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MINEACION OF AC77;S, ';.1*jI.-

frololi..Ig is t:-C trantZatoni of' an. ar:C.o by G'. V. Gurskciy,
SInstitut4 o1f Io..cc>ula iolo N A USSR, Xsco.:., publis' od in
the Thssian-iaguago poriodicl (ofiz a ,(io- hyscs) Vol X, ;
No 5, 1963, pages 737-_7 It C.s-- 0. 11 Aup 1963.
Translation per o:rne " S/ C:z-.s '. -g j-.

Itis non that Io tye c. bonding -I Qtnea. aclidinos and- DU .

in its native double haldzi. c n .." uratior" The first type of bondin-

is observed at small ratios of t he numbar of' acridine molecules to the nnber

0f DNA nuclaotides (P/D. 4, were ? - thc r:. r of nucleot-ides, D - the .

num~ber of acr-id-Le1 molecules), the second is ob ser a x t largo eoncentr-, ions

of molecules (acridine A P/D . ). We wia. iarit ourselves to an exa.- nation

of a com",lex of the first- type. ) r K
Lerman 7 proposed that the first type of bonding corresponds to th6

"sandwiching" of acridine molecules between pairs of DNA bases. Such a

'sand-iching" of necessity is accompanied by the rotation of a large quantity

of' various atomic groups of the phosphate shell around a.xes, lying, as a rule,

. in various planes. There is little foundation to assume that all these turns

are rot connected irith overcoming large potential barriers and do not require

large expenditures of energy. Since., however, the model of intercalation

sters from such assumptions and thereby occupies an exceptional place in

stereochemistry, the utilization of such a model for the DN-acridine complex

requires a more thorough foundation. This is also necessary because of the

of non-flat aromatic analogs of acridine or molecules -ith large side chains /7.

Therefore there is interest Ln the construction of an alternative model,
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not steziin- a priori Iom, the assunption that the, rnativ3 co:fi- aticn of DK.

i.s destroyed. For resolving'this problorn it *a natura. to examine possible

types of birnding o-f acridines on models.

*Stereochemistry of ,the MN-acrid-ne cc:. i 'he formation of comn-

plexs of acridines wit1 fl'T. an important role J b p..-ad by t-a electrostatic

forces of -tho interaction -betwoon.-the catioas oi' i~~ioand the phosphate

groups of MCI, iw.hich is suppo. ted by the depanenq.y of the quantit y of bound

molecules on ionic strength T;, 2--70

As is known, the positive charge of the acrid..a rnobecules is concentrated

on the ring nitrogen N. 0 (figure 1). Various sCsitetsmy sigiificantly

change the di stribution of electron density in the molecule and the value of-

the charge on the N nitrgn In accordance wit h Of and the results of10 rgn

*quantum-mechanical calculation V, 'this holds true especilay4 for molecules

in' which amino- or dimet1hrlami.no groups are found in the 2,, 5 or 8 positions

of the acridine ring. These molecules are characterized by the existence

Of resonance structures, in Which the charge is not concentrated on the XN
10

nitrogen, but'on the nitrogens of th#e ami~no groups, which, is confirmed by

the extremel.y lowr basicity of the amino groups in these positions. /17.

It is apparent that in a complex of acridines with DUNS, the atomic groups
of 'the acridines, bearing a positive charges are found as close as possible to

the phosphate groups. From a stereochemical point of view it is most probable

that the molecules of acridine are disposed in a- rArrou groove,- -in-this cases--

in addition to-the electrostatic interaction with phosphate groups, the molecules

of acridine may take part in a van der Waals interaction with bases and other

atomic groups of DA



For a d,taiicd description of' the cco- co2aru each z-cleotide

vith a speciic index, cha'actcrizin, its p2c i *he pcl-"nu1eo'ice chain,

and propose 1hat it increases by a unit upon zr.nsition from the C' atcm of
3 A

ribose of one nucleoktido to thG V atxz of% ribose c', other. This makes

it possible to nber thc nucicotidcs in one of' tha poly-nclc ,ide chains. in

order to doltcilmne the indices of' nuclotidos in t.- ot'er chain ;u i!-l

assur.e Jh-t the nucleotides of tha t,;o c*r. .s. t= othe zy an

axis of sry-net-y of' the sccond crier, pC'sess ". i i"cs. If a molocule

of proflavi1no (2-8 di amnoacraid-ne) is placed i. the arr-rct groove so that the

ring nitrogen N 0 is found half' way bat-men the o.rgen 0i of t'he i phosphate

group of the first chain ar. the o.Vgen 0 of the i + 3 phosphate group of

the second chain-, then here one of the =.-,ino groups of prof'avine t-r.s out to

be located ncxt to the 0 gen 0 of the i + 1 phosphate group of the first:" ~II
chain, and the other - next to the oxygen Oi i of the i + 2 phosphate of ihe

second dhain (figure 2). re conditionally designate one of the polynucleotide

chains as the first. Xurnick / put forth the proposal on the importance of

the congruence of the distance between the amino groups and the phosphate

groups of DN. The distance tetween the centers of' gravity of the i and the j

0 -atomsz of' the two polynucloot..de chains is expressed in cylindrical

coordinates in '-he f'ollovriix. manner I ' /11771 -o5 -e z) 4 [)~

wh re r - the radial distance of Oii atoms from the axis of the helix; 1 ,

-the azimut h angle of the i and j atoms correspondingly; Y', -theZ

coordinates of these atoms (designations of atoms and the system of coordinates

are the same as in the paper /_07). Usin.ng the coordinates of the D. atoms for

Modal III of' Langrid-e et al. /1-07 we find:

3.
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If for the acridine ring we use the values for the 1en h of tho 'bonds

and the valency a nglIe s from r 17, an d for the anino groups of proflavilne wo

rccept the values presented in for an-iline, then the distance between The

centers of gravity of the amino gr:-oups in a nolecule olf prof- avino turns out

to be equal to 9. .The van der Vac.1 radii for c:Wgen and nitro-cn aro
0

correspondingly 1.4 A and 1.5 2. Therefore t:h^. chP--ge in the orientation of

the i 3. and tht i + 2 phosphate groups of the tro chains, at wh-ich the 0

- ~ ~ ens -are -shifted to the side of the nPrr-o;T gro veF-Ma1CGs7- ipossible -for the

nitrogens of the proflav-ie amino~groups to be i.njv~n der lfaa contact with the

O0iI oxygens of the two chains. X-ray data are little sensitive to small

turns of a phosphate gro'.ip around its center I-0 . 1'e propose that these

oxygens bear a single negative charge. in a neutral medium. P robably the elco-

trostatic field of these charges may induce in the molecule of proflavine that

distribution of electronic density hich is presented schematically in figure I

A characteristic feature of it is that there is an i-ncrease in the share of

resonance structures with a localization of the double bond bet.een the carbon

ring and the nitrogen of the amino groups. This is particularly manifested in

the fact that the positive charge on the Ni0 nitxfogen iL decreased, but on the

nitrogens of the amino groups it is increased, A4parently the redistribution

of electronic density makes it possible to explain the reduction in the reaction

capability of amino groups of the bound proflavine in respect to nitrous acid

/137. Ancthvr confirmation of such a redistribution of electronic density is

the shift of the pH of the bound acridine orange into the area of more alkaline

pH values (ring nitrogen N is a titrate group) /14. It probably is also
1.0
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responible for the long-.-.:av " s. of '-" a tio. sncctim oil

of proflavine with MU L7, since the ovra12, lenth of the c3-r!nc sys to of

bonds is increased. This chzange o1f otca! ~: Cs cznn be vi,.1_Ce Ls 1

obvious result of' the- L ondonov caeinb:e tho OAleul o C: a

and the bases of' tho DNA. I' is evident -iti cannot be. ana-gz vn

fvor of a nodel of -intercalat-oft s-nez anZIozois sctral '---znes ax-a ob-

served duzing complcxing with, DX.- nolecu!es; the i ner buili0ng ", ;hich is

P.xcluded /13, 167. 'Moreover, such a, in tere'a7.-.On e=co-,.tC's dif' ic ty,

since the a bsorption spectra do not -61- arches at s-"ch pH- 'uest

when various groups of bases are ti, d L7
Acrid:nes, in vhich there are no substituents in t'he 2 and 8 ositions

of the acridine ring,, may have a somew-hat different orientation in he narrow

groove. Since t'.d then it is =ore probabzlc that the molecule

is disposed in such a my that the Ni0 nitrogen is foun between the 0 oxygenS

of the i and the i + 2 phosphate groups. Wie propose that both th~s oxygens

carry a negative charge, an excess of wrich can a!-eys be neutraliz d oy Na
cations, and the free space -,rmai.n in the narror groove is filled with ater.

The aromatic ring of the acridine molecule is tsubmerged' in tl e narror

groove and its interaction writh the bbses and other atomic groups a~parently

bears mainly a van der 1.aal nature. certain cases the condition fox such

an interaction are particularly favorable. For e:mple, thomethwl groups i .

the 3 Pnd 7 positions in acridine yellow are found in contact with - iphatic

groups of ribose, and the amino group in the 5 position in the molece of

2-5 diamninoacridine probably interacts with the foz ation of a h1drdo en bond

tith the carbonyl group of tiliyzune. This ray correlate with the st ong mutagenic

action of such compounds L77. The mechanism of mutagenesis through acridines

Si



is probably connrectce. with the mecha.s, of gene-tic r 'combi" .io- ./s71

The circumstance that acridines fo;,n "clam'ps! botw:een tho i a.d the i 1

or the i and the i + 2. nucleotides of the two chains may lead to an -ncrease

in the frequency of uneven crossing over with the deletion or insertion of

one pair of bases /187,
It may also be responsible for the increase in the melting tCperature of

. D X during ccwplexing with acridine o=rr;e 5, 10/.

In the described complex one molecule of proflavine falls on 4 phosphate

groups, w.ch ,explains the limiting ratio of the number of bound molecules to

the number of nucleotides. For the "strong" binding of prof!avine it equals

fj,4 f, f g. Apparently this limiting ratio shoul' be in al. acridines, though

its value may differ somewlhat from 2/4 L7,

It can also be expected that acridines decrease the flexibility of the

DNA molecule and thanks to this increase the viscosity of the DXA solutions ZY.

The energetics of bindin& of acridines ai.so does not contradict the proposed

model. It has been shown that for a molecule of proflavine at room temperature

enthalpy of binding comprises - 5.2 keal/mole, and entropy + 7.5 cal/mole * degrees,
tha tis, the binding of proflavine is accompanied by a considerable increase of

entropy /207. Apparently this increase is the result of the displacement by

proflavine of a significant quantity of water molecules, found in the narrow

a- ew. The breakdowm of the hydrate membrane of proflavine during its binding

iith AM- cou dileadto a certain -increa se- of-entropy--his apparently in-i- -_

unique possible explanation for the model of intercalation. The plane of the

aromatic ring of acridine forms a certain angle with the plane of the bases, Its

va ,.ie may be diverse for different acridines, utt it is always found ithn the

limits of 'Z< 0 , which does not contradict data based on the measuring

of dichrcmism in a stream and polarization of fluorescence P2.

6.
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i also dcionstra6ed ,:-- aolcc:% cf ac'izccn ,s nokat fv.-' C
bet.c. %% the 1zr or" M. bases$ 3. " '- " fo2.s-- n

a-igle of 230 + 50 vrt1^ the plane oi :" bascs -§.A -cs h:eis

a basis to propose that the cra:i: of '  " .... is the

sae !'5 227. The proposcd z odeQ n po- ca be tcndcd to cer..ain otaer

dyes -- metkrlana blue, sara i. etco ....................

Diffraction of X-rays on -^ibas of
0

Lcnr-7. 7 detected that a S.4 I. meridiornal reflelion, correspondirZ to the

...zdal projectiono6f the pair of bases, is retained on the iffraction pictures

from oriented gels of DNA. Ho.-ever, the ch.--acteristi distribution of the

refleions on layer lines, corresponding to 1he DDXT cornfiz--aticn in the B-form,

disapnears. Lermcan interpet.cd this change of eiff-:action pictures on the basis

of the model of intercalation. However, such in.erpretation carot be con-

sidered as conclusive, since such a change of diffraction pictures may be caused

by a number of reasons. In particular, a deterioration in the packdng of the

DNA molecules in the fiber, without a change> of their cofiguration, leads to

the disappearance of the acute reflexions on man layer lines 27. A certain

change in the confi,-p tion of the phosphate fzae does not contradict the pro-

posed model. Thus the distance betw.een the i + 1 and i + 2 oxgens 0 of the
Ill

0 0 -

t..o chains decreases from 13.5 A. to I lZ L. A certain change should also be

• expected in the coordinates of the ato-s of the iandi_&nucleotide.--f- . ....

some of thzse base pairs merge in the plane. pe )endicular to the axis of the

molecule, then the change in the conigixation of the shell may be more signif-

icant. In accordance with the proposed model the Lnteraction with proflavine is

accompanied by the displacement of a sigrdificant a-mount of water molecules from

the narrow groove and the for=ation of vacuums in it. It is also possible that

'Tb



this provides a. certain con-tribuition in the %%;acin 'on-t gels.

Scattering- of X-rays at snali. aLnglcs. !L-,zzati, Len='n zd '.:"son 7::
detected that in solut ion the DKI-proflavine conpiex scatters X-rr-ys like a

rod-like particle, the mass per unit o.'ent a- ~iS Of ieta o1f 1.11*C'

is less than the mass per unit of' length and ra.-!.U3 Z' .nItn 61 %ohe Dl.

itse3g. -Tho authors suggest that thi.s result, and also the f' ct o"' the rctenion

of the 3.4 =eridional reflexion, in, o-xoa~ gals, excludes any Ilexternal"t

joining of' the proflavineo molecula. Thrci'cre w-.e will exean'e this ep arinent

in more detail.

IfI there is a solution of' rod-ike, par ;icles and q )-is the

function describing the distribution of' electronic density in such a Darticle,

and -is the electroaic density of the sovent,, then in accordance with

the Babine principle such a solution uill scatter X-1rays, since particles w..ith

an electron density t?::. c~(Z '~) found in the vlacuum, scatter.

Luzzati, Nicolaeff and M~ason showed Thti cult talwinic

strength solutions of' DNU. scatter X-rays as rod-1lke particles, the mass per

unit length and radius of' inertia of which correspond to the "Natson-CrickI

model /_25. This means that the electron density of' the solvent in the vicinity

of' the, MN molecule, for example, in its grooves,, does not dCfrsrnl

from the electron density of' the solvent filling up the inter-molecule spaces.

The interaction of' prof'lavine with DU' may lead to a change in the average

electron density in the grooves of DZA

For the majority of a prioz'imodels possible) of ~Wexternal11 joining of

proflavine to DXA, the amplitude of scattering in the solution equals the

amplituee of' scattering from the DXX-prof'lavine complec-c in the vacuum minus the

amplitude of' scattering f'rom volumes of DNAI and proflavine ZLilled with solvent.

8



groove, thp l.atter stat-c-orat co;%Scs to b3 6; noi2 11,107o-

itably dlspacocs from the narro- t g:--oovc a cci?'.yget :::rof .z

moleules t::-n -ouZld bc.; ex-eCnt;.-. -C-D ot - C-: :

ofL proflavinc.- Thearefore even. Cf srUl czzrti..

a-0e electron density 0.f t he sut-.-.Ca nz.-co7 grcov iz~ r franth

can be described, having asstmaed that itk i-s chaiacter-izik: 'Wy a large Value

for the scattering volune -- -- --

I.h"ere 12 -is the saitering volunLe of the r -ronie cp.ev

the vo.LUnre 02' L) (no--hYdratld)2 -V -11-he Voluze 04f Othe 0~r roe

lYe' -.-: as sum e that t"'e volunes Vz 1) ad -V za~ calculated

lor one pair of bases. T~ specific voiure of tho BK'-proriavine coLmniex, is

wrhere -is the average electron density of DNL p the average

electron. density of the substance in the narrow groove.

In the first approximat-on

JO ) (3)
---wherer y--is - hr-ratio, of -th.e -n~brof -noles of -b ound proZ.. avine ~-te---------j

number of moles of the base pairs,{ the positive or negative nu=ber,

not depending onV *

Tra will proceed from the assumptior. that the nass pcir -nit length of the'

DNA itself ifhan, cor.2lexed with prol-lavize clhanges ins -r-*ica.- .1y.



Such an, aso-m'ption is nlatural or Tis S inco duL c On.exing the
0

3.4 A meridional roflexon is retaiod b.Thi-s =a"Cas it possible -to obtain

-the following expression Cot tha m~ass p or unit vol=_.- of 1 tho ZKI-pol-avL4.e

complexc

-the ruass pe unit volwna ofL :ZCx (non,--.'yc, :-Od) "1 3 .3,i;,

The intensity of scatterin; frc, a s olo r clr-l' partic-s /1.3, 7/ is

For slotted collimation 4167

,where

/-, the radius of inertia of the particle

,', the concentration of scattering particles, expressed by the ratio of the

nt~ber of electrons for the particle to the n~ber of electrons for the solution.

For the~ MI-proflavine complex

_ _ ___ _ (6) _ _

-concentration of fl)A; a, rati-o of the num=ber o-Z electrons for a

* molecule of" proflavine to the number of' electrons for the pa-,- of bases,.

0.324; ratio of the ntz-nber of moles for proflavine to the rnumber of

moles for the base pairs.

From (2), (3), (4) and (6) vre find

10.



rl J

lea' c, / on i !na

pain 6 ( dncdny(8 nte s-)

3it c-- 'ua is posibl 0to penstruc tte edne-dtcncy nni

Thfae res3Jtirg tc erinentah cutrs o ;-m- vitye ofb the hosphate goup th

adentersny()i teasnn



We n o e valuat a the avera->e 0cs "~' c h~a S,.sta ca r= ro"',

groove when it is filled with prof'lavinco. tho .- ro-. c " a .oloculo

of' proflavino occupies the space corrc.pon'r.ng to t.o pairs o-^ bases. An

• examination on Kurto models show.;s -h"t i.a t:i o_- i. thzs once e .

molecule of proflavine it is -possiblo tc find no tare ' .'. 3--4 oieuit:s

of water. The average don.ity in the ..... o .roovo wihn it Is nost densey

filled with proflavine is

(10)

where

" e - tne number of electrons of the proflavine molecule,

12 0 he total n=mber of electrns of the vater molecules wuich remain

in the volume (V after the fitting of the pr-ofLlzvine molecule

from here 0.,2leA./

This evaluation shos h the average electron density of the substance

- in the narrov groove when it is filled with proflavine is less than the average

density of the solvent. Moreover, with the extcremely rough assu mptions made

its quantitative value is found in reasonable accordance vith the experiment.

12.

* *..

I *



V-e note that for other models of "'c ." cc-inn c7 prc avine the va-.eorde 
, c- 

%:s n-si-.d thz.t theconfiguration of DMU is not changed), it is . r. that SCVO:-, tyjas of

binding of proflavine pith D>"- exi st /T: '

If this takces place undcr ax, or- cntaZ cO.-.s ,. tha Iotse ."od

"In, this nancr it is possible to c t-,zin the s-'n of d oi,ess ..... Q h a ra is of I,~ zt a

Int iuth$ for theD -prb.lavie coz=.-x

V"- R?!, ()iV - or:J9r)

- z~4 , di

}ialdn use of (3) we find:

R[. __ R €:q - .,.,)-_ .x. - (12) ,

_ 
[U

where4 is- the radisu of netiaoe wihu h ain)..... -
;  .. .. g 2 - the aveag s.qu e o' distance from the a. sfor po"ints,

• o~nd z thhesa eoaxthfon nth pc o'tenarrow groove (averaging based on the space of' the-narrow groove). Interpolating the designation 6-" 
________ .'__.__, 

-p ' - i-d V [
.. ... a n d d i s r e g a r d i n g t h e ,h i g h p o w e r s /_ 0 .. !

23.i
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This dependency is obtaircd under the ass'-.:ion tDat al.dA not its so"dim

salt., intcruets with proflavina. - / of n olecules a;.,

bound with a molecule of f.lX, -- ng r aL6's of bases, >- ""',n repace

Vs ft or Na+ ions. Tz~ing t~hi orvm-':ai;o " ' ";

average radius of inertia for the coo:; z':: oD" sci .. ith prvflzwvnc

weobtain~R~ ~ 'jF~-~CL,
where - is the radius of inertia of DX1 Na+ or

Rc. ~~ -R-v(Rv-,)

For the Langridge Model II and others /07 Ie 1  6.95 the cperimentzl

significance of the value = .42 . evlc-

Making use of these values we find

Rc. Rc- ,5- 0,2 v'a (15)

The values of the radius of inertia s obtained from (15) under the assump-

tion that V =  , are found in satisfactory agreement with the experimental

values (see the table). The low angle scattering from a rod-like particle

is established by the parameters and C and therefore does not contradict

the proposed model.•

Luzzati et al. /257 detected an increase in the scattering capacity o f DXk

in solutions of NaCl and NaBr. It is logical to assume that the additional-

scattering capacity is characterized by a larger, in ccmparison with the surround-

ing solutions concentration of cations and a lesser concentration of anions. An

anal gous increase of scattering capacity apparently takes place for the cesium

salt of DNa as m result of the great scattering capability of Cs . it is little



/ /*

probzblo th.t Da2 Cs in an- isotro-'ic so -:..5s a c~~~ z nwihi

diffearant fr~omte ato-Ci o /J. ~ st a.1

* sczttering f'xon gels o-. =K Cs is fo-nd irnZc c~~rz * t-.is =cdal- 57

it is kno;.m that the s-mal zn so- ;: .ia cont.-L": to sz 6r_

i n solutions, depands litt""e on -L-c '-ZeolZ th. s ic c:':zi cl-'.-he izrticlc)

- - and thercfora probuablr giv-cs _a rci:-, re-_-abla vale f the ="ss por unit. length.

The ir. craction o;^ n'i s ih DKAX is distigisc rnteic-

*action oft metal catiorns with it by th-e fact that f'or acridines there exist

additional limitations, connected ,.ith the pac::in of the rassive organic cation.

*The narrow groove corresponds to that part o.f the suzrface or the D)X--cylinder,

which is characterized by the .maxir= surac Lnsity_ ofl th h xged phosphate.-

groups, Th-ereafore it is nattural thtthere should be a 6.~r diroito of

cations, metals; and acridines.

The author uould likte to tl-ank L. A. Blynenfeld, 0..F. zorisov,,4

B 1. Btidovskiy, A. A. Vazina, N. G. Yesipova, A. I. Kitzygo::cd-skiy, V. G.

Tumyan, L. A. Tumernian, L. S. YaguzhinskIdy lor coents and advice,
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igre1. Schematic rep;.esentation ol the p- of2in- -ZX. copex.

Each line represents a separate polynucleotide chain, and 'Che scquence of~

atoms in it is shown by the arrow.

19



Figure 2. T!1,ree dimensional model of t,'-e proflavie-.) cc.--!=.

Coordinates of' the nitrogen atoms, of' profljav":e a=ino groups

(8,1 0.5 A 520+ ~3 3.3 + 0.

o 0?8 (8 0.5 16 O+ 3 . + 0.5)

The possibility of the f ormation. of a klrdrogen bond with the am-no groups
is mt excluded.
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De-e3. ipendency of' t1he val.uo 0~ MI
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