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Bxperiments on the fluorescence of acridine graﬁge-nDﬁa corplexes at
a consbant concentration of acridine orange show that for a native DNA the
highost Tluorescence intensity per comrlexed DXL molecule will occur when
the concentration ratio of DA phosphate groups to acridine orange dye
molecules is between 5.5 and 7.2. The éorresponding limits for denatured
D¥A are 6.9 and 3.9. Doth absorption and fluorescence studies show that

denatured DNA exhibits a greater stacking tendency than does native DNA.
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Dr. Norman Davidson and William C. Galley have recently been attempting

wing the molecular

to develop a new method for rapidly and accurately detern
weilghts of large DI'4 molecules (molecular weights of 100 wmillion or more).

This method is based ou observing and measuring the fluorescence intensilty

of a small volume of a sclution which contains known amounts of both the DNA

under investigabtion and acridine orange dyve (nenceloron abbreviated A0).

s the
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e acridine orange rms a2 complex with th 7 2 .ecules d i
Th dine orange fo compl h the D¥4 molecules, and it

fluorescence of this complex which is observed. The success or failure of
the proposed procedure depends, among other things, on: (1) the nature of

-

the AC-DNA

by

the AC-DNA binding, éﬁd (2) the fluorescence characteristics o
complex. Tor the technique to work the flucorescence iatensity coming fronm
a small volume of solution containing a single DNA molecule complexed with
acridine orange must be bhoth detectable and substantially greater than the
fluorescence intensity coming from an equal volume of solubion which does

. - 1
not contain a DF¥A molecule.

1-3

This parsicular research project was carried out in order to shed more
light on the binding characieristics and the fluorescence properties of var-
ious acridine oran“@--DIA complex systems. If there was any one specific
goal in mind it was o determins the approximate composition of that A0-DNA
system which would be most applicable to the molecular weight determination
technique suggested by Davidson and Galley. This turned out to he a some=

what more difficult task than had originally been imagined.

1) Those interested in a detailed discussion of this proposed molecular
weight determination procedure are urged to see the unpublished research revdri
of ¥. C. Galley of arch 1964.
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EXPTRIITTAL

A schematic diagram of the apparatus used for studying the fluorescence
of substances in solution is shown in Figure 1. The light used for excita-
tion of the sample was produced by an Osram HBC--200 high pressure mercury
arc overated at 4.1 amps from a 120 volt D. C. bvattery.,

The exciting wavelength band could be selected by passing the exciting
light through either {a) a Bausch and Lomb grating monochromator, or (b) a
series of interference and/or absorption filters. A system of T"ilters
offered the advanbage of a very high intensity of exciting light available
for illumination of the sample but to some degree sacrificed the possibility
of rapidly changing the wavelength of excitation. In all of the work discussed
in this paper a monochromator was used to select the exciting wavelength,

Light coming from the exciting monochromator was focused by a series of
lenses onto the fluorescent sample which was coitained 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 slit, and a light trap which reduced the
scattering of light within the box. The direction of observation was at
right angles to that of execitation. 4 cemers shubtter over ths inlet slit
allowed one to turn the exciting beam on and off without affecting the mercury
AT,

Two types of quartz fluorescence cells were used with this apparatus.
Ususlly a cell with a 1 cm. x 1 cm. base was used, in which case the directions
of excitation and observation were perpendicular to two adjacent faces (see
Figure 2a). With this arrange ent the fluorescence observed originated in a
small volume of solution located approximately in the center of the cell.

Whenever either absorption of the exciting light or reabsorption of the fluores-
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cent light wus significant, however, the sclution under investigation was
placed in a thin cell with a 1 mi. x 1 cm. cross section (sce Figure 2v}.
By meusns of a snall polyethyleve stand this cell was situated so that one

of the i cn. wide

&

Taces made an angle of arproxisately 20° with the exciting

light. The cell was also oriented so that the major portion of the reflected
exciting light was directed away from the exit slit. Wheu the optics of U
systen were such that the volume of solution olserved lay Jjust beucath that
face of the c2ll which was closest to the analyzing monochromator, the effects
of reabsorption of the fluorescent light (which usually alters the shape of

a fluorescence spectrum) could be neglected entirely. When only absorption
of the primary light was important,.the volume of sclution observed should
ideally have bheen immediately bencath that surface of the cell which was
closest to the exciting monochromator. In actuality the volume of solution
observed was somewhere in between these two limiting cases, however the

set up gave us resonably reliable fluorescence spectra for all bubt the most
concentrated of solutions studied. The most serious drawback fo the thin

cell arvangesnent was that, because of variztions in the exact position in
which the polyethylone st-nd held the cell, the amount of exciting lighv

hich was reflected varied from experiment o experiment. This caused a
slight variation in the absolute magnitude, but not in the shape, of the
fluorescence spectrum. It was found that with sufficient caution with respect
to the initial placement of the nell in the polyethylene stand spectra repro-
ducible to within %5 ¢ could be obtained.

The fluorescent light was analyzed by 2llowing it to enter a second mono-

chromator located just beyond the exit slit of the box holding the fluorescence
‘cell. This was the analyzing monochroaastor and the path of the fluorescent

light through it was exactly the reverse of the path of the primary light

o]

through the exciting monochromator. The light emerged to a vhotomultirlier
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tube located behind the exit slit of the analyzing monochromator.

An RCA model 1P23 vhotomultiplier was used fThroughout this research.
Tnitially the load resistor of the photomultiplier was 2.25 x 10547_ bub
this was later replaced by a separate variable resistor with a range of

2 : -
1 L. The noise level and frequency resyponse were controlled

from 103 to 10
by connecting a Keithly variable capacitor box in parallel with the load
resistor. Fower was 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 project the signals
from the vphotomultiplier were fed into a dual beam oscilloscove and displayed
on the y axis of the screen. The x axis was made a function of the wavelength
through the use of a device which made the wavelength being observed corres-
pord to a voltage which was then fed into the horizontsl deflection plates
of the oscilloscope. This device worked approximately as follows: A 4.5
volt dry battery was connezted across a (Helipot) variable resistor which
was geared to the wavelength dial of the analyzing wonochromator. As the
wavelength being observed was changed (i.e. as the wavelength dial on the
anzlyzing monochromator was turned) the resistance supplied by the variable
resistor was altered. This resulted in a changing voltage (which was propor-
tional to the wavelongth) being fed into the x axis of the oscilloscope. Thus
as the wavelength field of the fluorescent light was scanned, the oscillo-
scope signal traced out the photomultiplier response over the x--y plane. The
spectrum was recorded on photogranhs taken with a Polaroid camera. For the
major part of this work the oscilloscope was replaced by a Mosely x--y plotter--
all other features of the apparatus remaining the same. This permitted the

fluorescznce spectra to be rapidly recorded on ordinary graph paper and was



-7 =

was substantial improvement in the practical 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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P/D Ratio =~ Throughout this report we shall refer to the P/D ratio. This

xr A

is the ratio of the concentration of DNA phosphate groups to the concentra-

t

iad

acridine orange dye in a given solution. Txperiments by Tom Zurke

fte

on o
and Foch Yew have shown that under the experimental conditions present through-
out our research essentially all of the acridine orange in solution was boun

to DNA molecules. Thus a F/D ratio of three refers to a cowplex in which

there are three DNA phosphates for every acridine orange dye molecule.

Fluorescence Spectra -- The general shape of the dye--DN1 complex fluorescence

spectra (from 490 mp to 610 mp) remained unchanged over the entire range of
P/D ratios investigated in this rssearch. That part of the fluorescence light
which we studied was distributed over the range 490 mm to 610 mia. The maxima

of the fluorescence spectra occured at approximately 526 mp.

Absorption Stectra ~- The visible absorption spectrum of an AD--DWA complex

o

exhibits two peaks, one at 473 mm and one at 500 mp. The simplest theory of
AC=--~DNA binding assumes that the peak near 473 mp is the result of the absorp-
tion of a polymer form or the complex‘in which two or mors acridine orange
molecules are bound to adjacent DF¥Y phosphate groups, and that the 500 mpy
peak is caused by the absorption of dye molecules bound to phosphates which
are at least one rhosvhate sroupr removed from the next closest AQ nolecule.

This latter form is called the monomer Torm of the ccmplex. 1is the P/D

4
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nereased while the concentration of acridine orangze is kept constant

the peak at 473 mu gradually decreases while, simultaneously, the peak at
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500 mp increases {see TMigure 3). This is in accordance with what would be
expecteld from the theory mentioned above. If the 473 mm peak is designated
the ﬂ peak and the 500 mu peak the & peak, we would expect the 0"/[9 ratio
to be a measure of the relative percentages of monomer and polymer present.
at P/D = 1 the complex should be 100 % polymer while at F/D's of 100 or
more we would expect to find only monomer forms present.

During the course of this research it was found that it was very difficult
to reproduce the absorpulon spectrum of an AD-~DNA solution of a given compc-~
sition (constunt A0 and fixed P/D). Tigures 4 and 5 show plots of the
optical densities at 500 up vse P/D and at 473 W VSe P/D respectively.

The A0 concentration was held constant at 1 x 10'5 moles/1 and the DHA was

native calf thymus D¥i. The points for the 0. D. plot show a very

500 mu
disturbing scatver while those of Q. 5.473 an are aimost totally random.
- . A LA U - ¢ .
Towever a1 plot of Q. D'BOO + 0. D.é73, which should correspond to the 43 ratio,

against P/D yields a smooth and Ffairly well defined curve (seec Figure 6). This
behavior seems H0 indicate that the ratic of monomer to polymer changes in
a regular fashion as F/D is increased but that the absolute absorbancies of

hese twe forms do not vary regularly. It is, however, fairly difficult to

;.J.

imagine s . physical model of the dye--DHA interaction which would lead to

-“

this conclusion. It avpears sale b0 assime that the lavge variation in the

absolute value of the opticel density at all wavelengths of the absorrtion

spectrun is caused by some experimental error which we wers un~ble to Tind
and eliminate. A number of exreriwents by Tom Surke have suggested thah
significant amounts of acridine crange may he orhed onto the surlace of

glass vessels. Since all of our experimeunts involved the repested use of
glass vessels, it 1s possible that the adsor:tion of varying amounts of free

acridine crangze could have be-n au enexpechted sourcs of error in our res:lbs,

w
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however even the validity of this possibility does not immediabely explain

the curious behabior of the AC--DE. absorvtion speclra.

A more plausible explanation would ve that during the process of aixing

k) - .

dye and DYA in each experiment a small and non-reproducible amount of the

10-=-DHA complex precipitated and neither adsorbed or fluoresced. If such a

A
b

o ag the bulk of the

e

- s R & s ¢ Sl » /Ty
rossessed gpproimately thoe same P/D ¢

precizitate

o

- ",

solution we would expecht exuctly the behavior noted above, The alzclute

mazaitude of a given point on the avsorpdion spechrum would fluctuate fron

a o

experiment to experiment because of the non-reproducible a-ount of

ecipitate

which was present, however the T/D ratio of the zolubion would not be affected

by precipitabtion and thus for a given I'/D rabtio the shape of the spectrum
would rewain constant. This hypolthesis of the formution of a precinitate

is supported by several observations made during the course of this research.

n

Several of our earlier experiments were sbopped wfter the appearance of a
rrecivitate when we atbtempted o add a rather coucentrated acridine orange

solution to a DPA solution. In later exieriments trere occured seversl cases

of a small amount of precivitate avpearing upon the initial uwixing ol dye
a:d DNA, bul because these precipiiates dissolved apon sufficlent stirring

the experiments were continued. If, indeed, these precipitates did not
dissolve vut merely broke up into pariicles which could unot be seen, then
the observed variation in the absorvtion spectra would be exvected. Cae will
note Hthat the variation in the absorption spectraz is worsht st low P/D values
(see Tigures 4 & 5)e This would he consistent with our observabion that

™

precipitates appeared most Trequently abt low F/D ratios.

3tacking Tendency «- The stacking tendency of o comvlex is a measure of the

-

degree of non-randonness associated with the selection of s binding site. It
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Table 2 -= Iative Culf Thymus DHA

-t
A0 = 1 x 10 © moles/1

P/D 6‘3'436 0'9'436 Prax. $uin.
maximum minimum

15 » 108 070 D305 2220
1.7 «095 066 0485 33T
2.1 2084 063 « 0453 0370
2:3 080 061 L0612 0467
2.6 075 059 0639 .0542
55 066 +055 «1453 | 124
4.5 0€D <054 243 »219
7.8 004 + 047 <413 +359
10.2 53 047 «461 <418
13.7 053 047 <490 435
16.3 052 047 .498 <451
21.8 051 N4T 610 562




r/D <.B.5OO 0.3+ po3 O.D.BOO ) %_
Vel e
Native DITA
1.6 0252 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
30 354 267 1.32
446 «ITL 257 1.44
Be3 + 366 «235 1.56
Te3 «375 0225 1,67
T¢9 «409 o241 1.70
8.9 352 223 1.71
10.3 418 232 1.80
1345 « 597 . 208 1.91
16.3 436 .226 1.93
2.4 0442 224 1.97
69 <426 211 2.02
135 511 « 248 2.06
Denatured DNA

194 0199‘“0292' 3230“'0233 o865‘“-867
1.7 208 « 220 945
2.0 234 0235 .996
2.3 243 237 1.04
2.6 «256 + 239 1,07
346 «294 «255 1.15
4.6 317 259 1.22
862 «352 o 241 1.46
10.7 « 31T 2383 1:58
14.3 463 «268 1:73
17.2 415 227 1.83
22.5 425 0227 1.57
T2 «455 «226 2,01
143 +505 245 2,06
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is perhars best explained through an exsmple. Imagine a sepment of a DNA
molecule in which only one binding site is oceupied by an acridine orange
dye molecule. A second dye molecule now has the choice of binding either
at one of the two sites immediztely adjacent to the one already occupied
or at one of the other unoccupied sites on the molecule., If the probability
of the second dye molecule atbacking a binding site next to one which is

.

already occupied is greater than the probability of its atbacking an isalated

BN

site, we say that stocking occurse. A high stacking tendency corresponds to
a high probability of a dye molecule binding to a site immediately next to
an occupied site.

Bradley and Stonez have investigated the stvacking tendencies of a
number of native and denatured DEA's and have given a formula for evaluating
a stacking coefficient which relates the change of the absorption spechrum
(from the spectrua of the pure monomer form o that of the pure polymer)
with the P/D ratio. We are unable to calculate stacking coefficients for
our expveriments because we can not reliably esbimate the extinction coefficients
of the monomeric and the polymeric forms of the A0--DNA complex, two guantities
which Bradley and Stone used in their formula. In spiite of this drawback
we can still make at least one state~ent concerning the relative stacking
tendencies of nabive and denatured DHA., Table 1 illustrates how the %49 ratio
changed with P/D for both native.and denatured calf thymus D¥A. It shows that
for a given ¥/D ratio the “%? ratio was lower for dénatured than for native
DNA (greater relative percentase of polym:r form present). This indicates

more stacking for denatured than for native DNA and is concistent with the

findings of Bradley and Stone.

2) DPradley and Stone, J. A. C. S. 83, 3627 (1959).
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A Todel of AQ--DNA Binding -- The model of 0--DH¥A binding which assumes that

only two different types of absorbing species are present ~- a monomer form
and a polymer form -- iz pleasing because of its simplicity and offers an
immediate explanation of the O and /9 peaks of the absorption spectrum but
may not ve entirely accurate. A close examination of the absorption spectrum
of the dye--native DNA complex (Figure 3) shows that there are two approximate
iscesbestic points as we prosress from P/D = 1.5 to P/D = 21.4. A model

of the dye--DNA binding in which there were three rather than two different
species would be consistent with these two isoesbestic points. The inter-
section at 466 mp represents that point at which the extinction coefficients
of species 1 and species 2 are equal while the point at 490 mp corresponds

to the point at which species 2 and species 3 have egual extinction coefficients
(assuming that all of species 1 disappears before any of snecies 3 appears).
It is probable that species 1 is a form of the complex in which the AD 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 A0
molecule was bound to 2 site which had an occupied site on one side and an
unoccupied site on the other, while species 3 would be the monomer fora of
the complex in which the A0 dye molecule is bound to an isclated site. Tork

3

by L. 3. Lerman suggests that in the monomer species (species 3) the AD dye
rnolecules are aciually intercalated between the strands of the DA helix.
Both species 2 and srecies 1 bind to sites on the oﬁtside of the DNA helix.
4 diagram of these three possible types of binding is given in Figure 7. We
would, of course, expect to fird the monomer sypecies at very high B/D ratios,

the coupletely surrounded species at very low P/D's, and the half-surrounded

species at intermediate P/D's. Just where we found these last two Torms would

3) L. S. Lerman, J. Cell. & Comp. Physiology 64, Supp. 1, 1 (1964).
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Pigure 3. Absorpiion swectra of AC-«DNA complexes.
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Spegies 2 (only halfgoecies 1 (completely surrounded)
surrounded) .
QO or @ = acridine orange molecules

Cl‘\\\f3&\\(i\ DNA helix
N

Species 3 (nmonomer, intercalated)
Figure 7 -- Three possible AQ--DNA complex species.

depend on the stacking tendsncy of the particular DNi being studied.

It should be pointed out that even this three species model may be‘a
bit too simplified. It is quite possible that a dye molecule binding te
é 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 each side and that 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 sorit of interaction which affects their
absorption and Fluorescence properties. Nevertheless there iz a lot to be
sald in support of the three species model. It represents the binding process
sinply enough to allow mathematical calculations of binding constants to
be carried out and yet offers a bit more variety than does the two species
model.

As explained earlier the optical density at a given wavelength for a
solution of fixed composition varied widely from experiment to experiment,

and we were therefore unable to evaluate the extinction coefficients of those

forms of the AQO--DIVA complex corresponding to P = D and FD. Without this

information it was exitremely difficult to evaluate the different equilibrium
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constants for complex formation and it was likewise hard to estimate the
relative concentrations of monomer, half-surrounded, and fully surrounded
forms of the complex at a given P/D and a fixed dye concentration., It might
be possible to carry out these calculations through the use of a computer

£

program'but since it was not immediately obvious exactly how this could be

done no such analysis was attemcted.

Quantum Yields -- The quantum yields of all acridins orange or i0=--DH1 complex

solutions were estimated by comparing the absorption and Tluorescence proper-
ties of the solution in question with the absorption and fluorescence proper-

ties of a standard solutior
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Hg 436 mp line was used
for excitation of all solutions containing acridine orange while Hg 400 mp

light was used to excite all %-aminoacridine solutious. We assumed that the
quantum yield of 9-aminocacridine (henceforth abbreviated 9-ii) was unity and

computed the gquanbum rields of acridine orange or AQ--DNA complex solutions

(Ban. 1) b = lax. fluorescence signal of on .~ C.D. 9-4% solution at 408,
_E__i %

A
Vax. fluoresconce sismal of 9-i4 solution 0.D. A0 solution at 436 wy

The derivation of Egn., 1 is given in Apvendix 1. The nmaxinum fluorescence signals

of all solutions under investigation were tuken From fluorescence spectra run in

.

the spectroflucrimcter described =arlier. The perbinent optical densities were

ovtained frow absorption spectra recorded with a Cary MNodel 14 Spectrovhetomator.

i
<.

~

By Tar the greatest source of ervor iu

o)

cane from the measurement of the orptical density at 430 up of the solution con-

taining the acridine orange dye It was found that the absolute value of the

~

{ Y :" 7o D ondeaa g X s L . g L i) . ~ .
Co Do ab 430 up was disturbingly wareprcducible for a solution of fixed 30 and



2.0y T/D ratio. The variation of

tual we have calculated a meximum and a
tion studied. This was done by drawing errvor bars on a rlot of 0.D. 2t 430 g
vs. F/D and then using the liniting values of the first quantity to calculute
In order to give « clear

plotted both

guantity .

Ty investigating the fluoresceuce of a series of AC--DIA complexes, all

[} o B B e 8 P -
0 obbuin inforpuhlon concerning how

¥
varied as the ©/D rabic wag chanzed. A plot of @ ve. F/D for anabtive DEA
iig plot agress with the ohser-

axperiments on acridine crange

rizes rather ra~idly as the T/D ratio
is increased uatil F/D = 10 to 20. It then levels off und remzins essentially
constant as the F/D ratio is raised indefinitely. i plot of <& vs. T/D for
heat denstured DA (see Ti ‘ndicates that, with respect to the plod for
the A0w=untive DHLY com
P/D and levels off initially at a higher value of this ratio. is it is thought
that the “luorescence of « stacked species is less than that of a wmonoser this
behavio~ is

cing btendoney is relutive

highe. A dena

having a greaser svacking bendsncy than a native DN,
will exhibit & relatively greater percentasze of the low yield stacked stecies

atnd will thus have o lower overall guantom efliciency. Our results of this

4) G. Jeill & ¥, Culvin, Biopolymers 1, 401--417 (1963).

lex, the quantum yield rises more slovly with increasing
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experinent therefore support our earlier conclusions that denabtured DNA has
a grester stacking tendency than does nwhive IDHA,
AS / resses the quanbum yield of 1 individusl comulexed dye
molegule increases, but at the sanme bal number of A0 molecules
bound o an individual D¥\ molecule decreases. Thus a complex with P/D =

will show a high guantum efficiency but will give a very low total flucres-

 taad

cence intensity per DHA nolecule because only one out os every fifty binding

&

sites arve occupied. If we are interested in maximizing the intensity of fluores-

cence coming from a single DNA molecule we will have to find thst P/D ratio
for which the increase in guantum yield is least coupensated for by the

decrease in the absolute numbers of dye molecules. Since the guantity <& + P/D
is provoriional to the tobal fluorescence intensity per DHA molecule, a plot
of @ +P2/D(= P xDF = <t7 x percentage of occupied binding sites) vs. P/D
should go through a maximum which corresponds to thaﬁ P/D ratio which, at a
given intensity of excitation and a given concentration of 40 dye, will give
the maximum fluorescence intensity per complexed DNA molecule. Such a plot
for native DIA is shown in Figure 10 and a similar plot for denatured DIA is
given by Figure 1l. On both of these grashs the points corresponding to

& max. x D/P and ‘p o x D/P were vlotied first and then $wo smooth curves
were drawn within the limits set by these points. One of these curves zives
the maxinum value of P/D at which the maximum can occur and the other gives
the corresponding minimum value of this ratio. Our results indicate that a

P/D value between 5.5

and 7.2 will permit the highest fluorescence intensity

per complexed DHA for a

¢.,

ative DITA. These limits for denstured DNA are 6.9
and 8.9 respectively. The larger limits for denatured DVA are, of course, &
direct direct result of the shape of the ¢ vs. I/D curve. Ais discussed

above this indicates ;reater stacking for densatured DVA relative to native DNA.
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APPENDIX 1

Derivation of Hguation 1

¢ = _HMax. fluorescence signal of A0 solution X O'D'4O6 of 9--4i solution

M fliu n igne f Quai! ubion . g
ax. fluorescence signal of 9--11 solubio G'D‘AB6 of 40 solution

Quantum yield is define? as,

¢ = number of gusnta fluoresced .

number of gquanta absorbed

But for the steady state conditions of our experiments,

P = F (in guanta per second) .

A (in quanta per second)

But B

5? av

and A= ff-a1a) .

From Beer's law,

=3I = kel dl where k = 2.%2€ .

Therefore o = Ir = 7 a) s |7 ad
§§-ar & ff-wxrara) . -
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For our experiments the absorption of the :xciting light was relatively
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unimportant, so I ¥ I, and
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The second equality in the equation immediately above is true because
OcD. = €Clo

Now we assume that the fluorescence can be arproximated by Fmﬁx instead of

fF d¥ . This is not too strained of an approximation for our experiments.
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Therefore:

CF = Fmax . L]
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But considering the ratio of two guantum yields,
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Our last assumption is that the intensity of irradiation using the Hg 406 R
line is the same as that obtained using the Hg 436 oM line. According to the
maunfacturer’s calibration curve Tor the Osram HR0--200 mercury lamp which was
uséd, this is not Tar from the actual case.

Therefore,

Finally we let d% = Cﬁ of the A0 solution and d%: <# of the 9-AA solution = 1,

and we obitain the equation given ag Equation 1:

qi = i%@z MaX . » 9'5’9-AA* v
“9-AL max. 0.Ds 40
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the 0.D.'s are haturally evaluated at the wavelengths of the corresponding I 's.
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