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Conductivity, emf and spectroscopic investigations were made for the dimerization process of Acridine Orange

(AO) and for the complex formation of AO with poly(a,L-glutamic acid) (PLG) in water.

The increase of the

dimer species of AO by adding the neutral salt was quantitatively explained, taking the ionic strength into ac-
count. From the emf measurements, the inclusions of Cl~ into PLG-AO complex were concluded to be negligible,

whereas Na* was included into this complex to a fairly appreciable extent.

The association of Na+ with carboxy-

late groups in the PLG-AO complex was described on the basis of the ordinary law of mass actions. The associa-
tion constant K; was unaffected by the presence of AO even in the helical region of PLG. These results strongly

support Schwarz’s theory on cooperative binding.

Many authors have studied the interactions between
Acridine Orange (AO) and a number of polyelectrolytes
from various standpoints.!~?)  These investigations have
shown that the addition of electrolytes affects the
properties of the poly(«,L-glutamic acid) (PLG)-AO
complex such as absorption spectra, circular dichroism,
helix-coil transition, and so on.

To interpret the effects of Cl~ on the PLG-AO
complex, two different assumptions were adopted.
Sato et al. assumed that (i) Cl- associates with AO
dimer in the following manner:58)

2A0+ + Cl- == (AO),CI+ (1)

and then (ii) this (AO),Clt+ is bound to the ionized
carboxyl groups (-COO-) of PLG. On the other
hand, Schwarz et al. have assumed that AO dimer
does not involve C]-.3:4:9,10)

AO+ + AO+ == (AO),++ )
Lamm and Neville, however, have found that it is
impossible to distinguish the two mechanisms above
by spectral means alone.!V)

To interpret the kinetic results for the reaction
between AO and PLG, Schwarz offered the cooperative
binding theory in which the binding of Na+ to -COO-
plays an important part in determining the rates.2:3)
He assumed that (i) AO* binds to ~-COO~ cooperative-
ly, while Na+ binds to ~-COO- non-cooperatively and
(i) and Nat bind to —-COO- competitively one
another.

Now the following questions arise:

(a) What kind of a participation of Cl- occurs
when AO self-associates to dimer species?

(b) How many Cl- and/or Nat ions are included
into PLG-AO complex?

(c) Are Schwarz’s assumptions above described
correct?

No complete study, however, has been made on the
equilibrium among many ionic species in the present
system. In order to answer the questions above,
the present paper reports the results obtained by con-
ductivity, emf and spectrophotometric methods.

Experimental

Materials. Sodium salt of PLG (Na:-PLG) purchased
from Protein Research Foundation was used without further
purification. The molecular weight of the sample (66000
in the acid form) was deduced from the intrinsic viscosity

(1.42 dl/g) in 0.2 M NaCl at pH 7.3, using the calibration
determined by Wada.!® The concentration of the glutamyl
residue was calculated using a value of 169 for the mean
residue weight of monosodium glutamate monohydrate.

Acridine orange hydrochloride (AO-HCI), purchased
from Wako Fine Chemical was recrystallized five times
from water-methanol mixture. The apparent molar absorp-
tion coefficient at 492 nm was 5.0%x 10 M~! cm~! under
the following condition; [AO]=1.0x 10> M, pH=6.0 and
293 K. The elemental analysis showed that the AO-HCI
purified in this way contained 3% NaCl as a contaminant.
For the measurement of the activity of Cl-, the total amount
of Cl- added was corrected by this excess Cl-. The con-
ductivity of AO-HCI solution was corrected in the following
way:

k(corrected) = k(observed) — k(excess NaCl)

where k(corrected) and k(observed) denote a corrected
specific conductance and an observed specific conductance,
respectively. k(excess NaCl) was the specific conductance
of the solution containing the same amount of NaCl only
as in the sample solution. For the spectroscopic measure-
ments, this excess Cl- was neglected, considering that an
added NaCl was in large excess at least by a factor of 100.

Acridine orange zinc chloride AO-HZnCl; (Merck) was
three times recrystallized from ethanol. Other materials
were reagent grade. Water was deionized and distilled
once.

Instruments. The absorption spectra were obtained
by a Hitachi EPS-3T recording spectrophotometer. The
emf was measured with a Radiometer “PHM-4d.” The
electrochemical cells used for the measurements of Cl- and
Nat activities are

AO-HCI
HgCl,(s)/Hg | satd KCI | or l] Ag/AgCl
AO-HCl+Na-PLG
3)
and
Na-PLG+ Nat selective
HgCly(s)/Hg | satd KCI | __ AO-HCI | glass electrode
Na-PLG
4
respectively. A Nat selective glass electrode No. 1512-

05T was offered by the Horiba Co., Ltd. A silver-silve-
chloride electrode was prepared by slowly depositing crystal-
line silver electrolytically onto a platinum wire sealed into
a pyrex glass tube. The silver chloride was formed by
electro-deposition in a 0.1 M aqueous solution of hydrochloride
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with the silvered platinum as the anode.!* Horiba No.
2010A was used as a saturated calomel electrode. The
reproducibility of the emf measurements was within =1 mV.

Conductivity was measured with a universal bridge BV-
Z-3B (Yokogawa Electric Work Ltd.) at a frequency of
1 kHz, using an ordinary conductivity cell whose cell constant
was 0.45. The pH values of the solutions were measured
with a Horiba M-7 pH meter.

Preparations and Measurements. All the measurements
were performed at 298+-0.5 K. The pH values in the
Na-PLG-AO-HCI solutions were adjusted at pH=4.53
(%0.03) and pH=7.51 (=+0.03). 5mM sodiu macetate-
acetic acid buffer and 5 mM phosphate buffer were used
for the measurements of Cl~ activity. For the measurements
of Nat activity, 5 mM tetraethylammonium (Et),N+ acetate-
acetic acid buffer and 5 mM (Et) N+-phosphate-phosphoric
acid buffer were used. Considering that tetrapropylam-
monium ion is known to bind only slightly to polyanion,!s
the effect of (Et),N*+ on the association of Na+ with —-COO-
was neglected. The activity of Nat was determined by
comparing the measured emf values at each pH with those
for NaCl solutions adjusted to pH=4.53 or pH=7.51 by the
corresponding buffer.1®

The specific conductivity of water used was 2x 10-6 )1
cm-l. The equivalent conductivity was obtained by the
usual procedures!® and was reproducible to about = (5—10)
-1 mol-! cm? on repeated measurements.

The dimerization constant K4 of AO was obtained by the
same procedure as Schwarz and Balthasar.®

Results and Discussion

I) The Role of Cl— on the Dimerization Process of AO.

A) Conductance Measurements of AO-HCl: It is well
known that the increase of the concentration of the
aqueous AO causes the spectral change due to the
increase of the aggregates containing more than two
AO molecules.?11:1%) In Fig. 1 the equivalent con-
ductivity 4 is plotted against the square root of the
concentration of the aqueous AO-HCL A increases
as [AOHCI] increases at first and then reaches the
maximum value. If AO-HCI behaves as a univalent
electrolyte, 4 would show a linear depence on [AO-
HCI] as shown in Fig. 1 with a dashed line (A)
in arbitrary unit. If the association between AO
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Fig. 1. The equivalent conductivity A of the aqueous
AQO-HCI plotted against square root of the concentra-
tion; —-—- represents the equivalent conductivity in
arbitrary unit, assuming that AO-HCl behaves as
“strong electrolyte.”
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Fig. 2. Solvent dependence of AO-HCI spectrum:
at 298 K.
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Fig. 3. The logarithm of the association constant K,
between AO* and Cl- as a function of the reciprocal
of the dielectric constant D. The notation 4 indicates
the point at D=78.5, which corresponds to that of
water.

aggregates and Cl- occurs, 4 of AO-HCI would fall
down more rapidly than the case of (A). The in-
crease of A at the concentration region from 2x 10-4
M to 8x10—*M, therefore, may be explained by
the formation of the AO aggregates which scarcely
contain Cl- ions. An extrapolation of this curve to
[AO-HCI]=0 gives a rough value to 85; 4,(AO-
HCI)=85. Substracting the limiting equivalent con-
ductance of Cl-, 4,(Cl-)=76,19) from this value, we
have the coarse limiting equivalent value of AO*,
Ay(AO+)=7. Adopting this value, 4y(AO+)=7, to
the Stokes equation,'®) an apparent diameter of AO+
is calculated to be r=10 A.

The conductivity measurements of AO-HCI were
performed in water—-methanol mixture at H,O/CH;OH
=30/70, 20/80 and 10/90 (in wt.%). As shown in
Fig. 2, the spectra of AO in these solvents clearly indicate
that AO is present as monomer species.!”) Therefore
the association constants, K,, in the following equilib-
rium were obtained by the Shedlovsky’s method.1%:20)
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AO*+ + Cl = AOCI; K, (5)

As shown in Fig. 3, the logarithm of K, linearly de-
creases with the decrease of the reciprocal of the di-
electric constant (1/D). From this linearity, it is
reasonable to presume that even in water K, should
be dominated by a function of D in a way predicted
by Bjerrum’s theory.'®) Extrapolating the linear plot
of log K, vs. 1/D to the point D=78.5 which corresponds
to the dielectric constant in water at 298 K, we obtained
a rough value of K, in water; K,=02M-1 It is
concluded, therefore, that the association between AO+
and Cl- can be thoroughly neglected in the investigated
AO-HCI concentration range.
B) Emf Measurements of Cl—in the AO-HZnClg System:
In previous paper there have been reported the results
of emf measurements of Cl- activity in the aqueous
AO-HCIl solutions.? Figure 4 shows emf values
plotted against the logarithm of the total amount of
Cl- added as AO-HZnCl,, log[Cl]. The emf values
for the AO-HZnCl, solution are in excellent agree-
ment with those for the AO-HCI solution, that is,
the emf values linearly decrease with log[Cl] at all
concentrations from 1x10-% to 5x10-3 M.
These results exclude the possibility that Cl- might
participate into the dimerization equilibrium of AO.
This conclusion coincides with that in the results in
section (4).
C) Effects of Ionic Strength on the AO Dimerization
Equilibrium: The results in (4) and (B) exclude
the possibility of the mechanism (1). Then the
mechanism (2) should describe the dimerization pro-
cess of AO correctly. The effect of the electrolyte
on the dimerization equilibrium, therefore, would be
interpreted in terms of the ionic strength.
Over the low concentration region, (1—5) x 10~ M,
of AO at 298 K in water, there is an isosbestic point
corresponding effectively to a monomer—dimer equilib-
rium.122)  The dimerization constant K, is given by
Eq. 6. '
[(A0),*]
T TRoT ©
where [AO+] and [(AO),?*] denote the equilibrium
concentrations of AO mono-cation and AO dimer,
respectively. After Scatchard,?) it is assumed that
the activity coefficient, f,, of a z-valent ion at an ionic
strength I is given by the expression

vT
ST
where A4 is a constant. For aqueous solutions at
298 K, A=0.5. Assuming Egs. 6 and 7, the Bronsted-
Bjerrum equation becomes as follows:24:2%)

VT
14+1.5yvT ®
where K, is a tentative thermodynamic dimerization
constant at /=0. In Fig. 5 the dimerization constant
K, was plotted against V1 [(14-1.5V/T). Tonic strength
was varied from 7x10-2 to 0.2 M by NaCl, NaNO,
and KCl. From the intercept of the straight line K,

was obtained to be 1x10* M-1. This value well co-
incides with Schwarz’s value.22) Thus the promotion

Ky

—log f, = AZ* )

—log Ky = log K, + 1.02
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Fig. 4. Reversible emf values plotted against the
logarithm of the total amount of Cl- added as:
® Na(Cl (in water), O AOHZnCl; (in water)
at 298 K.

of the dimerization of AO by an addition of electrolyte
is explained quantitatively, considering the increase of
the ionic strength.

II) Inclusion of Cl— into PLG-AO Complex. From
the results obtained in (I) and also the large negative
charges of PLG, the inclusions of Cl- into PLG-AO
complex would be concluded to be improbable. This
is confirmed by emf measurements as described below.

The emf measurements of Cl~ activity were performed
in the following systems:

(a) Na-PLG + NaCl at pH = 4.53,
(b) Na-PLG + AO-HCI at pH = 4.53,

where the concentration of glutamyl residue was kept
constant, varying the concentration of AO-HCI, and
finally,

(¢) Na-PLG + AO-HCI at pH = 4.53,

where the glutamyl residue to dye ratio (R/D) was
kept constant at R/D=10. The results were exhibited
in Fig. 6. The emf values for both the Na-PLG+H
AO-HCI systems (b) and (c) coincide with those for
the Na-PLG+NaCl system. The results exactly show
that there is no essential difference in the Cl- activity
among the systems (a), (b) and (c). An effect of
PLG on the emf of Ag/AgCl electrode was discussed

in ref. 21. It is reasonable to conclude that no signifi-
Lt T T
o
43} 4
< st :
g
41 T
0 1 1
é 0 0.1 0.2 0.3
v
1+1.5v T

Fig. 5. The logarithm of the dimerization constant Ky
of AO plotted as a function of the ionic strength I.
O NaCl A KCl ® NaNO;,.
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Fig. 6. Reversible emf of the cell (3) in the text as a
function of the logarithm of the total chloride con-
centration added as AO-HCI or NaCl.

(a) @ Na-PLG+NaCl at pH=4.53, and at 298 K.
(b) O Na-PLG+AOQO-HCI at pH=4.53; [Na-PLG]
is constant at 4x10-2M, and at 298 K. (c) A Na-
PLG+AQO-HCI at pH=4.53; R/D=10 at 298K in

water.
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Fig. 7. Reversible emf of the cell (4) in the text as a
fuuction of the logarithm of the total Nat concentra-
tion at pH=4.53 and 298 K in water.

(a) O NaCl+buffer, (b) ® Na.PLG - buffer,
(¢) A Na-PLG+AO-HCI+ buffer.

cant inclusion of Cl- takes place into PLG-AO com-
plex.

III) Effects of Nat on the PLG-AO Complex. As
stated previously, Schwarz and Balthasar explained the
interaction between AO and PLG in the random coil
conformation in terms of the cooperative binding
theory.? The assumptions made in this theory have
been verified to be valid.?®) In order to interpret the
interaction between AO and PLG in helical con-
formation, it would be worthwhile to examine the
validity of the assumptions even in the helical region.

Figure 7 exhibits the emf values of the following
systems at pH=4.53:

(a) NaCl in water,
(b) Na-PLG in water,
(¢) Na-PLG + AO-HCI in water at R/D = 10.

At pH=4.53 PLG is present in the helix conformation
with carboxyl groups partially ionized. The con-
centration of the ionized carboxyl groups, [-COO-],
was calculated from the degree of PLG ionization, «,
defined by

Fumiyuki WATANABE
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TABLE 1. ASSOCIATION CONSTANT K, BETWEEN

Nat anp -COO-2®

In the random In the helix

coil region region
(pH=17.51) (pH=4.53)
Tn the presence 90-20 M-1) 48:+-20 M1
In the absence 87420 M-t ») 50-+20 M-1
a) Cited from Ref. 26.
[-COO-]

* = [-COOH] +[-COO] ©)
where [-COOH] denotes the concentration of the
protonated carboxyl groups in PLG. The value of
o was assumed to be «=0.35 at pH=4.53 according
to Jacobson’s data.?) The association constant K;
between Nat and —COO- in the helical Na-PLG was

obtained according to Eq. 10,
_ [-COONa]
~ [-COO-][Na]
where [Na] indicates the free Nat concentration
obtained from the emf measurement. [-COO-] and
[-FCOONa] are free carboxylate ions and ion-paired
carboxylate ions, respectively. They were calculated
by Eq. 11,

[-COO-] = [-COO-], — [-COONa]

[-COONa] = [Na];, — [Na]

where [ ], indicates the total concentration of each
ion. K, was obtained to be 5025 M~ in the range
of [Na], from 1x10*M to 1x10-3M.%® This
value well agreed with Nitta and Sugai’s data;)
20—309, of [Na], are present as the ion-pair at [Na-
PLG]=0.011 M. In the presence of AO, K, was
calculated to be 48+20 M-, assuming that the three
carboxyl groups are bound to the three nitrogen atoms
in one AO molecule.®?

The agreement between the two K, values reveals
that the association between Nat and —COO~- can be
described with the single association constant K,
irrespective of the presence of AO. This conclusion
has been found to hold also in the random coil region
(at pH=7.51) as represented in Table 1.

These results show that the assumption in Schwarz’s
cooperative binding theory as stated in the introduction
section is valid; namely Na* binds with —-COO~ to a
certain extent non-cooperatively even in the helical
region. It has been also known that the reaction
between AO and PLG in the helix conformation
displays a non-exponential relaxation curve.?

Considering these findings, it is expected that this
reaction may be described by the theory which is
similar to Schwarz’s cooperative binding theory and
in which the association between Na+t and —-COO- is
taken into account.

K (10)

(11)

The author would like to express hearty thanks to
Horiba Co., Ltd. for kindly offering a Na* ion selective
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June, 1976]
References

1) V. Vitaglino and L. Costantino, J. Phys. Chem., 74,
1971 (1970). ’

2) G. Schwarz, Eur. J. Biochem., 12, 442 (1970).

3) G. Schwarz and W. Balthasar, Fur. J. Biochem., 12,
461 (1970).

4) G. C. Hammes and C. D. Hubbard, J. Phys. Chem.,
70, 1615 (1966).

5) Y. Sato, M. Hatano, and M. Yoneyama, Bull. Chem.
Soc. Jpn., 46, 1980 (1973).

6) R. E. Ballard, A. J. McCaffery, and S. F. Mason,
Biopolymers, 4, 97 (1966).

7) Y. Sato and M. Hatano, Bull. Chem. Soc. Jpn., 46,
3339 (1973).

8) G. R. Haugen and E. R. Hardwick, J. Phys. Chem.,
67, 725 (1963).

9) D. J. Blears and S. S. Danyluk, J. Am. Chem. Soc.,
89, 21 (1967).

10) R. E. Ballard and C. H. Park, J. Chem. Soc., 4, 1970,
1340.

11) M. E. Lamm and D. M. Neville. Jr., J. Phys. Chem.,
69, 3872 (1965).

12) A. Wada, J. Mol. Phys., 3, 409 (1960).

13) J. C. T. Kwak, J. Phys. Chem., 77, 2790 (1973).

14) D. J. G. Ives and G. J. Janz, “Reference Electrodes,”
Academic Press, New York, N. Y. (1961).

15) H. P. Gregor and M. Frederick, J. Polym, Sci., 23,

Study of Acridine Orange-Poly(«,L-Glutamic Acid) Complex

1469

451 (1957).

16) R. A. Robinson and R. H. Stokes, “Electrolyte Solu-
tions,” Butterworth Scientific Pub. London (1965).

17) V. Zanker, a) Z. Phys. Chem. 199, 225 (1952), b)
ibid., 200, 250 (1952).

18) E. A. Guggenheim and J. E. Prue, “Physicochemical
Calculations,” North-Holland Publishing Company.

19) T. Shedolovsky, [J. Franklin, Inst., 225, 739 (1938).

20) T. Shedolovsky and R. L. Kay, J. Phys. Chem., 60,
151 (1956).

21) F. Watanabe, J. Phys. Chem., 80, 339 (1976).

22) B. H. Robinson, A. Loflier and G. Schwarz, J. Chem.
Soc. Faraday 1, 69, 56 (1973).

23) G. Scatchard, Chem. Rev., 19, 309 (1936).

24) A. A. Frost and R. G. Pearson, “Kinetics and Me-
chanisms,” John Wiley & Sons. Inc. (1961).

25) E. S. Amis, “Solvent Effects on Reaction Rates and
Mechanisms,” Academic Press, New York (1966).

26) F. Watanabe and A. Yamagishi, Biopolymers, in press.

27) A. L. Jacobson, Biopolymers, 2, 237 (1964).

28) The association constant K; between Nat and —-COO~-
varied considerably with the variation of «; for example,
K;=78+35 for «=0.30, K;=50-+20 for «=0.35, K;=36+15
for «=0.40 and K;=28+15 for «=0.45. At the present
stage, therefore, we do not discuss whether K; in the helical
region agrees with that in the random coil region or not.

29) K. Nitta and S. Sugai, Ann. Rep. Res. Group Biophys.
Jpn., 5, 83 (1965).






