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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 A 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-
lular deposition of senile plaques and intraceullar neurofi-
brillary tangles (Glenner and Wong, 1984). The principal
component of the amyloid plaques is a 39—43-amino acid
peptide (AB) derived from a much larger protein called
amyloid B-protein precursor (ABPP) (Kang et al., 1987).
Although the physiological functions of the A3 peptides are
still under investigation, it is widely believed that A plays
an important role in the pathogenesis of AD (see Selkoe,
1996, for a review). The conformation of A is environ-
ment-dependent. In aqueous solution, A3 exists mainly as a
random coil. However, in helix-promoting solvents such as
trifluoroacetic acid (TFA) or in a lipid environment, A3
adopts an a-helical conformation (Sticht et al., 1995; Coles
et al., 1998). AB can show two helical regions connected by
a hinge around residues 24-28 or a single a-helix in low
dielectric environments (Sticht et al., 1995; Coles et al.,
1998). It has been suggested that AB is not toxic in a
nonaggregate form, but becomes detrimental after undergo-
ing a structural transition from a random coil to a B-sheet
conformation followed by fibril formation (Pike et al., 1991;
Burgevin et al. 1994; Lorenzo and Yankner, 1994; Simmons
et al., 1994). Because the C-terminal residues of A are
hydrophobic, the longer A peptides (1-42 and -43) aggre-
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gate more rapidly than the shorter forms under physiologi-
cal conditions. The longer peptides may also seed amyloid
fibril formation in vivo (Jarrett et al., 1993). Kinetic studies
have shown that polymerization is a two-step process (nu-
cleation and elongation), of which the nucleation event is
the rate-limiting step (Jarrett et al., 1993; Lomakin et al.,
1996; Harper et al., 1997). In a study of temperature-
dependent A fibril formation, Kusumoto et al. proposed
that a large activation energy is required to add a monomer
to the growing fibril tip. The process may involve a signif-
icant increase in entropy, suggesting that a large conforma-
tional change is required for AB (Kusumoto et al., 1998).
This result is consistent with the conclusion that the con-
formation of AB in solution is different from that in the
fibrils and that a conformational change is needed for AS to
polymerize. AB may exist as a metastable conformation in
aqueous solution (Lee et al., 1995) under conditions in
which AB can aggregate. Perhaps, through hydrophobic
collapse (Dill, 1990) with concomitant conformational
changes, A3 may form a dimer, a tetramer, and a higher
ordered species (Walsh et al., 1997).

Because of the insoluble and noncrystalline nature of the
fibrils, experimental studies on the structures of amyloid
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
have suggested that amyloid fibrils contain a similar struc-
tural core—the pleated (-sheet or so-called cross-f-struc-
ture, irrespective of the nature and sources of amyloid
proteins/peptides (Inouye et al., 1993; Lansbury et al., 1995;
Sunde et al., 1997). The widely adopted model for the
cross-f3 structure is the one proposed by Pauling (Pauling
and Corey, 1951). In the model, the B-strands are perpen-
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dicular to the fibril axis that runs parallel to the direction of
the backbone hydrogen bonds. The interstrand and inter-
sheet distances are ~4.7 and ~10.0 A (Fraser et al., 1991;
Inouye et al., 1993; Blake and Serpell, 1996), respectively.
The pleated B-sheet structure is the core of the protofila-
ments in amyloid fibrils. High-resolution electron micros-
copy studies suggested that amyloid fibrils are composed of
three to six such protofilaments (Kirschner et al., 1987;
Fraser et al., 1991; Inouye et al., 1993; Serpell et al., 1995;
Malinchik et al., 1998). Although Pauling’s pleated B-sheet
model may have captured the essence of the core structure
of the protofilament, solid-state NMR studies have revealed
that the pleated B-sheets are not perfectly stacked (Lans-
bury, 1992), as required in Pauling’s model (Pauling and
Corey, 1951). Consistent with this idea, analysis of recent
synchrotron x-ray fibril diffraction data from transthyretin
(TTR) amyloid fibrils led to the conclusion that the pleated
B-sheets are twisted, for which a 24 B-stranded unit, with its
B-strands arranged perpendicular to the fibril axis, forms a
complete helical turn (Blake and Serpell, 1995). This con-
clusion was confirmed later based on synchrotron x-ray
studies on eight different amyloid fibrils (Sunde et al.,
1997). The length of the pleated B-sheet for a complete turn
is ~115 A (Blake and Serpell, 1996; Sunde et al., 1997).
Although atomic details of the structure of the presumed
AP pleated B-sheet remain unknown, experimental studies
suggest that A3 may form an antiparallel B-sheet with a turn
located around residues 2629 (Ser-Asn-Lys-Gly) (Hilbich
et al., 1991). The region of AB proposed as a turn in Af3
amyloid fibrils also shows a turn-like motif in solution (see
a summary in Coles et al., 1998). Such a turn would facil-
itate the alignment of the hydrophobic residues Leu'’
Val'®-Phe'’-Phe?’-Ala®' in one strand with residues Gly>®-
Gly’’-Val**-Met*>-Leu®* in another strand. However, by
shifting the turn one residue back toward the N-terminus to
25-28 (Gly-Ser-Asn-Lys), residues 17-21 would pair with
residues Val*®-Met*>-Leu**-Gly**-Ile*2. This turn arrange-
ment eliminates the two glycine residues (Gly®” and Gly*®)
as core residues of the antiparallel B-sheet. In fact, the
contacts between residues Leu'’-Phe?® and Ile*'-Met® in
solution have been detected when A is in a plaque com-
petent form (Lee et al., 1995). Based on this structural
information, we have constructed an antiparallel B-sheet
with a turn (type I) located at residues 25-28 for Af3 12—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 AB 12—42 peptide model was blocked by
an acetyl group, whereas the C-terminus remained charged.
The antiparallel B-sheets were then stacked to form a
twisted pleated B-sheet according to the model proposed by
Blake (Blake and Serpell, 1996; Sunde et al., 1997). The
model was then tested using molecular dynamics simula-
tions in explicit solvent. The particle mesh Ewald (PME)
method (Darden et al., 1993) was employed to properly
accommodate long-range electrostatic forces. Herein we
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report the basic features of the solvated and equilibrated
atomic model for the pleated [3-sheet.

MATERIALS AND METHODS
Model construction

The high-resolution crystal structure of TTR (pdb entry 2pab) was used as
the starting point for construction of the basic building block, a dimer of an
antiparallel B-sheet. Like AB, TTR has been implicated in senile systemic
amyloidosis, as well as other familial amyloidotic polyneuropathy (Kelly,
1998). The crystal structure was solved at 1.8-A resolution (Blake et al.,
1978). In the x-ray crystal structure of the TTR dimer, residues 105-112
and 114-121 from each monomer form an antiparallel B-sheet at the dimer
interface. The two sheets (four strands) are also in an antiparallel arrange-
ment. Using the coordinates of the two sheets in TTR, we built, by
side-chain replacement, a dimer of AB 12—42. The original turn (type I) at
residues 112—115 in TTR was used to model the turn for residues 25-28 in
AP 12—42. The strands from TTR were extended at both N- and C-termini
to fill out the human A length in such a way that the remaining residues
were in an antiparallel B-sheet. The sheets were then realigned (translated)
to obtain maximal hydrogen bonding (a total of 14 hydrogen bonds)
between the sheets (Fig. 1). The distance (Ca-Ca) between two adjacent
strands was 4.7 A. The dimer was then translated three times in a direction
perpendicular to the plane defined by the Ca atoms of the dimer, each by
9.7 A relative to its immediate Ca plane. That resulted in a 8-mer. A
16-mer was created by stacking another 8-mer on the top of the 8-mer in
a direction parallel to the direction of the backbone hydrogen bonds. The
distance between the two 8-mers was 4.7 A. A schematic diagram for the
construction process is shown in Fig. 2. The stacking was continued along
the fibril axis to give a 48-mer. To construct the twisted pleated (-sheet,
each of the four-monomer units on the same level (above) relative to the
fibril axis was rotated by 15° with respect to its immediate neighbor
(below) around the fibril axis. In the final twisted B-pleated sheet model,
there are 48 monomers of AB 12—42 (96 strands) (Fig. 3). The height of the
pleated B-sheet is ~115 A, which is consistent with the length of the repeat
unit reported from the synchrotron x-ray studies (Blake and Serpell, 1996;
Sunde et al., 1997). Surprisingly, there were few steric clashes in the
complex. All of the close contacts in the initial model involved side-chain
atoms and were uneventfully removed by energy minimization. The model
was then solvated and subject to a molecular dynamics simulation for 600
ps. The initial twist imposed in the starting structure appeared to decrease
during the simulation. Some of the lost backbone hydrogen bonds between
two adjacent layers due to the twist recovered (see Results and Discussion).
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FIGURE 1 Atomic model of the starting antiparallel 3-sheet dimer. For
clarity, hydrogen atoms were omitted. One monomer is in red, and the
other is in blue. (4) Top view along the backbone hydrogen bond direction.
(B) Side view orthogonal to the plane defined by the backbone hydrogen
bonds.
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FIGURE 2 A schematic diagram for the construction process for the
perfectly stacked 16-mer. (4) A four-strand antiparallel B-sheet unit from
the dimer interface of the crystal structure of TTR (pdb entry 2pab)
(residues 105-112 and 114-121). (B) A dimer of AB 12—42 in an antipa-
rallel B-sheet conformation. There are 14 hydrogen bonds between two
adjacent strands (both intra- and intermonomer). This distance between any
two adjacent strands is ~4.7 A. (C) The dimer is translated three times in
a direction perpendicular to the plane defined by the Ca atoms of the
dimer, each by ~9.7 A. An 8-mer results. (D) A perfectly stacked 16-mer.
It was constructed by stacking (parallel) two 8-mers together in the direc-
tion of the fibril axis.

We reasoned that a perfectly stacked structure would be more stable and
could be a better model for an isolated A protofilament. As a control, a
parallel simulation was also performed on an untwisted 16-mer for 2.5 ns.

Molecular dynamics simulations

The molecular dynamics simulations were performed according to proce-
dures reported previously (Li et al., 1997). Briefly, the simulations were
performed using the Amber 4.1 package, with the PME method (Darden et
al., 1993) employed to accommodate long-range electrostatic forces. The
simulations utilized Amber all-atom force field (Cornell et al., 1995) with
a step size of 2 fs. Nonbonded interactions were updated every step. All
covalent bonds involving hydrogen atoms were constrained using a mod-
ified SHAKE (Hamaguchi et al., 1992). Initially, the protein was solvated
in a large box of Monte Carlo TIP3P water. The numbers of water
molecules used were ~9,000 and ~24,000 for the 16-mer and 48-mer,
respectively. Because each monomer carries one negative net charge, 16
and 48 Na™ ions were needed to neutralize the system for the 16-mer and
the 48-mer, respectively. The counterions were placed at least 10 A from
the peptide atoms and from each other. The ions and water were then
energy minimized for 100 steps, followed by equilibration for 100 ps. The
ions and water were then reminimized, followed by minimization of the
whole system. The system was then slowly heated to 300 K within 10 ps
at constant volume, while a large Cartesian constraint of 100 kcal/mol - A?
was placed (temporarily) on the backbone atoms of the peptide monomers.
The simulation was continued for another 90 ps. Next, the Cartesian
constraint on the backbone atoms was replaced by a (temporary) distance
constraint on the backbone hydrogen bonds. For the 16-mer, all of the
backbone hydrogen bond (both intra- and interstrand) distances were
constrained (temporarily), whereas only the distances between the two
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 the
hydrogen bond distances between monomers in the 16-mer was then
removed, with only the constraint on the intramonomer hydrogen bonds
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remaining. Each simulation was continued for 100 ps. Finally, additional
totally unconstrained simulations were carried for 2100 and 300 ps for the
16-mer and the 48-mer, respectively.

RESULTS AND DISCUSSION

Structural features of the A pleated
B-sheet model

The model of one helical turn of the twisted pleated 3-sheet
is composed of 48 monomers of A3 12—42. Each monomer
contains an antiparallel B-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,
with the helical axis parallel to the fibril axis. Because the
structure of the monomeric form of AB 12—42 was con-
structed using the structure information of TTR (see meth-
ods), the twist angle between the two [-strands in each
monomer is not exactly 15°. Given that the angle between
the two immediate strands from two different monomers
was set at 15°, the helical twist formed by the 24 units in the
model was actually nearly a complete turn (~350°).

We note that the four strands in each unit layer are in an
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
fashion. The distance between the two adjacent strands in
different unit layers and that between two strands within an
unit layer are ~4.7 and ~9.7 A, respectively (Fig. 2). These
distances are consistent with results from x-ray fibril dif-
fraction studies on amyloid fibrils (Fraser et al., 1991;
Inouye et al., 1993; Serpell et al., 1995; Sunde et al., 1997;
Malinchik et al., 1998).

Within each monomer, residues 17-21 and 31-36 form
the core of the antiparallel B-sheet. These residues are
hydrophobic. The side chains of these residues pack so as to
optimize space filling interactions between monomers in the
same unit layer and between monomers in the adjacent unit
layers. For example, the side chains of Leu'’, Phe'?, Tle*?,
and Val*® from one monomer interact with those of Val'®,
Phe?, Tle*!, and Met*® from the adjacent monomer in the
same unit layer, respectively. The side chains also contact
those in the adjacent units, so that a hydrophobic core is
formed along the center of the pleated [B-sheet (Fig. 4).
While the center of the hydrophobic core is totally buried,
the edges are solvent exposed. Because hydrophobicity
plays an important role in amyloid fibril formation (Jarrett
et al., 1993), the buried hydrophobic core could be critical
in initializing A3 aggregation and in fibril elongation. It has
been shown, for instance, that substitution of Phe' by a
proline residue in AB 1-40 abolishes AB aggregation,
whereas replacing Ala®' by a glycine residue decreases the
rate of aggregation (Walsh et al., 1997). Double substitu-
tions of Ile for Phe'” and Gly for Phe®° abolishes fibril
formation of AB 10-23 (Hilbich et al.,, 1991). Proline
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FIGURE 3 The all-heavy atom model of the pleated B-sheet as the core of AB amyloid protofilament. The model contains 48 monomers of A 12—-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 units is 15°. (4) Top view normal to the fibril axis
(all-heavy atom model, top right; worm diagram, top left). (B) Side view along the fibril axis (all-heavy atom model, bottom left; worm diagram, bottom

right).

mutagenesis studies showed that proline replacement of any
residues between residues 17-23 of AB 12-26 leads to the
loss of fibril formation (Wood et al., 1995). In a study of the
aggregation of A3 25-35, Pike et al. concluded that residues

29-35 are important for AS aggregation (Pike et al., 1995).
Likewise, the C-terminal hydrophobic residues are of im-
portance in A aggregation and seeding (Jarrett et al.,
1993). It has been shown, for instance, that a pentapeptide
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FIGURE 4 Hydrophobic core formed by the side-chain atoms of resi-
dues 17-21 and 31-36 along the fibril axis in the average structure of the
16-mer generated from the coordinates of a simulation period of 1200—
2000 ps. For clarity, hydrogen atoms were omitted. Different layers are in
different colors (viewed along the fibril axis, parallel to the backbone
hydrogen bond direction). The hydrophobic core is in blue.

consisting of AB 16—20 can bind to A3 1-40 and prevent
its aggregation (Tjernberg et al., 1996). Interestingly, the
contacts between these hydrophobic residues (residues
17-20 and 31-35) in our pleated B-sheet model were de-
tected for AB 10-35 when it was in a plaque competent
conformation (Lee et al. 1995). Whereas the buried hydro-
phobic core could be critical in the formation of the proto-
filament, the exposed fraction could play an important role
in assembling the protofilaments into fibrils. Electron mi-
croscopy studies have shown that amyloid fibrils consist of
three to six protofilaments (Kirschner et al., 1987; Fraser et
al., 1991; Inouye et al., 1993; Serpell et al., 1995; Malinchik
et al., 1998). It is possible that the exposed hydrophobic
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-
coil bundles (Chou et al., 1988; Betz et al., 1997; Langosch
and Heringa, 1998).

While the center of our pleated S-sheet structure is hy-
drophobic, the ends of the sheets are somewhat hydrophilic.
Ionic interactions and/or hydrogen bond interactions as ad-
ditional forces stabilizing the cross-f3 structure have been
proposed (Kirschner et al., 1987; Fraser et al., 1991; Lee et
al., 1995). Consistent with those suggestions, the fully sol-
vated and equilibrated untwisted pleated [B-sheet model
(16-mer, D in Fig. 2 and Fig. 4) shows that several polar
side chains are involved in intersheet and interlayer electro-
static interactions. For instance, the side chain of Lys'® from
one monomer interacts with that of GIn'> from another
monomer in the same unit layer, and that of Glu** and the
backbone oxygen atom of Glu*? from different monomers
in the adjacent unit layer. Likewise, the side chain of Lys*®
from one unit layer forms interlayer hydrogen bonds with
the backbone atoms of Gly*®> and/or Lys®® in the adjacent
unit layer.
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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. 5 4). The root mean square
deviation (rmsd) of the backbone atoms of the average
structure compared to those of the starting structure is ~2.4
A. Almost all of the hydrogen bonds between the two
antiparallel strands in each monomer as well as those be-
tween two adjacent layers remained. The contacts between
the side chains of adjacent monomers remained intact.
Overall, each monomer remained in an antiparallel confor-
mation, and the structure remained packed through contacts
between the adjacent monomers and layers. No significant
structural changes occurred during the course of the 2.5-ns
simulation. The 48-mer simulation was more problematic
and at 600 ps had not stabilized completely (Fig. 5 B). Like
the 16-mer, each monomer remained in an antiparallel
B-sheet conformation. Although the structure remained in-
tact and packed, the 15° twist imposed in the starting
structure appeared to lessen during the course of the simu-
lation, particularly in the early stages. It appears that the
initially imposed helical twist untwisted in a direction op-
posite the initial twist, and some of the hydrogen bonding
between two adjacent strands from different monomers ini-
tially lost to create the twist was recovered. This untwisting
may account for the observation that although each mono-
mer remained in an antiparallel $-sheet conformation with
an overall complex intact, the rmsd of the backbone atoms
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FIGURE 5 Root mean square deviation of the backbone atoms of the

16-mer (fop) and the 48-mer (bottom) relative to the starting structure as a
function of the simulation time.



2876

compared to those of the starting structure was relatively
large. X-ray diffraction studies on amyloid fibrils have
suggested that amyloid fibrils may be composed of three to
six protofilaments (Kirschner et al., 1987; Fraser et al.,
1991; Inouye et al., 1993; Serpell et al., 1995; Malinchik et
al., 1998). The cross-f3 structure is the core of the protofila-
ment. Thus it is possible that the observed helical nature of
the pleated B-sheet may be the result of the packing of
protofilaments. It is known that side-chain packing plays an
important role in stabilizing the helical bundles (Chou et al.,
1988; Betz et al., 1997; Langosch and Heringa, 1998). In a
perfectly stacked pleated [B-sheet structure, the hydrogen
bonding between any two adjacent strands is preserved (Fig.
2). Introduction of a twist into the pleated (-sheet would
disrupt some of the hydrogen bonding. However, the loss of
the hydrogen bonding could be offset by the gain from the
packing interactions among the side chains of the protofila-
ments. Such a packing would also minimize the overall
exposed hydrophobic surface. Therefore, one would assume
that an isolated protofilament, if such exists, may not be
twisted as seen in amyloid fibrils. And the helical twist of
the protofilaments in amyloid fibrils may be the result of
dominant packing interactions between the protofilaments.
If such is the case, the untwisting of the 48-mer seen during
the molecular dynamics simulation would not be surprising.
Thus the untwisted 16-mer may be a better model for an
isolated pleated (-sheet. Nonetheless, the twisted 48-mer
model provides useful information about the core of the
pleated 3-sheet in amyloid fibrils.

Although the 16-mer reached equilibration, the time scale
is too short for an adequate sampling of a system this size.
It is not clear if a “local” or a “global” minimum was
sampled. To find out, a much longer simulation (in the order
of 100 ns to milliseconds) is needed, which is impractical at
present. Thus, although the current MD result supports the
model, it does not necessarily prove it.

Interactions with Congo red

Congo red has commonly been used to diagnose amyloid
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 cross-f3 conformation of the fibrils (DeLellis
et al., 1968). In vitro studies have shown that Congo red can
inhibit the neurotoxicity of AB (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
ability of Congo red to interact with amyloid fibrils and to
possibly inhibit fibril formation has promoted studies on the
mechanism by which Congo red interacts with fibrils and on
developing Congo red analogs as potential therapeutics. The
crystal structure of the insulin dimer/Congo red complex
revealed that Congo red intercalated at the dimer interface
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formed by two B-strands, one from each monomer. The
intercalation disrupted the main-chain hydrogen bonds be-
tween the two (-strands. This binding mode of Congo red
was suggested to be general to all amyloid proteins (Turnell
and Finch, 1992). A similar binding mode (Carter and Chou,
1998) was recently proposed for Congo red on Af3 fibrils,
based on the insulin/Congo red crystal structure. Although it
is possible that Congo red could be sandwiched by two A3
peptides in solution as aggregation occurs, it is unlikely that
it can be intercalated in fibrils that are already formed.
Therefore, it is reasonable to assume the interaction between
Congo red and amyloid fibrils occurs on the surface of the
building fibrils. Examination of the pleated 3-sheet model
showed that the Ca-Ca distance between Lys'® in one
monomer and Lys'® in an adjacent monomer is 20.8 A. The
distance is similar to that between the two sulfonate groups
in Congo red (19.6 A). The two lysine residues are sepa-
rated by the hydrophobic residues (residues 17-21), and the
two sulfonate groups are linked by a biphenyl group. Thus
it is reasonable that Congo red could bind to the surface of
amyloid fibrils, with the two sulfonate groups forming salt
bridges with the two Lys residues, while the central biphe-
nyl group of Congo red interacts with hydrophobic side
chains of residues 17-21 (Fig. 6). In this binding mode, the
long axis of Congo red is orthogonal to, rather than parallel
to, the fibril axis as proposed (Cooper, 1974; Klunk et al.,
1989). Based on this binding model, Congo red would affect
the formation of protofilaments by interrupting the packing
of the B-sheets, thus preventing fibril formation. This pro-
posed binding mode for Congo red could also be applied to
the highly sulfated glycosaminoglycans (HSPG), which
have been found to be associated with amyloid fibrils (Snow
et al., 1994). In vitro studies have shown that Congo red and
HSPG compete for binding site(s) on amyloid fibrils (Pol-
lack et al., 1995).

Comparison with other models

Recently, several models for A amyloid fibrils have been
proposed (Lansbury et al., 1995; Benzinger et al., 1998;
Chaney et al., 1998; Lazo and Downing, 1998; Mager,

FIGURE 6 A binding mode for Congo red on AB amyloid fibrils (same
view as in Fig. 1 4). The initial structure of the antiparallel dimer was used
for Congo red docking. For clarity, only an AB dimer and Congo red are
shown. Backbone atoms are in blue. Congo red and the hydrophobic core
are in magenta. The two Lys residues (Lys'® in one monomer and Lys'® in
another monomer) are in green. The Ca-Ca distance between the two
lysine residues in the average structure of the 16-mer remained nearly

unchanged compared to that in the starting structure.
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1998). These models differ at both the secondary and ter-
tiary structure levels. In the model by Chaney et al., residues
30—42 from one monomer form an antiparallel 8-sheet with
the same residues from another monomer (Chaney et al.,
1998). Accordingly, two-thirds of the A residues are not
directly involved in constituting the core of the protofila-
ment, the pleated 3-sheet. In the model of Lazo and Down-
ing, the structure of the protofilaments of the amyloid fibrils
is represented as a (-helix, with no detailed structural in-
formation about the helix presented (Lazo and Downing,
1998). Two other models are based on solid-state NMR
studies on AB 34—42 (Lansbury et al., 1995) and 10-35
(Benzinger et al., 1998) amyloid fibrils, respectively.
Whereas one model suggests that the strands in the pleated
B-sheet are in an antiparallel arrangement (Lansbury et al.,
1995), the other concludes that the strands are arranged in a
parallel fashion (Benzinger et al., 1998). Although it is clear
that the amyloid fibrils comprise a structural superfamily
and share a common structural feature—the pleated
B-sheet—irrespective of the nature of the proteins/peptides
(Sunde et al., 1997), it is not clear whether fragments of
amyloid precursor proteins/peptides bind in the same way as
their full-length counterparts. As further structural studies
are conducted with high-resolution techniques, the issue
should be resolved. Finally, the very recent model of Mager
for AB 1-42, which is based on an NMR structure (Sticht et
al., 1995) and molecular modeling, has an apolar a-helix
(Lys'®-Ala?") and an apolar B-strand (Lys*®-Val*), the later
of which is envisioned to interact in an antiparallel fashion
with other strands to form polymers (Mager, 1998). The
pleated B-sheet structure of Sunde et al. (1997) is not
modeled. Nonetheless, we believe that our model is the first
atomic model for the core of the pleated 3-sheet of A3 1-42
amyloid fibrils. The model is consistent with the morpho-
logical model by Blake (Blake and Serpell, 1996; Sunde et
al., 1997). The coordinates of the structures presented herein
are available on request from the authors.

In conclusion, we have built an atomic model for the core
of the pleated B-sheet of AP amyloid fibril based on the
analysis of synchrotron x-ray diffraction studies on amyloid
fibrils (Blake and Serpell, 1995; Sunde et al., 1997), as well
as other experimental observations. The model contains 48
monomers of A 12—42. Each monomer is in an antiparallel
B-sheet conformation with a turn (type I) located at residues
25-28. Residues 17-21 and 31-36 form a hydrophobic core
at the center of the protofilament along the fibril axis. The
hydrophobic core may play an important role both in the
formation of protofilaments and in the assembly of the
protofilaments into amyloid fibrils. The pleated B-sheet of
the core of an isolated protofilament, if such exists, may not
be twisted, as it apparently is in fibrils. The model also
provides a binding mode for Congo red and HSPG on A
amyloid fibrils. The model should provide useful insight
into the structure of the protofilaments in amyloid fibrils
and may be helpful in inhibitor design studies.
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