with dsDNA without and in the presence

of 150 mmol NaCl

Complex Method K+S.D.(mol™?%) Concentration Source
AO-AO Absorbance 29100 A@20 pmol) [14]2
plus NaC¥? 42500
Fluorescence 37 4194758 AO (0.5-5.0pmol) This study
plus NaC¥? 118 000+ 16 120 This study
Fluorescence 46 7601807 AO (6.0—10.0pmol) This study
plus NaC¥? 41 820+ 3671 This study
AO-CAF Absorbance 2565 AO (10 pmol); This study
CAF (1-5000u.mol)
Absorbance 2585 AO (10 pmol); [9]
CAF (1-5000u.mol)
Absorbance 258 7 AO (20 pmol); [14]2
plus NaC¥? 169+9 CAF (1-2000p.mol)
Fluorescence 25427 AO (2 pmol); This study
plus NaC¥? 216420 CAF (1-20 pmol) This study
AO-DNA Absorbance 3766131 AO (10 pmol); This study
DNA (>200 wmol)
Absorbance 364356 AO (4-10p.mol); This study
DNA (100 wmol)
Absorbance 3869 27 AO (20—-45umol); This study
DNA (20 wmol)
Absorbance 33516285 AO (0.1-3pmol); This study
DNA (100 wmol)
Absorbance 31968316 AO (0.8-3.4pmol); This study
DNA (20 pmol)
Absorbance 37 660431 AO (3 uM); This study
DNA (5-170uM)
Fluorescence 319993190 AO (2 pmol); This study
DNA (>20 pwmol)
plus NaC¥ 31 690+ 4890 This study

2 K.ssocCalculated using absorbance data and a mathematical model.

® NaCl concentration of 150 mmol.
cules of the complex[9,15,18. Complexation

higher multimers of the DNA intercalator, resulting

between CAF and aliphatic mutagens show much in muti-component optical and fluorescence spec-

lower binding energies relative to CAF complexes
with aromatic intercalators. As demonstrated in
this and past studid®)], the corresponding binding
constant for CAF—AO complexes is approximately
250 mol* (Table 3. These results suggest a
possible role for CAF as an interceptor molecule
although its interceptor property is expected to be
less than for interceptor molecules with more
extended conjugated ring systenfs.g. chloro-
phyllin) [9].

4.4. Interactions of acridine orange with dsDNA

Studies on the interaction of AO with DNA are
complicated by the formation of dimers gfat

tra that are difficult to analyze. The interaction of
AO with DNA is complex. The fluorescence emis-
sion spectrum is affected not only by the gross
structure of the DNA[52,53, but also by the
concentration of AO, the pH, the presence of
competing reactants, temperature and ionic
strength [14]. Although it is generally assumed
that the AO binding affinity, fluorescence emission
wavelength and fluorescence efficiency, are all
relatively insensitive to the DNA-base composition
[34,53, the actual studies on synthetic DNA pol-
ymers of defined base composition and configu-
ration are scarce and only a few polymers have
been tested35,54-56.
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The spectrophotometric analysis of the AO-
DNA binding reported herein suggested the pres-
ence of a single bound species at high DMO
ratios and therefore, only one mode of binditay
single isobestic point could be easily identified
during the spectrophotometric analysis only at
DNA/AO molecular ratios above 50The meas-
urement of an association constant or ‘affinity’ for
the AO—-DNA system under such conditions was

assessed by both absorbance studies and fluoresﬁuommemc study on the influence of NaCl on the

cence studies, and thé,...values were found to
be similar(Table 3.

Data from optical titrations suggest that the
AO-AO self-stacking or dimer formation is prac-
tically eliminated at high DNAAO ratios. These
data suggest that the binding process for AO to
DNA at lower molecular ratios can be divided into
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affinity for DNA, especially at low AO concentra-
tions. This behavior is sensitive to the concentra-
tion of the acridine chromophore as stronger
binding between AO and DNA is seen at lower
ratios of AO/DNA base paird AO concentrations
<3 pwmol). This is most likely due to AO being
present primarily as a monomer and the absence
of any significant concentration of AO dimers.

4.5. Interpretations of the results from the spectro-

interaction of acridine orange with itself, with
caffeine, or with dsDNA

As described above, short-range stacking inter-
actions including hydrophobic and dispersive forc-
es are driving these associationd4]. The
protonization of AO contributes a long-range elec-

two different processes as has been described fortrostatic interaction to the solvent systdB88]. As

most of the acridine derivatives: one of high
affinity (type I); and one of lower affinity(type

II) [34,564. The type | process is strong and
corresponds to the intercalation of the AO into the
DNA double helix at low binding ratios. Type I
process is weak and is normally attributed to an
external electrostatic binding at high binding ratios.
The use of different fluorescence emission wave-
lengths allowed for the calculation of association
constants for each kind of binding involved in the
interaction process. Therefore, binding values
determined from data obtained at,,=530 nm

illustrated in Fig. 2b, the increase of NaCl concen-
tration to 150 mmol resulted in an increase in
K.ssocfor the dimerization of AO from 38 620 to

118 000 mot* at AO concentrations ranging from
0.5 to 5.0n.M. This is attributed to the stabilization

of the AO—-AO dimer by decreasing the contribu-
tion of water molecules to the solvation of the AO
monomer by competing with the electrostatic
charge due to the protonization of the nitrogen on
AO. Thus, the higheK,..,cvalue in the presence

of 150 mmol NaCl is expected to shift the equilib-
rium between monomeric AO and dimeric AO to

should be considered as relative to the intercalation favor the formation of AO dimers. Even at rela-

or m—m binding (stacking of AO to DNA. The
K.ssoc Values obtained at low A(DNA ratios
(intercalation procegswere in agreement with the
K.ssoc Values obtained by the spectrofluorometric
method suggesting that the fluorometric determi-
nation at\¢,,=530 nm only allows the calculation
for the type | strong binding mode association
constant.

At low DNA /AO molecular ratios, a decrease
in the fluorescence intensity of AO was observed
when interacting with DNA, primarily caused by
a lowering of the fluorescence quantum yield, as
occurs for many organic compounds capable of
binding to nucleic acidg44]. The optical data
allowed the binding constark s, for the AO—
DNA interaction to be calculated. All the data
reported here show that AO has a strong binding

tively low AO concentrationg2 pmol), physio-
logical concentrations of NaCl caused a 23%
increase in fluorescence values af,=530 nm,
indicative of an increase in dimer formatidsee
Table 2.

With respects to caffeine, CAF is not charged
at neutral pH and therefore,¢soc between AO
and CAF was not expected to be sensitive to
changes in ionic strength as is AO-AO self-
association. The slight, but significant decrease in
Kassocfor the AO—CAF complex from 258 to 169
mol~* [14] with an increase in ionic strength,
indicates that perhaps there is an ionic component
in stacking interactions between AO and CAF and
that in the complex, the CAF molecule may take
on some negative charge. If the CAF molecule
was positively charged the opposite relationship
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betweenk,.s.cand ionic strength would be expect-
ed. Alternatively, one could argue on thermody-
namic grounds that the driving force for the
formation of the AO—CAF complex is the AO
molecule, and the reduction in energy gained by
the formation of a complex. The AO—CAF system
therefore represents a multi-equilibria system in
which, among two control parameters, off€,csoc
for AO-AO) is positively affected by ionic
strength, while the secontK ... for AO—CAF)

is negatively affected by ionic strength as was
suggested by Kapuscinski and Kimnid4]. The
combined fluorescence of the AO—AO dimer and
the AO—CAF complex in equilibrium with mon-
omeric AO, is reflected in the increase in fluores-
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still have to compete against the AO self-associa-
tion constant for dimerization in order to form a
complex. Charge modification of monomeric AO
by the addition of NaCl at low AO concentrations,
facilitates AO—AO self-association and enhances
the K, ssocValue three-fold, by modifying the elec-
trostatic charge site and the electro-repulsive forces
between AO molecules. Therefore, at AO concen-
trations <5 pwmol, the presence of physiological
concentrations of NaCl causes ti&....for the
formation of the AO—AO dimer to be the primary
force for the tying up of AO monomers into
dimeric forms, thus lessening the chance that a
AO monomer will interact with DNA or CAF. In
support of this conclusion, Table 2 shows a signif-

cence values seen for the AO—CAF system over icant increase in the concentration of AO—-AO

that of AO alone.

The solution containing AO and DNA gave a
fluorescence value almost double that of AO alone
reflecting the high degree to which AO intercalated
into the DNA. The addition of 150 mmol of NaCl
to a solution containing the AO and DNA caused
a 20% reduction in the fluorescence of the solution.
In solutions containing NaCl, an increase in the
ionic strength causes DNA to lose some of its
ability to form electrostatic bonds with AQ67].

At a molecular ratio of 1000:12 mmol DNA/2
wmol AO), this should have little if any effect on
the fluorescence intensity of the AO—DNA com-
plex. The addition of NaCl causes a shift in the
amount of free AO monomer available for inter-
calation into DNA by increasing the concentration
of AO—AO dimer. This increase in the formation
of AO-AO dimers would cause a decrease in
fluorescence intensity by reducing the concentra-
tion of AO—DNA complexes formed from 2 to 1
for every dimer formed.

4.6. Competitive interactions of CAF, DNA, and
AO in the presence and absence of physiological
concentrations of NaCl based on the interpretation
of the fluorescence intensity at A,,,=530 nm

Because the AO—AO dimer has a relatively high
K.ssoe it cOmpetes favorably for monomeric AO
vs. binding to dsDNA or CAF. At low AO con-
centrations(<5 wmol), the presence of dimeric
AO is negligible, yet both dsDNA ani@dr CAF

dimers and therefore, a decrease in AO monomers
as evidenced by an increase in fluorescence at
Aem=530 nm when NaCl is added to AO.

Caffeine is supposedly not charged at neutral
pH and therefore K,ssoc between AO and CAF
was not expected to be sensitive to changes in
ionic strength as is AO—AO self-association. How-
ever, the slight but significant decrease Kigsoc
for the AO-CAF complex from 258 to 169
mol~?*, with an increase in ionic strength indicates
that perhaps there is an ionic component in the
interaction between AO and CAF and that in the
AO-CAF complex, the CAF molecule may have
a modest negative charge. The AO-CAF system
therefore represents a multi-equilibria system in
which, among two control parameters, o€, csoc
for AO—AO dimerization is positively affected
by ionic strength, while the secontK ... for
AO-CAF) is negatively affected by ionic strength
as was suggested by Kapuscinski and Kimmel
[14]. This opposite effect of 125 mmol NaCl on
AO and CAF at near neutral pH tended to cancel
each other out, resulting in no significant change
in the fluorescence of the AO—-CAF system when
NaCl is added see Table 2

In the case of dsDNA, an increase in ionic
strength of the system as with the addition of
NaCl, may reduce its ability to form electrostatic
bonds to AO[59]. This may affect the intensity
of fluorescence for AO when intercalated into
DNA and/or increase the concentration of AO—
AO dimer causing an increase in fluorescence
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intensity at\.,,=530 nm. However, the addition
of NaCl to the system should have little if any
effect on the ability of DNA to form intercalation
complexes with monomers of AO at an AO con-
centration of 2umol. Results from Table 2 show
that the addition of NaCl to the AO—DNA system
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The model presented in Fig. 11 illustrates the
molecular populations of AO at 2 and 20mol.
At a concentration of 2umol, AO is almost
exclusively in monomeric form whereas at a con-
centration of 20wmol, there exists a dynamic
equilibrium between the monomeric and multi-

causes a significant decrease in fluorescence. Thismeric forms. The monomer form of AO reacts

decrease is due to an increase in AO—AO dimeri-
zation with a lower intensity of fluorescence than
when AO is fully intercalated into dsDNA. Con-
tributing to this decrease in fluorescence is the
overall decrease in the amount of monomeric AO
and therefore, a corresponding reduction in the
amount of AO available for dimerization and
intercalation into the DNA.

In a solution containing all three reactants, the
equilibrium in the AO—CAF-DNA system is con-
trolled by four parameters, i.&K o_a0r Kao_cam
Kno—pna ) and Kao_pna @ Which represent the
(at AO>5 pmol) association constants for AO—
AO, AO-CAF, AO-DNA (intercalation, and
AO-DNA (electrostatig, respectfully. TheK,, for
the system would be:

Keq=K pno—not K ao—cart K ao—onaci

+ KAO—DNA(e)

At any given concentration of AO, at constant
temperature, pH, and pressuig,, is a constant.
Changes in the&K, ... values for AO—AO, AO—
CAF, or AO—DNA ., will not affect the overall

with CAF to form an AO-CAF complexalso
shown in Fig. 1) and only the monomeric form
of AO can intercalate into dsDNA. The availability
of monomeric AO is critical to its intercalation
into dsDNA andor its complexation with CAF.
Conditions that affect the equilibrium between the
multimeric and monomeric forms of AO, such as
NaCl, effect the overall concentration and availa-
bility of monomeric AO. Table 2 shows that the
addition of CAF to the AO—-DNA system causes
a significant decrease in fluorescence with no
significant decrease upon the addition of NacCl.
This suggests that the relatively high concentration
of CAF (5 mmol) is able to reduce the amount of
AO intercalated into DNA through competitive
complexation of monomeric AO, based on mass
action. The addition of CAF to the AO-DNA—
NaCl system causes no significant change in flu-
orescence, as would be expected due to the
non-charged state of CAF.

Studies on the effects of 150 mmol NaCl and 2
mmol dsDNA on the interaction of 2fimol AO
to increasing concentration of CAF are depicted
in Fig. 9. The results from this experiment on the

K.q of the system, but will instead affect the effect of NaCl concentration can be explained by
KassocValues between the other reactants. Resultsthe stabilization of the AO—AO dimer, and the

from the interaction of all three reactants in the formation of the AO—CAF complex as evidenced
absence and presence of NacCl, support this con-by the uniform decrease in fluorescence values.
cept. However, th&K, s values for each reactant The K, value for AO—CAF complex in the

reflects the molecular interaction with the AO presence of 150 mmol NaCl drops from 254 to
monomer and assumes that the concentration of169 mol~* contributing to the drop in fluorescence

AO in solution is entirely in monomeric form. The
results indicate that at AO concentrations5

seen in both Figs. 8 and 9 for the AO—CAF-NacCl
system. Also contributing to this drop in fluores-

wmol, this is a reasonable assumption and inter- cence is the stabilization of the AO—-AO dimer by

pretation of fluorometric measurement of interac-
tions between AO, dsDNA, CAF, and NaCl are
relatively simple. At AO concentrations 5 pmol,
the assumption that AO is exclusively in mono-
meric form is invalid. Even at AO concentrations
>5 pmol, one can still interpret the spectrofluo-
rometric data ah.,,=530 nm as discussed next.

neutralization of charge-repulsion as mentioned
earlier. The addition of dsDNA to the system
containing AO, CAF and NacCl, shows a further
decrease in the fluorescence valuesagt=530
nm, suggesting the additional interaction of the
AO monomer to the phosphate backbone of the
DNA contributing to a reduction in the availability
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Fig. 11. Schematic showing the relative population of AO monomers and dimers at concentratioqgppt®lefy and 20pmol
(upper righ}, and the binding of AO monomers to individual molecules of caffdiogver right).

of the AO monomer for interaction with itself neutralization of the phosphate group on the DNA
(dimerization and CAF. backbone, freeing up monomeric AO as well as
The results of experiments that increased con- the ability of NaCl to stabilize AO—AO dimers.
centration of AO in the presence of CAF, dsDNA, The charge neutralization of the phosphate back-
and/or NaCl, as shown in Fig. 8, reveal that the bone on DNA also results in a shift to more

interaction of CAF with increasing AO concentra-
tion follows the law of mass action in that fluores-

monomeric AO, contributing to the formation of
AO-CAF complexes antbr AO—DNA intercala-

cence increases proportional to the increase in AO tion resulting in a higher fluorescent intensity.

concentration. The addition of 20mol dsDNA to

Fig. 10 compares the effect of increasing con-

the AO—CAF system causes a significant reduction centrations of dsDNA on the interactions of AO,
in fluorescence response. This is attributed to the CAF, andor NaCl by observing fluorescence

electrostatic bonding of AO to the DNA backbone
and therefore, a reduction in available AO mono-
mers for AO—AO dimerization and for complexa-
tion with CAF thus resulting in the lowering of

the fluorescence intensity. The addition of NaCl to
this system slightly increases the amount of fluo-

intensity at \¢,,=530 nm. Initial additions of
dsDNA to 20pmol AO results in a steep drop in
fluorescence attributed to a combination of factors;
reduction in monomer AO by both intercalation
into dsDNA and electrostatic bonding to dsDNA,
plus a shift from dimeric AO that fluoresces at

rescence along the series of increasing AO concen-A¢,=530 nm to monomeric AO, which does not

be attributed to charge

trations and can

fluoresce. The addition of CAF slightly increases
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the fluorescence ak.,,=530 nm as it competes
for available monomer AO. This increase in fluo-
rescence is attributable to the formation of AO—
CAF complexes. The addition of NaCl to the AO—
CAF-DNA system allows for the charge
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mer, to monomer plus dimer and possibly unstack-
ed dimer aggregates. This critical concentration for
the increase in the fluorescence of AO is shifted
to an even lower concentratidime. 3.5umol) in

the presence of DNA. This may be explained by

neutralization of the phosphate backbone of the the presence of the large DNA structure that may
DNA molecule, and the subsequent increase in the provide a stable platform for AO dimer formation

availability of monomer AO to form fluorescent
complexes with CAF and dsDNA, thereby causing

by acting as a nidation or nucleation site, thus
effectively lowering the energy of AO—AO dimer

an increase in the overall fluorescence values. This formation. Because the AO—-AO dimer has a rel-

supports the concept that the initial drop in fluo-

rescence values was due primarily to the electro-

static binding of monomeric AO to the phosphate
backbone of DNA that does not fluorescenat,=
530 nm.

4.7. Final comments on the interactions between
acridine orange, caffeine and dsDNA

Data in Table 3 summarize thE,..for the
various interactions between AO, CAF and DNA

atively high K,...cit competes favorably for mon-
omeric AO vs. binding to DNA or to CAF. At low
AO concentrations(<5 pmol), the presence of
dimeric AO is negligible yet both DNA an@r
CAF must still compete with the thermodynamic
driving force for AO dimerization, in order to form
a complex. Charge modification of monomeric AO
by the addition of NaCl facilitates AO-AO self-
association and enhances tke..,. value three-
fold by modifying the electrostatic charge site and
the electro-repulsive forces between AO mole-

from this and past reports in the literature. These cules. Therefore, at AO concentratiors wmol,
data and the other experimental findings can be the presence of physiological concentrations of

explained as follows:

When the DNA intercalator AO is mixed with
CAF, a multiple equilibrium system is formed in
which several types of interactions exié) CAF,

in solution at high concentrations, undergoes self-

NaCl causes the&K, ... for the formation of the
AO-AO dimer to be the primary force for tying
up of AO monomers and thus inhibiting their
interaction with DNA or CAF.

These findings proved useful in explaining the

association to form indefinite-sized aggregates fluorescence intensity at.,,=530 nm of mixtures

(multimers in equilibrium with monomeric CAF
[58—60; (b) most DNA intercalators, including

AO, self-associate in agueous solutions and their

self-interaction at low concentratiofis 50 pmol)
is limited [33,34,61; and(c) spectroscopic studies
[9,11,14 indicate that AO—CAF complex forma-
tion is in equilibrium with CAF—CAF multimers,
monomers of AO and CAF, and AO—-AO dimers.
The concentration of AO used in the various
reactions is critical to predicting fluorescence
intensity and values foK ... between reactants.
The reason is that when AO reaches a critical
concentration between 4 and jmol, it self-

associates to form multimers as characterized by apental

much higher fluorescence at,,=530 nm. One

possible explanation is that when the concentration

of monomeric AO reaches a critical thermodynam-
ic point (concentratiol, there is a shift in the
AO/AO-AO equilibrium from primarily mono-

of CAF, DNA and AO.
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