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ABSTRACT Synchrotron x-ray studies on amyloid fibrils have suggested that the stacked pleated B-sheets are twisted so
that a repeating unit of 24 B-strands forms a helical turn around the fibril axis (Sunde et al., 1997. J. Mol. Biol. 273:729-739).
Based on this morphological study, we have constructed an atomic model for the twisted pleated B-sheet of human ApB
amyloid protofilament. In the model, 48 monomers of AB 12—-42 stack (four per layer) to form a helical turn of B-sheet. Each
monomer is in an antiparallel B-sheet conformation with a turn located at residues 25-28. Residues 17-21 and 31-36 form
a hydrophobic core along the fibril axis. The hydrophobic core should play a critical role in initializing AB aggregation and in
stabilizing the aggregates. The model was tested using molecular dynamics simulations in explicit aqueous solution, with the
particle mesh Ewald (PME) method employed to accommodate long-range electrostatic forces. Based on the molecular
dynamics simulations, we hypothesize that an isolated protofilament, if it exists, may not be twisted, as it appears to be when
in the fibril environment. The twisted nature of the protofilaments in amyloid fibrils is likely the result of stabilizing packing
interactions of the protofilaments. The model also provides a binding mode for Congo red on AB amyloid fibrils. The model
may be useful for the design of AB aggregation inhibitors.

INTRODUCTION

The hallmark of Alzheimer’s disease (AD) is the extracel-gate more rapidly than the shorter forms under physiologi-
lular deposition of senile plaques and intraceullar neurofi-cal conditions. The longer peptides may also seed amyloid
brillary tangles (Glenner and Wong, 1984). The principalfibril formation in vivo (Jarrett et al., 1993). Kinetic studies
component of the amyloid plaques is a 39—43-amino acidhave shown that polymerization is a two-step process (nu-
peptide (A8) derived from a much larger protein called cleation and elongation), of which the nucleation event is
amyloid B-protein precursor (BPP) (Kang et al., 1987). the rate-limiting step (Jarrett et al., 1993; Lomakin et al.,
Although the physiological functions of the@peptides are  1996; Harper et al., 1997). In a study of temperature-
still under investigation, it is widely believed tha{3®plays  dependent 8 fibril formation, Kusumoto et al. proposed
an important role in the pathogenesis of AD (see Selkoethat a large activation energy is required to add a monomer
1996, for a review). The conformation offAis environ-  to the growing fibril tip. The process may involve a signif-
ment-dependent. In aqueous solutio éxists mainly as a icant increase in entropy, suggesting that a large conforma-
random coil. However, in helix-promoting solvents such astional change is required for g\ (Kusumoto et al., 1998).
trifluoroacetic acid (TFA) or in a lipid environment, A  This result is consistent with the conclusion that the con-
adopts arw-helical conformation (Sticht et al., 1995; Coles formation of A3 in solution is different from that in the
et al., 1998). /8 can show two helical regions connected by fibrils and that a conformational change is needed frté
a hinge around residues 24-28 or a singtbelix in low  polymerize. A3 may exist as a metastable conformation in
dielectric environments (Sticht et al., 1995; Coles et al.aqueous solution (Lee et al., 1995) under conditions in
1998). It has been suggested thaB As not toxic in a  which AB can aggregate. Perhaps, through hydrophobic
nonaggregate form, but becomes detrimental after undergeollapse (Dill, 1990) with concomitant conformational
ing a structural transition from a random coil tg8asheet changes, 8 may form a dimer, a tetramer, and a higher
conformation followed by fibril formation (Pike et al., 1991; ordered species (Walsh et al., 1997).
Burgevin et al. 1994; Lorenzo and Yankner, 1994; Simmons Because of the insoluble and noncrystalline nature of the
et al.,, 1994). Because the C-terminal residues @f ake fibrils, experimental studies on the structures of amyloid
hydrophobic, the longer B peptides (1-42 and -43) aggre- fibrils have been limited mainly to low-angle x-ray fibril
diffraction and solid-state NMR. Although the details of the
structures of amyloid fibrils remain elusive, these studies
Received for publication 14 December 1998 and in final form 26 March have suggested that amyloid fibrils contain a similar struc-
1999.

tural core—the pleate@-sheet or so-called crogsstruc-
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dicular to the fibril axis that runs parallel to the direction of report the basic features of the solvated and equilibrated
the backbone hydrogen bonds. The interstrand and inteatomic model for the pleatefl-sheet.

sheet distances are4.7 and~10.0 A (Fraser et al., 1991;

Inouye et al., 1993; Blake and Serpell, 1996), respectively

The pleatedB-sheet structure is the core of the protofila- MATERIALS AND METHODS

ments in amyloid fibrils. High-resolution electron micros- Model construction

copy StUdI?S suggested t,hat amyloid .flbl’lls are composed lolfhe high-resolution crystal structure of TTR (pdb entry 2pab) was used as
three to six such protofilaments (Kirschner et al., 1987;ie starting point for construction of the basic building block, a dimer of an
Fraser et al., 1991; Inouye et al., 1993; Serpell et al., 1995ntiparallels-sheet. Like A8, TTR has been implicated in senile systemic
Malinchik et al., 1998). Although Pauling’s pleat@esheet ~ amyloidosis, as well as other familial amyloidotic polyneuropathy (Kelly,
model may have captured the essence of the core structu?‘g%)' The crystal structure was solved at 1.8-A resolution (Blake et al.,

. . . 78). In the x-ray crystal structure of the TTR dimer, residues 105-112
of the protofilament, solid-state NMR studies have reVeale(i.nd 114-121 from each monomer form an antiparg@isheet at the dimer

that the pleategB-sheets are not perfectly stacked (Lans-interface. The two sheets (four strands) are also in an antiparallel arrange-
bury, 1992), as required in Pauling’s model (Pauling andnent. Using the coordinates of the two sheets in TTR, we built, by
Corey, 1951). Consistent with this idea, analysis of recenfid?c;Chairl‘lfgp'flc:’_“eT”;Ra dimer Oi”tlz—“zd TI';? Ot”gi”fa' tum_étypeé)satzs_
T - . residues 112-115in was used to model the turn for residues 25-28 in

synchrotron ?<—r§1y ,flbrll diffraction data_from transthyretln AB 12-42. The strands from TTR were extended at both N- and C-termini
(TTR) amyloid fibrils led to the conclusion that the pleated g fi out the human 48 length in such a way that the remaining residues
B-sheets are twisted, for which a B4stranded unit, with its  were in an antiparallg-sheet. The sheets were then realigned (translated)
B-strands arranged perpendicular to the fibril axis, forms do obtain maximal hydrogen bonding (a total of 14 hydrogen bonds)
complete helical turn (Blake and Serpell, 1995). This con-2etween the sheets (Fig. 1). The distance-(t) between two adjacent

. . strands was 4.7 A. The dimer was then translated three times in a direction
CIUS'_On was ?Onflrmed later baS_Ed _On_ SynChrOtron X'rayperpendicular to the plane defined by tha &oms of the dimer, each by
studies on eight different amyloid fibrils (Sunde et al., 9.7 A relative to its immediate & plane. That resulted in a 8-mer. A
1997). The length of the pleatgdsheet for a complete turn 16-mer was created by stacking another 8-mer on the top of the 8-mer in
is ~115 A (Blake and Serpell, 1996; Sunde et al., 1997)_ a direction parallel to the direction of the backbone hydrogen bonds. The

. . istance between the two 8-mers was 4.7 A. A schematic diagram for the
Although atomic details of the structure of the presumeuf:jonstruction process is shown in Fig. 2. The stacking was continued along

AP pleatedp-sheet remain unknown, experimental studieSie fipril axis to give a 48-mer. To construct the twisted plegtesheet,
suggest that 8 may form an antiparallgd-sheet with aturn  each of the four-monomer units on the same level (above) relative to the
located around residues 2629 (Ser-Asn-Lys-Gly) (Hilbichfibril axis was rotated by 15° with respect to its immediate neighbor
; ; (below) around the fibril axis. In the final twistegtpleated sheet model,
etal, .19.91.)' The region of &prqposed as a tum. n & there are 48 monomers ofgAl2—42 (96 strands) (Fig. 3). The height of the
amyIOId ﬂb”_ls also shows a turn-like motif in solution (Se(.a pleateds-sheet is~115 A, which is consistent with the length of the repeat
a summary in Coles et al., 1998). Such a turn would facil-ynit reported from the synchrotron x-ray studies (Blake and Serpell, 1996;
itate the alignment of the hydrophobic residues Y’eu Sunde et al., 1997). Surprisingly, there were few steric clashes in the

Val*8-Phd®-Phe®-Ala?t in one strand with residues éﬁ" complex. All of the close contacts in the initial model involved side-chain

GIy37-VaI36—Met35-Leu34 in another strand. However, by atoms and were uneventful_ly removed by energy mln!mlze_itlon. The model
e . . was then solvated and subject to a molecular dynamics simulation for 600
shifting the turn one residue back toward the N-terminus tQ,s. The initial twist imposed in the starting structure appeared to decrease

25-28 (Gly-Ser-Asn-Lys), residues 17-21 would pair withduring the simulation. Some of the lost backbone hydrogen bonds between
residues Val-Met*>-Leur**-Gly>*11e32 This turn arrange- two adjacent layers due to the twist recovered (see Results and Discussion).
ment eliminates the two glycine residues (&Gland GIy*®)

as core residues of the antiparallgisheet. In fact, the
contacts between residues E&®he® and lle:-Met>® in
solution have been detected whe /& in a plaque com-
petent form (Lee et al.,, 1995). Based on this structural
information, we have constructed an antiparafiesheet
with a turn (type 1) located at residues 25-28 fg8 A2—42.

The N-terminal residues 1-11 were not included, because
the structure of these residues is less defined and their role
in AB amyloid fibril formation, if any, is not known. The
N-terminus of the 48 12—42 peptide model was blocked by

an acetyl group, whereas the C-terminus remained charged. WL’W&\M’?"Y‘

The antiparallel 3-sheets were then stacked to form a )6);@ L 2

twisted pleategB-sheet according to the model proposed by WM

Blake (Blake and Serpell, 1996; Sunde et al., 1997). The

model was then tested using molecular dynamics simulaEIGURE 1  Atomic model of the starting antiparalf@isheet dimer. For

. . . . . clarity, hydrogen atoms were omitted. One monomer is in red, and the
tions in explicit solvent. The particle mesh Ewald (PME) other is in blue. &) Top view along the backbone hydrogen bond direction.

method (Darden et al., 1993) was e.mployed to pro-perI)(B) Side view orthogonal to the plane defined by the backbone hydrogen
accommodate long-range electrostatic forces. Herein weonds.
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& remaining. Each simulation was continued for 100 ps. Finally, additional
N totally unconstrained simulations were carried for 2100 and 300 ps for the
16-mer and the 48-mer, respectively.
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RESULTS AND DISCUSSION

Structural features of the A pleated
'} B-sheet model

The model of one helical turn of the twisted pleafegheet
is composed of 48 monomers of3AL2—42. Each monomer
contains an antiparalle-sheet. Overall, there are 96
B-strands. Four strands form a unit and 24 units stack
together along the fibril axis. If each unit were twisted by
15° relative to its immediate neighbors (above and below) in
the same way, 24 units would make a complete helical turn,
FIGURE 2 A schematic diagram for the construction process for theWith the helical axis parallel to the fibril axis. Because the
perfectly stacked 16-merA] A four-strand antiparalleB-sheet unit from  Structure of the monomeric form of A12—-42 was con-
the dimer interface of the crystal structure of TTR (pdb entry 2pab)structed using the structure information of TTR (see meth-
(residues 105-112 and .114—12]3) @ dimer of AB 12—42 in an antipa- ods), the twist angle between the tyistrands in each
rallel p-sheet conformation. There are 14 hydrogen bonds between Won o mer js not exactly 15°. Given that the angle between
adjace_nt strands (both intra- and |nterm9nom§r). This distance be_ztwee.n am}l1 . . .
two adjacent strands is4.7 A. (C) The dimer is translated three times in (€ two immediate strands from two different monomers
a direction perpendicular to the plane defined by the &oms of the ~ Was set at 15°, the helical twist formed by the 24 units in the
dimer, each by-9.7 A. An 8-mer results.[f) A perfectly stacked 16-mer. model was actually nearly a complete turn350°).
I_t was const_rus:ted_ by stacking (parallel) two 8-mers together in the direc- \\/e note that the four strands in each unit layer are in an
tion of the fibril axis. identical orientation, and those between two adjacent
(above, below) unit layers are in an antiparallel arrange-
ment. In other words, the unit layers stack in an antiparallel
We reasoned that a perfectly stacked structure would be more stable afdshion. The distance between the two adjacent strands in
could be .a bettgr model for an isolate(ﬁ;@rotofilamgnt. As acontrol, a  different unit |ayers and that between two strands within an
parallel simulation was also performed on an untwisted 16-mer for 2.5 nsumt |ayer are~4.7 and~9.7 A, respectively (Fig. 2). These
distances are consistent with results from x-ray fibril dif-
Molecular dynamics simulations fraction studies on amyloid fibrils (Fraser et al., 1991;
Inouye et al., 1993; Serpell et al., 1995; Sunde et al., 1997,

The molecular dynamics simulations were performed according to procex

dures reported previously (Li et al., 1997). Briefly, the simulations wereMa“nCh'k etal., 1998)‘ .
performed using the Amber 4.1 package, with the PME method (Darden et Within each monomer, residues 17-21 and 31-36 form

al., 1993) employed to accommodate long-range electrostatic forces. Thhe core of the antiparalleB-sheet. These residues are
simulations utilized Amber all-atom force field (Cornell et al., 1995) with hydrophobic. The side chains of these residues pack so as to
a step size of 2 fs. Nonbonded interactions were updated every step. A&ptimize space fiIIing interactions between monomers in the
covalent bonds involving hydrogen atoms were constrained using a mod- . . . .
ified SHAKE (Hamaguchi et al., 1992). Initially, the protein was solvated same unit layer and betwe?n monpmers '? the %djacfzm unit
in a large box of Monte Carlo TIP3P water. The numbers of waterlayers. For example, the side chains of tewphe®, lle®,
molecules used were-9,000 and~24,000 for the 16-mer and 48-mer, and VaP® from one monomer interact with those of V&l
respectively. Because each monomer carries one negative net charge, Phet®, [le®!, and Met® from the adjacent monomer in the

and 48 N& ions were needed to neutralize the system for the 16-mer an%ame unit |ayer respectively The side chains also contact
the 48-mer, respectively. The counterions were placed at least 10 A from in th df t it ) that a hvd hobi .
the peptide atoms and from each other. The ions and water were thewose In the adjacent units, so that a hydrophobic core IS

energy minimized for 100 steps, followed by equilibration for 100 ps. Theformed along the center of the pleat@dsheet (Fig. 4).

ions and water were then reminimized, followed by minimization of the While the center of the hydrophobic core is totally buried,
whole system. The system was then slowly heated to 300 K within 10 pghe edges are solvent exposed_ Because hydrophobicity
at constant volume, while a large Cartesian constraint of 100 kcal/édl Elays an important role in amyloid fibril formation (Jarrett

was placed (temporarily) on the backbone atoms of the peptide monomers. . . "
The simulation was continued for another 90 ps. Next, the Cartesiarsat al., 1993), the buried hydrophobic core could be critical

constraint on the backbone atoms was replaced by a (temporary) distand@ initializing A g aggregation and in fibril elongation. It has
constraint on the backbone hydrogen bonds. For the 16-mer, all of thbeen shown, for instance, that substitution of ¥Hey a
backbone hydrogen bond (both intra- and interstrand) distances werproline residue in 8 1-40 abolishes B aggregation,
constrained (temporarily), whereas only the distances between the thi\/hereas replacing AR by a glycine residue decreases the

strands within a monomer were constrained for the 48-mer. Each simula- . .
tion was carried out for 200 ps at constant pressure. The constraint on thréite of aggregation (Wa|Sh etal, 1997)' Double substitu-

9 0 : -
hydrogen bond distances between monomers in the 16-mer was thd#ONS Qf lle for Phé® and G_Iy.for Phé° abolishes f|br|l
removed, with only the constraint on the intramonomer hydrogen bonddormation of A3 10-23 (Hilbich et al., 1991). Proline
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FIGURE 3 The all-heavy atom model of the pleafeédheet as the core of amyloid protofilament. The model contains 48 monomers pflk—42

(96 strands) with four monomers on the same level relative to the fibril axis. Those four monomers are in the same orientation. Each of the four-monomer
units is in an antiparallel arrangement with respect to its adjacent unit. The angle between two adjacent unit8)i§ @pview normal to the fibril axis

(all-heavy atom modetop right worm diagramtop lef). (B) Side view along the fibril axis (all-heavy atom modegttom leff worm diagram pottom

right).

mutagenesis studies showed that proline replacement of ar®—35 are important for B aggregation (Pike et al., 1995).
residues between residues 17-23 @ 22—26 leads to the Likewise, the C-terminal hydrophobic residues are of im-
loss of fibril formation (Wood et al., 1995). In a study of the portance in A8 aggregation and seeding (Jarrett et al.,
aggregation of 8 25-35, Pike et al. concluded that residues1993). It has been shown, for instance, that a pentapeptide
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Molecular dynamics simulations

Two molecular dynamics simulations have been performed,
one for the untwisted 16-mer and one for the twisted 48-
mer. Both simulations were performed in explicit aqueous
solution, with the PME method (Darden et al., 1993) em-
ployed to accommodate long-range electrostatic forces. The
&) simulation on the 16-mer was 2.5 ns in length, whereas that
on the 48-mer was 600 ps. The 16-mer (untwisted) quickly
reached equilibration and remained stabilized during the
course of the simulation (Fig. B). The root mean square
deviation (rmsd) of the backbone atoms of the average
structure compared to those of the starting structurest
A. Aimost all of the hydrogen bonds between the two
antiparallel strands in each monomer as well as those be-
FIGURE 4 Hydrophobic core formed by the side-chain atoms of resi—tween_ two ad]_acent Iay_ers remained. The conta_cts be_tween
dues 17-21 and 31-36 along the fibril axis in the average structure of thih€ side chains of adjacent monomers remained intact.
16-mer generated from the coordinates of a simulation period of 1200-Overall, each monomer remained in an antiparallel confor-
2000 ps. For clarity, hydrogen atoms were omitted. Different layers are iimation, and the structure remained packed through contacts
different colors (\_/|ew_ed along the fibril a_X|s, pa_ral_lel to the backbone between the adjacent monomers and Iayers. No significant
hydrogen bond direction). The hydrophobic core is in blue. structural changes occurred during the course of the 2.5-ns
simulation. The 48-mer simulation was more problematic

consisting of A8 16—20 can bind to & 1—40 and prevent and at 600 ps had not stabilized completely (Fi@)5Like
the 16-mer, each monomer remained in an antiparallel

its aggregation (Tjernberg et al., 1996). Interestingly, the . . .
contacts between these hydrophobic residues (residu@éSheet conformation. Although the structure remained in-

17-20 and 31-35) in our pleat@isheet model were de- tact and packed, the 15° twist imposed in the starting
tected for A3 10-35 when it was in a plaque competentStrUCture appeared to lessen during the course of the simu-

conformation (Lee et al. 1995). Whereas the buried hydro!ation’ particularly in the early stages. |t appears that the

phobic core could be critical in the formation of the proto- '”“‘?”V imp_o_sgd he_lical twist untwisted in a direction op-
filament, the exposed fraction could play an important rolegof'te th? 'n't'%l_tW'Stj{ atnd Zon;e Of(;hﬁ? hydtrogen bondl_ng
in assembling the protofilaments into fibrils. Electron mi- etween two adjacent strands Irom different monomers ini-
croscopy studies have shown that amyloid fibrils consist ofially lost to create the twist was recovered. This untwisting
three to six protofilaments (Kirschner et al., 1987; Fraser ey acco_unt fqr the ob_servatlon that although e_ach mono-
al., 1991; Inouye et al., 1993: Serpell et al., 1995: MalinchikMer remained in an antiparallgtsheet conformation with

et al., 1998). It is possible that the exposed hydrophobi@n overall complex intact, the rmsd of the backbone atoms

residues could be involved in helical packing among the
protofilaments. It is known, for instance, that side-chain

packing plays an important role in stabilizing helical coiled- 30 ‘ , ‘

coil bundles (Chou et al., 1988; Betz et al., 1997; Langosch i gt A g

and Heringa, 1998). 220 ’ d \”\W W Mh i
While the center of our pleate@-sheet structure is hy- g ‘

drophobic, the ends of the sheets are somewhat hydrophili¢d 1.0 |- MI

lonic interactions and/or hydrogen bond interactions as ad- ,J

ditional forces stabilizing the croga-structure have been 00 ! P 1000 1500 2000 3500

proposed (Kirschner et al., 1987; Fraser et al., 1991; Lee et

al., 1995). Consistent with those suggestions, the fully sol- 70 e ; : ‘ :

vated and equilibrated untwisted pleat@asheet model

(16-mer,D in Fig. 2 and Fig. 4) shows that several polar 265 I

side chains are involved in intersheet and interlayer electrog 60 - M‘/ RN

static interactions. For instance, the side chain of Efrem g ,

one monomer interacts with that of Gthfrom another 55 N

monomer in the same unit layer, and that of Bland the 50 ‘ \ . ‘ ‘

backbone oxygen atom of Giifrom different monomers 300 350 400 n:;:‘zps) 500 350 600

in the adjacent unit layer. Likewise, the side chain of4%ys

from one unit Iayer forms |nterlayer hydrern bonds with FIGURE 5 Root mean square deviation of the backbone atoms of the

8 - .
the.‘ backbone atoms of Glyand/or Ly$® in the adjacent  16.mer top) and the 48-mertotton) relative to the starting structure as a
unit layer. function of the simulation time.
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compared to those of the starting structure was relativelyjormed by two g-strands, one from each monomer. The
large. X-ray diffraction studies on amyloid fibrils have intercalation disrupted the main-chain hydrogen bonds be-
suggested that amyloid fibrils may be composed of three tdween the twoB-strands. This binding mode of Congo red
six protofilaments (Kirschner et al., 1987; Fraser et al.,was suggested to be general to all amyloid proteins (Turnell
1991; Inouye et al., 1993; Serpell et al., 1995; Malinchik etand Finch, 1992). A similar binding mode (Carter and Chou,
al., 1998). The crosg-structure is the core of the protofila- 1998) was recently proposed for Congo red of #brils,
ment. Thus it is possible that the observed helical nature adbased on the insulin/Congo red crystal structure. Although it
the pleatedB-sheet may be the result of the packing of is possible that Congo red could be sandwiched by tygo A
protofilaments. It is known that side-chain packing plays anpeptides in solution as aggregation occurs, it is unlikely that
important role in stabilizing the helical bundles (Chou et al.,it can be intercalated in fibrils that are already formed.
1988; Betz et al., 1997; Langosch and Heringa, 1998). In &herefore, it is reasonable to assume the interaction between
perfectly stacked pleate@-sheet structure, the hydrogen Congo red and amyloid fibrils occurs on the surface of the
bonding between any two adjacent strands is preserved (Figuilding fibrils. Examination of the pleate@-sheet model
2). Introduction of a twist into the pleateg-sheet would showed that the &Ca distance between Ly3 in one
disrupt some of the hydrogen bonding. However, the loss omonomer and Ly¥ in an adjacent monomer is 20.8 A. The
the hydrogen bonding could be offset by the gain from thedistance is similar to that between the two sulfonate groups
packing interactions among the side chains of the protofilain Congo red (19.6 A). The two lysine residues are sepa-
ments. Such a packing would also minimize the overallrated by the hydrophobic residues (residues 17-21), and the
exposed hydrophobic surface. Therefore, one would assunte/o sulfonate groups are linked by a biphenyl group. Thus
that an isolated protofilament, if such exists, may not beit is reasonable that Congo red could bind to the surface of
twisted as seen in amyloid fibrils. And the helical twist of amyloid fibrils, with the two sulfonate groups forming salt
the protofilaments in amyloid fibrils may be the result of bridges with the two Lys residues, while the central biphe-
dominant packing interactions between the protofilamentsnyl group of Congo red interacts with hydrophobic side
If such is the case, the untwisting of the 48-mer seen duringhains of residues 17-21 (Fig. 6). In this binding mode, the
the molecular dynamics simulation would not be surprisinglong axis of Congo red is orthogonal to, rather than parallel
Thus the untwisted 16-mer may be a better model for aro, the fibril axis as proposed (Cooper, 1974; Klunk et al.,
isolated pleateg3-sheet. Nonetheless, the twisted 48-mer1989). Based on this binding model, Congo red would affect
model provides useful information about the core of thethe formation of protofilaments by interrupting the packing
pleatedB-sheet in amyloid fibrils. of the B-sheets, thus preventing fibril formation. This pro-
Although the 16-mer reached equilibration, the time scalgposed binding mode for Congo red could also be applied to
is too short for an adequate sampling of a system this siz¢he highly sulfated glycosaminoglycans (HSPG), which
It is not clear if a “local” or a “global” minimum was have been found to be associated with amyloid fibrils (Snow
sampled. To find out, a much longer simulation (in the orderet al., 1994). In vitro studies have shown that Congo red and
of 100 ns to milliseconds) is needed, which is impractical aHSPG compete for binding site(s) on amyloid fibrils (Pol-
present. Thus, although the current MD result supports thé&ack et al., 1995).
model, it does not necessarily prove it.

Comparison with other models

Recently, several models forgAamyloid fibrils have been
proposed (Lansbury et al., 1995; Benzinger et al., 1998;
Congo red has commonly been used to diagnose amyloiGhaney et al., 1998; Lazo and Downing, 1998; Mager,
deposits (Puchtler et al., 1962). The dye binds to amyloid
fibrils, and the fibrils display an intense green birefringence
under polarized light. This response is believed to be de-
pendent on the crogd-conformation of the fibrils (DeLellis
etal., 1968). In vitro studies have shown that Congo red can
inhibit the neurotoxicity of A8 (Burgevin et al., 1994;
Lorenzo and Yankner, 1994). Congo red has also been
shown to inhibit Scapie infectivity of prion (Caughey et al.,
1993), as well as the pancreatic islet cell toxicity of diabe-
tes-associated amylin (Lorenzo and Yankner, 1994). The|GuRre 6 A binding mode for Congo red ongtamyloid fibrils (same
ability of Congo red to interact with amyloid fibrils and to view as in Fig. 1A). The initial structure of the antiparallel dimer was used
possibly inhibit fibril formation has promoted studies on the for Congo red docking. For clarity, only angAdimer and Congo red are

mechanism by which Congo red interacts with fibrils and OnshO\_Nn. Backbone atoms are in plue. Congo red and the hydrophqbic core
develonina Conao red analods as potential therapeutics. THLe N magenta. The two Lys residues (3 one monomer and Ly§in
ping g 9 p p ) r}jx%other monomer) are in green. The-Ca distance between the two

crystal structure of the insulin dimer/Congo red compleXiysine residues in the average structure of the 16-mer remained nearly
revealed that Congo red intercalated at the dimer interfacenchanged compared to that in the starting structure.

Interactions with Congo red
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