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SUMMARY

Background: The complexing of Congo red in two different ligand forms — unimolecular and supramolecular
(seven molecules in a micelle) — with eight deca-peptides organized in a (-sheet was tested by computational
analysis to identify its dye-binding preferences. Polyphenylananine and polylysine peptides were selected to re-
present the specific side chain interactions expected to ensure particularly the stabilization of the dye-protein
complex. Polyalanine was used to verify the participation of non-specific backbone-derived interactions.
Material and methods: The initial complexes for calculation were constructed by intercalating the dye between
the peptides in the middle of the [-sheet. The long axis of the dye molecule (in the case of unimolecular sys-
tems) or the long axis of the ribbon-like micelle (in the case of the supramolecular dye form) was oriented pa-
rallel to the peptide backbone. This positioning maximally reduced the exposure of the hydrophobic diphenyl
(central dye fragment) to water. In general the complexes of supramolecular Congo red ligands appeared more
stable than those formed by individual dye molecules. Specific interactions (electrostatic and/or ring stacking)
dominated as binding forces in the case of the single molecule, while non-specific surface adsorption seemed
decisive in complexing with the supramolecular ligand.

Results: Both the unimolecular and supramolecular versions of the dye ligand were found to be likely to form
complexes of sufficient stability with peptides. The low stability of the protein and the gap accessible to penetra-
tion in the peptide sheet seem sufficient for supramolecular ligand binding, but the presence of positively char-
ged or hydrophobic amino acids may strengthen binding significantly.

Conclusion: The need for specific interaction makes single-molecule Congo red binding rather unusual as a ge-
neral amyloid protein ligand. The structural feature of Congo red, which enables specific and common interac-
tion with amyloid proteins, probably derives from the ribbon-like self-assembled form of the dye.

BACKGROUND

Congo red has been used to stain amyloid deposits
for years. Interest in determining the structural
background of its binding and specificity grew rapi-
dly after the discovery that Alzheimer plaque prote-
ins and prion proteins are also amyloids. Since the

dye-binding proteins are usually aggregated, howe-
ver, and hence refractory for crystallization, there
are still more questions than answers.

Individual dye binding, with its inter-molecular locali-
zation and specific fitting to protein-charged groups,
is a known phenomenon [1], but questions are raised
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as more and more observations are gathered. If inter-
molecular dye localization holds true, can bound
Congo red favor the dissociation rather than associa-
tion of amyloid proteins [1-5]? Can amyloid proteins
of different origin create specific binding sites for
Congo red, allowing dye anionic and protein cationic
groups to fit precisely [1,6,7]2 Why can many com-
pounds differing in shape and charge distribution
bind to amyloids and compete with Congo red [3, 8-
-1112 Why are the symmetry and planarity of ligand
dye molecules so important for binding [7,12,13]2 Is
there any structural correlation between the propa-
gation-enabled B-peptide sheets of protein (the gene-
rally accepted characteristic feature of amyloid prote-
ins) and their specific ligand molecule, Congo red
[13-201? Does the strong self-assembling tendency of
Congo red force supramolecular dye ligation and de-
termine the binding specificity [21,22]?

These and other questions are waiting to be an-
swered. Individual Congo red molecules have been
found intercalated at the intermolecular position in
pig insulin crystals [1], but the evidence seems to
indicate that this binding to proteins is not univer-
sal and that supramolecular ligation is also likely
[23-25].

The present study addresses the problem of unimo-
lecular and/or supramolecular Congo red binding by
tracking the changes in model complexes during the
simulation of molecular dynamics. Deca-homo-ami-
no acid chains of B-conformation represented by
alanine, phenylananine and lysine were used to cre-
ate binding sites for Congo red. They were selected
to test the binding effect of backbone-derived inte-
raction, side chain-derived charge, and hydrophobic
interaction on Congo red complexing.

The short peptides and single or non-covalently as-
sembled dye molecules used in this study were se-
lected to exhibit the natural tendencies in complex
formation during the simulation process as devia-
tions from the initial structures. The model systems
were parallel and antiparallel 3-peptide sheet com-
plexes with unimolecular and supramolecular dye
ligands intercalated along the peptide chain back-
bones.

MATERIAL AND METHODS

Congo red parameterization and micellar
organization

The geometric parameters (bond lengths, angles,
dihedrals) and partial charge distributions of the

optimal structure of (non charged — neutral) Congo
red were calculated using the Resp procedure in
the Amber 4.1 package [24,26]. The non-bonding
parameters (Lennard-Johnes potential) were taken
from Woodcock et al. [27] on Congo red docking
to crystalline cellulose.

The helicoidal form was selected for the micellar
organization of Congo red, as found in Skowronek
et al. [24]. The structural parameters were as fol-
lows: radius of curvature R (A) = 0.0, angular di-
splacement A (deg) = 13.0, and inter-molecular

o

distance T(A) = 4.0.

The peptide structures were constructed according
to Amber 4.1 parameters [26] (dielectric constant
= 1.0, cut off distance = 15 A.

System organization

Three forms of system organization were construc-
ted in the present study:

1. B-sheet containing eight fragments oriented anti-
parallel and parallel, 10 amino acids (alanine,
phenylalanine and lysine) in each fragment, with
¢ = —139.0 deg, ¥ = 135.0 deg and ¢ =
-119.0 deg, ¥ = 113.0 deg angles for the anti-
parallel and parallel forms respectively.

2. B-sheet constructed as in item 1 above, with
unimolecular Congo red (the long intramolecu-
lar axis of Congo red oriented parallel to the p-
-sheet backbones, with increased backbone-
-backbone distance between the 4th and 5th f3-
-sheet fragments (Fig. 1).

3. B-sheet constructed as in item 1, with eight Con-
go red molecules organized in micellar form [25]
with the intramolecular long axis of each indivi-
dual Congo red molecule oriented perpendicu-
lar to the B-sheet plane, and with the micellar
axis (perpendicular to the intramolecular axis)
parallel to the B-sheet backbone (Fig. 1).

Molecular dynamics simulation

A solvent (TIP3) was added, with an amount of wa-
ter molecules sufficient to ensure a layer of solvent
no thinner than 3 A.

The energy minimization procedure was performed
in the presence of solvent (dielectric constant equal
to 1.0) using the conjugant gradient procedure.

The post-energy-minimization structure was used
to initiate the molecular dynamics simulation, per-
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Figure 1. Starting structure of systems organised by eight deca-peptides with supramolecular unimolecular Congo red docked. Rectangles and solid

vertical lines denote the Congo red molecules.

formed in a thermal bath at a constant 300 K for
1000 ps dynamics (polylysine systems proved to be
highly unstable and the form without ligand was
not included in the analysis). The SHAKE procedu-
re was applied to keep fixed bond lengths.

The structures obtained after every 200 ps were
used for the energy minimization procedure, and
analyzed in terms of system stability, expressed by
the intra- and intermolecular interaction.

The structures obtained after 1000 ps were treated
as final conformations and used for discussion.

¢ and W angle distributions

The post-dynamics ¢ and W angle distributions we-
re analyzed to evaluate the final structure in the
analyzed systems. The general tendency to take on
particular forms of B-structural conformations was
measured by calculating the distribution of ¢ and
W angles versus local minima: Cs (-157.0, 167.0),
C7eq (-75.0, 70.0), as well as standard antiparallel

(-139.0, 135.0) and parallel (-119.0, 113.0) p-
-sheet structures.

Changes in the ¢ and W angle were calculated to
measure Congo Red’s impact on the p-structural
polypeptides. The total change (TC) was calcula-
ted as follows:

i=N

TC = 3 SORT ((Phiy-Phi;)*+ (Psiy-Psi;)2)IN

i=1

where:

Phiy — ¢ — angle against which TC is calculated;
Psip— ¥ — angle against which TC is calculated;
N — number of amino acids in the system.

RESULTS

The starting construction of the analyzed systems is
shown in Fig. 1. The eight deca-peptides are orien-
ted mutually parallel (1) and antiparallel (1) with
the standard ¢ and ¥ angles (P and A) correspon-
ding to each form. One isolated Congo red mole-
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Figure 2. Final post-dynamics structure of analysed systems.
A. Antiparralel systems, upper row — polyalanine, central row — polylysine, lower row — polyphenylalanine, left column — complex with
supramolecular ligand, central column — complex with unimolecular ligand, right column — ligand absent. Polylysine complexes shown in
two representations (ribbon; balls and sticks). The dotted area shows the charged atoms interacting.
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Figure 2. Final post-dynamics structure of analysed systems.
B. Parallel systems — order as in Fig. 2a.
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Table 1. The dihedral angles expressing the post-dynamics structural
changes in b-sheet. The values express the averaged dihedral
angle between two consequtive backbones. The starting value
was equal to 0.0 deg. No b-sheet organisation present in
polyalanine in complex with unimolecular Congo red. Only
selected polylysine fragments complexed to the micelar form
of Congo red were used to calculation.

Table 2. Post-dynamics structural changes in Congo red micelle
organisation. The parameters express the helicoidal
parameters used to define micelle structure: R (A) - radius of
curvature, A (deg) - angular displacement, T(A) -
intermolecular distance.

Poly T M
peptide R(A) A(deg) T(A) RA)  Adeg) TA)

LK} t ALA 66.7 1.6 4.2 48.3 2.2 4.0
CR-0 CR-1 CR-7 CR-0 CR-1 CR-7 LYS 29.2 31 3.7 4.3 22.0 4.0
ALA 10 10 10 10 10 20 PHE 29.4 2.6 4.1 10.9 3.6 41
LYS not not not not Starting 0.0 13.0 4.0 0.0 13.0 4.0
discusseddiscussed discusseddiscussed
PHE 10 10 10 10 10 <10

cule is placed between the fourth and fifth pepti-
des, with the long internal molecular axis parallel
to the peptide backbones, as observed by Turnell
and Finch [1]. In the case of ribbon-like supramole-
cular ligand docking, the long internal axis of Con-
go red molecules is oriented perpendicular to the
B-sheet plane, and the short internal axis is in the
B-sheet plane perpendicular to the peptide back-
bones. This orientation was selected due to the
great similarity of the B-structural form of the poly-
peptide and the periodicity of the micellar organi-
zation of Congo red [24,25].

The molecular dynamics simulation lasted 1000 ps.
The structures were monitored every 200 ps. Ener-
gy and temperature stabilization was achieved du-
ring the first 200 ps. The first 200 ps were critical
for the simulation and produced the structural
forms similar to the final ones.

The post-dynamic [-sheet geometry

The final structures of the analyzed systems are
presented in Fig. 2. The changes in the starting va-
lues of the structural parameters were used to
expose the effect of mutual influence of the inte-
racting systems.

The co-planar orientation of the polypeptides in
the starting structure of the system (the dihedral
angle, measured between the adjacent polypepti-
de fragments, was equal to zero deg) was reorgani-
zed, producing twisted B-sheets to a degree com-
parable to the real proteins. The least twisting (5
degs) appeared in the case of polyphenylananine
with supramolecular Congo red docked (Table 1).
The B-sheet system was destroyed in the polylysine
systems, producing a set of individual polypeptide
fragments. Congo red coordinated one polylysine

fragment in the unimolecular system and three
peptides in the case of the micellar form of the li-
gand.

A sandwich-like form appeared in the case of poly-
alanine in complex with unimolecular Congo red
and in complex with the supramolecular ligand do-
minated by side chain-Congo red contacts.

Congo red micellar form stability

The degree of rearrangement of the Congo red mi-
cellar system versus the starting structure is shown
in Table 2. The helical parameters used to create
the initial structure of the micellar form of Congo
red were those described and analyzed in Skowro-
nek et al. [25]. The inter-molecular distance (T)
(axial rise) in the micellar unit seemed stable in all
cases. The least change in the radius of the curva-
ture (R) was observed in 11 polylysine, suggesting
that the polypeptide adopted a structure compati-
ble with the micellar system, rather than the rever-
se. The highest degree of twisting in Congo red mi-
cellar organization appeared in both forms of poly-
alanine. The reduction of angular displacement (A)
and the mutual increase of the radius of the curva-
ture (R) suggest that a fan-like structure of the Con-
go red micelle is favored in this case.

Post-dynamics ¢ and W angle distribution

The post-dynamics ¢ and W angle distribution was
analyzed to evaluate the final structures of the po-
lypeptides. The tendency to take a particular form
of B-structural conformation was evaluated by cal-
culating the distribution of the ¢ and W angles ver-
sus standard local energy minima: Cs (-157.0,
167.0), C7eq(-75.0, 70.0), antiparallel (-139.9.0,
135.0 — A) and parallel (-119.0, 113.0 — P). The
structure notations 11 and 1| (parallel and antipa-
rallel respectively), which express the mutual orien-
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Figure 3. Post-dynamics Phi, Psi angle dystribution. The vertical (Phi) and horizontal (Psi) dashed lines denote starting conformations. Symbols
denote mutual orientation of polypeptides, oneletter amino acids symbol and number of Congo red molecules in particular model.

tation of the peptides, should be noted. The sym-
bols A and P are used to express the ¢ and W an-
gles for the polypeptides’ standard antiparallel and
parallel structures. The total change (TC) in the
¢ and W angles was calculated according to the
equation described above (see: Material and me-
thods). Four TC values were calculated for each
form: 1. all amino acids taken into account, 2. only

those amino acids with ¢ and W angles belonging
to upper left quarter of the Ramachandran map, 3.
the closest neighbors to ligand polypeptide frag-
ments, and 4. those amino acids from the neighbo-
ring polypeptide fragments whose ¢ and W angles
belong to the upper left quarter of the Ramachan-
dran map. The selection of neighboring polypepti-
de fragments taken for calculation of TC was
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Table 3. Post-dynamics Phi, Psi angle distributions, calculated as TC (description in Methods) versus different energy minima (C7eg, Cs) and the
standard Phi, Psi (P, A) angles for # and ¢ structure occurring in B-structural polypeptide fragments.
* only a limited number of polylysine fragments taken into account.

Amino acid Energy minima Ll i
7CR 1CR 0CR 7CR 1CR 0CR
C7¢g 58.68 32.60 56.55 49.16 73.38 74.52
P 73.79 79.88 78.49 67.82 53.09 41.98
A 55.56 87.22 61.06 47.75 45.35 39.04
Cs 10.00 40.30 106.51 99.33 78.90 66.77
C7eg 49.64 30.95 56.55 45.66 66.28 72.00
P 66.55 78.35 78.49 61.71 42.74 37.11
A 48.54 55.65 61.06 41.94 35.47 34.91
ALA Cs 97.32 109.69 106.51 93.03 68.26 61.95
C7eg 78.86 50.89 71.15 63.16 88.75 70.76
P 86.26 70.83 73.30 67.45 54.47 33.50
A 70.18 58.12 58.50 55.99 51.65 29.68
Cs 115.96 93.96 100.94 96.51 75.10 60.38
C7eg 60.15 50.89 71.15 54.84 77.60 80.06
P 53.78 70.84 73.30 54.51 36.61 32.44
A 39.34 58.12 58.50 37.81 35.16 36.29
Cs 83.90 93.95 100.94 81.52 36.35 55.93
C7¢g 92.09 69.92 74.31 56.70
P 92.79 91.54 66.26 45.82
A 83.63 80.29 55.76 43.04
Cs 120.53 121.62 92.78 78.47
C7¢g 68.17 57.30 61.92 56.70
P 49.89 64.94 48.34 45.82
A 4515 57.80 38.85 43.04
LyS* Cs 75.61 93.42 74.28 78.47
C7eg 83.87 69.92 74.31 56.70
P 75.18 91.54 66.26 45.82
A 67.66 80.29 55.76 43.04
Cs 105.16 121.62 92.78 78.47
C7eg 68.29 57.30 61.92 56.70
P 48.66 64.94 48.34 45.82
A 43.60 57.80 38.85 43.04
Cs 77.98 93.42 74.28 78.47
C7eg 60.53 39.73 71.95 50.26 48.53 4817
P 39.69 56.70 25.73 60.21 59.24 66.88
A 29.20 36.37 18.34 17.59 45.89 51.00
Cs 70.07 90.78 56.22 87.86 87.88 92.26
C7eg 60.53 39.73 71.95 50.26 48.53 4817
P 39.69 56.70 25.73 60.21 59.24 66.88
A 29.20 36.37 18.34 47.59 45.89 51.00
PHE Cs 70.07 90.78 56.22 88.45 87.88 92.26
C7eg 41.70 46.06 70.48 29.11 22.56 50.24
P 63.65 50.03 25.74 74.74 77.43 66.62
A 47.80 32.24 16.39 52.16 54.29 50.00
Cs 93.10 84.70 57.61 108.96 111.00 95.41
C7eg 41.70 46.06 70.48 29.10 22.56 50.24
P 63.65 50.03 25.74 74.74 77.43 66.62
A 47.80 32.24 16.39 52.15 54.29 50.00
Cs 93.10 84.70 57.61 108.96 111.00 95.41
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Table 4. Energy values (kcal/mol) expressing the interaction between
Congo red micellar and unimolecular systems and particular
polypeptide fragments. The value in bold expresses the
intermolecular interaction in consecutive Congo red
molecules in the micelle with one side of the B-sheet
fragment (four polypeptides) in the first column, and with the
other side of the - sheet fragment in the second columns.
The first value in first column expresses the total energy of
the left side of the b-sheet fragment, while the last value
expresses the interaction between the left b-sheet fragment
and the right one. In the second column the order reversed.
A - Energy values (kcal/mol) expressing the interaction
between Congo red and sequential polypeptide fragments.
The values in bold express the mean energy (kcal/mol) of
interaction between Congo red molecules in micelle
B - Energy values (kcal/mol) expressing interaction between
sequential Congo red molecules in supramolecular form with
[3-sheet (in bold) (left column - interaction with left half of
sheet, right column with right half of sheet). The first and last
values express the energy of each half of 3-sheet and
interaction between halves respectively.

C - Energy values (kcal/mol) expressing the interaction
between sequential molecules in micelle. The first column
expresses the values of interaction in isolated Congo red
micelle (Skowronek et al. 2000b).

guided by the short- and long-range influence of
amino acids. The exclusion of ¢ and ¥ angles di-
stant to the B-structural area of the Ramachandran
map was aimed at eliminating the dihedral angles,
which may strongly influence the final value of TC.

The dependence of TC on amino acid and starting
p form can be seen in Fig. 3 and Table 3.

The ¢ and W angle distributions can also be com-
pared on Fig. 4.

Two ¢ and W angles (A and C7eq) appeared to re-
present the lowest dispersion (TC) in the final
forms of the polypeptides.

A comparison of the TC values calculated for the
11 and 1| orientations of the polypeptides in the
pB-sheet suggests that the ¢ and W angles characteri-
stic for the antiparallel structural form are better
accepted by any form of the ligand (lower TC di-
spersion). The presence of the ligand plays a di-
stinctly stabilizing role for polylysine peptides.

The dispersion of TC values was found to be high
for unimolecular Congo red systems, suggesting
that the structure of this kind of complex is rather
individual, strongly dependent on the amino acid

A
Congo ALA LYS PHE
red o M fty ft t M
77 302 00 00 56 52
249 441 00 00  -47  -185
295 550 38 00 -107.3 -272
478 587 337 99 1008 -823
CR7 -463 -426 -128 -123 -415 -405
495 885 276 721 973  -1049
240 781 21 213 475 -36.0
238 366 00 00 42 -100
205 58 00 00 06 -14
32 00 00 00 00 32
52 01 00 00 03 52
79 21 00 00 33 79
288 398 520 -380 613 -2838
CR1 536 561 00 -203 -591 -236
453 35 00 00 41 -153
440 05 00 00 02  -140
39 00 00 00 00 -39
B
B-sheet ALA LYS PHE
4067 10 445 00 5947 33
462 121 170 -39 297  -405
66 -154 13 00 205 -21.7
200 117 481 00  -207 -189
1) 222 427 03 06  -162 -145
454 -85 00 506 177  -142
21 235 04 06 -128 -159
212 38 -62 137 276  -206
40 4362 00 423 33 -6006
4070 11 406 00 5959 -38
519 102 -138 57 -308 -17.8
216 440 83  -208 119 173
144 337  -44 104 234 150
(M) 91 453 83 223 178  -16.6
357 158 -80 39  -109 -220
449 393 78 151 -138  -303
402 307 -81  -230 245 -333
41 3003 00 1005 38 6111
C
Isolated ALA LYS PHE
angored
micelle TTh T o M a1 1
518 469 415 138 44 395 525
462 480  -488  -40.4  -242  -474 549
522 538 393 16 02 463 -372
480 -263 383 07 -1 484 521
528 549 374 349 482 489 312
473 477 497 155 39 549  -151
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present in the peptide. The micellar form of the li-
gand tends to accept comparable structures in the
target protein, especially in 1| form of polypeptides.

The C7eq energy minimum appears on the ¢ and
W maps of the dipeptides [28], and is the consequ-
ence of the interaction between sequential amino
acids, which probably takes place in polyphenyla-
lanine caused by ring-ring interaction.

Side chain influence on final structure

The presence of particular side chains in amino
acids had a characteristic influence on the final
form of the complex (Fig. 2). This influence is di-
scussed below.

The purpose of selecting particular side chains to
construct the B-sheet system was to focus on the
specific influence of side chain characteristics on
complexing: charged lysine, hydrophobic phenyla-
nanine, and alanine as the representative of short si-
de chain amino acids. The influence on mutual inte-
raction between polypeptides and dye in supramo-
lecular and unimolecular form was characterized on
the basis of the post-dynamic structures. Systems wi-
thout Congo red were taken as the control probe.

Polyalanine peptides

Parallel B-sheet (11) polyalanine after dynamics
appeared to be twisted with an average 8 deg twi-
sting angle (dihedral angle measured between two
consecutive B-fragments), but the general organiza-
tion was highly ordered.

Antiparallel p-sheet (1) polyalanine took a san-
dwich-like form, with two B-sheets interacting by
the side chains. The dihedral angle measured be-
tween the polypeptides of one sheet and those of
the other was approximately 49-66 deg.

Parallel B-sheet (11) polyalanine in the unimolecu-
lar Congo red system appeared to be twisted (the
dihedral angle measured between the polypeptides
in one sheet was about 10 deg), similar to the form
without Congo red docked. The Congo red mole-
cule seemed to break the continuity of the ordered
organization of the p-sheet, causing a strong bend
(the dihedral angle between two sheets was about
30 deg), in consequence of which the better part
of the Congo red molecule was exposed to solvent.

Antiparallel B-sheet (1) polyalanine in the unimole-
cular Congo red system took the sandwich form,

with Congo red positioned in between. Two B-layers
were twisted about 55 degs versus the other. The si-
de chains-Congo red contacts dominated the inte-
raction between the polypeptides and the ligand.

The molecular dynamics simulation of parallel p-
-sheet (11) polyalanine with supramolecular Congo
red ligand docked produced a system with all eight
B-fragments coordinated in direct contact on both
sides of the Congo red micelle. The polyalanine
fragments found many different positions (such as
the benzidine level and the naphtalene ring level)
along both sides of the Congo red molecules (Fig. 2).

The antiparallel B-sheet (1) polyalanine with su-
pramolecular Congo red ligand docked basically
kept its starting structure, with the final form well
ordered. The Congo red micellar organization
changed significantly, especially in respect to the
radius of curvature and low angular displacement.

Polylysine peptides

The polylysine parallel (11) and antiparallel (1) p-
-sheet organisation without Congo red cannot exist
by itself. The no-ligand system led to a set of indivi-
dual polypeptides. This calculation was treated as
the control probe.

Unimolecular Congo red coordinated one (1) po-
lylysine fragment in the co-axial organization of
two interacting molecules.

In the unimolecular Congo red and (11) polylysine
system, the final structure appeared to be a com-
plex of two polypeptides coordinated by Congo red
only on the basis of charge-charge interaction. No
[B-structure of residues was observed in this case.

The supramolecular Congo red system coordinated
three fragments of antiparallel (1) polylysine. Two
of them oriented according to the starting structure
(twist between polypeptide fragments less than 10
degs). The third one changed its initial orientation,
as a result of the approach of the charged groups
of dye and side chains. This fragment does not re-
present a B-like conformation.

The supramolecular form of Congo red coordina-
ted two parallel (11) B-structural fragments in an
orientation similar to the initial one.
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Polyphenylalanine peptides

The slight twisting in both cases of polyphenylana-
nine (11 and | 1) without Congo red was observed
to be about 10 deg. The ¢ and W angle distribution
is low, suggesting a slight change in the starting
structure (Fig. 3, Table 3).

The 11 and 1| polyphenylalanine with unimole-
cular Congo red system appeared to be twisted to
a degree comparable to the cases without Congo
red, suggesting no ligand influence on polypeptide
structure. The Congo red molecule rotated slightly
to allow its naphtalene rings to approach the phe-
nylananine side chains.

The influence of Congo red in supramolecular
form on both systems (11 and 1) of polyphenyla-
nanine seemed marginal.

The micellar organisation changed similarly in both
11 and 1| B-sheet organizations, with the radius
of curvature increasing and the angular displace-
ment decreasing no more than 2-3 degs (Table 2),
indicating that both systems are compatible.

Energy characteristics of the analyzed systems

The energy values used to measure the interaction
between sequential polypeptide fragments with
unimolecular and supramolecular Congo red sys-
tems are presented in Table 4.

The energy values expressing the interaction be-
tween Congo red (unimolecular and supramolecu-
lar) and consecutive polypeptide fragments in the
B-sheet are presented in Table 4A. The interaction
disappeared proportionally to the micelle — poly-
peptide distance, with one exception: polyalanine
in parallel 11 form. In this case the interaction be-
tween the Congo red micelle and all peptides in
the sheet was caused by the sandwich-like organi-
zation of the system.

The internal micellar stabilization was comparable
(40-50 kcal/mol) in all cases, except for the micelle
incorporated into the polylysine B-sheet, where
this interaction was weaker, probably because lysi-
ne disturbed the micellar arrangement by the char-
ge effect.

The energy values expressing the interaction be-
tween Congo red molecules and B-structural poly-
peptides are presented in Table 4B. A rather regu-
lar distribution of energy values was observed in all

cases except for 1| polylysine. Almost every mole-
cule of Congo red in the micelle was engaged in
interaction alternatively with the left and right ha-
Ives of the B-sheet. A similar regularity is also obse-
rved in 1| polyalanine.

The interaction between Congo red molecules in
the micelle, expressed by the non-bonding interac-
tion energy values (Table 4C), seemed very regular
in all analyzed cases, except for the polylysine B-
-sheet. The high degree of disorder observed in the
micelle docked to the polylysine B-sheet suggests
that the Congo red interaction was strongly influen-
ced by the particular side chain of lysine.

Intermolecular interaction between Congo red mo-
lecules in the micelle complexed to B-structural
polypeptides is comparable to the energy values
calculated for an isolated Congo red micelle (Table
4C).

CONCLUSIONS

The evidence indicates that many, if not all prote-
ins can be converted to amyloids [29-32]. Under-
standing the Congo red binding mechanism, which
is considered to be specific to all amyloid-like pro-
teins, may elucidate their common structural featu-
res [33].

The prevailing point of view is that unimolecular
Congo red molecules are located in the dye-prote-
in complex at the intermolecular position by inter-
calation or as bridges, which span protein-derived,
charged, positive groups [1,3,7,13]. However, this
complex structure does not explain all the experi-
mentally observed complexing properties, and in
particular the specificity of Congo red binding. The
reason may be connected with specific unknown
protein structures, but it may also be the result of
the strong self-assembling activity of Congo red,
a feature which may reveal new properties [21,22].

In water. Congo red and many other rigid polyaro-
matic rings, possibly planar and symmetric dyes,
form chromonic mesophases with molecules arran-
ged in rod-like or ribbon-like micellar species
[21,23]. The hydrophobic fragments of the mole-
cules cannot be completely hidden in this particu-
lar supramolecular form, making the micellar spe-
cies highly adhesive [34]. Chain-like polymers, inc-
luding peptide chains of -conformation, may like-
ly represent the receptor structures for such
ligands. Evidence for supramolecular ligand bin-
ding to proteins was found in the correlation be-
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tween self-assembling activity and the complexing
of different dyes, including Congo red, to antibo-
dies engaged in immune complexes [22,35].

The study of assembled Congo red ligand binding
may shed light on some controversial problems.

The specific features of amyloid-dye ligands neces-
sary for binding, such as planarity and symmetry,
which strongly favor self-assembling, argue for their
supramolecular character [7]. The structural corre-
spondence to polyanions also makes micellar at-
tachment likely [11,13]. Support for the supramo-
lecular form of Congo red ligands in dye-protein
complexes has come from this study as well. Mole-
cular dynamics simulation indicated that although
both unimolecular and micellar forms of Congo
red binding with peptide chains are possible, the
complexes are different, and the binding of the
self-assembled form of Congo red is favored. The
unimolecular Congo red-peptide complex appe-
ared to be stabilized predominantly by charge inte-
raction or by aromatic ring stacking. This altered
the initial complex conformation in a way that de-
pends on specific group interaction, with little re-
liance on peptide conformation. The alteration was
significant in polylysine. The polylysine peptides di-
rectly engaged in the complex appear to form tight
clusters around the sulfonic groups of Congo red,
allowing for a very close approach to the interac-
ting charged groups. The hydrophobic interaction
appears insufficient to maintain the initial structure
unaffected. In contrast, polylysine peptides directly
engaged in complex formation with micellar Congo
red preserved the basic initial conformation, stabili-
zed by the adhesion of the large ribbon-like ligand.
The use of polylysine is the most rigorous test, be-
cause of the strong charge interaction present. Wi-
thout Congo red, all the polylysine peptide sheets
dissipated in the simulation. The adhesion of the
ribbon-like Congo red micelle probably prevented
disorganization of the peptide chains directly enga-
ged in the complex with the dye.

The Congo red complex with polyphenylananine
peptides best preserved the initial conformation.
Different complexes were formed by the unimole-
cular and supramolecular forms of Congo red li-
gands with polyalanine peptides. During the simu-
lation, the initial polyalanine B-sheet with unimole-
cular Congo red intercalated in the middle of the
sheet folds toward the two-layer form, leaving
Congo red partly exposed at the edge and held in
the complex basically by electrostatic interaction.
In contrast, in the case of the supramolecular li-

gand both sites of the B-sheet turned to meet the
dye micelle with the methyl groups. This underli-
nes the essential role of hydrophobic interaction in
the complexing of the supramolecular ligand.

Unimolecular and supramolecular Congo red com-
plexing are different. Both may be engaged as
amyloid ligands, but the evidence seems to favor
the supramolecular version of the dye. Peptides of
B-conformation offer the specific site for binding
for the micellar dye, due to the complementary
structure, but the hydrophobic and positively char-
ged side chains may greatly increase the binding
affinity. This could explain the complexing mecha-
nism that makes Congo red the common ligand for
amyloids [36].
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