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Spectroscopic and X-ray crystallographic studies have
rigorously defined theâ-helical conformations of several
proteins, including pectate lyases C (PelC) and E (PelE) (1-
4), a phage tailspike protein (TSP) (5), and an acyltransferase
(LpxA) (6), in each of which a single chain of shortâ-strands
is wound into successive turns of parallelâ-helix. In this
study, further insight into theâ-helical conformation was
obtained by the construction of graphical and space-filling
models of the established pectate lyase conformations. From
these constructions, it appeared that theâ-sheet conforma-
tions that have been proposed for the amyloid fibrils that
are associated with a number of human diseases may actually
be coiled intoâ-helixes. This speculation is illustrated herein
by novel graphical expressions of pectate lyase conformations
that were established previously by X-ray diffraction (3). By
analogy, sequences found in three amyloid proteinssthe
Alzheimer Aâ protein, an immunoglobulin light-chain de-
rivative (Rei), and transthyretin (TTR)swere modeled in
plausibleâ-helical conformations. We propose these con-
formations as the basis for the 2-3 nm diameter protofibrils
that recently have been recognized as subunits of the 7-13
nm diameter TTR and Aâ amyloid fibrils (7, 8). Our
postulated antiparallel arrangement of the amyloid protein
chains inâ-helixes complies with published spectroscopic
and X-ray crystallographic properties of amyloid fibrils (9).

Pectate Lyase Conformations

X-ray crystallographic studies of pectate lyases have
spelled out the spatial relationships between the amino acid
residues shown to occupy positions inâ-helixes (1). Figure
1 shows our representation of theâ-helical regions of PelC
and PelE, showing the predominantly hydrophobic nature
of the amino acid side chains that are assigned to the helix
lumen. The previous investigators proposed that theâ-helical
conformations are stabilized by hydrogen bonding between
successive turns of the peptide backbone, between residues
on the exterior of the helix, and between residues in loops
of random coil projecting from successive turns of the central
helix (1-3, 5, 6). Yoder et al. (1-3) also noted the ladders
of external asparagine residues in PelC, and asparagine/serine
residues in PelE (shown in red in Figure 1), that would
contribute to the side chain hydrogen bonding for most of
the length of eachâ-helix. By analogy with the pectate
lyases, we have been able to constructâ-helical conforma-
tions of amyloid protofibrils, based on published experi-
mental data on these unsolved structures.

Amyloid Proteins

More than 18 different proteins are known to form amyloid
fibrils, each thought to consist of shortâ-strands in antipar-
allel â-sheet conformations (9-13). Our initial modeling
studies have suggested that theâ-strand sequences of several
amyloid proteins seem capable of formingâ-helixes. The
criteria we used were as follows. (a) Theâ-strands should
form two-chain antiparallel conformations, in conformity
with spectroscopic evidence (9-13). (b) All loops of random
coil should coincide in successive turns of theâ-helix, as
established for PelC and PelE (1-3), TSP (5), and LpxA
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(6). (c) A preponderance of the residues within the lumen
of theâ-helix should be hydrophobic, or should be involved

in intralumenal hydrogen bonding if hydrophilic. While our
proposed conformations are largely conjectural, they comply
with the spectroscopic, crystallographic, and microscopic data
on amyloid fibrils that investigators have accumulated, and
provide for the first time a scheme for accommodating the
loops of random coil that are widely predicted on the basis
of the primary amino acid sequences.
In the conformation proposed here for the Alzheimer Aâ

protein (Figures 2 and 3), each of the shortâ-strands that
are wound into theâ-helix contains two internalized residues.
As a result, several different degrees of stagger between the
antiparallel chains could maintain the coincidence of random
coil loops, and each degree of stagger would entail a different
set (and a varying number) of hydrogen bonds between
residues on the exterior of the helix and in loops. To
determine which degree of stagger between the antiparallel
chains would be most likely, each was modeled and the
number of potential hydrogen bonds was counted, taking into
account that each chain is contacted on both sides by the

FIGURE 1: Drawings of theâ-helical conformations of PelC and
PelE, as determined by X-ray crystallography (1). The numbered
structures (1-7) in each series represent successive turns of a single-
chain parallelâ-helix having five internal residues per turn. The
small rotational offset of each turn is omitted. Hydrophobic residues
are yellow, and hydrophilic residues are blue. The asparagines (N)
and serines (S) that are shown in red exemplify the hydrogen
bonding that can occur between residues in successive turns of the
helix. Smaller-font numbers indicate sequence positions in the
protein chains.

FIGURE 2: Axial cross section of the postulated two-chain right-
handed antiparallelâ-helical conformation of protofibrils of the Aâ
protein of Alzheimer’s plaques. Numbers 1 and 2 refer to turns of
the protein chains that run in the clockwise direction, alternating
with the turns 1′ and 2′ of the chains that run in the opposite
direction. Smaller-font numbers indicate sequence positions in the
protein chains. The degree of stagger between the antiparallel chains
is that which provides the greatest number of intermolecular side
chain hydrogen bonds between successive turns of the helix.
Hydrophobic residues are yellow, while hydrophilic residues are
blue in the clockwise chains and purple in the counterclockwise
chains.
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other chain. The conformation providing the greatest number
of interchain hydrogen bonds is shown in the axial view in
Figure 2. We were also able to draw a lateral view of the
â-helical conformation proposed for Aâ (Figure 3), which
allows an assessment of the number and location of
hydrophobic residues on the exterior of the helical cylinder,
and in the loops of random coil, that may induce the lateral
aggregation of the protofibrils.
In a similar two-chain antiparallel conformation that we

propose for Rei (Figures 4 and 5), all of the constituent
â-strands contain three internalized residues, and again could
adopt a number of different degrees of stagger between the
antiparallel chains. The conformation shown in Figure 4 was
estimated to provide the greatest number of interchain
hydrogen bonds. We were also able to draw lateral views
(front and back) of theâ-helical conformation proposed for
Rei, as shown in Figure 5. This representation provides
insight into the spirals of residues external to the helical
cylinder that may influence the lateral aggregation of the
â-helical protofibrils to form fibrils, through interactions
between hydrophobic residues, or through the formation of
salt bridges (14).
Using the same graphical conventions, expressions of a

â-helical conformation were prepared for protofibrils that
might be formed from the amyloid protein TTR. Figure 6
depicts a two-chain antiparallel conformation, with the degree
of axial stagger of the chains that provided the largest
aggregate number of interchain hydrogen bonds. The
expression also revealed that the single intralumenal hydro-
philic residue (Asn-124) may be capable of hydrogen
bonding with its counterpart in the antiparallel chain, across
the lumen of the helix.
In our formulations of theâ-helical structure of amyloid

protofibrils (Figures 2-6), each turn of the helix is shown
to contain six hydrophobic residues in the central lumen,
compared with five such residues demonstrated for the
pectate lyases. This difference is imposed by the two-chain
antiparallel conformation widely accepted for amyloid
structures (9, 13), compared with the single-chain structure
of the pectate lyases. Construction of CPK models of a
continuousâ-helix (uninterrupted by loops of random coil)
showed that the single-chain structure requires 11.3 residues
per turn of the helix, while the two-chain structure requires

13.3 residues per turn, in either the parallel or the antiparallel
orientation (15). The average size of the hydrophobic
residues assigned to the helix interior also affects the potential
number of residues per turn in such a way that a continuous

FIGURE 3: Equatorial drawing of the postulated two-chain anti-
parallelâ-helical conformation of protofibrils of the Alzheimer Aâ
protein. Arrows indicate the sequence directions of the protein
chains, and the numbers indicate sequence positions in the respective
chains. The color coding is like that in Figure 2.

FIGURE 4: Axial cross section of the two-stranded antiparallel
â-helix proposed for Rei. The degree of stagger between the
antiparallel chains is that which provides the greatest number of
intermolecular side chain hydrogen bonds between successive turns
of the helix. The first and last residues in each sequence are
numbered, and residues are color coded as in Figure 2.

FIGURE 5: Lateral representation of the two-stranded antiparallel
â-helix proposed for Rei. As determined from construction of CPK
atomic models, the external amino acid side chains belonging to
theâ-strands form left-handed spirals on the exterior of the helix
cylinder, each forming an angle of 13° with a plane passing through
the axis of the cylinder. The tilt of theâ-strands relative to a tangent
normal to the helix axis was calculated to be 11°, on the basis of
the 1.6 nm helix diameter and the 0.96 nm axial rise per turn of
each chain. The color coding is like that in Figure 2.
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â-helix having only alanine residues in the hydrophobic
positions can be constructed with 9.3 residues per turn (not
shown).

Amyloid Fibril Formation

As indicated by the construction of space-filling CPK
models (15-17), and by the dimensions of protofibrils
formed by synthetic peptides (18), the protofibrils that could
be formed by the amyloid proteins would have diameters of
2 nm, in keeping with the smallest amyloid subunits observed
in recent studies (7, 8). Amyloid fibril formation may result
only when a particular conformation favors the antiparallel
condensation of protein chains, in a staggered arrangement
that promotes axial propagation of the conformation, analo-
gous to the mechanism proposed for assembly of intermediate
filaments (15-18). However, the chance adoption of
complementary conformations by two protein chains, simul-
taneously and in proper juxtaposition, must be vanishingly
small. As a result, amyloid-type associations should be
improbable but, once formed, may serve as a template for
self-replication, using available copies of the protein. This
limitation on self-replication could explain some of the
characteristics of amyloid disorders, including the prion-
mediated diseases.
Patients with familial amyloidotic polyneuropathy produce

amyloid fibrils that are derived from variants of TTR.
Transmission electron microscopy of stained cross sections
showed that these fibrils have a uniform diameter of 13 nm
and are composed of a bundle of four protofilaments having

a center-to-center spacing of 5-6 nm (7). Studies using
synchrotron x-radiation (19) produced crystallographic data
suggesting a cross-â-sheet conformation, in which the
transverseâ-strands were stacked edge to edge to form a
ribbon. Each successiveâ-strand was rotated radially 15°
with respect to the previous one so that the ribbon was
twisted 360° after 24 strands, and each strand formed an
angle of close to 90° with respect to the axis of the twisted
ribbon conformation. Protofilaments were proposed in which
four to six ribbons (protofibrils) were stacked before twisting,
and four such protofilaments, in a bundle having a square
cross section, formed a fibril 13 nm in diameter (19).
Alternatively, theâ-helical conformation that we propose
as a subunit for TTR fibrils in this study can be visualized
as conforming to the X-ray crystallographic and electron
microscopy studies of TTR fibrils (7, 19). As determined
from CPK models, and illustrated in Figure 7, successive
strands are offset circumferentially because of the spatial
requirements of the peptide hydrogen bonds between the
antiparallel turns of the helix. The circumferential offset
produces left-handed helical spirals of amino acid residues
on the external cylindrical surface, inclined at an angle of
13° with respect to the axis of the helix. Given the 13° angle
of the spirals and the 1.6 nm diameter of the helix cylinder,
each spiral would accomplish a complete turn around the
cylinder in 22 nm of axial length, or approximately 23 turns
of a helix having a rise per turn of 0.96 nm. This compares
with the 24â-strands per turn of the postulated twisted ribbon

FIGURE6: Axial cross section of TTR as a two-stranded antiparallel
â-helix. The degree of axial stagger between the two antiparallel
chains is that which provided the greatest number of side chain
hydrogen bonds. The residues are color coded as in Figure 2, and
the first and last residues in each chain are numbered.

FIGURE 7: Representation of twoâ-helical protofibrils crossing at
an angle of 26°, as required for the fit between the spirals of external
residues. The imposed crossing angle ensures that theâ-strands in
the line of contact between any two helixes will be almost at right
angles with the common axis of the helix pair.
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conformation (19). Therefore, in the conformation proposed
in this study, successiveâ-strands in each direction would
be offset about 15° circumferentially, as postulated for the
rotation of successiveâ-strands in the twisted-ribbon model
based on X-ray data (19).
In the TTR protofilament model of Blake and Serpell (19),

pairs ofâ-strands are 1.01 nm apart, which is the spacing
they would have across the lumen of theâ-helix in this
postulate, as measured on CPK models. The X-ray data also
indicated that each pair ofâ-strands is separated from the
next pair by a space of 1.26 nm, which approximates the
spacing betweenâ-helical protofibrils when assembled into
protofilaments, as illustrated in Figures 7 and 8.
Two touching protofilaments must cross each other at an

angle close to 26° to accommodate the packing of the spirals
of residues on the exterior of the helixes. With the 0.96 nm
axial rise of each chain, and the 1.6 nm diameter of the helix
cylinder (without external side chains), theâ-strands are
calculated to form an angle of 11° with respect to a tangent
normal to the helical axis. Therefore, theâ-strands at the
line of contact between each helix pair become almost normal
to the common axis of the helix pair, as illustrated in Figure
7, consistent with crystallographic results (19).
Electron microscopy indicated a square array of four

protofilaments in TTR fibrils (7). We propose that each of
these four subunits consists of six to eightâ-helical
protofibrils, as illustrated in Figure 8. As shown, half of
the loops of random coil that extend from theâ-helical
protofibrils could be packed into the central space of the
protofibril bundles, and the remaining half of the loops
arrayed on the exterior of the bundles. The resulting four-
protofilament fibril would have a diameter close to the 13
nm assigned by electron microscopy (7), and the center-to-
center distance between protofilaments would be 5.4 nm,

consistent with the 5-6 nm spacing observed in electron
micrographs (7). Theâ-helical model is therefore consistent
with existing experimental evidence for the structure of
several amyloid proteins, and also explains why all amyloid
fibrils appear to be round, not ribbon-like or slab-like as may
be expected from a cross-â structure. The provision of a
universal subunit consisting of aâ-helical protofibril also
helps to explain how amyloid fibrils can have relatively
constant diameter regardless of the sequence length of the
peptide or protein from which they are aggregated. Pre-
liminary studies have shown that each of the synthetic
peptides that represent a fragment of the Aâ protein and form
fibrils can be drawn as a plausibleâ-helix. The widely
studied terminal fragment Aâ(34-42) readily forms fibrils
(13), despite a complete absence of ionizable residues,
providing support for the idea that hydrophobic interactions
may be of primary importance in the aggregation of
protofibrils for forming amyloid fibrils.
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FIGURE 8: Representation of six 2 nm TTR protofibrils in each of
four protofilaments forming a 13 nm fibril. The dimensions shown
were estimated from CPK atomic models.
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