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Abstract. The binding of acridine orange to single-stranded polyribonucleic
acid at low polymer to dye ratios exhibits cooperative behavior of the kind
observed with other simple polyanions. It is thus attributed to electrostatic
interaction between polymer and stacked dye molecules. At higher polymer
to dye ratios, however, distinct deviations from the predictions of the basic
theory occur. These are interpreted by additional non-cooperative binding
of acridine orange to the bases of the polymer subunits owing to dye-base
stacking. This effect is studied also with 5'-AMP monomers where it likewise
leads to complex formation. Both systems are investigated experimentally
by means of the changes produced in the dye spectrum. Based on quantitative
analyses the equilibrium constants of both systems are evaluated and dis-
cussed. They indicate a sandwich-type of intercalation of dye between two
bases of the single-stranded polymer.
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Introduction

The binding of acridine orange (AO) and other acridine dyes to biopolymers
plays an essential role in a number of phenomena in molecular biology and
genetics. Tumor destruction due to AO photoactivation by argon laser has been
studied (Tomson, 1976). Another application of AO is the elimination of
episomes from bacteria (Halm and Ciak, 1971). Early cell damage could be
detected by AO staining to the cell, whereby the AQO binds to the DNA (Sdder-
strom et al., 1977). Different binding modes of AO to double-stranded DNA
and single-stranded RNA were used for staining of unfixed cells (Taraganos
et al., 1977). The circular dichroism of AO bound to poly(L-glutamic acid)
(Imae and lkeda, 1976) or other biopolymers show that one can detect the
structural behavior of the polymer. The binding of AO to DNA can be in-
vestigated by viscometry and dynamic birefringence (Moroshkina et al., 1976).
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The main action in binding AO to a charged linear biopolymer consists of
electrostatically fixed dye molecules stabilized by dye-dye stacking. The process
can be described by a fundamental cooperative approach (Schwarz, 1970) based
on the linear Ising model (Ising, 1925). Assuming that all binding sites along
the chain are equivalent the binding of the first AO molecule is taken to be
relatively difficult because it is only due to electrostatic interactions. This nuclea-
tion is followed by the binding of AO to binding sites just adjacent to a bound
AO, a process which is expected to be favored by stacking interactions (growth).
The cooperative binding consists of nucleation and growth. The theory takes into
consideration only the nearest neighbor interactions. Effects due to the ends of
the polymer can be neglected because the average length of stacks is small
compared with the polymer length. The ratio of the binding constant for the
nucleation, K ¥, to the binding constant for growth, K, is called the cooperativity
parameter, o. For the cooperative binding of a ligand to a polymer o can be
measured best at large polymer to dye ratios, p. With increasing p the stacks
become shorter and shorter and at very large p only singly-bound ligands are
present. This description was found to be very suitable for AO binding to poly-
glutamic acid and other poly-anions (Schwarz and Balthasar, 1970; West et al.,
1977; Menter et al., 1977). The calculated curves could be made to fit very
well the binding data obtained from absorption measurements.

In DNA and polynucleotide a second binding process often occurs and is
due to dye-base stacking. The AO has about the same size as the nuclear bases
and is believed fo intercalate into the double-stranded DNA (Lerman, 1963).
In single-stranded DNA a partial intercalation model has been proposed by
Pritchard et al. (1966). “The basis of the model is that acridine does not
interact with a hydrogen bonded base pair, but rather that the interaction occurs
between an acridine and two adjacent bases on the same polynucleotide chain.”
Both the intercalated and the partial intercalated AO will compensate the charge
of the phosphate group at the binding site. Intercalation and cooperative binding
require the same charges of the polymer for fixation and therefore the two
binding modes will exclude each other.

Dourlent and Héléne (1971) investigated the binding of proflavin to single-
stranded poly(A). They found outside binding and dye-base stacking occuring.
They analyzed the absorption data assuming both processes to be independent
of one another with the basic cooperative model. The outside binding was
positively cooperative and the dye-base stacking anti-cooperative. They could
see that the binding sites are not independent.

AO binding to single-stranded poly(A) proved to be a suitable system for
studying the effects of partial intercalation in connection with cooperative
binding. AO molecules are known to stack very strongly with each other,
forming dimers in dilute solution even for concentrations smaller than 107* M
and have great cooperativity when binding to a polymer. Usually it is believed
that acridine dyes intercalate into DNA, but little is known about the thermo-
dynamic parameters in the case of intercalation into single-stranded nucleic
acids. An AO bound to the poly(A) by nucleation can intercalate by twisting
around the backbone and stacking with one or two bases. The aim of measuring
the cooperativity parameter at large p-values with the basic model failed. It will



Relation Between Cooperativity and Intercalation 77

be shown that from the shape and the position of the absorption curve, as depicted
in Figure 5, one can determine the ratio of nucleated to intercalated AO. The
competition postulated for the two binding modes involved a very specific
binding behavior. With decreasing p (increasing the dye- or decreasing the
polymer concentration) a sudden appearance of stacks can be registered.

There is no proof that intercalated AO stacks to both adjacent bases, it could
as well bind to only one adenine ring. In the first case the intercalation would
introduce some rigidity into a poly(A) coil, changing its conformation, whereas
in the second case no major conformational change would be expected. Binding
studies of AO to 5'-AMP provided the evidence that stacking occurs to both
adjacent bases.

Material and Methods

Poly(A) from Sigma and 5'-AMP from Serva were used without further purifica-
tion. The concentrations have been measured spectrophotometrically using
molar absorption coefficients &(1). For poly(A) at 28°C, pH 7: ¢”7™ =
10.5-10* M~! cm™! (Singer et al., 1962; Blake and Fresco, 1973); for 5'-AMP
at 20° C, pH 2.0 £*°™ = 14.2 - 10* M~ cm™'. Unless indicated otherwise all
measurements were performed at 20° C and with 50 mM NaCl added to all
solutions. Solutions with single-stranded poly(A) contained 5 mM phosphate
buffer at pH 7, whereas solutions with 5'-AMP contained 5 mM Tris buffer at
pH 8.5.

AO from Fluka, Switzerland, has been purified by the method described
elsewhere (Robinson et al., 1973). For further purification about 1.5 g of AO
was dissolved in 1 I of water. An equal amount of ether was added. Solid KOH
was added until the AO redissolved completely. The mixture was then allowed
to stand for 30 min. The ether from the clear yellow supernatant was evaporated
in a vacuum desiccator. The remaining dye was analyzed by elemental analysis
and showed to be pure within 98%.

AOQO was adsorbed very much by glass and metals. Therefore stock solutions
were prepared in plastic bottles in large amounts in order to reduce the surface
to volume ratio. All contact with glass and metal was avoided and the solutions
were kept in the dark. In order to further reduce adsorbance, synthetic cells
from Sarstedt were used for the measurements. These cells adsorb only about
1% of the free dye on their surface. Adsorption measurements were performed
on a Cary 1605 and on a Cary 118 double beam spectrophotometer. All spectra
are normalized by dividing the absorption by the total dye concentration cj and
the cell length.

Attempts to perform binding studies of AO to poly(A) by the filtration
method (Menter et al., 1977) were not successful. Two cuvets filled with 3 ml
of 2.5- 107> M AO were put into the Cary 1605. 256 mm? of nucleopor filter
was added and one could see that 20% of the dye adsorbed within 1.5 h. This
means that at least 5- 107 M AO binds per cm® and this is too much to be
accepted.

AO with concentrations below 5 - 107> M is believed to form only dimers,
whereas at higher concentrations larger aggregates will be formed (Robinson
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et al., 1973; Zanker, 1952; Lamm and Neville, 1965; Kurucsev and Strauss,
1970). We will only take into account dimerization. The wavelength for the
isosbestic point 4, 470 nm and the corresponding adsorption coefficient

%= 43,300 800 M~! cm™! have been measured. Most published values are
smaller 41,000 M~' cm ™! (Zanker, 1952), 43,000 M~ cm ™! (Lamm and Neville,
1965), 42,000 M~! cm™! (Armstrong et al., 1970), 39,000 M~' ecm™* (Kurucsev
and Strauss, 1970). The concentrations, ¢}, of all further solutions were then
calculated from the adsorption A*™

0 __
Q=" (1)

For the formation of AO dimers the equilibrium constant K and the concentra-
tion of the monomeric AQ is characterized by the following equations:

Kp=(ci—cm)/(2ch), (2)
M= VMCX s 3)
where

yu = (¢ — ep)/(em — €p) .

ey and &p are the absorption coefficients of the monomeric and dimeric AO.
Usually one uses the absorption coefficients at 492 nm for the determination
of ¢

ey, £p and Kp were determined by a least square fit of these parameters
to the absorption at 492 nm for different ci, giving

€92 = (65,800 + 1,000) M~ cm ™! and e}? = (1,000* 100 M~ em ™.

Kp is dependent on the ionic strength and can be determined by absorptlon
measurements at 470 and 492 nm by Egs. (1), (3), and (2) (Kp = 11,200 M™*
without salt and K, = 14,500 M~" with 50 mM sodium chloride at pH 7).

Assuming &y and &p to be independent of temperature the complete spectra
can be calculated from measurements at two different temperatures (Fig. 1).
From a van’t Hoff plot AH® = —30.4 - 10> J mol™" and 45° = 23.6 J mol ' K™
were obtained.

Theory Connecting the Two Binding Modes of AO on poly(A)

Cooperative binding and dye-base stacking were mainly treated as independent
binding modes. In polynucleotides both processes are well known. The following
theoretical modification of the basic cooperative model (Schwarz, 1970) had to
be introduced because neither binding process could explain the measurements
when both cooperative binding and dye-base stacking occurred simultaneously.
A binding site on a polynucleotide is provided by the negatively charged phos-
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Fig. 1. The absorption coefficient of
monomeric (- - -) and dimeric (—) AO at
pH 7 (see text)

phate group. A binding site occupied by either binding mode will no longer
be available for the other one. The two binding modes mutually exclude each
other. AO bound by nucleation to the outside (N) can by dye-base stacking
change its binding mode to a partial intercalated one (I).

N=1, K'=ciey, (4)

¢; and cy are the molar concentrations of the intercalated and nucleated AO.
At this stage no assumption is made about stacking of the dye to one or to both
adjacent bases.

If c;is small compared to that of the binding sites the growth of AO stacks ()
will not be hindered by the intercalated AO. The mean distance between inter-
calated AO will be long compared to the mean length of stacks. We further
assume no change of the binding mode can occur within a stack of AO molecules
because of the stabilizing energy due to the dye-dye stacking. This is the simplest
model that we could imagine to combine the two binding modes and for extreme
conditions such as a very large K' value it would be necessary to introduce a
more sophisticated model.

If we now derive the formulas used for the model coupling the cooperative
binding with intercalation, the corresponding formulas for the basic cooperative
model can be obtained by setting K’ = 0 which means ¢; = 0.

For the mathematical treatment of the model we extend the method described
earlier (Schwarz, 1970). If the concentrations of the different species present are
known, the absorption A can be calculated from the sum of the products of the
concentrations with their respective absorption coefficients. The cell length is
always 1 c¢m if not otherwise indicated. All stacked AO molecules even those
at the end of a stack are assumed to have the same absorption coefficient &g.

A= EpmCy + 2 EpCp + ENCN + EsCs + ECT . (5)

(M: monomeric, D: dimeric, N: nucleated, S: stacked and bound, I: intercalated)
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The fraction 8 of cooperatively bound AO is given by
0= (CN+ Cs)/ng, (6)

where g ¢, is the concentration of binding sites withc, = p ¢ 2. 0 can be calculated
from statistical thermodynamics (Schwarz, 1970):

0 =05{1—-(1-s)[1-s)+4os]*}, (7)

where K is the binding constant for growth and s = Kcy;, K™ is the binding constant
for nucleation and o = K*/K is the cooperativity parameter.
Taking into account the mass conservation of dye, it follows

6=(ci—cu—2Kpc—clgc,. )

Thereby we assume ¢; < g ¢, and we ignore the fact that the intercalated AO will
reduce the number of binding sites. For the monomeric bound dye the concentra-
tion is also calculated from statistical thermodynamics (Schwarz, 1970).

en = g c,o5(1 — 0)/45, 9
Ao=(1+5)/2+{(1-s)72+40s}"”.

Introducing cy and ¢; = K'cy into Eq. (8) it is found that
(3 — e — 2 Kpck)/g pel — K'oKeu/As =0 (1 — K'oKcylA) . (10)

With insertion of 8 from Eq. (7), the only variable in Eq. (10) is ¢y. An iterative
procedure on a calculator must be used to solve Eq. (10) for cy.

From g p and the total dye concentration ¢ with a given set of parameters
(K, K, 0) all expected concentrations cy, cy, 1, and cg can be evaluated from
Egs. (10), (7), (9), (8), and (6). The absorption is obtained by introducing the
known concentrations into Eq. (5). If we assume &y = gy we will have two more
parameters £gand g7to choose. A theoretical curve can be fitted to the experimental
values by variation of the parameters (K', K, 0, &, &5). The constraints for the
model calculations were ¢; < g ¢, and the polymer chains must be long. All
theoretical curves in the different plots are calculated by this set of equations
even if the parameter has been determined by a simplified formula.

Resulits and Discussion
A. AO Binding to Poly(A)
We focus now our attention on the model without intercalation and determine

the parameters 5, g, K, following the method described elsewhere (Schwarz
and Balthasar, 1970). For strong cooperativity ¢'’> < 1 and constant p, from
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Eqgs. (7) and (5) the following equation can be derived for the extinction
coefficient

Al =e=¢e5+ (ey — 85) (c D, (11)
with
so=1—(1-20)(0gp)"*(1 - 6)'".

A plot of ¢ versus (cf) ™! should show a straight line when cj is large (Fig. 2).
5o== listhen constant because 6 = l/g p. Theinterceptis e£? = 16,000 + S00 M ™!
em™ (e§7° = 28,500 £ 1,000 M~' ecm™!, &8 = 33,500 * 1,500 M~! cm™Y).
When o is determined, s¢ can be calculated more precisely and K deduced
from the slope of the curve (with 0 = 1,0007! at p = 3, 50 = 0.97,
K=5-10°M"" £ 10%). Using so = 1, we should have had an error of only 3%.

From Eq. (6) we flnd the relative amount of dye which is not bound in the
cooperative mode, y,.. ¥4 represents the sum of free and intercalated relative
dye amounts.

ya=1-06gp. (12)

For very small p we have 8 = 1 and the slope of a plot of v, versus p will be g
(Fig. 3). The measured data could be fitted with o = 107%, K = 5-10° M™*
and yield g = 1.03 £ 5%. Therefore we may set g = 1, which means every
phosphate group is available as a binding site. To determine the cooperativity
parameter o it is best to measure the absorption coefficient ¢ at large p, where
the stacks get shorter and more dye becomes singly attached. Assuming ey = &,
an assumption which proved to be correct for the binding of AO to poly-glutamic
acid (Schwarz and Balthasar, 1970), a plot of ¢ versus log p can be calculated
(Fig. 4). The whole curve is shifted parallel to the p-axis when o is changed.
The limiting value of ¢ at very large p could be adjusted by altering ey but the
shape of the curve is very little influenced. The absorption measurements at
A = 492 nm and 4 = 462 nm are depicted in Figure 5. These data cannot be
fitted with the basic model. But for instance, for AO binding to poly-glutamic
acid the shape of the model curve fits the measured data and suggests that the
model is correct. This behavior forced us to look in more detail at the system
and we will now analyze the influence of intercalation.

We first look at Eq. (11) and we realize that if 8 < 1/2, s will be larger
with a lower 0. If p = 1 and 6 = 1/g p, no intercalation can occur because all
binding sites are occupied. From the linear region of Figure 2 we can as before
determine K and &s. A deviation from predictions of the simple model will only
occur at low ¢. The same argument holds for the slope at small p in Figure 3,
where 6 = 1 and no intercalation occurs. Therefore the factor g stays the same
as before but from this plot K should not be determined by the usual method
because at a larger p we may have intercalated dyes. At large p a significant
consequent influence can be observed. In Figure 4 the extinction is calculated
for different o at A = 492 nm keeping oK’ = 107> constant and using &, = &y
and & = 46,000 M™' cm™". The position of the curve is now determined by
oK' and with increasing K’ it becomes steeper and steeper reaching a limiting
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slope. If K’ is small more nucleated AQ is present and stacks will more easily
form than with a large K'. The absorption measurements at ¢, = 1.25 - 107 M
and A = 492 nm as a function of log p depicted in Figure 5 can be fitted with the
parameters K = 5-10° M™; K’ = 10°, 0 = 107¢ (6K’ = 107%); g = 1;
Kp = 14500 M™% &y = ey = 65800 M em™; ¢p = 1,000 M™* cm™;
es = 16,000 M~! cm™! and &; = 46,000 M~! cm™!. With these values we nearly
reached the limiting slope. Therefore X’ and o can only be estimated (K’ = 100;
0 < 107°) but 0K’ = 107 has little error. ¢ = 10~° would be at the upper limit
of the values usually measured with AO (Moroshkina et al., 1976; Eggimann,
1974). With another wavelength the measurements could be fitted by approxi-
mating only £;, keeping the binding constants fixed (Fig 5). This is a necessary
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consequence of the model and a strong support for its validity. With a Farrand
spectrofluorometer Mark I we could show that the fluorescence emission at
530 nm (excitation at 470 nm) in the case of intercalated AO is larger than
emission by the free dye. The emission of stacked dyes is totally quenched
at 530 nm.

With these parameters the measured data at low p-values for 4 = 492 nm could
be as well fitted as by the simple model. Measurements at low p and at wave-
lengths differing from 492 nm could not be fitted with these models. Probably
some structural transformation of the single-stranded helix could occur followed
by a rearrangement of the stacks. The stacks have a maximum in their spectrum
at A = 460 nm and the extinction coefficient at A = 492 nm is small. Therefore
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no detectable change of the stacks would be seen in the absorption at A = 492 nm.
In the region of extremely large p the spectrum of the intercalated AO is seen
to be red-shifted and to have a maximum at 4 = 502 nm (% = 60 - 10* M™!
cm™! + 5%). We would like to know more about the intercalated AO. There-
fore we first have to investigate the base-dye stacking in a simpler case to see
what structure may appear. The stacking to 5'-AMP, the monomeric unit of
poly(A), will be useful and its properties may be applicable to the intercalation
of AO into poly(A).

A very much smaller K’ is reported for proflavin binding to poly(A) (Dourlent
and Héléne, 1971). The main experimental difficulty besides the adsorption of
AO was the precipitation which often occurred at small p, p = 1. The main
advantage for the precise measurements were the Sarstedt cuvets which did not
adsorb AO.

B. AO Interacting with 5'-AMP

From the similarly red-shifted spectra of a solution of AO and 5'-AMP and
one of AO and poly(A) at large p, it can be concluded that the binding is similar
to that of the dye-base interaction in poly(A). A simple explanation by assuming
one AO stacking to one 5'-AMP failed and no binding constant could be de-
termined. We have to look in more detail at this binding and additional com-
plexity has to be considered.

As long as the intramolecular equilibrium between the different conforma-
tions of 5'-AMP (Bloomfield et al., 1974; Evans and Sarma, 1974) is not
changed, one can consider 5'-AMP to be a uniform species as far as binding
is concerned. The pK 6.2 refers to the second protonation of the phosphate
group. The system is only well defined if one works at a pH above 6.2, where
5'-AMP has two negative charges. The pH should be smaller than the pK 10.3
of the AO protonation. Therefore we choose a pH 8.5 as a working point. Like
AO, 5'-AMP also can form dimers or higher aggregates (Lehninger, 1970),
but this effect can still be neglected at our concentrations of 5'-AMP (this species
to be denoted as B). Nevertheless these appear to suffice for a formation of
a complex AB caused by stacking interaction between A (i.e., acridine orange)
and B. Further stacking between the A in AB and either A or B in their monomer
states may then result in appreciable amounts of AAB or BAB complexes,
respectively. On the other hand, we need not take into account AB + A — ABA
or AB + B— ABB since cap < ¢ < cp.

An experimental method and its mathematical analysis to decide about the
actual presence of both possible higher complexes will be discussed in the
appendix. The results show that beside AB practically only the AA B form occurs.
The two respective binding equilibria are described according to

A+B=AB, Ku=-2,

K4 CACB

A+ AB= AAB, K, = A48

K4 CaBCA
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We got the following equilibrium constants and absorption coefficients:

Kip=100£5M7", K,=82-10°M1,
et =55-10'M'tem™t, X3 < 5,000M tem™ .
Conclusions

A comparison of AO binding to 5'-AMP and poly(A) reveals that AO stacks
to both adjacent bases when intercalating into a single-stranded poly(A). The
binding constant for fixing an AO molecule from solution to the dye-base stacked
mode on poly(A) is KoK’ = 5,000 M~!. The precision is dependent on oK’
which can be determined very exactly. KoK’ canbe compared with K45 = 100 M,
the binding constant for fixing an AO to 5'-AMP. In both cases the electric
charges are compensated and dye-base stacking occurs. The fact that AO has
a larger affinity to poly(A) than to 5'-AMP can only be accounted for by a
further stacking interaction. This shows that both adjacent adenine bases are
stacking to the intercalated AO. The result also implies a certain change in
the poly(A) conformation.

In the coiled part of poly(A) the two adenine bases stacking to AO will be
forced to lie on the same side of the backbone and to be parallel with the AO.
More rigidity will be introduced into the poly(A) strand. Intercalation in the
helical part will, as in double-stranded DNA, be followed by a local untwisting
of the helical segment. Thereby the helical part will be elongated. In single-
stranded poly(A) one has coiled and helical parts but we could not decide which
part is preferentially used for intercalation. As g = 1 the whole poly(A) strand
is available for cooperative binding. This implies that the adenine bases must
lie opposite the AO stacks. A certain conformational change is therefore induced
by the cooperative binding which will favor the adenine-adenine stacking and
thus the forming of helical parts.

We have a similar intercalation of AO into poly(A) as in other polynucleo-
tides and DNA. Thus we can discuss the more general aspects of the model
coupling the intercalation with the cooperative binding which is due to the
competition at the same binding sites. Intercalation occurs at large p (low
concentration of dye). Stacks will be formed when p is decreased but in combi-
nation with intercalated AO this formation can be realized within a much smaller
concentration range than one would expect without intercalation. The forming
of stacks is a very sudden process especially if K’ is large. The p-value for this
sudden formation of stacks will be altered by K’. K’ is, for instance, dependent
on the G-C content of DNA. With the same o for the outside binding determined
by the backbone structure, however, intercalation can occur in one part of the
DNA and mainly cooperative binding in another. The part with lower K'-value
will have oK’ smaller than the other and therefore stacks will be stable up to a
larger p-value. The part with a larger K’ will then be in a stage with only
intercalated AO molecules, whereas the other still has stacks. This behavior
could explain the possibility of elimination of episomes from bacteria (Halm
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and Ciak, 1971) or the possibility of staining RNA and DNA in a different way
(Taraganos et al., 1977). The model also applies to other dyes and drugs stacking
and intercalating to a linear charged biopolymer.

The fluorescent aspects are not yet completely analyzed but the main
properties for AO are the quenching of cooperatively bound dye fluorescence
and the increase in fluorescence for intercalated AO (Schreiber and Daune,
1974).
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Appendix

To decide whether we have an AAB or a BAB complex forming we must consider the following
equilibria:

Equilibrium Equilibrium constant Absorption coefficient of the product
A+A=AA Kp €p,
A+B=AB Kap €45, (A1)
BA + B= BAB Ky €g,
A+ AB = AAB K, €4 .

The absorption, including the known AO dimerization, can be calculated as follows:
A=ec]=caty + 2 Kpciep + Captan + Coapts + 2 Canpta - (A2)
The equation fiir mass conservation is:
c)=cqa+2Kpcl+ Cap+ Coan+ 2 Cans. (A3)

We look only at solutions where the weighed-in-concentration of 5'-AMP cp is much larger than
¢J. For calculation, however, we make no further difference between free and weighed-in-concentra-
tion of 5'-AMP. The following substitutions will facilitate the mathematics:

1/) = (1 + KABCB + KABKBCIZ;) 5
¢ = (em + Kapcsas + KapKpcies) , (A4)
R= CBKABKA/KD N

Q = (1 + Res/ep)/(1 + R),

o= (¢~ epyQ).

Egs. (A2) and (A3) are rewritten as:
A =cu0 + 2 Kpci(ep + Rey), (AS)
cd=cap +2Kpci(1 +R). (A6)
This form clearly shows the ¢, dependence, if cp is constant. With cg constant, ¢, ¥, and R are
also constant. The Egs. (A5) and (A6) are suitable for the computer. To discuss the model, plots
of the measurements should be produced, which can easily check the different possible equilibra.
Therefore we further transform Eqs. (A5) and (A6):
2 Kpe} = (e — ca)/(1 + R), ' (A7)

ca = (e — Qep)cdia. (A8)
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Introducing ¢, from (11) into (A6) we obtain the fundamental equation:

wla + 2 Kped(1 + R)(e ~ epQ)a = (e — epQ)" . (A9)
For the discussion, it is useful to make the approximation Q = 1.

(e — e0Q) 7 = (e — &p) ™ + (Q — Den/(e — e0)’ (A10)
and to introduce it into (A9).

Yla + 2 Kped(1 + R)(e — ep)a? (A11)
+ {2 Kped(1 + R)ep/a + ep/(e — e)*}(1 — Q) = (¢ — &p) ™"

This equation can now be discussed for the different models.
For the case that only BAB would be formed we have K, = 0 ML, R=20,and Q = 1.
Eq. (A11) reduces to

wia + 2 Kpcd(e — ep)la® = (e — ep) ™. (A12)

A plot of (¢ — ep)™" as a function of c{(s — ¢p), leaving ¢ constant, should show a straight line
(Fig. 6). The intercept I and the slope § are:

I=yla; S=2Kya*. (A13)
Forming the ratio I/§"?, a is eliminated
/S = /(2 Kp)'”. (A14)

A plot of I/S 2 a5 a function of ¢p should show a straight line, but not as measured a curve with
decreasing slope (Fig. 7). With increasing c; one should get quadratic terms in ¢ and the slope
should increase.

Therefore the BAB-complex will not form up to ¢z = 2 - 107> M. But the decrease in slope
in Figure 7 tells us that there is more than just an AB-compiex forming.

For the case that only A4 B would be formed we have Kz = 0M™; R+ 0; Q =+ 1.

The straight line of Figure 6 can only be explained by Eq. (Al1) if (1 — Q) becomes very
small. We assume Q = 1, i.e., g4 = £p and we will see later how far this assumption is necessary.
The slopes and the intercept of the lines in Figure 6 are:

S=2Kpl+R)a*> and I=yla. (A15)

The slope is larger by a factor (1 + R) than the slope in the BAB model.

T T T
(o]
4
jof +
E 25+ /0/ ,+/ T
oz /o ’/+ -~
7 &
2 o/0 / v D/
o’ o/// g g /U’D/
Fig. 6. The absorption measurements at -l 20k o&}/{u/c’ .
492 nm are plotted following Eq. (A12). /é/ -
The axis intercept I and the slope S can ,gﬁg/
be determined at constant cz. O: ¢z = 0 M; = ;%'
x: ¢ = 0.003 M; A: ¢z = 0.007 M; jo
O:cp=0.015M 1 1 I




88 V. von Tscharner and G. Schwarz

T T
~ )
o
= 101 o ~
o~ o-o/
= P
o
e
= 05F N
Fig. 7. The axis intercept I and the slope S
determined in Figure 6 are plotted following
Eq. (A14). The data points are fitted by the
I L calculated curve
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Fig. 8. The axis intercept / and the slope S
determined in Figure 6 are plotted following
Eq. (A16). The axis interceptsis (2 Kp)"'? and the
] 1 slope K45/(2 Kp)'*
1
C, 107M

The o is eliminated also by forming the ratio.
I/ = (1 + Kapes)/[(2 Kp)'*(1 + R)YY]. (A16)

The slope in a plot of 1/5" as a function of ¢ would be decreasing (Fig. 7). A plot of (I/S'?)(1 + R)"?
as a function of ¢z should become a straight line for the correct K. Taking the correlation coefficient
as a measure for the linearity of the plot, we found R = 56.9 M~ ¢ to be the best value. The
slope of the line is K4p/(2 Kp)"'? and the intercept (2 Kp)™2 From Figure 8 we found: K,z =
100 + 5M 'and K4 = 8.2 - 10* M~ and from Egs. (A15) and (A4)

a=yp/l,

¢ = (U1 + ep)y = ey + apKancs . (A17)
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Fig. 9. ¢ calculated from Eq. (A17) as a function
of ¢ yields a straight line with the slope K4peas.
This determines g4p ]

Cg 102 M

A plot of ¢ as a function of cp has a slope of e45K4p and the intercept is &y. From Figure 9:
e =55-10°M7, &4?=6.52-10* M.

The intercept £y is 2.5% smaller than determined with pure AO. With the measured data
for any value of £4 < 5,000 M~! cm™ no detectable change in the absorption measurements could
be seen.

The results show that the complex BAB is not formed for 5'-AMP concentrations smaller than
2 107>M. If in the AAB model some BAB complexes would have been present (Kz small but
Kp #+ 0), values of K,5 and K, would have been determined too small. Therefore the current values
must be considered as lower limits. The AAB model fits the absorption data when 52 < 5,000 M™!
em™!. &5 is of the same magnitude as 57 and K, the same as K. Therefore the assumption that
the second AO binds to the AB on the A side is confirmed. This complex could also be formed
by binding an AO dimer to the 5'-AMP, but the two mechanisms can only be discriminated by fast
kinetics. We prefer the model of binding one AO after the other because it is more general and
it is not known if the relative orientation of the two molecules remains the same as in the dimer.
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