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The self-assembling tendency and protein complexation capability of dyes related
to Congo red and also some dyes of different structure were compared to explain the
mechanism of Congo red binding and the reason for its specific affinity for S-struc-
ture. Complexation with proteins was measured directly and expressed as the num-
ber of dye molecules bound to heat-aggregated IgG and to two light chains with dif-
ferent structural stability. Binding of dyes to rabbit antibodies was measured indi-
rectly as the enhancement effect of the dye on immune complex formation. Self-as-
sembling was tested using dynamic light scattering to measure the size of the supra-
molecular assemblies. In general the results show that the supramolecular form of a
dye is the main factor determining its complexation capability. Dyes that in their
compact supramolecular organization are ribbon-shaped may adhere to polypeptides
of S-conformation due to the architectural compatibility in this unique structural
form. The optimal fit in complexation seems to depend on two contradictory factors
involving, on the one hand, the compactness of the non-covalently stabilized supra-
molecular ligand, and the dynamic character producing its plasticity on the other. As
a result, the highest protein binding capability is shown by dyes with a moderate
self-assembling tendency, while those arranging into either very rigid or very unsta-
ble supramolecular entities are less able to bind.
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The dye Congo red, which for years was re-
garded as an amyloid-specific stain, recently
was found to form complexes with some other
proteins (Rybarska et al.,1988; Piekarska et
al., 1996; Roterman et al., 1998; Khurana et
al., 2001; Zemanek et al., 2002). Global or lo-
cal structural instability seems to character-
ize all the proteins that bind the dye (Wetzel,
1997; Wall et al., 1999; Raffen et al., 1999;
Ramirez-Alvarado et al., 2000; Kim et al.,
2000; Randolph et al., 2002). Another com-
mon feature correlated with dye binding is ac-
cessibility of f-conformation polypeptide
chain backbones (Glenner et al., 1972; 1974;
Serpel et al., 1997; Sunde & Blake, 1998;
Kallberg et al., 2001). Many approaches have
been employed to identify the mechanism of
complexation and the structure of the protein
sites responsible for specific dye attachment
(Westermark et al., 1999; Demaimay et al.,
1998; Li et al., 1999; Gazit, 2002). Surpris-
ingly, many dyes not necessarily similar to
Congo red appear to bind to amyloid proteins
(Klunk et al., 1994; Pollack et al., 1995;
Caughey et al., 1998; Carter & Chou 1998;
Howlett et al., 1999a; 1999b; Priola et al.,
1999; Kuner et al., 2000; Reixach et al., 2000;
Rudyk et al., 2000; Awan et al., 2001; Lin et
al., 2001), and many quite different proteins
may form amyloid deposits that create bind-
ing sites specific for Congo red (Sipe, 1992;
Sunde & Blacke, 1997; Chiti et al., 1999;
Lansbury, 1999; Janek et al., 1999; Rostagno
et al., 1999; West et al., 1999; Sinha et al.,
2001). This suggests that the standard en-
zyme-substrate model of ligand complexa-
tion to a specific binding site may not apply in
this case.

We put forward an alternative proposal to
explain these discrepancies, arguing that
Congo red binds to proteins not as a single
molecule but as a ligand represented by a
group of self-assembled dye molecules
(Roterman et al., 1993; Skowronek et al.,
1998; Piekarska et al., 1999; Roterman et al.,
2001). The polyaromatic ring character of
these dyes, correlated with the elongated

shape, planarity and significant hydro-
phobicity of the molecules, favors self-assem-
bling by face-to-face ring stacking (Wasilew-
skaya et al., 1989; Attwood et al., 1990; Skow-
ronek et al., 2000; Piekarska et al., 2001).
This results in the creation of unique rib-
bon-like micellar species capable of interact-
ing with a protein — not by entering its natu-
ral binding site but by adhesion to the back-
bone of f-conformation polypeptide chains,
due to the structural similarity of the interact-
ing elements (Roterman et al., 1993;
Piekarska et al., 1999; Roterman et al., 2001).
The large interaction surface of the rib-
bon-shaped dye micelle, its plasticity, and in
particular the exposure of the hydrophobic
portions of the dye molecules to solvent —
which in micellar organizations is exceptional
— favor adhesion to periodic polymers includ-
ing polypeptide chains, and thus the forma-
tion of highly stable complexes. In such a
complexation mechanism several assembled
dye molecules interact with the protein as a
single ligand (Roterman et al, 1998;
Piekarska et al., 1999; Roterman et al., 2001).
The model only works if the dye-dye interac-
tion is strong enough to make the assembly
compact and if this large supramolecular
ligand can penetrate the S-pleated sheet eas-
ily. Protein instability seems necessary for
the penetration to occur. However, antibodies
and serpins may bind the dye when altered
upon complexation with their natural ligands
(Piekarska et al., 1994; Rybarska et al., 1995).

The diversity of the supramolecular forms of
dyes results from differences in the struc-
tures of the monomers, and consequently dif-
ferent arrangements of their self-assembled
molecules, making their protein complexa-
tion capability vary. This work compares the
structures, self-assembling and protein bind-
ing activity of many dyes related and not re-
lated to Congo red, to verify the hypothesis
that their binding specificity derives from
their supramolecular character. We mea-
sured the protein-binding capability of the
dyes using unstable proteins of immunoglob-
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ulin origin often found as sources of amyloid
deposits and hence expected to represent
complexation characteristics similar to that
of amyloid.

MATERIALS AND METHODS

Dyes. Some dyes of the Congo red family
[2,7-bis(1-amino-4-sulfonaphthyl-2-azo)fluore-
ne, 1,4-bis(1-amino-4-sulfonaphthyl-2-azo)phe-
nylene, 1l-amino-2-[4'-(4-acetylamino-biphe-
nyl)azo]lnaphthalene-4-sulfonic acid, 1-amino-
2-phenylazo-naphthalene-4-sulfonic acid]
were synthesized, according to described
methods (Neri, 1929; Rollet & Bacher, 1940;
Novelli & Ruiz, 1928; Stopa et al., 1998). The
dyes: 2-formylamino-4,4'-bis(1-amino-4-sulfo-
naphthyl-2-azo)biphenyl, 2-acetylamino-4,4’-
bis(1-amino-4-sulfonaphthyl-2-azo)biphenyl
and 2-benzoylamino-4,4'-bis(1-amino-4-sulfo-
naphthyl-2-azo)biphenyl were synthesized
from 2-amino-4,4'-dinitrobiphenyl (Zhen et
al., 1999). Suitable acid chlorides were then
added to make the final products. Chrysa-
mine G and 4,4'-bis(1-amino-5-sulfonaph-
thyl-2-azo)biphenyl were synthesized by diazo-
tization of benzidine and coupling with sali-
cylic acid and 1-amino-naphthalene-5-sulfonic
acid, respectively. Other dyes were purchased
from Sigma-Aldrich.

Dye purity. Quantitative evaluation of
self-assembling dyes poses particular difficul-
ties (Lyon, 2002). Readily self-assembling
dyes may incorporate derivatives produced
during synthesis, very difficult to remove be-
cause of their structural similarity to the
main fraction. In addition, these dyes are ba-
sically unattainable in crystal forms; they are
often associated with impurities, moreover,
self-assembling usually produces some heter-
ogeneity.

We did preliminary testing of the pro-
tein-binding properties of the dyes. Dyes that
showed very low protein-binding capability
and migrated (in thin-layer silica gel chroma-
tography) as a single band or were associated

with small amounts of color impurities were
used directly without further purification. In
these cases the absorption coefficients were
calculated from weights, taking into account
the producer’s declaration on dye purity.
Dyes with significant impurity content were
purified for analysis by chromatography us-
ing preparative thin-layer silica gel plates
(Merck silica gel 60). Dyes of higher reactiv-
ity, mostly of the Congo red and Evans blue
families were purified by preparative
thin-layer chromatography if necessary. The
absorption coefficients used for Evans blue,
Trypan blue and Chicago Sky blue 6B were
taken from the producer’s website (Sigma)
and independently verified experimentally.
The absorption coefficients of the Congo red
family (all dyes containing naphthionic acid)
were established based on the fluorescence of
naphthionic acid derivatives (1,2-diamino-na-
phthalene-4-sulfonic acid) released from the
dye by reduction of its azo bonds with sodium
dithionite. The corresponding Congo red fluo-
rescent derivatives were used to standardize
the method.

Dye structure. Formulas of the dyes were
drawn using the ISIS Draw 2.4 program.
Three-dimensional forms of dye structure
were obtained using HyperChem ver. 5 with
the energy optimization procedures available
in this program.

Evaluation of self-assembling by mea-
surement of the hydrodynamic radius.
The hydrodynamic radii (R) of dye supramo-
lecular assemblies were measured using Dy-
namic Light Scattering (DLS) with a DynaPro
MS 800 instrument (Protein Solutions Inc.,
U.S.A)). Measurements were performed at
25°C in 0.06 M barbitate buffer, pH 8.6, 0.1 M
NaCl, at 2 mM dye concentration. When the
presence of polymeric impurities was sus-
pected, R was also measured at 60°C to iden-
tify the non-covalently stabilized dye species
by the significant alteration of their size (R).

Prior to measurements the dye solutions
were heated in a boiling bath and then slowly
cooled to room temperature. Each dye mea-
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surement was repeated several times and the
mean values were calculated. The main com-
ponent appearing in DLS analysis was consid-
ered to represent the micellar species typical
for the given dye.

Proteins. Immunoglobulin G was pur-
chased from Sandoz Pharma Ltd. (Switzer-
land). Immunoglobulin light chain dimers
Layn and Lok were isolated from the urine of
patients with multiple myeloma as described
earlier (Piekarska et al., 1996).

Dye-protein complexation The protein
complexation capability of a dye was evalu-
ated by measuring the number of dye mole-
cules bound to a protein molecule. Dye and
protein solutions were mixed in a ratio of 0.6
umol dye per 1 mg protein (in 0.06 M
barbitate buffer, pH 8.6, 0.1 M NaCl). A large
dye excess was used for complexation to mini-
mize the effect of possible impurities. Sam-
ples were incubated for 20 min at 20°C for
Lkok, at 45°C for L, and 63°C for IgG. After
incubation the dye-protein complexes were
separated from the dye excess by gel filtration
on Biogel P6 (Biorad) columns (4.5 X 0.5 cm)
in the same buffer. The dye/protein ratio in
the eluates was calculated based on the
known amount of protein applied to the col-
umn and on spectral measurement of the dye
concentration.

Differences in the adsorption of the dyes to
the Biogel influenced the results and necessi-
tated correction. Biogel filtration removes the
dye excess and some of the weakly bound
supramolecular dye attached to the protein
but not anchored deeply. The specific adsorp-
tion of the dyes (assessed in an independent
experiment) was equalized to minimize the ar-
tifact in comparing the dye/protein binding:
the number of dye molecules bound was cor-
rected to the deviation of its specific adsorp-
tion from the mean adsorption calculated for
all studied dyes. This was done using the spe-
cific coefficient of adsorption to Biogel esti-
mated for each individual dye. In conse-
quence, the number of dye molecules added
for correction of the experimentally deter-

mined value was found by multiplying the
number of dye molecules bound to protein by
the coefficient, calculated as the ratio of devi-
ation of adsorption of a given dye to Biogel
from the mean value (mean specific adsorp-
tion of all studied dyes) to the mean adsorp-
tion value.

Agglutination enhancement. The in-
creased stability of the immune complex
caused by the dye increases the antibody dilu-
tion at which red cells (SRBC, sheep red blood
cells) still agglutinate with IgG anti-SRBC.
The effect of the dyes on agglutination was
studied at increasing dye concentrations. En-
hancement is measured as the maximum dilu-
tion of antibodies at which agglutination is
observed in the presence of a given dye, at the
dye concentration at which the plateau of en-
hancement is reached (Stopa et al, 1998).
The effect observed in the presence of Congo
red was used as an internal reference for all
other dyes.

RESULTS

The yield of protein-dye complexation was
compared in four dye-binding proteins of dif-
ferent packing stability and hence different
accessibility for dyes. All were of immuno-
globulin origin, having similar folds with
p-conformation predominant.

Heat-aggregated human IgG was used as the
model protein form with the most unstable
structure and the lowest structural specificity
requirement for the ligand. Two human im-
munoglobulin L chains A (Kok and An) ob-
tained from the urine of myeloma patients
represented protein molecules having stabil-
ity lower than that of a well-packed protein
but higher than its molten globule version.
The first (L. chain Kok) was an amyloidogenic
protein binding Congo red at room tempera-
ture but still unable to bind ANS
(1-anilino-8-naphtalenesulfonate) — in con-
trast to heat-aggregated IgG (Piekarska et al.,
1996). The second one (L chain An) was
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non-amyloidogenic A chain able to bind Congo
red upon moderate heating to 40-45°C
(Piekarska et al., 2001). The binding capabil-
ity of these three proteins was evaluated di-
rectly by measuring the amount of dye at-
tached. The number of dye molecules bound
to a protein was measured after the com-
plexes were separated by filtration on a
Biogel P6 column or by agarose gel electro-
phoresis, in the same conditions for all stud-
ied dyes. The fourth protein system used was
represented by rabbit antibodies specific to
sheep red cells. In this case, dye binding was
measured indirectly by the enhancement of
agglutination in the SRBC-antiSRBC sys-
tem, caused by ligation of the dye to the anti-
bodies interacting with the antigen (Rybarska
et al.,, 1991; Stopa et al., 1998).

Congo red and some related dyes have been
found to strengthen immune complexes
through the involvement of low-affinity anti-
bodies that become transiently susceptible to
dye complexation during their brief contact
with the antigen (Rybarska et al., 1991). At in-
creasing dye concentrations the enhance-
ment effect increases until it reaches a pla-
teau indicating that the dye cannot further
engage the weak antibodies to the immune
complex. Thus, the enhancement is measured
as the maximum possible dilution of
anti-SRBC antibodies at which agglutination
occurs. This value, labeled D in this work,
differs for different dyes.

We assumed that in the case of ribbon- or
rod-like micellar products of self-association
the self-assembling tendency of the dyes may
be expressed by the diffusion coefficient or by
the size of the supramolecular species. The
measurement used dynamic light scattering
to determine the hydrodynamic radius of the
micellar species, called R here.

Some of the dyes selected for this study
were basically related to the molecular archi-
tecture of Congo red. They were represented
by elongated, symmetric polyaromatic ring
molecules of planar structure, with a hydro-
phobic central fragment and charged ends.

Each dye differed from Congo red in its
charge distribution, steric effects, planarity
and/or symmetry. We used some dyes unlike
Congo red in molecular structure to verify the
hypothesis of supramolecular dye ligand in-
teraction with protein. The dyes with similar
structural features are presented in groups to
highlight the effects of structural differences
(Figs. 1 a-i). The adjoined comments direct
attention to the dyes’ particular structural
features and properties that may affect their
self-assembling and/or complexation capabil-
ity.

The results are summarized in plots of bind-
ing properties versus R (Figs. 2, 3). They show
that supramolecular organization seems nec-
essary for protein binding and that the opti-
mum R value is in the range of 1.3-2.2 nm.
Protein complexation of dyes that show a
very high self-assembling tendency is not fa-
vored. However, deviations from predicted
behavior may be expected if the size of the
monomers is larger than the size of dyes of
the Congo red family and/or if the dye creates
a different micellar organization, thus affect-
ing the reading of R, as is likely in the case of
thioflavin S. Also, dyes not assembled or
poorly assembled fail to form complexes with
the proteins used. The spectrum of pro-
tein-binding activity versus self-assembling
tendency differs, however, when complexa-
tion to proteins and enhancement of aggluti-
nation are compared (Fig. 2). More flexible
supramolecular dye ligands seem preferable
for the enhancement of agglutination. This
explains why fluorene analog of Congo red
(dye No. 3), which shows the highest protein
complexation activity in respect to L chains
and heat-aggregated IgG amongst the studied
dyes, loses in the agglutination enhancement
test to Congo red and Evans blue, dyes of
higher plasticity which offer rapid fitting to
the sites of their binding in the protein.

Binding or non-binding of a dye was inde-
pendently verified by analyzing migration of
the protein-dye complex in agarose electro-
phoresis (Fig. 4). The number of dye mole-
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Congo red

4.4’-bis (1-amino-5-
sulfonaphthyl-2-azo)
biphenyl

2,7-bis (1-amino-4-
sulfonaphthyl-2-azo)
fluorene

A B C D R
1550 66 40 |1320]| 1.4

Congo red - energy barrier of intra-molecular rotation
about 6 kcal/mol.

Inter-molecular contact in dye assemblies is larger than
in Congo red. Rotational movements limited.

31721 | 94 | 7.7 | 58.0 | 1.8 |Highly planar. Intra-molecular rotations blocked.

21232 34 27 1352 |17

Figure. 1 a. Effect of intra- and inter-molecular rotational freedom of the dye molecule on self-assem-
bling and protein complexation.

2-formylamino-
4,4’-bis (1-amino-4-
sulfonaphthyl-2-azo)
biphenyl
2-acetylamino-
4.4’-bis (1-amino-4-
5| sulfonaphthyl-2-azo)
biphenyl

2-benzoylamino-4,4’- A

bis (1-amino-4- ( ) ‘

sulfonaphthyl-2-azo)
biphenyl

A B C D R
4536]| 67 | 6.1 57 | 2.2 | Small substituent (formamide residue).

5] 85]06 | 03 | 74 1.3 |Larger substituent (acetamide residue)

Large planar substituent (benzamide residue).
6|334| 40 | 39 | 44 | 2.1 |Interdigitation of dye between amino acid residues
possible (Maeda ef al. 2002).

Figure 1 b. Congo red properties altered by substituting residues of different sizes and shapes to the
biphenyl fragment.

HO,S,

= H,C
. N e
Benzopurpurin TN LN N =
7 —/ =N\ 7N\ NN Wi
4B ey S L wfﬁ
CH, \—/

'SoH

/4 Q
) HO—{(’ N =\ —\
8 | Chrysamine G SV N e S —
N /N
— Y N—(JOH

A B C D R
71170 | 07 | 06 | 48 | 2.0 |Methylated biphenyl fragment.
8| 34 [ 03| 00| -* | 0.8 |Sulfonic groups replaced by carboxyls.

Figure 1 c. Effect of low dye polarity and solubility.

Expected clustering of individual micellar entities. Low solubility in the conditions used makes comparison with
other dyes difficult. *Not determined due to very low solubility.
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1,4-bis (1-amino-4- H‘)J% = H’f\,;\/‘\x
9 | sulphonaphthyl-2-azo) ¢ \_&,\/L‘ I %’—ﬁ—%&—
phenylene o g

N = SO~ SOH
10 Acid red 73 CL jj Ji —= ?;5["

HO”

1-amino-2-[4’-(4-
acetytaminobiphenyl)
azo]-naphthalene-
4-sulfonic acid
A B C D R

)t\fm HN =
N A e o

\
SO,H

11

Biphenyl reduced to single aromatic ring. Lack of

9| 22 0.1 | 0.0 0.0 | 1.0 |elongated central hydrophobic fragment. No imposed
orientation of self-assembling molecules.

Highly planar, constant ring spacing favors self-
assembling mediated by symmetric dimeric units with
architecture similar to dye 9 (C; or C, symmetry
possible alternatively).

Preserved standard biphenyl fragment and different
ring spacing likely impose a self-assembling
arrangement as with Congo red, in contrast to the
apparently similar dye 10.

10| 0.5 0.0 | 0.0 | 193 | 45

11| 148 | 1.0 | 0.5 [ 84.0 | 2.1

Figure 1 d. Role of the hydrophobic biphenyl fragment and/or charged naphthyl rings (imposing the
parallel orientation of self-assembling molecules) in the formation of suitable for protein complexation

supramolecular dye ligands.

12 Evans blue

Chicago sky blue

13 6B

14| Trypan blue

A B C D R
121 243 | 23 | 1.6 | 192 | 1.5 | Supramolecular assemblies of moderate stability.

13| 233 | 23 | 1.8 21 1.3 | Steric hindrance effect in complexation possible.
Evans blue isomer. Location of sulfonic group close to
14| 55 |07 |02 2.7 | 0.8 | azo bonds and biphenyl fragment disturbs self-
assembling and complexation (Skowronek ef al. 2000).

Figure 1 e. Evans blue family. Self-assembling balanced by increased (versus Congo red) hydrophobicity
(methylated biphenyl) and charge repulsion (four sulfonic groups).

1-amino-2-

phenylazo-
naphtalene-4-
sulfonic acid

Jagf\“: Ne
16 Orange G \,Zﬂ,\fw TJ \_&_t;

17 ANS

15

A B C D
15| 0.7 | 0.0 | 0.0 | 2.5 | 0.3 |Half of Congo red molecule. Compare with 11.
16| 0.0 | 0.2 | 0.0 | 0.0 | 0.5 | Architectural analog to dye 15.
17| 6.0 0.6 | 0.0 | 40 | 0.3 |Architectural analog to dye 15.

Figure 1 f. Molecules having general architecture corresponding to symmetric halves of Congo red. Loss
of Congo red-type self-assembling attributes.

ANS, 1-anilino-8-naphtalenesulfonate.
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18| Direct red 80

19| Chrysophenine

20 | Direct yellow 9

A B C D R

Planar, very large molecule. Steric and charge

18| 22| 04 | 0.0 | 11.2| 2.3 |difficultics probable in formation of complexes with
proteins.
Central location of polar groups unsuitable for

19| 87| 03 | 0.0 | 39| 05 |complexation with proteins. Arrangement of
molecules in self-assembling unlike Congo red.
Planarity disturbed by the central bond.

20( 137 | 12 | 0.0 | 20| 2.8 |Supramolecular structure likely different from that of
Congo red.

Figure 1 g. Symmetric, rigid, elongated molecules. Self-assembling and/or protein complexation dis-
turbed by improper charge distribution or steric hindrance.

21| Reactive blue 2
iU
i
22 Phenol red \
P
HC o o /,,N\//\‘ CH,
23 Safranine O HZ«LVL\‘J"“VT\NHA 7%4
(J a
A B C D R
21 96 | 0.0 | 00 | -* | 04 |Nonplanar, poor self-assembling.
221 06 | 01 | 0.0 | 25 | 03 |Asymmetric, nonplanar. Poor self-assembling.
231 00 | 00 | 00 | 00| 03 Central l.ocatlon of charged group. Poor self-
assembling.

Figure 1 h. Dyes having molecular architecture unrelated to Congo red.

*Not determined because of technical problems.

o

H,

.

o
N = ,CHy
SaWe

HC CH,

24| Thioflavin T

—tt

Bt
N(\\\ . CH,
S e Ny 5 i {
e gse.
o4

5 e ,/STFJ\J
H;«\(j[’f/d(::\ N SOH

25| Thioflavin S

Figure 1 i. Thioflavins — dyes used interchangeably with Congo red to stain amyloids.

A B C D R
24| 19 | 0.1 [ 0.0 | 5.0 0.2 |Planar, central location of charged group.
250 530 | 70 | 56 | 480/ 32 Mixture of planar asymmetric dyes with charged
group at the end of molecule.
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Figure 2. Comparison of protein complexation ca-
pabilities of dyes, in order of increasing self-as-
sembling tendency.

R, hydrodynamic radius of the main supramolecular
form. Numbers at the top of each graph correspond to
dye numbers in Fig. 1. Panels A, B and C, the number
of dye molecules bound to each protein after gel filtra-
tion was recalculated for 100 kDa. Panel D, the en-
hancement effect of dyes on immune complex stability,
evaluated in SRBC-antiSRBC system.

ing system is basically higher than in the
chromatographic technique because the bed
absorbs only weakly (not shown). Reading
precision is poor in this test, and it is difficult
to use for quantitative analysis, but the
method was performed to support the obser-
vations of the dye-binding capability revealed
by the gel filtration tests.

DISCUSSION

The evidence supplied by our studies sup-
ports the hypothesis of Congo red’s specific
binding capability arising from the particular
supramolecular form of this dye (Skowronek
et al., 1998; Piekarska et al., 1999; Roterman
et al., 2001, Rybarska et al., 2001). It explains
the binding specificity by the adhesion of rib-
bon-like supramolecular dye species to -con-
formation polypeptides.

Two somewhat contradictory factors seem
to determine the particular dye binding mech-
anism that finally ensures the best possible fit
and adhesion of the supramolecular dye lig-
ands within the protein: (1) the strength of

Figure 1 (a-i). Relation of molecular architecture to self-assembling and protein-complexation capabil-

ity in groups of dyes.

Symbols used: A, number of dye molecules bound to heat-aggregated IgG (160 kDa); B, number of dye molecules
bound to monomer of L chain A Kok (23.5 kDa, 20°C); C, number of dye molecules bound to L chainA An (23.5 kDa,
45°C); D, enhancement of agglutination caused by dyes (SRBC-anti-SRBC system); R, hydrodynamic radius of

predominant micellar species (nm).
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Figure 4. Protein-binding ability of selected dyes studied by agarose gel electrophoresis (pH 8.6). Num-
bers below each lane correspond to those used in Fig. 1.

0, control sample (no dye). A, gel before staining for protein; B, after staining with bromophenol blue and removal

of dyes by reduction with sodium dithionite.

self-association increasing the stability of the
dye assemblies, sufficient to make them inter-
act with polypeptides as compact ligands; and
(2) their plasticity, which arises from the dy-
namic micellar form of the dye and facilitates
optimal fitting within the complex. The move-
ments of individual dye molecules allowed in
the supramolecular ligand, which are neces-
sary for micellar plasticity, involve rotations
around the long axis of the ribbon-like micelle
as well as around the long axis of the particu-
lar molecule. The latter consists in rotations
around the central bond of a symmetric dye
molecule, producing syn and anti conformers
(Skowronek et al., 2000). The compactness of
the micellar structures increases with the pla-
narity of the dye molecule, its hydrophobicity,
and enlargement of the stacking area. In-
creasing charge repulsion and/or steric hin-
drance reduce micellar rigidity, associated in
consequence with higher freedom of molecu-
lar movements. These contradictory effects
determining protein complexation make the
binding capability optimal not at a very high
but rather at an intermediate level of the
dye’s self-assembling. The central hydropho-
bic parts of the dye molecules seem to be pref-
erentially engaged in interaction with the

polypeptide backbone (Demaimay et al.,
1998). The role of the charged parts of the
molecule, and in particular of the charge dis-
tribution, does not seem negligible, however.
Only symmetric, rigid, planar, polyaromatic
dye molecules with charged groups located at
the ends, with the necessary elongated, hy-
drophobic central fragment (biphenyl), may
impose the orientation of stacked molecules
that ensures the formation of ribbon-shaped
supramolecular structures (Wasilewskaya et
al., 1989; Attwood et al., 1990; Piekarska et
al., 1999).

Among the many different supramolecular
assemblies, ribbon-shaped micellar species
seem to expose the hydrophobic surface most
efficiently, favoring adhesion. The poly-
peptide backbone likely represents the corre-
sponding structure for adhesion. Although
both adhering elements — the dye and
polypeptide — are similar in their chain-like
character, fitting optimization seems neces-
sary for complex formation since their chemi-
cal nature is significantly different. This
takes time, particularly when the interacting
structures are rigid. This explains why dyes
of high micellar rigidity that complex effi-
ciently when incubated with proteins of un-
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stable structure appear less suitable for liga-
tion to low-affinity antibodies (largely repre-
sented in the polyvalent IgG fraction); those
antibodies offer only brief contact with the
antigen and consequently brief or too brief
protein accessibility to allow for optimization
of the dye-protein adhesion structure and
complexation (Rybarska et al., 1991; Kaszuba
et al., 1993; Stopa et al., 1998).

Although growing evidence links Congo
red’s specific binding property with its
supramolecularity and implicates S-conforma-
tion polypeptides as the receptor structure in
the protein, other ligation mechanisms may
also be engaged in particular situations.
Thus, a single Congo red molecule bound to a
specific site in the protein was found in pig in-
sulin crystals (Turnell & Finch, 1992). Other
studies have supplied evidence of Congo
red-bridging protein molecules (Khurana et
al., 2001). However, the hypothesis that the
binding of Congo red-related dyes is associ-
ated with their supramolecular character
seems to offer a general explanation of their
specific affinity to B-structure (Piekarska et
al., 1996; 2001; Roterman et al., 2001). Al-
though supramolecularity seems the most es-
sential factor in the binding capability of the
group of studied dyes, a direct relation to the
R value cannot be expected due to the shape-
and charge-derived polymorphism of supra-
molecular ligands.

While the specific affinity of Congo red to
amyloid deposits can be explained by the par-
ticular complexation character of the supra-
molecular form of this dye, there is some dis-
crepancy in respect to thioflavins T and S,
which, although differing essentially in struc-
ture and properties, are used interchangeably
to stain amyloids (Le Vine 1999; Carrotta et
al., 2001; Nielsen et al., 2001; Zhuang et al.,
2001; Pavlov et al., 2002; Devlin et al., 2002).
The planar, elongated components (Fig. 1 1) of
thioflavin S, negatively charged at the ends,
may overlap, producing symmetric dimers
and then longer micellar structures, finally fa-
voring complexation in the manner of Congo

red. This explanation is supported by the ob-
served high R value for this dye. In contrast,
the polarity distribution of the thioflavin T
molecule seems unsuited to self-assembling
although its molecule is planar. Consequen-
tly, the yield of its complexation with proteins
appeared also low. This seems consistent with
the known direct dependence of this dye’s flu-
orescence on growing amyloid fibrils, while it
is poor or absent in the presence of individual
molecules of amyloidogenic proteins. The
standard quenching of fluorescence in solu-
tions probably can be prevented here by im-
mobilizing the dye molecules adsorbed to the
highly ordered amyloid protein structure,
even if the binding specificity is not necessar-
ily of the Congo red type (Nakashima et al.,
1995).

For optimal adhesion, complexation of
supramolecular Congo red-related dye lig-
ands to proteins requires a special ribbon-like
organization and an extra adaptation to the
protein receptor surface. Although the com-
pact self-assembled form of the dye is re-
quired for adhesion to polypeptides, very high
rigidity of the supramolecular ligand seems
unsuitable, since the increasing micellar ri-
gidity makes the adhering structures more
difficult to adjust to each other.

The dyes were synthesized by Dr. Jan Boksa
from the Institute of Pharmacology of the Pol-
ish Academy of Sciences (Krakéw).
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