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Experiments on the fluore s cence 0.1. acridine ore,n0e --DN:\. co'."!plexes at 

a const;:.i1t concentration of acridi11e orange show that f o:r a native DNA the 

highest fluorescence i ntensity per comtl execl n:-; \. molecale will occur when 

the concentration ratio of D~1 A phosphate groups to aeridine ora:1r_;e dye 

molecules is between 5.5 and 7.2. The corresponding limits for denatured 

m-n. a re 6.9 and s.9. Both absorption and fl uorescence studie s show that 

denatured DN,\ exhihits a greater stacking t endency than does native DNA.. 
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Dr. Horman Davidson and 7tillia.m C. Galley have r ecently been attempting 

to develop a. new method for rapidly and aceuru:l,ely determining the molecular 

wei ghts of 1art:;e DH A. molecules (r:,olecular weiglrt;s of 100 million or morej. 

This method i::i based on observing and measuring the fluorescence intensity 

of a small volume of a solution which contains known amounts of both t he DNA 

under investigation and aerie.line orange dye (henceforth abbreviated AO) . 

The a.cridine ora..ne;e forms a complex with the DE-\ molecules, and it is the 

fluorescence of this complex which is observed . The success or failure of 

the proposed procedure depends, among other thin~s, on: (1) the nature of 

the AO-DlJ A binding, and (2) the fluorescence ch,:-;,racteristics of the AO-DW:;. 

complex. For the technique to wo :.:·k the fluorescence intensity comini; from 

a small volume of solution containing a single DNA molecul e complexed with 

acridine orange :raust be both detectable and substantially greater tha.11 the 

fluorescence intensity cominG fron-, an equal volume of solution which does 

not contain a DNA molecule . 1 

This particular re search project ws.s carr i ed out in order to shed more 

light on the binding characteristics and the fluorescence properties of var­

ious acridine orange--DNA complex systems. If there was any one specific 

goal in mind it was to deter mine t he approximate corefposi tion of that AO-DNA 

system which would be most applicable to the molecular weight determination 

technique suggested by Davidson and Galley. 'l'his turned out to be a some-

what more diffi.eul t task than had orisinally been imat,i ned. 

1) Those interested i n a dc~t ai l Gd discussion of this propos<~d molecul ar. 
weight determina:tion procedure are urged to see the unpublished research repdrt 
of W. G. Galloy of !-;arch 1964. 
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A schematic diagram of the apparatus used. f or st udyine the fluore.sce r1ce 

of substances in solution is shown i n ?igure l. The light used for excita­

tion of the sample was produced by an Osram HB0--200 high pressure mercury 

arc operated at 4.1 amps from a 120 volt D. C. battery. 

The exciting wavelength band could 1)e selected by passing the exciting 

light through either (a) a Bausch a..11.d Lomb grating monochromator , or (b) a 

series of interference and/or absorption filters. A system of "ilters 

offered the advantage of a very high intensity of exciting light available 

for illumination of the sample but to some degree sacrificed the possibility 

of r apidly cha..11.ging the wavelength of excitation . In all of the work discussed 

in t his paper a monochromator was used to select the exciting wavelength. 

Light coming from the exciting monochromator was f ocused by a series of 

lenses onto the fluorescent sample which was co-itained in a quartz fluores­

cence cell. This cell was housed in a black box which, within the accuracy 

of these measurements, was completely light tight. The black box was pro­

vided with an inlet slit, and exit sli t, and a light trap which reduced the 

scattering of light within the box. . The direction of observation was at 

right angles to that of excitation. A cemer ,-:i, shutter over the inlet slit 

allowed one to turn the exci ting beam on and off without affecti n{! the mercury 

arc. 

Two t ypes of quartz fluorescence cells were used with t his a1,paratus. 

Usually a cell with a 1 cm. x l cm. 1n\se was used, in which case t 11e directions 

of excitation and observation were perpendicular to two adjacent f aces (see 

Figure 2a). Wi th this arrange;·,ent the fl uorescence observed originated in a 

small volume of solution located approximately i:n t he center of the cell. 

Whenever either absorption of t he exr: i ting li;:;ht or reabsorr,tion of the fluores-
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cent l ight w;;.s s ignif icant, however, the solution undel' investie;ation was 

placed in a thin cell withal mm . x l cm. cross section (soe Firrure 2b). 

By means of a. s mall polye tb.:yle i"1e s tand thif; cell was situated so that one 

of the j_ cm. wide faces made an ant~le of ac1proxi it ,ately 20° with the exci tine 

light. 1:'he celJ. vm.s also orient ed so t hat the maj or portion of the reflected 

exciting light vm.s directed awav from t li ,:; exit slit. Wb.E~,1 t he optics of ·:·-he 

sy s tem we:ce such t hat t he volume cf solution o"'..,s erved l ay just be11eath t 11at 

face o:f the c-all which was closest to t he analyzing monoehromator , the effects 

of reabsorption of the fluorescent l :Lght (which usually alters the sh 'ipe of 

a fluorescence spectrum) coul d be nee;lected. entirely . When only absorption 

of t ho primary l ight was important ,_the volume of solution observed should 

ideally have been immediately benr,ath that sud :'i.:i,ce of the cell which was 

closest to t he excitinc raonochromator . I n actual:i.ty the volume of sol 1,1.t'con 

observed was somewhere i n between these two limiting eases , however the 

set up gave us resona1)ly reliable fluorescence spectra for a.11 but t he most 

concentr,,.ted c,:f solutions studied. ':'he most serious drci.wback to the t hin 

cell arra.ni::;e:,1ent was that, becau:-1A of vad :cj,tions i n t1 te exact position in 

which t!1e polyethyLme st"nd held t :-~e ce?ll , the amount of exciting light 

which was reflected varied from exper i mcmt to experiment . This caused a 

slight variation in the absolute maf;nitude , but not in t 11e shape , of the 

f luorescence spectrum. It was found that with sufficient c 'mtion with respect 

to the initial pl,•wement of t he ,.:e 11 i n t he poly-ethylene stand spectra repro­

ducible to within !5 ~ could be obtained. 

The fluorescent light was analyzed by allowing it to enter a second mono­

chromator located just beyond t he exit slit of the box. holding the fluorescence 

• cell. This was the analyzing monochro,aator and the :pc~th of the fluores c:ent 

light throutsh it was ex;;i,ctly the reverse of the path of the primary light 

through the exci ting monochromator. 'l1he light emer ged to a -ohotomul ti \'lier 
~ . 
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tube located behind the ex:Lt slit of the amtlyzine monochromator. 

An RCA model 1P28 :9hotomultiplier was used throughout this research . 

Initially the load resistor of the photomultiplier was 2.25 x 105_n. but 

this was later replaced by a se1:~arate variable resist or with a r ange of 

from 103 to 1012....n.. The noise l evel and frequency r esponse were controlled 

by connectinL a Keithly vadable capacitor 1Jox in parallel wit~ the load 

res istor . Power v,as supplied by a Keithly high voltage power supply. 

Two different techniques for amplifying and recording the photomultiplier 

signals were employed, During the earlier phases of this pro j ect the signals 

from the l)hotomul tiplier were f ed i nto a dual beam oscilloscope a·,1.d displayed 

on they axis of the screen. The x axis was made a function of the wavelength 

through thG use of a device which made the wavelength being observed corres-

pond to a voltage which was t hen fed into the horizont,;,.l deflection plates 

of the oscilloscope. This device worked approximately as follows: A 4.5 

volt dry battery was connected across a (Helipot) variable resistor which 

was geared to the wavelen5-th dial of the analyzine; monochromator. As the 

wavelength beine observed was changed (i.e. as the wavelength dial on the 

ana,lyzing monochromator was turned) the resistance supplied by t he variable 

r esistor was altered. This r esulted in a changing volt age (which was propor­

tional to the wavel ength) being fed into the x axis of the oscilloscope. Thus 

as the wavelength fie ld of the fluorescent light was scanned , the oscillo-

scope signal traced out t he photomultiplier response over the x-~y plane. The 

spectrum was recorded on photogra,,hs taken with a Polaroid car,1era. For the 

major part of this work the oscilloscope was re-placed by a Mosely x--y plotter-­

all other features of the apparat us remr:i i ning t he s ame . 'l'his permitted the 

fluoresc~mce spectra to be rapidly recordGd on ordinary graph paper and was 
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was substantial improvement in the practica,l operation of the apparatus. 

The design of the above apparatus was mainly a product of the efforts 

of William C. Galley. 
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RESULTS 

P/D Ratio -- Throughout this r eport we shall r efer t o the P/D r at i o. This 

is t he r atio of the concentration of DN ; pho r3phate groups t o the concentra­

tion of acricline orang.:=, dye i n a e;.i.ven solution. "Sx:periment s by Tom Bur ke 

and Foch Yew have shown thrit unde1' t he ex1)erir::ent al conditions present throueh ­

out our r e sear ch e ssentially all of t 1, e acridine orane;e in solution was bound 

t o DNA. molecules. Thus a P/D ratio of three refer s t o a compl e x in whi. ch 

there are three mu, phosphates f or every acri dine orant;e dye molecule . 

Fluorescence Spectra The general shape of t he dye--mn complex fluor l'? scence 

spectra (from 490 mµ to 610 mp) remained uncha.nt:ed over the ent ire range of 

P/D ratios investigated in this r Jse ~irch. That part of the fluorescerice light 

whi ch we studied was distributed over the range 490 m,M to 610 mµ. The maxima 

of t he fluorescence spectra occured at approximately 526 m~. 

Absorption Spectra -- The visible absorption :,pectrrnn of an A.0--DNA complex 

exhibits two peaks, one at 473 m~ and one at 500 mµ. The simplest t heory of 

;i;o--DNA bindint; asswnes that t he peak near 473 mµ is t he res ult of t he absorp­

tion of a polymer form or the complex in which two or more acri.di ne orange 

molecules are bound to adjacent DN\ phosphate groups, and t hat the 500 mµ 

peak is caused by the absorption of dye molecule ,~ bound to phosphates Vlhich 

are at least one r,hosphate ;sr oup removed f rom the next closest t\.O mol ecule. 

This l atter f orm is calle d t he monomer f or m of t he c, ,mplex . \s the P/D 

ratio is increased while the concentration of acridine or·3,nce i s kept cons tant 

the :peak at 473 mp. t"radually decreases w',il e , s imultaneously, t he peak at 
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500 mµ i ncreases (see Figure 3). Th i s i s in accordance with what would be 

expected f r om t he theory mentioned above . I f t he 473 mp. peak is designat ed 

t he /J peak and t he 500 rnµ peak the OC peak , we woul tl expect t he CL/p ratio 

t o be a measure of the re l ative percentages of monomer and pol ymer pr esen-~. 

at P/D = l the complex should be 100 % polymer while at P/D ' :3 of 100 or 

more we woul d expect t o f.Lnd only monomer f or ms present. 

Dur ing t he course of t his re$e ar ch i t was f ound t :1at :i.t wa s very di fficult 

t o r eproduce the absorption spectrum of an AO--DlH sol ution of a given compo­

sit i on ( cons t ant AO a.nd f i xed P / D) . Figure s 4 i,,nd 5 show plot s of t he 

opt i cal dens:i.ties a t 500 m}l vs~ P/D and at 473 mµ vs . P/D respect i vel y . 

The AO concentrat ion was held constant a·t 1 x 10-5 mol es/1 and the DNA Wcl.S 

native calf t hymus DN ,\ . The poi nt s for the O. D.
500 

plot show a very . mµ 

disturbing s catter while t hose of O. D.
473 11 

are almos t t ot a lly r ando::n . 
I • •~ 

~:owP.ver 01 pl ot of O. D.
500 

+ O. D. 
473

, whi ch should cor res pond to t he d.Jp ratio , 

against P/D yi elds a s mooth and fairly well defined curve ( see Ii' i51.1re 6). Thi s 

behavior seems t o i ndi cate t hat the ratio of monome .:' to polyme r changes in 

a r e gul ar fashi on a s F/D i s incr ease d but ·that t he absol ute ,1,b r,.;orbanci es of 

t hese two forDs do not V1J,r y regularl;y. I t i. s , hovmver , fairly d:i. f fioult t o 

i mae;ine a, phy ::ii cal model of the dye- -DNA interact ion which would l ead to 

t hi s concl us i on . It a.:,p1::ar s safe to ass,)me t hat t '·,e l ar·ge variat i on i n the 

absolute value of t he optical densi t y at all wave l engths of the absorr,tion 

sr,ec-trum i s cause d by some expe r i i;lent al e rror whict we WE)re mn1'J1e t o f i nd 

anc' e liminate . .:l. n umbe r of ex ,arirne:n-'G s by ~om 3ur ke have sugge s t ed ti, at. 

s i gnificant a.mounts of acr idin.e orange may be adsor\ed \)nt o t.he surface of 

glass ve ss1:., ls . Since all of our exper i meuts i nvol ved the r erea ted use of 

gl ass ves s ,21s , it ii:, 11os s i hl e t:1at t he adsor_.::t '.on of v~,ryi:ng arnou,-rts of f r ee 
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however evi::;n the validity of t:li s posi,,ibiHtJ does not i m:nediat e l y expl ain 

the carious belwJ-d .or of t}1e AO--D1;_";. ausor·ption s1:iectra. 

A mor e :;:, l aus i 1)l e ex.plana:tion would 1:ie that duri n.::; t.he process of mi ii.1.ng 

dye and m:~J. in each E:Xf,erimen-t a small and non-ref;r oclucible amourrl; of the 

t .. 0--DN.\ complex precipit.ated aud ri.-~i t her adsor bed or f l uoresced . If s -e.wh a 

precipitate :r,o_ssessed apr,r o.t.imat.el;y the se.i,1e P /D 1·at io as the bul k of the 

sol ution we would expect ex,wtly -tlie behavior noted above. ~he a1Jsolute 

m9,311i tude of a gi veu r,oii~t on the at,sorption spectrum '-";ould fl uct uate from 

experiment t o (~xp0ri.raent hec.;aus e of t he non-reproducible a -ount of pr ecipitate 

whi ch w,.1-s r,resent, howevE-ir the I'/D i~atio o:'.:' the solution vmuld not oe ctffected 

by :i_:,reciyitation and t hu1:, f or a given F/D ,~atio the sh[(pe o.f t he :1::;cct r um 

woul cl remain consta..<1.t . This hypothesis of the f orr,u:tion of a. preci1,i t at e 

is supported b;;r several 01Jser va--tions made dur ing the course of thi.s r esearch. 

Several of our ectrlier E1xper ime1:..ts were stopr,ed :dt,,n · the apr,earance of a 

preci pitat e when we a-ttempted to add a rat~·,er concentr ::1.t ed acridine orange 

solution to a Ji·1A solution . I n l ate r e :q ,e riments t'.-.ere occured several cases 

of a sm.all a;;:ount of _precipitate appear ing upon t:1,:: i nitial mixi ng of d;ye 

t he experiments were contim:1ed. . If, i ndeed , these preciri t 1:tt e s did not 

dissol ve but merely brolrn up into par t i cles v,}1ich could no·t be seen , then 

the o bserv~:id v:,iri.ation i n the a'osor:r,t ion spectra would be ex:pected. Or1 e will 

note t hat t he Vi.U..'iat io,1 i n t he abso1·ption s1,ectra i s :;o:cst at low P/:D values 

( SE:1e ?igures 4 f.: 5). This wc.rnld 1'.,e consistent '.'d.th our o1Jser va.t i on t hat 

precipitates u.ppear ed. most .i:'requent l y at low 1'/ D ratios . 

Stacking Tendency -- The stacking t end,~nc:,,· of a conrplc:!x is ''l.. measur H of t:1e 

degree of non-r,0,.:ndoianess associated with the selection of a binding site . I t 



j: 

r i 

t r 

I 

I .. 
I 

~ 

~ ._' 

f 

+ + 

-

~r 
I I l 
+ t 

t I 

[J 

0 

k I 

- + ~r t- t 
~ 

I 

+- + 

t 
t 

+ ,......_,.. 

I 

J ,+ .... --t---

f 
t 
L t 

0 
0 
!n 

+-

~ ~ t 

+ 

+ 
I 

0 

4 
0 

r 
I 

+ 

+ 

I 
+ 

f i 
t 

• + - t 
+ 

f 

Q 
"f 

1 

[J 

+ • 

+ 

t 
• + i -t - + 

+ 

t 
I 

~ 

r -

<l 

-
~ 

0 

0 
0 

o'n 
0 

--.... 
11'1 

~ 
-0 

F. 
IJI 
'a 

0 
0 
"'? 

- f 

H II 11 U 

0 [J >< ~ 

,.._ 

f 
+ - +-

-t 

't 

+ 

- ..L.. 

l 

0 
0 
N • 

C'f 

00 

~ 
... t 

ID + + 

• ~-
'!1-
~ a: 

(\j -
- +-h -
0 - -+-+ 

0, • + 

ro 

~ ++ + 

c.D +4+ 

l 

+ t - I 
I 

I 

pt) 7" 
I I 

-(\f .j__ 



+-

"Ti 
Q;, 

t 
,< 

• I,. -

~ :! : -
~ 

IJJ 
II 
0 G X ~ 

T 
......... 

.. 
• 

f 

0 
N 
wi 

' r 
+ 

.. 
l.J') 

~ 
~ 
j 

~ .. 
u. 

.. 

0 0 

i IP 
N . 

-1/1 
(I) 

0 
€ 

1.,-, 

' o 
,c 

u 
0 
<( 

t 

«'.I 

-

0 

0 
0 

,-
1 

+ - • t 

<..O 
N 

....... 

0 
<1 

□ 

8 
□ 

0 

• 

t 

.... 

0 

□ 

El 
□ 

El 
□ 

t 

'¢' 
('\J 

+ 

0 

+ 

1 
l 

I 
+ 

t 
f 

+ 

I 

t 

~f-r 
~ 

I 
□ 

0 

0 G 

<1 

1 

I 
,-

>< 
~ ,\ 

C 
N 
ct 

<ti 

l-

f 

t 

C 
0 
C\I 

. r ~ 
i 

~ ...... 

t 

I ' t ~ 

I 
+ 

~ 

+ 

1-

t -r 
t 
t t-

t .. 
• 

+ ➔ +-t ....... 
..... + 

.. 

t-

• t-

ll) 

?ti J I ... 

"° N ----t 

" + N 

---

-«) 
T1 

1 
-r--- .. -1 
, CJ 

-lo 

'V + .... 



!!) 

-r r T1 1~-T -- l )( 

<;:f- f---,. t ! 
+ ~ +• -+-- .... "'" • l 

,. + L I N) 
-1- t t N 

l 'j, -> t 
:r-,,..9-
..s--•.o N 

- - "" (1 + t 1 + ~ ~..::::..- (\f 

0 t - o-0..~~ 

+ - -1- .s 
r ~ = '[ 

,.... + - + 
0 = f 

+- r - !.n ~ 
0 
('II 

'o 'II 

i - ~ 
L -- 0) 

-+-- - "' >t: J, + ... ~ 

j j V - _, . • 
t IV a.. - :: 

l I, 

t 
J( j J m 

-◄ - - .. 
if> Ill 

LL 0 I u x ~ I'-.,.... .., + + + 

L~ . 
0 [J ~ X 

□ 0 (9 
-+ - + + -+ + 

[ t t 

t 
I 

ID + + •+ ..... t 
I l -
L~ + t j: 

t t t + , q- _l,.. ... 
r 

i 
I t IQ + + -+ --e • a. 

_J... .. I I ("i 

' 
+ ........ 

1 4 r 
-1- -+ - + + + - ~.- .. t-

-t 
r 

1 - . + 

t--r + 4- 0 

,. 
~ I t I 

I I 
- t 

+ + 
T • r + - -r-' 0) ,.,. 

f 
I 

t ,. 

T t t + + 

f 
+ ~ +- 1 

f t I 
t- I 

" t + f + + 

t I 

..,. + - + - -1- - + • i l- + .. -<.9 

.......,...__ - + - T 
-LI) 

t + + 

f 
I 

t - .. _,...._ +--+ t +- ~ 
I I 

- + + 
[ 

~T ~ -i-M 
+ 

t + N ◄s 

• + 
I 
t 

-1-

1T +- -+- + + ... 
l I I 

L 
0 Q 0 

&I\'> 
s 0 0 0 0 

c-t Q ()) -.:t- ffi C'1 0 
~ tn r- ..;. 

ci ..: . T 1"\~ .;. - ~ ~ 
~ Cj 
0 () 11 



Tabl e 2 -- ?:.:1.ti ve 0 ::.1.lf 'rhymus Dl-E 

- t:i 
AO = l. x 10 ,,,, moJ_es/1 

P/D O.D. 436 O. D • .17. 6 4' rnax . q> min. ,J 
maximum minimum 

1.5 .108 .070 .0305 . 0220 
, 

1.7 .095 .066 . ;>485 .0337 

'2 .1 .o84 .063 . 0493 . 0370 

2. 3 . 080 . 061 . 0612 . 0467 

2.6 .075 .059 .0689 . 0542 

3.5 .066 .055 . 149 .124 

4. 5 . 060 .054 .243 . 219 

7.8 . 054 . 047 . 413 . 359 

10.2 .-153 . 047 . 461 .41a 

13.7 .053 . 047 .490 . 435 

16.3 .052 .047 .498 .451 

21.8 . 051 .047 .610 . 562 



Table 1 

P/D O.D.500 O.D.473 O.D .. 500 c( 

= ~ O.D.473 

Native Dl'!A 

1.6 .252 .251 1.00 
1.8 .280 .263 1.06 
2.1 .293 .266 1.10 
2.3 .304 .253 1.18 
2.7 -310 .257 1.21 
3.6 .354 .267 1.32 
4.6 .371 .257 1.44 
5.3 .366 . 235 1.56 
7.3 .375 .225 1.67 
7.9 .409 .241 1.70 
8.9 .3s2 .223 1.71 
10.3 .418 .232 1.80 
13.5 .397 .208 1.91 
16.3 .436 .226 1.93 
21.4 .442 .224 1.97 
69 .426 .211 2.02 
135 .511 .248 2.06 

Denatured DNA 

1.4 .199--.202 . .230--.233 .865-- .867 
1.7 .208 .220 .945 ; 

2.0 . 234 .235 .996 : 

2.3 .243 .233 1.04 
2.6 .256 .239 1.07 
3.6 .294 . 255 1.15 
4.6 .317 .259 1.22 
8.2 .352 .241 1.46 
10.7 .377 .230 1.58 
14.3 .463 . 268 1.73 
17.2 .415 .227 1.83 
22.5 .425 .227 1.87 
72 .455 .226 2.01 
143 .505 .245 2.06 
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is perhaps best ex:plainerl through an example . I magine a segment of a DN !\ 

molecul e in whic:-1 onJ.y one 1JimHng s.i. t e is oc ,mpied by an acridine o:ce,nge 

dye molecule . ; s econd dye molecul e now has the choice of blnding either 

at one of the two sit es immedi.s:tely adjacent to the one already oceupied 

or at one of t he other unoccupied sites on the mole cule. If the probability 

of t he second dye molecule 1,ttacldng a 1)inding site next to one which is 

a,lready occupied is e;reater t han the probability of Hs att ackin0 an isolated 

site, we say t '1at s t ::-~ck:i.ng occurs. .A high s t acking tendency cor r i?sponds to 

a hi~h probabHi ty o f. a dye molecule binding to a. site irrrnediately next to 

an occupied site. 

2 .Bradl ey and Stone have investigated the stacking tendenci es of a 

number of native and denatured DHA's and have given a formula for evaluating 

a stacking coefficit=mt which relates the change of the absorption spectrum 

(from the spectru·.,1 of the pure monomer f or m t o tha,t of t he pure polymer) 

with the P/D ratio. We are unable to calculate stacking coefficients for 

our experiments because we can no-t reliably estimate t he extinction coefficients 

of the monomeric and ·the polymeric forms of t he A.0--DNA. complex , two quantities 

which Bradley and Stone used in their formula. In spite of this drawback 

we can still nw.ke a,t least one state ·,ent concerning t he relative stacking 

·tendencies of native and denatured DNA. Table l illustrates how the ~(J ratio 

changed with P/D for bot h native and denatured calf t hymus mu.. It shows that 

for a given F/D ratio the «//J ratio was lower for denatured than for native 

mu .. ( grea-ter relative percentase of polym,➔r fo rm present). This indicates 

more stacking for denatured t han for native DNA and is c tmcistent with the 

findings of Bradley and Stone. 

2) Br adley a..~d Stone , J. A. C. s. 83, 3627 (1959). 
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A 1:iodel of AO--DNA Binding -- The model of ,;.o--DNA binding which assumes that 

only two different types of absorbing species are present -- a monomer form 

and a polymer form is pleasing because of its simplicity and offers an 

immediate explanation of the CX: and f} peaks of the absorption spectrum but 

may not be entirely accurate . A close examination of t he absorption spectrum 

of the dye--native DNA complex (~igure 3) shows t hat there are two approximate 

isoesbestic points as we prosress from P/D = 1.5 to P/D = 21.4 . A model 

of the dye--DNA binding in which t here were three r ather than two different 

species would be consistent with these two i soesbestic points. The inter­

section at 466 rnµ represents that point at which the extinction coefficients 

of species 1 and species 2 are equal while t he point at 490 mµ corresponds 

to the point at which species 2 and species 3 have equal extinction coefficients 

(assuming that all of species 1 disappears before any of suecies 3 appears). 

It is probable that species 1 is a form of the complex in which the AO dye 

molecule is bound to a site which has at least one occupied site on each side 

of it. Species 2 would then be that form of the complex in which the AO 

molecule was bound to a site ,<l1ich had an occupied site on one side and an 

unoccupied site on the other, while species 3 would be the monomer form of 

the complex in which the AO dye molecule is b01u1d to an isolated site. '.Jork 

by L. S~ Lerma:n3 suggests that i n the monomer species (sped.es 3) the AO dye 

molecules are actually intercalated between the strands of the DNA helix. 

Both species 2 and species t bind t o sites on the outside of the DNA helix. 

A diagram of these three possible types of binding is given i n Figure 7. 'Ne 

would , of course , expect to fi ,~d t he monor:ier species at very high P/D ratios, 

the co::-,pletely surrounded species at very low P/D' s, and the half-surrounded 

~pecies _at intermediate P/D's. Just where we f ound these l ast two forms would 

3) L. s. Lerman, J. Gell. f..c Comp. Physiology 64, Supp. 1, 1 (1964). 
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Species 2 (only halfsnecies 1 (completely surrounded) 
surrounded) 

O or e = acridine orange molecules 

Species 3 ( 1!1onomer, intercalated) 

Figure 7 -- Three possible AO--DNA complex species. 

depend on the stacking tend::ncy of t :.1.e particular DN . .'.i. being studied . 

It should be pointed out that even t his three species model may be a 

bit too simplified. It is quite possible that a dye molecule binding to 

a site surrounded on either side by two occupied sites absorbs and fluoresces 

differently than does a dye molecule bound to a site surrounded by only one 

bound site on eac!1 side and t!1a.t both of these molecules act differently 

than one found in the middle of a long stack of bound dye molecules. Also 

it may be the case that two dye molecules attached to sites that are separated 

by an unoccupied site exhibit some sort of interaction which affects their 

absorption and nuorescence properties. Nevertheless there is a lot to be 

said in support of the three speci.es model. It represents the binding process 

simply enough to allow mathematical calculations of bindi ng constants to 

be carried out and yet offers a bit more variety than does the two species 

model. 

~s explained earlier the optical density at a g~ven wavelene,th for a 

solution of fixed composition varied widely from experiment to experimnnt, 

and we were therefore U."lable to evaluate the extinction coefficients of those 

forms of the A.0 --DNA. complex corresponding to P = D and F))D. Without this 

information it was extre;;.ely di :f.ficul i; t o evaluate the d.i.ffere nt equilibrium 
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constants for complex formation ancl i t was likewise hard to estimate the 

relative concentrations of monomer, h a.lf- surroimded, and fully surrounded 

f or ms of t he complex at a given P/D and a fixed dye concentration . I t mi ght 

be possi :)l e to carry out t hese calculations through the use of a computer 

progr a.:i1 but s ince i t was not i mmediately obvious ex,,.ctly how this could be 

done no such analysis was attempted . 

Quantum Yields - - The quant um yields of all acridin,.,, orange or 'i.O- -lN'i. complex 

solutions wer,3 estimated by comparine t1-,e a.1:rnorption and f luorescence proper-

t i es of t he solution in question with t he absorption and fluorescence proper­

ties of a standard solution ::if 9-at1inoacr:i.dine . The He 436 m}l l:i.ne mis used 

f or excitation of all solutions cont aining acridine orane;e while He; 4OG mµ 

light was used to excite all 9-aminoacridine solutions . W1:: assumed that t he 

quantum yi•eld of 9-aminoacridi ne (henceforth abbrevi,,-t ed 9~AA) w its uni t y and 

computed t he quantum ;;-iel ds of: ''tcri dine on.nge or AO--ma complex solutions 

fror:, Equation 1: 

(Eqn . 1) ~ = - l_fa_x_._f_l_u_o_r_e_•_s_c_e_n_c_'e ___ s_i~g~n_a_l_ o_f_A_O_ s_o_l_u_t_i_o~n_. __ 
I•.:ax . fluoresc ,·:mce sic:nal of 9-.H sol·.,tion 

O.D. 9~fl 1. so1ution at 406 (1{ 
O.D . AO solution at 436 "1J-t 

The derivation of Eqn . 1 is given in Appendix l. -:'..1hP. maxi1w m f luorescence signals 

of all aol ut.ions under investi tsation were t ;:i.ken f r om fluore scence spectra run in 

t he spectrofluorimnt er descr i.bed ,:=-E.rlier . The pe rtinent optical densi t ies werr: 

obtained from absorpti ::,n Sliectra recorded with a Cary rodel 14 Speotro11hotomator. 

fly far t'.·1e groatest source of error in the calcula:tio,1 of qua,ntu,:i y.i.elds 

ca,:10 from the measur·ement of ·foe or,tical densit;y at 43G mfl of t'.·10 solut ion con­

taining th~ acridlne orange dye . It vms f ound t:1at the absol ,;;tG• v'.d ue of t.he 
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r ;'D ratio. variation of 

r:Lctuce of t '·:e reliabiJ.ity of our ·esul ts we have plotted ,:,ot:.1 <\> max . 

<f:> on every .:;r t'l,ph i nvol vint: , in any way , the qu::mti ty cp . 
mi.n. 

By investigati 11g th." fluo.rescence of a seri E~s of AO--DE:.. compl exes , all 

of whi crl had ',\. constant dye concentr at.i on of 1 x l◊-? ;noJ.es/1 , i'li was possi'ole 

V<i:ded as t hi:i F/D raLi o v1as chan0ed . :1. 1-:lot ot cp vs . F / D for rw,t i ve DE 1 

is sl101.v:r1 in Fit,'11re 8 . Th.e gener ;tl slla-,e of t.l'1i s 11l ot agrees \Vi th th.e c,"hser-

vations of ·."leill and 1,, . f or t ·~eir exper i ments on acridine r)range 

is increased until F/D == 10 to 20. I t then l evel s off !;j,fld re1:ie.ir1s essentially 

constant as JGhe r/D r·atio is r aL1ecl inclefini tely. :1 pl ot of <t, vs . r/D f or 

the :1.0--n;,..tive JN ·, com1)l ex , t he quantma yielti rises more slo•71.y wit h h.,creasing 

P/D and fovels ~ff .:i.nitiii,ll~r 1:tt E~ hig;:,.er va l ue of thi ,, c-:,tio . .\ s it is thoug:1t 

that the "luorescence of' :::;'tacked species i s l ess t han t '·.at of f.1 monO,Iie 1· th i s 

behavio·· L ; to be iaxr:eoted or .:. n:;H foe which t1,e stackln.; t .:d1d-:nc,y :i.s r el ,i.t i vely 

ar;.d wi 11 thus hcwe ,,, l ower overall quant-;m c,-,ffic i ency . Our results of this 

4) G. ~eill & ,:. C~l vi n , 5i opolymA rs !, 401--417 (1963). 
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,>.xperirnm1t t herefor e snI,r,ort our earlier conclus::i.ons "l;Lat dmmtured DNA has 

· P/D • ,J, ..,_ - • "'d - .r- , • Y '. • c., -- '"' :,,._ l ed lye aJ.:3 . . 1.ncreases Gn e quan ... urn yieJ. 01 ec:1.e..-1 :LlUl.Vl u,.,3.J_ GO .H.);1 • ex' .. • c 

molecule increases, but at the same t.irne the total nwnber of :i.o molecules 

bound to an individual DK'.. mo lecule decreases. Thus a complex .7i th F /D = 50 

will show a hieh quantum efficic•:mey lmt will 5i VE~ a very low total flu.ores-

cence intensity per DNA molecule bec1-,,usc only one out os every fifty binding 

sites are occ11pied. If we are interested. in maximizing the intensity of fluores­

cer10e coming froin a single DNA. molecule we will have to fincl th ,t P/D ratio 

fo r which the increase in quantwn yield is least compensated for by the 

decrease in the absolute numhers of dye molecules. Since the quantity~+ P/D 

is prorort:ional to the total fluorescence intensity r,e!' DN; molecule, a plot 

of 4' + P /D ( = q:> x D/F = ct> x percentaee of occupied binding sites) vs. P /D 

should go through a maximum which corresponds to that P/D ratio which, at a 

given intensity of excitation and a gi ven cm1centration of AO dye, will give 

the maximum fluorescence intensity per complexed DNA molecule. Such a plot 

for native mm. is shown in Figure 10 and a similar plot for denat ured DNA is 

given by Fi2;v.re 11. On ·both of thes ,, {sTa;:1hs the points corresponding to 

,n x D/P and ..h . . x D/P were plotted first and then two smooth curves ..,,. max. ..,,.m:i.n. 

were drawn within the limits set by these :points. One of these curves e;i ves 

t , • 1 ~ T'/D t ' • ' ~· • d .t.h .J..b • ne maJcJnum va ue or r I a wnicn ·1.,ne :naximurn can occur an \, .e o 1, .er gives 

the corresponding minimum value of this ratio. Our results ind'i.cate tha,t a 

P/D value between 5.5 and 7.2 will permit the hieh2st fluorescence intensity 

r,er complexed D::Vi. for a nnti ve mr :'i.. These limits for denatured DNA are 6. 9 

and 8.9 respectivel y. The 1'.-tr0er limits for denatured DlE are, of course, a 

direct direct result of t:1e sha.1,e of t he q;> vs. P/D curve. As discussed 

above this indicates c~reater stacking for denatured Dl\T.& relative to native DN.A. 
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APPE'.NDIX 1 

Derivation of Equation 1: 

cj> = Hax. fluorescence signal of AO solution 

:Max. fluorescence signal of 9--A.'.\. solution 

Quantum yield is def:Lne:1. as, 

cp = number o i: quanta fluoresced 

number of quo.nta absorbed 

x O.D. 406 of 9--\A solution 

of AO solution 

But f er t he steady state conditions of our experiments , 

cp :i:: F (in quanta :rer sec.ond) . 
A (in quanta per second) 

But F= SF d~ 

a.nd A= Ji - dI d~ • 

From Beer's l aw, 

-dI = kcI dl where k = 2. '2; € 

The ref ore 4> = = 
)j - dI d~ SJ - kcl dl dJ 5 - kcil d~ 

• 

For ovr experiments the absorption of t he · ixci ting light was relatively 

• t t I~- ~0 d un1mpor a.n , so i , an 

= 
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The s econd equality i n the equation immediat ely a1;ove is true because 

O.D. = E cl. 

Now we assume that the fluo rescence can be a -cDr oxim':tted b:.r F instead of 
• - - max. 

S F d\l · • This is not too strai ned of an approximation f or· our experiments. 

Ther efore: 

t F 
= max . 

I
9J d9 

• 
--2°:-3 O.D . 

But considering the ratio of two quantum yields, 

..1i_ = F X O.D. 2 X IO s ~~ 
<t,2. 

1, max. ·2 
~ O.D. 1 TO J d~ - 2, max. - 1 

or 

F 11 
O.D. 2 

-,-0 

4\ 
.L 

2 q,4 = max. = = X • 
F O.D. 1 I O 2, max . 

l 

Our last assumption is t hat the i ntensity of irradiation us ing t he Hg 406 m,»­

line is t he same as t llat obt ained using the Hg 436 m_µ line. Accor ding to t he 

maunf acturer' s calibration curve ·':or t he Osr am H"R0--200 mercury l amp whi ch w;.i.s 

used , t his is not :'a r from the actual case. 

Therefor e , 

Finally we let q,
1 

-= q:> of the ;i.o solution and c:p
2 

= ~ of the 9-AA. sol ution = 1, 

and we ol)t~i n the equat ion 5"lven as Bquation 1: 

F r,.o, max. 
'Ii' 
-9-AA max. 

X 
O.D.9-AA · 
O.D. 10 

• 

T'he O.D. 's ar e naturally evaluate c.1 at t '.1e wavelengths of the corresponding Io's. 
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