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A STUDY OF THE BINDING OF METHYLENE BLUE, THIONIN, AZURE A, AZURE B,AND AZURE C TO INA
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Abstract — Methylene Blue, Thionin, Azure A, Azure B, and Azure C were found to bind strongly to DNA
probably via ntercalation. Binding affinity 1s the result of several factors including 7 moment along the long axi»

and dipole-dipole coupling both constrained by steric effects

INTRODUCTION
It has long been known that planar, heterocyclic molecules interact with,and pigment nucleic acids. Inhibition of synthesis and transcription of pal
precipitating inhibition of protem symhesis2 1 observed when basic dyes are admimstered 1o biological systems. Among the many basic dyes,
Methylene Blue, Thionin, Azure A, Azure B, and Azure C are excellent nuclear stains®5 and have been shown to inhibit nuclezr dmision.5 The
pharmacological propertics of these dyes very probably result from the linding of the drugs 1o DNA.

Deoxyribonucleic acid has been implicated as the tn wivo receptor for antineoplastic drugs such as the anthracy clines, -8 actinnmycin,g coral_vm:,w‘l 1

3

and elli ticme,] 2 antrtrypanosomal drugs such as the henamhndmes,l antibacterial drugs such as berberne! # and echinom .:m,l5 anil antimadlarial
P yp B P g8 ¥

drugs such as the acridines!? and soquinolines.!® These heteracyche molecules have heen shown (o bind to DNA wa intercatation where the DNA

1721 and v external stacking where the molecule is bound 1o the surface of

hehx unwinds and the molecule smituates 1tsell between the base pairs
the helix 2021

Since many phenothiazine analogs bind to DNA vig intercalation, it is probable that Methylene Blue, Thionin, Azure A, Azure B, and Azure C bind
to DNA in like fashion The partly extended DNA molecule containing intercalated molecule layers differs from native DNA in several properties
measurable 1n solution ineleding. (a) The DNA helix 1s locally longer and stiffer enhancing 1ts viscosity; (b} The micro-environment of the inter-
calated molecule 1s changed resulting in spectral alterations, and (c) The average mass per umt length of the DNA molecule 1s decreased reducing
its sedimentation coefficient. The present work investigates the binding of Methylene Blue, Thiomn, Azure A, Azure B, and Azure C Lo DNA using
viscosity measurement, spectrofluorometric bitration, ultracentrifugation methods, and MO caleulations.

An increase in specific viscosity and a decrease in the sedimentation coefficient is observed when DNA interacts with these homologs. Fach respective
increase and decrease is generally proportional with the magmitude of each association constant.

Spectroscopic studies with Methylene Blue,za'24 Thiomin, Azure B,2% and Azure AZ8 indicate that they bind to DNA with a maximum of 0.22
molecules per DNA phosphorus atom. This would be the expected maximum oecupancy if the molecules enter at random, subject to the restriction
that adjacent spaces may not be c«'cupierl.z-" All dyes in this study were found to bind to DNA with a maximum of 0.22  0.02 molecules per DNA
phosphorus atom.

Upon binding with DNA all dyes display a bathochromic shift of 2 to 3 nanometers 1n the excitation spectra accompanied by a sigmificant decrease m
fuorescence. Both phenomena can be attributed to the mteraction of the heterocyclic ring system of the bound molecule with the purine and
pynmidine bases of the DNA.22

Affinity of the phenothiazine dyes for DNA appears to involve a combination of factors. Hiickel MO caleulations reveal an apparent correlation
between the # momenis along the long axis of the molecules and binding affinity. Methylene Blue and Thionin which have no 7 moment along the
long axis show similar associatian constants compared to the other homologs even though they are at opposite ends of the methylation spectrum
Sterie conformation of the molecule may also be a factor invelved with binding affimty. Other than Thionin, additon of methyl groups to the
parent ring structure generally decreases binding affinity. Itis possible that methylation restricts binding so that it can occur only with the methylated
amine groups protruding from the helix limiting the area that the molecule can be 1 contact with the base pairs of DNA. Howcver methylation of
the amine groups may only involve stenc-electronic effects.

A correlation hetween fluoresence quenching and the association constant for each dye 1+ apparent. The values for each molecule satisfy the following

emprical equation: K v0.627

= ¢onstant where K is the assoctation constant, ¥ is the ratio hetween the fluorescence ntensity emitted
by the bound and the free dye when excitation is produced under the same conditions of wavelength, concentration, temperature, and solvent, and
the constant is 3.1 X 10%. The quantity V is a measure of the charge transfer internction. A small V value results from a large charge transfer indi-

cating intimate dipole-dipole coupling between the heterocyclic molecule and the DNA haze parrs. Affinity for DNA by these heterocyche higands 1s
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the result of several factors including m moment along the long axis and dipole-dipele coupling both constrained by steric effects.2®
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Flot of binding data for Azure C. Cf 1s the free dye concentration and r 1s the ratio of bound dye
per ntucleic acid phosphate.
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While none of these imndwidual analytical procedures uneguvocally proves whether or not a given molecule binds to DNA v intercalation, each
result leads toward such a conclusion.

MATERIALS
Thionn, Azure A, Azure B, and Azare C were obtained from Eastman Kodak Co. Methylene Blue was obtained from MCB. All dyes were punfied
by column chromatography using neutral 2luminum oxide as the adsorhent and an alechol-benzene mixturc as the eluent.2? Calf thymur [NA was
purchased from Calbiochem and used without further purificabion. Preliminary binding studies conducted using this DNA with proflavine or
ethidm bromide gave results similar to the literature.30-31 Phosphorus-DNA concentration was determined spectrophotometrically using the
extinction coefficient 6412 M- 1em~1 at 260 nm  Bactenal phage A DNA was purchased from Miles Laboratories and used without further punfi-
cation. Phospherus-DNA concentration was determined using the extinction coefficient 6700 M~lem 1 at 260 nm.

FLUORESCENCE MEASUREMENTS
A Spex Fluorolog was used for measurement of excitahion spectra. Excitation and emission monochrometers were positioned for maximum symal
corresponding to the absorption and fluorescence maxima. Aliquots of 0.40ml of 2 100X 1074 M dye n (L1 M Tris (tnsthy droxymethyljamino-
methare) and 0.001 M sodium chloride adjusted to pH 7.5 were added to three separate 2 00 ml solutions n a standard fluoremetnie cuvette  (a)
solution 1+ Buffer; 0.1 M Tns (pH 7.5) and 0.001 M sodwm chlonde; (b} solution 2 DNA; 1.4 X 10~* M phosphorus-DNA, ¢ 1 M Trs (pH 7.3),
and 0.001 M sodium chlonde, and (c) solution 3. DNA Blank, 2X 1073 3¢ phosphorus-DNA, 01 M Tns (pH 7.3), and 0 001 M sodium chlende.
Titrations were fun at room temperature.  Spectrofluorimetric evaluation of the concentration of bound dye molecules was calculated as described
by LePecq and Paoletti.?1

5 —1

(V- 1k

1
ey =

where ¢y, is the concentration of the bound dye in moles per liter, [} is the fluorescence intensity of a given concentration of dye in solution one, Iy
is the fluorescence intensity of a given concentration of dye in solution two, k 13 the number which relates fluorescence intensity with dye con-
centration in solution one (I; = key), and V the ratio of I3 to I} for 2 given concentration of dye. Due to the dimerization of the phenothiazine

homologs at lngh concentration, the maximum # value of 0 22 molecules per DNA phosphorus atom was obtained by extropolation of the several

points obtained at low dye concentration.

The equilibrium constants are computed using least-squares curve fitting of the data, 32

ANALYTICAL ULTRACENTRAFUGATION.
Sedimentation coefficients were determined by boundary sedumentation in a Beckman model E analyuical ultracentrifuge usmg uv optics. A 12mm
charcoalfilled Epon type II centerpiece and plain quartz windows were used, The sedimentation solvent consisted of 0.58 ml of 1 000 M sodium
chlonde and 0.100 M Tris (pH 7.5). Dye concentrations were 1.00 X 10~* M. The solution int the sample well was 20 pl. of 1 5 X 10-* M viral DNA
in 0.100 M Tris (pH 7.5) Run conditions were 26,000 rpm in an An-D rotor at 20.0° with a photograph taken every 8 minutes. A Schocfel film
densitometer was used to trace the absorption density. Sedimentation coefficients were determined at 20.0° and are uncorrected for viscoaity,
buoyancy or DNA concentration.

VISCOMETRY.
Viscosity was measured with an Ostwald viscometer at 25.0°  Solutions were composed of 2 0 ml. dye (1.00 X 10-* Mym buffer and 5 0 ml. calf
thymus DNA (1.43 X 10-4 M)yn buffer. The buffer solution was 0.100 M Tris (pH 7.5) and 0.001 M sodium ehloride. Densities were determmed

using a Sodev flow digital densimeter at 25.0°. Spenfie viseostty was determined using the buffer as the pure solvent.

MO CALCULATIONS

Hiickel MO caleulations were made using a computer program reported b the literature 33

REFERENCES AND NOTES

G. Schraudt, Ann. Rev. Brochem., 33, 709 (1964).

S. Brenner, L. Bamett, F. Crick, and A. Orgel, /. Mol Biwol., 3, 121 (1961)

R. S. Stacey and P. Wildy, Exp. Cell, Res., 20, 98 (1960).

D. E. Comungs, Chromasoma, 50, 89 (1975).

H. ]. Conn, “Biological Stains”, R. D. Lillie, Ed., The Williams and Wilkens Company, Baltimore, MD, 1977.
1. D. Gearhart and 0. M. Rogers, Cytobios, 1, 1% (1969).

W. D. Wilson, D. Grier, R. Reimer, J. Bauman, J. Preston, and E. Gabbay, J. Med. Chem., 19, 381 (1976).
G. Tong, W, Lee, D. Black, and D. W. Henry, J. Med. Chem., 19, 395 (1976).

U. Hollstein, Chem. Rev., 74, 625 {1974).

10, K. Y. Zee-Cheng and C. C, Cheng, J. Pharm. Sau., 62, 1572 (1973),

i1,  W.D.Wilson, A. N. Googh, J. J. Doyle, and M. W, Davidson, J. Med. Chem., 19, 1263 {1976).

12. 1. B. LePecq, Nguyen-Dat-Xuong, C. Gosse, and C. Paoletti, Proc. Nat. Acad. Sei. USA, 71, 5078 (1974).

PR NS N R W

—1395—




John W Corcoran, “Mechanmsams of Antimicrobial and Antitumor Agents,” Springer-Verlag, New York, 1975,
A K Krey and F E Hahn, Screrce, 166, 755 (1969).

L. P. G. Wakelin and M 1. Waring, Biochem. J., 157, 721 (1976},

M. W. Davudsen, B. G. Griggs, D. W. Bovkin, and W. D Wilson, /, Med, Chem,, 20, 1117 (1977)

L § Lerman, J. Mol. Biol,, 3, 18 (1961).

L. 8, Lerman, Proc, Nat, Acad. Ser, U.S,, 49, 94 (1963)

L. 8. Lesman, f. Cell, Comp. Phynol., 64, suppl 1, 1{1964).

N. B Kurmiek and 1. E. Radchife, J. Lab. Chn. Med., 60, 669 (1062).

J. M, Saucier, B, Festy and J. B, LePecq, Bicchimee, 53, 973 (1971)

). 8. Drummond, V. F. W. Simpson-Gildemeister, and A, R, Peacocke, Bropolymers, 3, 135 (1965)
C.H Lee, C T Chang,] G.Wetmur, Biopolytmers, 12, 1099 {1973}

D E Comungs, Chromesoma, 51, 365 (1975).

W Muller and D' M. Crothers, Eur. J. Biochem., 54, 267 (1975).

F.Klein and J. A Szirmay, Biocham, Biophys. Acta., 72, 48 (1963).

D M. Crothers, Biopolymers, 6, 575 (1968)

2. Sharples and [. R Brown, FEBS Lett , 69, 37 (1976).

C. Nezenberg and R Fuscher, Stain Technol., 38, 75 (1963)

A R. Peacocke and | N. H. Skerrett, J, Chem, Soc., Foraday Trans., 52, 261 {195306).

1. B. LePeeq and € Taolell, J. Mol Biol., 27, BT (1967)

3 R Byrnand G ). Dolch, J. Pharm. Ser., 67, 638 (1978)

H . Greenwood, “Computing Methods in Quanium Organie Chermistry ™, Wiley Interscience, Bath, England, 1972

Received,

—1396—

9th June,

1979



