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In order to study quantitatively the metachromatic behaviour of crystal violet (CV) in the presence of poly (a-L-glutamic
acid), (poly (Glu)), four sets of the absorption spectra of the poly (Glu)-CV sysiem were analyzed by the extended principal-
component-analysis (PCA) method. Two classes of CV-Glu complexes, i.e., the bound-CV species, are present in poly (Glu)
regardless of its nelical and random-coiled conformations over a wide range of the mixing ratios of GJu residues to CV (P/D).
The spectra of the bound CV in a low P/D range < 100 (complex I), extracted by the PCA method, are conformation-de-
pendent showing three absorption bands at 506, ca. 550, and 610620 nm. The spectra of the bound CV in a high P/D
range > 100 (complex II) are closely relaied to, but not identical with, the free CV. The molar fractions of free CV and
complexes I and 11, evaluated in the P/D range of 0—150, indicate that CV binds more to the random-coiled poly (Glu) than
to the helical one. Metachromasy of CV results from a complicated interplay of an unbound and two differently bound

species.

1. Introduction

Metachromasy, the well-known phenomenon of
spectral changes of a dye in the presence of a polyelec-
trolyte, has been investigated on the various dye-poly-
electrolyte systems [1-—22]. In some of these investiga-
tions, attempis were made to extract the pure spec-
trum or spectra of the bound dye from a series of ex-
perimental spectra of the dye-polyion system by the
equilibrium dialysis method [4—-6,19], the graphical
method [7,17], or the extended principal-component-
analysis (PCA) method [20,22]. The numbers of the
chemical species of dye bound to polyion and the cor-
responding bound-dye spectra are of utmost impor-
tance in the precise and quantitative interpretation of
metachromasy. o

The PCA method was previously extended to cover
chemical equilibria [23] in such a way that the anal-
ysis of the metachromatic behaviour of a dye-polyion
system becomes possible. The extended PCA method

* This is Part VI of Metachromasy. For the preceding paper,
see ref. [22]. :

treats such spectra as absorption, circular dichroism,
and optical rotatory dispersion, as the vectors [20,23,
24}, and requires no assumption except for an appro-
priate equilibrium scheme. Therefore, this computer-
based method can process the experimentai data, col-
lected without disturbing an equilibrium system, to
extract information not only on the number of the
colored species (absorbers) in a chemical equilibrium
but also on the unknown spectra of the species and
the equilibrium constant. In equilibrium dialysis [4—o,
19], for example, the measurement of the equilibrium
concentrations is required, but the dialysis membrane,
which adsorbs dye molecules, is a major disturber and
the Donnan effect is another serious problem. If this
effect is suppressed by the addition of a simple elec-
trolyte, a competitive reaction often occurs between
the added salt and the ionic dye to shift the true
equilibrium condition.

Metachromasy resulting from the interaction be-
tween dye and polyelectrolyte is affected by a partic-
ular conformation of the polymer besides pH, temper-
ature, ionic strength, and mixing ratio of polymer
residues to dye (P/D). Attempts have been initiated
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for the differentiation of the polymer conformation
by the use of a metachromatic dye [6,15,19,21]. For
this purpose, poly(amino acids), whach undergo revers-
ible conformational changes by experimental condi-

tions, are suited for the model system: Poly (a-L-glumatic

acid) has been extensively used in combinations with

dyes of various structures which show some pronounced

metachromasy bands in the visible absorption spectra
[1,2,10,11,16,18 21].

In this work, the extended PCA method has been
applied to the systems between crystal violet (CV),
which shows a remarkable metachromasy [3,8,9,11,13,
20,22], and poly (a-L-glutamic acid), which retains
either random-coiled or helical conformation, over a
wide P/D range Free CV and a kind of bound CV are
present in a low P/D range, while two kinds of bound
CV (designated as complexes I and I) are formed in a
high P/D range. The unknown pure spectrum and the
binding curve of each species are given; the spectra of
the bound CV 1n a neutral pH differ from those 1n an
acid pH showing the conformation-specificity of CV.

2. Experimental
2.1. Materials

Sodium poly(a-L-giutamate), hereafter denoted
simply as poly(Glu), was a gift of Dr. Hiroshs Sato of
Mitsubishi Rayon Co. It was purified by fractional
preapitation from the water-acetone system. The
weight-average degree of polymerization was ca. 590,
which was estimated from an intrinsic viscosity of
0.747. Crystal violet in the form of chloride was pur-
chased from Chroma Gesellschaft, Schmid & Co. and
was purified by recrystalhzation [13].

2.2. Procedures

The following four poly(Glu)-CV systems A-D were
studied: in systems A and B the pH was adjusted to
about 7.4 and 5.0 with sodium cacodylate buffer re-
spectively. The pH was about 7.6 in system C, while it
was adjusted to 4.1 by adding HCl in system D. The
concentration of CV was fixed at ca. 1 X 10— molf

_dm3 in all systems. Each sample solution was prepared
for absorption measurements separately. The extended
PCA procedure was applied to a family of five to seven

absorption spectra for each poly (Glu)-CV system in

the same manner as already described elsewhere [20,
22]. A summary of the present procedure is given in
Appendix.

23 Ille;xsurements

Absorption spectra were measured with a Hitacld
model EPS-3T recording spectrophotometer at 25°C.
Matched quartz cells of 1 cm 1n path length were used.
The pH of sampie solutions was measured on a
Hitachi-Horiba model F-7 pH meter with a compound
electrode.

3. Results and discussion
3 1. Low P/D range systems A and B

The observed spectra in systems A (P/D =0—-1.0)
and B (P/D = 0—2.0) and the pure spectra of CV
bound to poly(Glu), extracted by the extended PCA
method, are shown in fig 1. The experimental spectra
in both systems have a broad maximum at 592 nm
and two isosbestic points at 530 and 636 nm for sys-
tem A and at 528 and 633 nm for system B as indicated
by arrows. The existence of these isosbestic points in
each famuly of the spectra indicates that each system
may be composed of only two colored components,
probably a free CVa and bound CV, and that the
bound CV may depend on the conformation of poly-
(Glu). The absorbance at the metachromasy band
(506 nm) ncreases with an increase in P/D values, in-
dicating that the pure spectrum of each bound-CV
species may have a major absorption peak near 506 nm.

The PCA procedure was apphed to each family of
the observed spectra in order to determine the number
of the colored species. The eigenvalues A; were plot-
ted against components on a logarithmic scale in fig. 2.
In each system a large gap is clearly seen between the
eigenvalues of the second and the third component,
while the differences i1n eigenvalues between tilq third
and the higher components are small and the eigenval-
ue of the thard is almost the same as the noise level.
The value of log(A,/A3) was about 5—6, which is be-
yond the present criterion (the dashed line). There-
fore, it can be concluded that these systems contain
only two colored components [2Q,2~2,23]<: omne is the
free CV and the other is the CV bound to poly (Glu).
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Fig. 1. Absorption spectra of CV in the presence and the ab-

sence of poly(Glu) and the pure absorption spectra of bound

CV (cizcles) in the Jow P/D range. (a) system A (pH =7 4)

and (b) system B (pH = 5.0). The P/D values are given in tenns

of the molar ratio of Glu residuts-to-CV in each poly(Glu)-

CV solution. The experimental molar absorption coefficient

€ (mol™? cm™ dm?) is expressed in terms of the total CV con-

centration in each solution, while the e-value of bound CV is

computed from the e-value of all the solutions with the aid

of eqgs. (2) and (5) of ref. [20]. The P/D values are 0,0.2, 0.4,

0.6, and 1.0 for (2) and 0,0.2,0.6, 1.0, 1.4, 1 8, and 2.0 for
(b), asindicated. .

Since the binding reaction of a polyion with a dye
cation often deviates from a simple equilibrium scheme,
the previous equilibrium equation with a single adjust-
able parameter, a, {20,22] will be used here for the
PCA procedure: -

K, = [DP"}/[D][P1= 65

2
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Fig. 2. Reiation between eigenvalue A; and the 71th component
for system A (circles) and system B (triangles).

where D and P are the free CV and the unoccupied
binding site of poly (Glu), respectively, while DP* is
the bound CV which is associated with an absorption
spectrum different from that of the free CV. The
brackets indicate the equilibrium concentration of
each species. The 2 is an empirical parameter, whichis
affected by many factors such as temperature, ionic
strength, added salt, P/D, and the degree of polymer-
ization of a polymer [22], and is determined by opti-
mizing the deviation of the equilibrium constants
from the mean value [20,22].

The mean eguilibrium constant and the optimized
« value are given in table 1. The K} in the table is a
quantity related to the K as:

Ky =K,[pj=—? @
and is equal to [DP*1/[D] - [P] at P/D =1 [20,22].
Th.ese K] values suggest that the binding of CV to

poly (Glu) is much weaker than the binding to most of
other polyelectrolytes [20]. The result also indicates

Table 1
‘The empirical parameter o« and the equilibrium constants K;

and K7 in the low P/D range

Systems @ K@ KD
A(pH = 7.4) 2.0 9.2 x 10° 4.3x%x10%
B (pH =5.0) 1.3 48x10° 1.2 x10%

@) The dimension is given by [mol- dm™3] %
b) k4 = K-{P]*! at P/D = I. The dimension is given by
{mol-dm™3T1.
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that CV binds less to the helical poly (Glu) than to
the random-coiled poly(Glu). If the « value in eq. (1)
is less than, or equal to, unity, the optical titration
curve of a free CV solution with a poly (Glu) solution
should be monotonous [20]. However, the a values
for systems A and B are both larger than unity, sug-
gesting that the titration cvrve would have a convex
curvature in the initial low P/D range.

The pure spectra of bound CV in both systems are
shown by open circles in fig. 1. Three metachromasy
bands are clearly discernible. They are termed the
Meta Sy, Meta S, and Meta L bands (S and L signify
the bands on the shorter- and longer-wavelength sides
of the principal band of the free cationic CV with the
suffix number from the one closest to it) [20]. The
bound-CV spectra have a major absorption band (the
Meta S,) at 506 nm and a distinct shoulder (the Meta
S, ) near 550 nm. The positions of the Meta L band,
however, differ from each other in systems A and B.
This difference may result from the conformation of
poly (Glu), as was already observed in the DNA-CV
systems [20]. The bound-CV spectra in systems A and
B are similar to those obtained in many polyelectro-
Iytes with various ionizable groups [20]. Nevertheless,
subtle differences in the bound spectra are clearly
noted. They depend on the conformations and the side
chain groups of individual polyelectrolytes. This spe-
cificity seems to be particularly reflected on the ab-
sorption intensity of the Meta S; band near 550 nm
(cf. fig. 6 of ref. [20]).

3.2. High P/D range systems C and D

The observed spectra in systems C (P/D = 60—150)
and D (P/D = 20—75) are shown in fig. 3. With the in-
crease in P/D, the absorbance at the band maximum
of free CV (592 nin) increases, while the absorbance
at the metachromasy band (506 nm) decreases. The
spectra in these two systems seem to have three bands,
respectively, but their relative intensities differ depend-
ing on the conformation of poly(Giu). The isosbestic
points indicated by arrows (530 and 638 nm in fig_3a,
and 536 and 647 nm in fig. 3b) in each family of the
spectra suggest that both systems are binary contain-
ing probably two kinds of the CV-Glu complexes, i.e.,
two bound-CV species. .

The eigenvalues are plotted against the components
in fig. 4. The number of the colored species in each sys-
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Fig. 3. Absorption spectra of CV in the presence of poly(Glu)
in the high P/D range (solid curves) together with the spectra
of CV only (dashed curves). (a) system C (pH = 7.6) and {b)
system D (pH = 4.1). The P/D values are 60, 80, 100, and 150
for (a) and 20, 30, 40, 50, and 75 for (b), as indicated. The
e-values are expressed in the same manner as in fig. 1.
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Fig. 4. Relation between eigenvalue A; and the ith compo-
nent for system C (circles) and system D (triangles).
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tem is indeed determined to be two from the relative
magnitude of the eigenvalues. It was concluded that
these two species in each system were the bound CV,
without the free CV, in contrast to the low P/D range
systems in which one is the free CV and the other is
the bound CV. This conclusion was based on the re-
sult that the addition of the absorption spectrum of
the free CV made the eigenvalue of the third compo-
nent, A3, larger than the preset limit.

Now, the two bound-CV species and their spectra
are all unknown a priori and the binding reactions be-
tween CV and poly(Glu) in a high P/D range have not
been established experimentally. Therefore, a number
of equilibrium schemes were tested in this work for
the PCA procedure, in order to optimize the deviation
of the computed equilibrium constants and to extract
the bound spectra. After several trial-and-error tests,
the following two types of schemes were found satis-
factory:

K> = [DP18/[(PD*),]1 P,, 3)
and
K = [DP] [PNa]/[DP*Na*]1[P—]7. @

Eg. (3) is based on the analogy with the dimer forma-
tion of two nearest-neighboring dyes, each being
bound to a Glu site. DP and (DP*), may thus be a
bound monomer and a bound dimer, and P, is the to-
tal residue concentration of poly(Glu) in a sample so-
lution. If the dimer is actually formed, the value of 8
should probably be two. Eq. (4) represents a case in
which a nonabsorbing component is involved. DP and
PNa are the bound dye and the neutralized binding
site. P— and DP*Na* symbolize the dissociated site
and the dye bound to the site in which an Na* (non-
absorber) is involved. The 8 and 7 are presently con-
sidered only as the empirical parameters and may in-
clude such various factors as the shape factor, electro-
static potential, and others characteristic of a poly-
electrolyte. Neither of schemes (3) and (4) is claimed
to be unique at present.

The PCA results are given in table 2. Both Sand -y
would be two and one, respectively, if a simple dimer
formation or a participation of counterions occurred
on a poly(Glu) chain. This result indicates that the
true binding reaction may be more complicated than
that expressed by either eq. (3) or (4). For conve-
nience’s sake, each of components (DP*), and DP*Na*

will be termed complex I, which is outstanding on a
lower P/D side, while the other component DP will be
named complex I, which is predominant on a higher
P/D side. The pure spectra of complexes I and H in
system C are shown in fig. 5 (a). The spectra of com-
plexes I obtained on the basis of the two assumed equi-
librium schemes agree well. The difference in terms of
the e-value is less than 4% between the two schemes;
the same is true of complexes II. The spectrum of
bound CV in complex I shows the Meta L and Meta 5,
and S, bands, while the one in complex II is rather
close to, but by no means identical with, th= spectrum
of free CV.

The pure spectra of complexes I and I in system D
are shown in fig. 5(b). They depend slightly on the
equilibrium schemes. The spectrum of complex I now
shows a distinct Meta S; peak at 545 nm and the
Meta L band at 610 nm, while that of complex Ii is
quite different from the spectrum of the free CV. Com-
parison of the spectrum of complex 1 in system C (fig.
5a) with the bound-CV spectrum in system A (fig. 1a)
reveals that these absorption spectra are very alike,
showing peaks at ca. 510 and 620 nm and a trough
near 600 nm. The bound-CV spectrum in system B
(fig. 1b) is also closely related with the spectrum of
complex I in system D (fig. 5b), both having three
metachromasy bands near 510, 550, and 610—620 nm.

From the above results, the bound CV in the low
P/D range may be considered to belong to the same
class as complex I (both of them will be denoted sim-
ply as complex 1), as far as the conformation of poly-
(Glu) remains almost unchanged in the neutral or acid
pH range. Some minor differences in the spectral pro-

Table 2

The empirical parameters g and 7 and the equilibrium con-
stants K5 and K3 for the poly (Glu)-CV solutions in the high
P/D range

Systems 8 K2 ¥ K3 D

C(H=76) 23 7.1xX 1072 09 84x1073
a%© 0.94%)

D@EH=4.1) 29 3.0 0.8 1.5%x1073
(3.6%) G%)

3) The dimension is given by [mol- dm—3]872.

b) The dimension is given by [mol- dm3]1~7.

©) The numeral in parentheses is the deviation of either K5
or K3 from the mean value.
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Fig. 5. Pure absorption spectra of bound CV-Glu complex X
{open symbols) and bound CV-Giu complex 11 (closed sym-
bols) in the high P/D range. (a) system C and (b) system D.
Triangles and sguares denote the spectra which were extract-
ed by the extended PCA method with the aid of eqgs. (3) and
(4), respectively, while the dashed curves are the spectra of
free CV for comparison. The molar absorption coefficients, ¢,
of the bound CV species are expressed in-the same manner as
infig. 1.

files may be due to the solution properties such as the
skightly different pH values, i.e., 5.0 versus 4.1 and

7.4 versus 7.6 with and without buffer salt. Therefore,
the species responsible for metachromasy of CV bound
to poly(Glu) in systems C and D is not complex H,
which is dominant in the extremely high P/D range

(> 100), but is complex I, which is in abundance in the
relatively low P/D range (< 100). The bound-CV spec-
tra clearly reveal that metachromatic features depend
on the conformation of poly{(Glu). They also verify
that the spectral profiles in the very high P/D range
result from the bound CV but not from the free, un-
bound CV,

Molar Fraction
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Fig. 6. The molar fraction versus P/D cusves of free CV (closed
circles), complex I {(open symbols), and complex II (closed
squares and triangles). These symbols denote the molar frac-
tions which were obtained by the extended PCA method

with the equilibrium schemes (1), (3),and (4) given in the text.
Triangles and squares correspond to schemes (3) and (4) in

the hizgh P/D range, respectively, while the solid and dotted
fines were obtained by the use of egs. (1), (3), and (4) to-
gether with the values of a, g8, v, K1, K2, and K3 given in
tables 1 and 2, as appropriate. (a) the neutral pH system A
and C, and (b) the acid pH systems Band D_

3.3. Binding curves

Fig. 6(a) shows the variation with P/D of the molar
fractions of free CV (X)), complex 1 {Xy) and com-
plex 11 (X3;) in the neutral pH region which were cal-
culated on the basis of the PCA procedure [cf. eq. (4)
of ref. [22]]. The analytically obtained points are in
good agreement with each sigmoidal curve (solid and
dotted lines) which is calculated from the «value and
the equilibrium constant K [cf. eq. (2) of ref. [22]]. The
results show that X; increases at the expense of X,
i.e., the free CV is outnumbered by complex 1 at P/D
= 1.8 and essentially disappears at P/D = 10. (The
bound CV in the low P/D (0--1) is assumed the same
species as complex 1) The X; then decreases gradual-
ly with the increase in P/D through a maximum at a
P/D of about 7 (dashed line). The Xy increases in the
higher P/D range, as the Xj decreases; they may be
equal at a P/P about 200, beyond which complex Il
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~ would be in excess of complex 1, i.e., metachromasy
of a poly(Glu)-CV solution begins to diminish.

The dependence of the molar fraciions of Xy, X; I
and Xy; on P/D in the acid pH region is shown in fig.
6(b). These binding curves indicate that the fraction
of bound CV (X7) at P/D =1 is only one-tenth of the
total CV present in solutions at pH 5.0, in a marked
contrast to the results in fig. 62 in which the Xj in so-
lutions at pH 7 4 is about 0.25, i.e., every fourth Glu
residue is occupied by a CV. This is partly because the
ionized residues are very few at the low pH. If only
two colored species, i.e., a free CV and a bound CV,
should prevail over an entire P/D range, the free CV
would still remain at P/D = 100 in the acid pH region.
However, as a second bound-CV species appears in
a high P/D range, the X may decrease more readily
disappearing in a much lower P/D range. This notion
is supported by the result that only two bound-CV
species, without free CV, exist in system D over a P/D
range of 2075, The molar fraction versus P/D curves
of the poly (Glu)-CV complexes obtained from the
PCA procedure differ slightly according to the equilib-
rium scheme, (3) or (4). Nevertheless, they show al-
most the same tendency.

34 Closing remarks

The extended PCA method has been shown to be
vseful for quantitative analysis of the metachromatic
behaviour of CV bound 1o poly(Glu) in the helical or
in the random-coiled conformation. It is worth men-
tion that only two classes of the bound-CV species
are sufficient to describe the seemingly complicated
spectral changes over a wide P/D range. The corre-
sponding bound-CV spectra could also be extracted
from a reasonable number of experimental spectra ac-
cording to the PCA procedure for which binding reac-
tion schemes (1), (3), and (4) were utilized. Refine-
ment of the extended PCA method is highly desirable;
for example, these schemes must be considered only
empirical at present and subject to a further scrutiny,
and the physical meaning of the parameters a, §, and
-y also remains for clarification. The PCA analysis
should be applied to the experimental data available
in an intermediate P/D range (2 << P/D =< 50) in which
probably three colored species are coexisting (free CV
and two CV-Glu complexes), once some appropriate
equilibrium schemes are devised for such ternary sys-
tems.
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Appendix
Ouzrline of rhe extended PCA method

The procedure of the extended PCA method will
be outlined here. (For details, see refs. [20,22-24].)
Consider a system in chemical equilibrium containing
p light-absorbing components. According to Beer’s
law, a data matrix, D, which is composed of the ab-
sorbances at 7z wavelengths for 2 experimental spec-
tra, Is expressed as:

Ci1----Cyp €11-+-- €1
D=Ce=| .ocoveeee || el , (A1)
le'“'cmp e]vl""epn

where C is a concentration matrix and g is a molar-
absorption-coefficient matrix.

The second-moment matrix, A, is constructed from
the data matrix and its transposed matrix as follows:

A=1DD. (A2)

The eigenvalues and the corresponding eigenvectors
are obtained by diagonalizing the A matrix. The num-
ber of the significant components (i.e., p) can be de-
termined from the relative magnitude of the eigenval-
ues [20, 22-24], since the p eigenvalues are much
larger than the others or than a noise level in a real
system.

Next, a linear-combination-coefficient matrix, f,
and a transformation matrix, t, are introduced as fol-
lows:

D=fe, (A.3)
and:
e=te. (A4

The e matrix, which consists of p eigenvectors, is trans-
formed to the D matrix by the f matrix, and also to
the & matrix by the t matrix. The C matrix is obtained
as:
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Cc= fit—1, (AS5)

The pure spectra of the p unknown components and
their concentrations involved in each data spectrum
can be evaluated, once the t matrix is available.

in order to determine the t matrix, an appropriate
equilibrium scheme must be selected [20, 22—24].
The general expression for the scheme may be written
as:

q

x=1I1 %, (A6)
where X is the equilibrium constant, X; (i =1, g(g=>p))
and v; are the ith component and its stoichiometric
coefficient, respectively. The brackets indicate the
equilibrium concentration. The quantity of S (A.7) is
the criterion for selecting the most appropriate scheme
for which the value of S reaches the minimum [20,23,
24].

-1 5 =32 12 g
S-'[n—lig-}(Kk—A) /K, (A7)

where K is the mean equilibrium constant averaged-
over m equilibrium constants (K; (7 = 1, m)). The t ma-
trix should be determined by iterative calculations.
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