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Abstract

Synthetic dyes bind to proteins causing selective coprecipitation of the
complexes in acid aqueous solution by a process of reversible denatur-
ation that can be used as an alternative method for protein fraction-
ation. The events that occur before precipitation were investigated by
equilibrium dialysis using bovine trypsin and flavianic acid as a model
able to cause coprecipitation. A two-step mode of interaction was
found to be dependent on the incubation periods allowed for binding,
with pronounced binding occurring after 42 h of incubation. The first
step seems to involve hydration effects and conformational changes
induced by binding of the first dye molecule, following rapid denatur-
ation due to the binding of six additional flavianate anions to the
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macromolecule.

Introduction

The earliest evidence for the interaction
of dyes with proteins dates from 1909 when
Serenson observed indicator errors in pH
determinations of protein solutions (1). A
few years later, Chapman et al. (2) observed
the correspondence between the amount of
dye bound and the number of proton-binding
groups in the protein. With the application of
the mass action law to multiple equilibria, a
theoretical basis became available for the
thermodynamic treatment of dye-protein
complexes (3). The ability of ionic dyes to
precipitate proteins has long since been used
in studying protein behavior upon unfolding,
protection against denaturants, preservation
of macromolecule conformation during

stress, and bioseparation (4). The methodol-
ogy for bioseparation of proteins using syn-
thetic dyes includes affinity chromatogra-
phy, aqueous two-phase partitioning and se-
lective precipitation (5). The last method,
initially suggested by Bertrand et al. (6), has
the advantage that both enrichment and con-
centration are accomplished in a single step.
Furthermore, there is less experimental varia-
tion as found in chromatographic procedures,
and the possibility of working with large
volumes of crude extract (7). Selective co-
precipitation surveys were renewed during
the last decade aiming at understanding crys-
tallization and bioseparation processes, due
to their simple execution and the low cost of
the chemicals involved (4,8). Since Bertrand
and co-workers (6) suggested protein pre-
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cipitation induced by dyes as a useful comple-
mentary method for protein purification,
much effort has been devoted to protein
isolation by matrix ligand coprecipitation
(4,6), including two US application patents
(9,10). Recently, Wu and co-workers (11)
were able to isolate lectins in a single-step
procedure from crude extract using Little
Rock Orange ligand, recovering the total
specificity of the lectin similar to that of the
product sold by Sigma Chemical Co. (St.
Louis, MO, USA).

In the present study we investigated a
generic dye-protein coprecipitating model,
the binding of the organic sulfonated nitro
dye flavianic acid to bovine trypsin, as a part
of a program for screening potential dyes for
protein isolation by matrix coprecipitation.
Flavianic acid, 2,4-dinitro-1-naphthol-7-sul-
fonic acid, is a yellow textile dye first used in
the thirties to fractionate basic amino acids
from crude protein extracts, aiming at sample
purification and the development of lysine-
and histidine-free diets (12). Lately it has
been used for histonase detection (13) and
total protein determination (14). We were
able to disclose a time-dependent feature
occurring before the aggregation and pre-
cipitation phenomena that may be relevant
to fractionation procedures through selec-
tive coprecipitation.

Material and Methods
General

Bovine trypsin was purchased from
Sigma. The concentration of enzyme active
centers was determined with p-nitrophenyl-
p’-guanidinobenzoate according to Chase and
Shaw (15). Enzyme samples were prepared
daily, centrifuged in a Sorvall instrument at
45,000 g (SS-34 rotor) for 45 min to remove
asmall insoluble residue, and filtered through
a nitrocellulose membrane. The concentra-
tion of purified flavianic acid as a twice-
crystallized monosodium salt was determined
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spectrophotometrically using extinction co-
efficients calculated for the solvent equilib-
rium system. Other chemicals used were of
analytical grade.

Dialysis equilibrium

The experiments were carried out in
acrylic cells assembled according to the speci-
fications of Teraoka and Nierhaus (16). Mem-
branes of 5000 MW cut-off were used to
separate the chamber half-cells. Concentra-
tions of flavianic acid up to 4 mM in 1.1 ml
of 50 mM sodium citrate buffer, pH 3.0,
were used. Dye was applied in buffer at 4°C
to one half-cell; the other half-cell contained
an identical volume with 0.5 mg of trypsin in
the buffer. Data were collected by withdraw-
ing 20 pl of dye solution from the free ligand
half-cell at fixed time intervals. The activity
coefficients of the free ligand were assumed
to be equal at the end of the experiment as
relatively high concentrations of protein and
salts were used in the cells, thus limiting
Donnan effects (17). The binding rate was
determined spectrophotometrically accord-
ing to the following equation:

PL, L. —(2L+L,)
P P

t t

V=

Eq. 1

where v = binding ratio of the interaction
(moles of bound dye per mole of enzyme),
PL; = number of moles of the bound ligand
(complex), P; = total number of moles of
protein added, L, = total number of moles of
ligand added, L,, = number of moles of
adsorbed ligand on the membrane, and L =
number of moles of free ligand per half-cell.

Results and Discussion
Equilibrium assays

The data obtained from dialysis experi-
ments were of satisfactory quality, with an
information content for each isotherm rang-
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ing from 4.4 to 6.0 bits, which represents 65-
84% of maximum information available for
the different incubation periods assayed (18).
The thermodynamic value for », the maxi-
mum binding ratio of interaction, was found
to be related to the time period allowed for
the chemical species to interact (upper panel
of Figure 1). The binding mode of the inter-
action also seemed to change depending on
the incubation period used: equilibrium di-
alysis conducted from 18 to 139 h of incuba-
tion periods showed a sharp change in
Scatchard profiles (19) as can be seen in the
lower panel of Figure 1. The deviations from
a straight line in Scatchard plots may be
attributed to several effects including inter-
actions due to cooperativity between neigh-
boring binding sites, heterogeneity of popu-
lation of sites and/or creation of new binding
sites. Assuming no statistical effects (19),
heterogeneity can be distinguished from co-
operativity by structural differences at the
binding sites, which are present from the
start for the former, and generated in the
course of the reaction for the latter. Ligand
isomerization (20) seems also to occur, since
the maximum molar ratio found at 139 h of
incubation indicates a number of bound
ligands that is twice larger than the 23 posi-
tive groups available on trypsin at pH 3.0
(21). Furthermore, the trend shown in the
upper panel of Figure 1 indicates a non-
asymptotic character of » values with in-
creasing periods of incubation after 42 h.
These observations suggest a two-step bind-
ing mode for the flavianate-trypsin system.
As binding models are poorly resolved in
graphic representations (22), nonlinear re-
gression based on the Marquadt algorithm
was applied to discriminate between rival
models for cooperativity, site heterogeneity
and one-site creator models of binding data
at 18 and 139 h. The binding equations are
provided by Dahlquist (19), Olsen et al. (23)
and Parsons and Vallner (24), and can be
viewed in Figure 2. All adjustments were
convergent, with tolerance satisfied and no

ill-matrix conditions. The chi-square values
obtained from the fitting are summarized in
Table 1. The data point to a statistical supe-

Table 1. Chi-square statistics (x2) obtained from
nonlinear fitting for cooperativity, site heteroge-
neity and one-site creator models applied to data
of 18 and 139 h of incubation in equilibrium dialy-
sis assays.

Model Isotherm (h)
18 139
Cooperativity 11.6 1681.0
Heterogeneity 12.1 1685.0
One-site creator 0.3 7.6
Incubation (h)
0 50 100 15|0
40 A
30 -
=
20 A
10 A
0.9 -
£ 061 —
g 0.3 -
0.0 -
0'.0 0'.3 0i6 0r9
Vrelative
a) v- K,L+2K K, L
1+ K,L+KK,L®
b) v= K,L K,L
1+KL 1+K,L
2
c) v- KL nKKL
1+KL  (A+K,L)A+K,L)
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Figure 1. Binding of flavianate to
trypsin at different incubation
periods. Upper panel: n, maxi-
mum molar ratio of binding with
increasing incubation times of
18, 42, 70 and 139 h. Solutions
of trypsin and flavianate were 21
UM and 0.8 mM, respectively.
Lower panel: Scatchard plots of
the interaction at incubation
times of 18 (circles) and 139 h
(squares); the values are relative
to the maximal ones. Dye con-
centration range was 1 pM to
0.8 mM with trypsin at 21 uM.

Figure 2. Equations provided for
nonlinear adjustments of coop-
erativity (a; 23), heterogeneity
(b; 19), and one-site creator (c;
24). Models were applied to the
equilibrium data at 18 and 139
h. Kj is the binding constant for
the interaction, L is the free
ligand concentration, and nj is
the i site population for the in-
teraction.
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Figure 3. Scatchard representa-
tion of the binding of flavianic
acid to trypsin at 18 h of incuba-
tion. The line was fitted to the
heterogeneity model with bind-
ing constants calculated accord-
ing to the deconvolution method
of Schreier and Schimmel (31).
Inset: Hill plot of the data. The
lines represent values calculated
by linear regressions applied to
the two population sites filled by
flavianate (see text).
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riority of the one-site creator model against
cooperativity and heterogeneity models (25).
Since a two-step model for the binding of
flavianate to trypsin seems to be seen only
after 42 h of incubation and with a possible
non-asymptotic trend (upper panel of Figure
1 and Figure 3), we investigated the appar-
ently more stable binding at 18 h of incuba-
tion, which precedes the second step of mas-
sive binding of flavianate. The maximum
number of sites filled by the dye on the
trypsin surface at 18 h of incubation was
estimated to be close to seven under the
experimental conditions (Figure 1). This
value was close to the five flavianate mol-
ecules found upon binding to serum albumin
atpH 5.0 (26) and also to lysozyme at pH 5.5
(27). It also shows the role of basic groups on
trypsin in the adsorption process, as the in-
crease of binding ratio was attained by low-
ering the pH value. The maximum molar
ratio found was obtained from nonlinear
estimation fitting (Sigma Plot 2.0, Jandel
Scientific, Chicago, IL, USA) of the overall
values of free ligand concentration, L, and
binding ratios, v, applied to a single hyper-
bola derived from the Adair relation (18).
The nonlinearity of the Scatchard plot
(Figure 3) suggests a dependence of micro-
scopic binding constants during enzyme satu-
ration (19). This relationship is also rein-
forced by the outline found in the Hill plot
shown in the inset of Figure 3, although the
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plot seems to be linear up to 0.1 mM of free
dye concentration (28). Scatchard represen-
tation was chosen for this analysis due to its
better sensitivity for detection of complex
systems such as site heterogeneity than Hill
plots or Langmuir-like isotherms (22). Al-
though inspection of binding curves was
used in the past to distinguish between coop-
erativity and heterogeneity models, they are
only discriminated definitely with the aid of
direct measurements such as optical rotation
or X-ray diffraction (19,27). These two mod-
els cannot be distinguished graphically, since
they predict identical profiles despite their
distinct equations (22). Furthermore, curva-
ture in a Scatchard-type plot does not neces-
sarily indicate different orders of cooperati-
vity or interference effects (29). The sub-
tractive method of equilibrium dialysis is
able to offer only indirect measurements and
indications about conformational properties
of macromolecules (27). However, the
straightforward analysis of binding data for
detecting cooperativity phenomena is mainly
done by estimating the Hill coefficient, n;
(30). This parameter indicates changes in the
chemical potential of bound and free sites as
a function of the chemical potential of the
free ligand.

The Hill plot shown in the inset of Figure
3 seems to present a curvilinear trend with a
free ligand concentration above 0.1 mM,
which results in distinct apparent 7y values
at different free dye concentration ranges.
This result suggested an apparent cooperati-
vity between sites on trypsin arising from the
first site filled on the enzyme. Up to 0.1 mM
of dye, however, the data fit reasonably well
to the unitary Hill value. This observation
suggested an interaction of flavianate with
trypsin with two different populations of
binding sites. A deconvolution method of
successive approximations was applied to
the biphasic Scatchard plot to determine the
binding constants for two populations of
sites (31). The method was chosen due to its
independence of the mechanistic model in-
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volved. The dissociation constant for the
interaction of trypsin with flavianic acid ob-
tained by this approach is shown in Table 2,
together with some values referring to other
dye-protein interactions for comparison (see
Refs. 7,32,33). With two classes of binding
sites for flavianate on trypsin found at 18 h
of incubation, the ordinate values in the Hill
plot should better fall into two straight lines
rather than a curvilinear one (inset of Figure
3). In this way, the first site classes gave an
ny value of 0.28 (R =0.978) and the stronger
site population an ny value of 1.09 (R =
0.995) as calculated by linear regression ap-
plied to the data, suggesting an apparent
negative cooperativity taking place during
the filling of the first site class.
Cooperative effects in the binding of
ligands to proteins can be positive or nega-
tive and involve the occupation of two or
more binding sites (24). Positively coopera-
tive effects may be accompanied by confor-
mational adaptations in the protein structure
to attain the most favorable energetics for
ligand binding. Negative cooperativity, how-
ever, is generally viewed as the difficulty of
a ligand to cross over the energy barrier
implied in a previous binding. In this sense,
a pure cooperativity obligatorily involves
two or more binding events, because it has a
conceptual need of two or more binding
sites. Therefore, the outline of the first bind-

ing of a flavianate molecule to trypsin rules
out any pure cooperative effect, and sug-
gests that an apparent negative cooperativity
takes place in the system.

This apparent negative cooperativity
could then be explained by a difficulty to
cross the energy barrier for initial dye bind-
ing rather than being pure cooperativity.
Apparent cooperativity was also found in
other dye-protein systems, being related to
protein self-associations (34) and to hydra-
tion effects on the protein surface due to
water displacement (35). The occurrence of
two classes of binding sites on trypsin could
also arise from changes in the shape of the
protein as a consequence of a progressive
rearrangement of the residues following an
entropic disturbance introduced by the dye.
The small n;; value found up to 0.1 mM of
free ligand concentration (Figure 3) could
also be due to the energetic imbalance result-
ing from the binding of the first flavianate
molecule, against the positive free energy
generated from a strong conformational
change on trypsin. Scatchard analysis alone
is insufficient to establish conformational
changes in proteins. This occurs because a
linearity deviation from a Scatchard profile
can also arise from ligand self-association
(20), heterogeneity of binding sites (22),
cooperativity (24), site creation (19), and
protein denaturation (35), among others (29).

Table 2. Binding parameters found for the interaction of flavianic acid with trypsin at 18 h of incubation, and
selected values reported for dye binding to some proteins.

Dye Protein Aromatic Kp AG References
rings (mM) (J/mol)

Flavianate - 1st site class Trypsin 1 7x103 1560 Present work

Flavianate - 2nd site class Trypsin 1 0.82 940 Present work

Methyl orange BSA 2 0.45 1120 7

Biebrich scarlet o-Chymotrypsin 4 0.09 1310 32

Congo red Insulin 6 1.6 x 104 2210 33

BSA: bovine serum albumin.
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Figure 4. Dependence of the
saturation of binding sites on
trypsin by flavianate after 18-h
incubation upon the net charge
on the enzyme (Equation 2). The
dotted lines represent linear ad-
justments applied to each data
set. The o parameter represents
the fraction of bound sites v/in in
trypsin.
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In order to evaluate the hypothesis of
flavianate-induced trypsin transconforma-
tion, another approach using the same exper-
imental data was employed.

We adopted a procedure suggested by
Tandford (36) and based on the treatment of
electrostatic approximation of Debye and
Hueckel to rigid and impenetrable ellipsoid
models of proteins, as the flavianate ion has
two negative charges at pH 3.0 (37). This
approach relates the electrostatic work re-
quired to bring a charged molecule from
infinite to the macromolecule surface as fol-
lows (36):

Eq.2

¢ pL=pK, -0.868WzZ

(1-a)

log

where o = fraction of bound sites v/n, pL =
-log L, K;,; = intrinsic constant of the asso-
ciation, w = electrostatic factor of Debye and
Hueckel, z; = charge of the ion under the
conditions assayed, and Z = net charge of the
ligand-protein complex under the conditions
assayed.

Figure 4 shows a continuous decrease of
the plot slopes up to the filling of the first site
on the trypsin molecule, suggesting that the
saturation process could occur as a denatur-
ation mechanism of a biphasic character,
since decreasing values for the slopes point
to asymmetry and penetrability, leading to a
protein configuration spatially more disor-
dered (35). The decrease in these values may
also suggest electrostatic repulsion and hy-

pL - log (o/[1 - o)
IN
T
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drogen bond disruption (27). In this case, the
initial saturation of the protein could be fa-
cilitated by a swelling of trypsin, supplying
intermolecular space and enhancing the
transconformation mediated by the dye. Dye-
induced conformational changes were also
found in the interaction of auramine O with
alcohol dehydrogenase (38).

After formation of the trypsin-flavianate
complex with a 1:1 stoichiometry (Figure 4),
additional flavianate molecules will lead to
aggregation reactions and transconformation
in trypsin, resulting in the coprecipitation
phenomena observed at high ligand concen-
trations. The initial coprecipitation would be
enhanced by dye bridges produced from large
aromatic areas offered by the naphthalene
ring of flavianate, both adsorbed on trypsin
or in solution. The latter could also be pro-
duced from isomerization of dye molecules
since self-interactions are common in or-
ganic dye binding, contributing to the con-
cavity found in the Scatchard plot (Figure 3
and Ref. 20).

Nature of the binding

When a protein adsorbs ions in aqueous
solution, the resulting Langmuir-like iso-
therm may be interpreted by assuming cou-
lombic attraction between independent
charged centers on the polymer and the an-
ion (35). The strength of this interaction
could be due mainly to the aromatic surface
area of the ligand (8). Increasing ion size
seems to lead to stronger binding, as nonpo-
lar interactions are viewed as a second re-
quirement of organic ligands upon binding
to proteins. The average contribution of free
binding energy of seven flavianate anions to
trypsin is of the order of -0.9 kJ/mol. This is
within the -1.7 kJ/mol range suggested by
Rosemberg (17) as typical entropy-driven
force of weak interactions due to water dis-
placement from the hydration shell of the
protein surface. At the molecular level, a
higher affinity for some larger anions may be
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due to a greater degree of dehydration of the
complex rather than to increased van der
Walls interactions (39). In this way, anions
of the size of flavianate, methyl orange,
Biebrich scarlet and Congo red should have
aromatic surface areas directly related to
their values of free binding energy (Table 2).
The entropy-driven character of flavianate
binding to trypsin was not tested at different
temperatures since a negligible or neutral
thermal effect was found in the past on iso-
therms of organic dyes with proteins (39).
Meanwhile, preliminary calorimetric assays
performed by us showed a positive enthalpy
value of the same order of magnitude as the
free energy of binding, with an entropy
change AS of +26.3 entropy units. This value
is in agreement with those found for binding
of alkyl sulfates to serum albumin and for
polymerizing reactions of antigen-antibody
systems of bovine serum albumin and oval-
bumin (35). It also applies to entropy-driven
interactions in hydrophobic and electrostatic
binding, the latter accomplished by water
release from the protein surface (35). Simi-
lar results were obtained on displacement of
five water molecules from the avidin surface
by 2-(4’-hydroxyazobenzene) benzoic acid
(40). Furthermore, calculations of binding
surface area carried out with the Insight II
Builder (release 2.2.0, Biosym, San Diego,
CA, USA)resulted in a maximum area occu-
pied by seven flavianate molecules equal to
10% of the trypsin surface area, pointing to
the dependence on the electrostatic effects
of the groups on the protein, assuming that
positively charged groups on trypsin are not
restricted to 10% of the surface (18). This
picture is consistent with the hypothesis of
interacting hydration effects in trypsin (33).
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