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The deposition of a fibrous protein aggregate, or amyloid
plaque, is characteristic of many diseases (Cohen & Skinner,
1990; Glenner, 1980a,b), including several forms of systemic
amyloidosis (Castano & Frangione, 1988) and localized
conditions such as Alzheimer’s disease (AD)! (Katzman &
Saitoh, 1991; Selkoe, 1991; Yanker & Mesulam, 1991) and
type 11 diabetes (Nishi et al., 1990). A causal link between
plaque formation and AD has not been firmly established.
However, mounting evidence suggests that amyloid deposition
may be a critical step in the neurodegenerative process (Golde
etal., 1992; Selkoe, 1991; Yanker & Mesulam, 1991). Interest
in the detailed molecular structure of the AD amyloid plaque
and its constituent amyloid fibril has increased with its
identification as a potential therapeutic target (Selkoe, 1991;
Yanker & Mesulam, 1991).

Since amyloid is, by definition, insoluble and noncrystal-
line, the popular methods for the determination of protein
structure (i.e., multidimensional !H NMR! and X-ray crys-
tallography) cannot be used to elucidate the molecular details
of the plaque structure. Amyloid plaque is characterized by
extreme insolubility under physiological conditions and is
commonly defined by three physical properties: birefringent
staining, fibrous morphology, and a distinct X-ray fiber
diffraction pattern (Glenner, 1980). None of these properties
provide information which can be directly translated into a
high-resolution structural model of the plaque. X-ray fiber
diffraction analysis of amyloids that contain repeating primary
structure, suchas polyalanine and silk has been used to generate
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low-resolution models of the amyloid fibril (Fraser & Mac-
Rae, 1973). The first such model was Pauling’s cross-8 fibril?
(see Figure 1) (Marsh et al., 1955), which has been widely
accepted as the general amyloid fibril structure. An equally
plausible model, also based on diffraction data, has been
proposed (Arnott et al., 1967). The cross-g8 fibril,? like the
protein sequences which inspired it, is extremely regular and
may represent only one of a spectrum of possible structures.
Since amyloid protein sequences are quite diverse, it follows
that the structures of naturally-occurring amyloid plaques
will also vary. Structural studies of two amyloidogenic pep-
tides conducted in our laboratory have demonstrated this point
(vide infra). These studies were made possible by new
technology which allows elucidation of the plaque at the mo-
lecular level. We have developed a new application of Fou-
rier transform infrared spectroscopy (FTIR)! (Ashburn et
al., 1992; Halverson et al., 1991) and have utilized a solid-
state NMR (ssNMR)! technique developed by Robert Griffin
to analyze amyloid structure (Spencer et al., 1991). Two
peptides which share all the traditional characteristics of amy-
loid have been shown to differ at the level of secondary
structure. One of these peptides contains unusual structural
features which are inconsistent with the regular models which
have been proposed for the amyloid fibril. The unexpected
results of our studies, which will be summarized herein,
precipitated a reexamination of the literature concerning amy-
loid structure, specifically, the experimental basis of the cross-
8 fibril model.

The purpose of this review is to summarize what is known
about the physical properties of amyloid plaque and to
emphasize that the shared properties of amyloid proteins do
not require that all amyloid proteins are identical, or even
similar, at the level of secondary structure. The applications

2 In this review, the term cross-g fibril will be used to refer to Pauling’s
structural model (Marsh et al., 1955) as opposed to an experimentally
verified protein structure.
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of FTIR to the study of amyloid proteins will be reviewed, and
the limitations of this technique will be enumerated. Finally,
two new spectroscopic methods, which make it possible to
elucidate the molecular structure of amyloid plaque, will be
discussed. Our initial results suggest that unusual secondary
structure may characterize certain amyloid proteins.

THE RELATIONSHIP BETWEEN THE PHYSICAL
PROPERTIES AND THE MOLECULAR STRUCTURE
OF AMYLOID IS NOT UNDERSTOOD

Insolubility May Depend on (-Sheet Structure. The
physical basis for protein insolubility is unclear. Empirically-
derived hydropathy scales (Kyte & Doolittle, 1982) are used
to estimate the hydrophobicity of proteins; however, this value
does not correlate well with solubility. No primary sequence
homology has been shown to characterize all amyloid proteins,
although subtle similarities may exist between certain se-
quences. We proposed that sequences rich in amino acids
which are rarely found in helical or “random-coil” secondary
structure and often found in “extended” or S-sheet structure
(Chou & Fasman, 1974) such as valine and isoleucine (but
not leucine) may be particularly insoluble (Halverson et al.,
1990). Inaddition, the periodic occurrence of glycine residues
may serve to allow access to unusual and potentially amy-
loidogenic structures (Richardson & Richardson, 1989;
Spencer et al,, 1991). Many amyloidogenic proteins have a
large amount of B-sheet structure in the soluble form.
However, the preexistence of j3-sheet structure is not a
requirement for amyloid formation, since precipitation of pep-
tides which have little or no 3-sheet structure in the soluble
state often affords aggregates which seem to contain primarily
antiparallel 8-sheet structure [e.g., Halverson et al. (1990)].
Studies of amyloid proteins in soluble form, while providing
critical information concerning the conditions (pH, [salt], etc.)
which favor aggregation, do not neccessarily provide infor-
mation relevant to the structure of amyloid plaque (Barrow
& Zagorski, 1991; Hilbich et al., 1991). Analysisof a protein
that was precipitated by “salting-out” also demonstrated a
correlation between increased 8-sheet structure and decreased
solubility (Przybycien & Bailey, 1989). Finally, studies of in
vivo protein folding have suggested that aggregation, pre-
cipitation, and the formation of 8-sheet structure are coupled
(Haase-Pettingell & King, 1988).

Theclassification of an insoluble protein aggregate as amy-
loid depends on three criteria (Castano & Frangione, 1988§;
Crowther, 1991): (1) birefringent staining with Congo red
(CR),! (2) anunbranched, fibrillar morphology as determined
by electron microscopy (EM),! and (3) the observation of an
X-ray fiber diffraction pattern which is similar to those of
Bombyx morisilk and polyalanine (Fraser & MacRae, 1973).
The structural basis for each of these three properties will be
discussed below.

Birefringent Staining Suggests an Ordered Dye—Amyloid
Complex. The staining properties of amyloid proteins are
responsible for their misnomer, as they were originally thought
to be composed of carbohydrate. Birefringent staining with
CR is observed using a light microscope with a polarizing
light stage (Cooper, 1974). The stained amyloid appears red
when observed under nonpolarized light and green when the
incident light is polarized. In addition, a circular dichroism
signal is induced upon binding of CR to amyloid fibrils (Ben-
ditt et al., 1970; Taylor et al., 1974). These effects suggest
that the bound CR molecules are ordered with respect to each
other (Cooper, 1974); however, the structural basis for the
CR-amyloid fibril interaction remains a mystery due to the
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technological problems associated with analyzing insoluble,
noncrystalline amyloid proteins. Two models of CR binding,
both based on the cross-g fibril,2 have been proposed (Cooper,
1974;Klunketal., 1989a,b). We believe that amyloid proteins
share a feature, not necessarily at the level of secondary
structure, which is recognized by CR. Itshould be emphasized
that birefringent staining with CR is not specific to cross-3
fibrillar structure.2 The failure to observe birefringent staining
of fibrillar peptides which would otherwise be classified as
amyloid has been noted (Caputo et al., 1992). In addition,
our recent work has demonstrated that the exhibition of all
the physical properties of amyloid, including birefringent
staining, does not prove cross-#3 structure (Halverson et al.,
1990; Spencer et al.,, 1991).

Fibrillar Morphology Does Not Require 3-Sheet Structure.
The formation of rigid unbranched fibrils with width and depth
of approximately 100 A and length of 0.01-3 um is typical
of amyloidogenic peptides and proteins; however, the detailed
molecular architecture of these fibrils is not understood
(Cooper, 1974; Crowther, 1991). In fact, fibrils can be
constructed from secondary structures other than the anti-
parallel 3-sheet, which is the building block of the cross-8
fibril? (Fraser & MacRae, 1973). Forexample, the nine amino
acid peptide 33442 forms amyloid fibrils which are extremely
resistant to denaturation and contain atypical secondary
structure (Spencer et al., 1991). Thus fibrillar morphology,
while important for the histochemical identification of amy-
loid, cannot be interpreted at the molecular level.

A Distinctive X-ray Fiber Diffraction Pattern Indicates
Shared Repeating Structure. X-ray fiber diffraction reveals
the presence of related repeating structure in all amyloid
proteins which have been analyzed (Crowther, 1991). How-
ever, the similarity may be at the level of intermolecular
packing, rather than secondary structure. Although every
diffraction pattern theoretically specifies a single structure,
it is very difficult to directly translate a diffraction pattern
into a molecular structure. Therefore, most patterns are
classified by analogy to that of a simple repeating-sequence
polypeptide such as polyalanine. A protein aggregate is
classified as amyloid if the spacing and orientation of the
major reflections (4.7 A on the meridian and 5-10 A on the
equator) are similar to those observed for polyalanine and for
the silk protein of B. mori (Arnott et al., 1967; Fraser &
MacRae, 1973; Marsh et al., 1955). The polyalanine X-ray
diffraction pattern has been used to construct models of the
fibril and its subunit antiparallel 8-sheet (see Figure 1). The
iterative model-building process involves fitting of the observed
diffraction pattern to one or more molecular models, assessing
the energy of each consistent structure, and matching other
available data, such as the infrared absorption spectrum, in
ordertoarriveatamodel (Marshetal., 1955). Two consistent
models have been proposed for the simple case of polyalanine
(Arnott et al., 1967; Marsh et al., 1955). Both models are
based on the 3-strand secondary structure; however, they differ
with respect to the interchain orientation and, therefore, the
hydrogen bond geometry (Figure 1 shows Pauling’s cross-8
fibril?). These models were based on an amide bond geometry
which was constrained to be planar and trans (w = 180°). It
has recently been pointed out that this constraint does not
reflect the amide geometry which is observed in crystalline
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FIGURE 1: Schematic depiction of Pauling’s cross-g3 fibril model (Marsh et al., 1955). This model is generally accepted to represent all amyloid.
The point of this review is to emphasize that this structure may represent one member of a structural class. The antiparallel arrangement

of the peptide chains and the resultant linear hidrogen bonding network are shown for the front sheet.
as opposed to 0 A in the Pauling cross-g fibril), and hence the hydrogen bond geometry,

in which the interstrand orientation (Az = 0.6

Another model has been proposed

differs (Arnott et al., 1967). The intersheet distance will vary, depending on the side chains involved. The major reflections in the X-ray fiber
diffraction pattern whlch are considered to be diagnostic of this structure are the interstrand distance of 4.7 A along the meridian and the

variable intersheet distance (5-10 A) along the equator.

proteins® (Stewart et al., 1990). The prominent 4.7-A
reflection which is perpendicular to the fiber axis is thought
toarise from the interstrand spacing, according to the cross-g
fibril?> (Figure 1). The 9.4-A meridional reflection that is
expected for the antiparallel sheet (distance between parallel
strands) is not always seen, possibly due to intersheet packing
disorder. Thus, the distinction between two structures which
are quite different at the molecular level, that is, the anti-
parallel and parallel §-sheets, cannot necessarily be made by
observation of the diffraction pattern (Fraser & MacRae,
1973). A reflection of 5-10 A along the equator is thought
toarise from the spacing between antiparallel 8-sheets, which
isside-chaindependent. Itshould be emphasized thatunusual
structures may not perturb the prominent reflections usually
assigned to the antiparallel S-sheet and that secondary
structures other than the antiparallel 8-sheet may give rise to
an indistinguishable diffraction pattern [e.g., Spencer et al.
(1991)]. It is possible that the reflection at 4.7 A may be
commonly observed due to the preferred geometry of any
interchain hydrogen bond network, rather than the existence
of B-sheet structure.

TRADITIONAL INFRARED SPECTROSCOPY CAN BE
MODIFIED TO PROVIDE LOW-RESOLUTION
INFORMATION ABOUT LOCAL STRUCTURE

Because amyloid is by definition insoluble in water, most
spectroscopic methods are not applicable. However, FTIR
has provided useful information regarding amyloid structure

3 Pauling built other models of #-sheet-like structure containing cis-
amides (Pauling & Corey, 1953); however, these models could not explain
the observed diffraction pattern and have been largely forgotten. These
models should be reexamined, in light of recent findings (Spencer et al.,
1991).

(Ashburn et al., 1992; Halverson et al., 1991; Caughey et al.,
1991). Given a simple structure (a small molecule or the unit
cell of a simple repeating structure such as the cross-g fibril),
a theoretical infrared absorption spectrum can be calculated
using normal mode analysis and compared to the experimen-
tally determined spectrum (Krimm & Bandekar, 1986).
Unfortunately, this process does not work in reverse; that is,
a protein or peptide structure cannot be determined by analysis
of the infrared absorption spectrum. This is due to the fact
that different structures can produce indistinguishable spectra.

The amide I absorption band, which is primarily a CO
stretch (1700-1600cm!), is known to be sensitive tosecondary
structure (Krimm & Bandekar, 1986). The antiparallel 3-
sheet is unique among commonly-observed secondary struc-
tures in that extensive interstrand dipole coupling leads to a
splitting of the amide I absorption into low- and high-frequency
bands. For example, the polyalanine solid-state IR spectrum
is characterized by a strong low-frequency amide I absorption
(ca. 1625 cm™!) and a weak high-frequency band (ca. 1695
cm™!) (Krimm & Bandekar, 1986). This spectrum is nearly
identical to that calculated for the Pauling cross-g fibril
(Krimm & Bandekar, 1986). Other common secondary
structures such as the a-helix (ca. 1655 cm™') can be eliminated
as a possible polyalanine structure by the comparison of the
calculated IR spectra with the experimentally determined
spectrum of polyalanine (Krimm & Bandekar, 1986). It has
become commonplace to curve-fit IR spectra and to use this
information to determine the percentages of standard sec-
ondary structures present in a sample protein. This process
relies on empirical correlations derived from studies of amino
acid homopolymers and crystalline globular proteins of known
structure. However, it has recently been experimentally
demonstrated that a strict equation of band position and
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FIGURE 2: Solid-state FTIR spectra of peptides 33442 (top) and
IAPP20-29 (Ashburn et al., 1992; Halversonet al., 1991). Only the
amide I absorption is shown. The “split” amide I absorption band
is considered to be diagnostic for antiparallel 8-sheet structure (Krimm
& Bandekar, 1986). Note the characteristic low-insensity band at
ca. 1695 cm-!, which appears as a shoulder in the IAPP20-29
spectrum, and the high-intensity band at ca. 1628 cm-'. The broad
absorption band centered at ca. 1655 cm-! in the IAPP20-29 spectrum
is due to the asparagine side chains.* The peptide $34—42 has been
shown not to have antiparallel 8-sheet secondary structure by isotope-
edited FTIR and by rotational resonance ssNMR3 (Halverson et al.,
1991; Spencer et al., 1991).

secondary structure may not be legitimate (Wilder etal., 1992).
Consequently, overinterpretation of IR spectra must be
avoided, especially in the case of the amyloid proteins, which
are a distinct structural class. The low-frequency amide I
band is a necessary, but not a sufficient, spectral characteristic
for the assignment of antiparallel 8-sheet secondary structure.

A striking example of this fact has surfaced in our work;
the two amyloid peptides which produce the FTIR spectra
shown in Figure 2 seem to have very similar secondary
structures. However, structural differences between the two
peptides were demonstrated through the application of isotope
labeling to FTIR. Replacement of specific amide carbonyl
carbons with 13C results in a localized perturbation in the
dipole coupling interactions. These interactions are charac-
teristic of, but not unique to, antiparallel 8-sheet structure
(Ashburnetal., 1992; Halversonetal., 1991). The magnitude
of the isotope-induced perturbation depends on the local
environment of the labeled amide. We call this FTIR method
isotope-edited dipole coupling analysis. The structural basis
for the different sensitivities of the two peptides to isotopic
substitution cannot be determined by IR alone. However,
certainstructures that are consistent with the unlabeled FTIR
spectrum, but inconsistent with the isotope-edited dipole
coupling analysis, can be ruled out. In the case of the peptide
(334-42, the cross-@ fibril can be ruled out as a possible structure
for the aggregate.

CRYSTALLINE #-SHEET STRUCTURE MAY BEAR
LITTLE RESEMBLANCE TO AMYLOID SECONDARY
STRUCTURE

The only available molecular-level information regarding
antiparalle] 8-sheet structure is derived from X-ray crystal-
lographic studies of soluble, crystalline peptides and proteins.
Several reviews of the structural features of crystalline an-

4 When corrected for the asparagine side-chain absorbance in the
IAPP20-29 spectrum (Figure 2, lower spectrum), the spectrum is very
similar to that of 33442 (Figure 2, upper spectrum).
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FIGURE 3: Primary sequences of the amyloid proteins of AD (8
protein) and type IT diabetes (IAPP). Ineach case,a peptide derived
from the underlined sequence has been shown to be amyloidogenic
(Glenner et al., 1988; Halverson et al., 1990). These amyloid pep-
tides are shown.

tiparallel B-sheets have appeared (Chothia, 1973; Richard-
son & Richardson, 1989; Salemme, 1983). One common
characteristic of the crystalline sheets is a twist around the
axis defined by the the polypeptide chain, which is caused by
nonbonded interactions between side chains (Chothia, 1973,
Chou et al., 1982; Chou & Scheraga, 1982; Raghavendra &
Sasisekharan, 1979; Richardson & Richardson, 1989; Sa-
lemme, 1983). This twist is not a feature of the Pauling cross-
{3 fibril model (Figure 1). The amyloid homopolymers which
inspired the cross-8 fibril? are not easily crystallized. Un-
fortunately, twisted lamellar crystals of B. mori silk protein
arenot of the quality required for single-crystal X-ray analysis
(Lotz et al., 1982). However, if one assumes a cross-3 fibril-
lar structure, then the magnitude of the observed twist in the
lamellar silk crystal is negligible when compared to the twist
of B-sheets in soluble, crystalline proteins (0.1° per strand vs
10-30° in soluble proteins) (Lotz et al., 1982). This finding
suggests that @-structure in crystalline, soluble proteins and
B-structure in noncrystalline, insoluble amyloid proteins are
different. That proposal is supported by sequence analysis of
amyloidogenic polypeptides. The Chou-Fasman empirical
structure prediction method, which is based on the frequency
of occurrence of individual amino acids in particular secondary
structures within soluble, crystalline proteins (Chou & Fas-
man, 1974), incorrectly predicts that the B. morisilk sequence
should have random-coil structure and should not contain
significant amounts of 8-sheet structure. The prevalence of
glycine in the silk sequence as compared to soluble 3-sheet
structure suggests a stabilizing effect of glycine on amyloid
structure. The failure of the Chou-Fasman empirical method
in these cases suggests that there are significant differences
between crystalline and fibrillar (amyloid) 3-structure. Poly-
alanine and B. mori silk may contain regular, flat §-sheet
structure, similar to that of the cross-g fibril. However, one
amyloid peptide with a nonrepeating primary sequence (334—
42) has been shown to contain unusual secondary structure
thatisinconsistent with the cross-G fibril (Spencer etal., 1991).

UNUSUAL SECONDARY STRUCTURE
CHARACTERIZES CERTAIN AMYLOIDS

We have studied two synthetic peptides, 334—42 (Halver-
sonetal., 1990) and IAPP20-29 (Glenner et al., 1988), which
form amyloid invitro. Eachisa fragment of an amyloidogenic
protein (Figure 3). The synthetic peptide 334—42 is a C-
terminal fragment of the 8-protein of AD. We have proposed
that the C-terminus of the 8-protein of AD is critical in the
initiation of amyloid deposition (Halverson et al., 1990).
Recent studies of the 3-protein support this contention but do
not provide a molecular explanation (Burdick et al., 1992).
The peptide IAPP20-29 is a fragment of the islet amyloid
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polypeptide of type 11 diabetes which has been shown to form
amyloid fibrils (Glenner et al., 1988). Each of these peptide
amyloids exhibits all of the traditional properties of amyloid
and has an IR spectra which is consistent with the cross-g
fibril model (figure 2) (Halverson et al., 1990). However,
isotope-edited FTIR studies reveal differences between the
two aggregates. These differences derive from variations in
secondary structure and/or interchain interactions. The
IAPP20-29 isotope-edited FTIR spectra are consistent with
a cross-# fibril in the central portion of the sequence (Ash-
burn et al., 1992). In contrast, the 834—42 fibril does not
appear to be a cross-g fibril. Furthermore, the central Gly-
Gly region of peptide 334—42 behaves anomalously in the
FTIR experiments (Halverson et al., 1991). The existence of
an unusual structure at that location has been confirmed by
rotational resonance ssNMR studies of the 33442 amyloid,
which reveal the presence of an unusual cis-amide bond
between Gly37 and Gly38 (Spencer et al., 1991). This
structural feature was invisible to the traditional biophysical
approaches. Rotational resonance ssNMR is a novel tech-
nique, developed by Robert Griffin, which allows one to
accurately (£0.1-0.2 A) measure intercarbon distances of up
to 6 A in the solid state. By systematically measuring a-
carbon to carbonyl carbon distances along the peptide
backbone, one can define a family of possible secondary
structures.® These structures can then be individually eval-
uated with respect to their agreement with IR spectra, their
energetics, and their ability to form stable aggregates. The
rotational resonance ssNMR technique does not require a
crystalline sample and thus promises to revolutionize the study
of amyloid protein structure.

CONCLUSIONS

Each of the three properties which led to the designation
of amyloid proteins as a structural class is related to structure,
although this relationship has not been elucidated at the mo-
lecular level. Twostructural models have been proposed which
areconsistent with the X-ray diffraction pattern and the fibril-
lar morphology (Arnottetal., 1967; Marshetal., 1955). These
models represent extremes in terms of their structural
regularity. Congo red binding can be rationalized in terms
of these models; however, the molecular details of the dye—
amyloid interaction have not been elucidated. We propose
that the three defining properties of amyloid characterize a
class of related structures, of which the cross-g fibril2 is one
member, rather than the single structure. Theshared physical
properties of the amyloid proteins may be due to similar in-
termolecular packing motifs, rather than shared secondary
structure.

We have shown that amyloid fibrils which produce prac-
tically indistinguishable infrared absorption spectra do not
necessarily have identical structures. Therefore, IR spectra
must be interpreted with caution and should only be used to
disprove the existence of a particular structure or to reveal
structural differences between amyloids. FTIR can provide
additional information about local structure via the incor-
poration of 13C at specific amides along the peptide backbone.
Most importantly, the recent emergence of rotational reso-
nance ssSNMR enables the determination of the detailed mo-
lecular architecture of this class of proteins. This technique

5 A total of ten intercarbon distances have been measured in the 334—
42 amyloid. These measurements indicate that much of the peptide
backbone does not resemble typical antiparallel S-strand structure
(Michéle Auger, Richard Spencer, Kurt Halverson, Ted Ashburn, Robert
Griffin, and P. T. Lansbury, unpublished results).
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has been used to prove that amyloid plaque does not necessarily
contain pure antiparallel 8-sheet structure’ (Spencer et al.,
1991). In fact, amyloid structures may contain secondary
structures and /or hydrogen-bonding motifs which do not occur
incrystalline proteins. Further studies willlead to elucidation
of the molecular structures of the various members of the
amyloid class and an understanding of the intermolecular
packing interactions which determine their insolubility.

ACKNOWLEDGMENT

I thank the members of my research group for their
intellectual contributions, which led to the development of
the ideas presented here. Their experimental contributions
are acknowledged in the relevant references. I also thank
Prof. Jamie Williamson (MIT), Prof. Michéle Auger (Uni-
versity of Laval), and Dr. Ron Wetzel (SmithKline Beecham)
for reviewing the manuscript and/or for helpful discussions.

REFERENCES

Arnott, S., Dover, S. D., & Elliot, A. (1967) J. Mol. Biol. 30,
201.

Ashburn, T. T., Auger, M., & Lansbury, P. T., Jr. (1992) J. Am.
Chem. Soc. 114, 790.

Barrow, C. J., & Zagorski, M. G. (1991) Science 253, 179-182,

Benditt, E. P., Eriksen, N., & Berglund, C. (1970) Proc. Natl.
Acad. Sci. US.A. 66, 1044-1051.

Burdick, D., Soreghan, B., Kwon, M., Kosmoski, J., Knauer, M.,
Henschen, A., Yates, J., Cotman, C., & Glabe, C. (1992) J.
Biol. Chem. 267, 546-554.

Caputo, C. B, Fraser, P. E., Sobel, 1. E., & Kirschner, D. A.
(1992) Arch. Biochem. Biophys. (in press).

Castano, E. M., & Frangione, B. (1988) Lab. Invest. 58, 122~
132.

Caughey, B. W., Dong, A., Bhat, K. S., Ernst, D., Hayes, S. F.,
& Caughey, W. S. (1991) Biochemistry 30, 7672-7680.

Chothia, C. (1973) J. Mol. Biol. 75, 295-302.

Chou, K.-C., & Scheraga, H. (1982) Proc. Natl. Acad.Sci. U.S . A.
79, 7047-7051.

Chou, K.-C,, Pottle, M., Némethy, G., Ueda, Y., & Scheraga,
H. A. (1982) J. Mol. Biol. 162, 89-112.

Chou, P. Y., & Fasman, G. D. (1974) Biochemistry 13, 222~
244,

Cohen, A. S., & Skinner, M. (1990) N. Engl. J. Med. 323, 542,

Cooper, J. H. (1974) Lab. Invest. 31, 232-238.

Crowther, R. A. (1991) Biochim. Biophys. Acta 1096, 1-9.

Fraser, R. D. B., & MacRae, T. P. (1973) Conformation in
Fibrous Proteins, Academic Press, New York.

Glenner, G. G. (1980a) N. Engl. J. Med. 302, 1283-1292.

Glenner, G. G. (1980b) N. Engl. J. Med. 302, 1333-1343.

Glenner, G. G., Eanes, E. D., & Wiley, C. A. (1988) Biochem.
Biophys. Res. Commun. 155, 608—614.

Golde, T. E., Estus, S., Younkin, L., Selkoe, D. J., & Younkin,
S. G. (1992) Science 255, 728-730.

Haase-Pettingell, C. A., & King, J. (1988) J. Biol. Chem. 263,
4977-4983.

Halverson, K. J., Fraser, P. E., Kirschner, D. A., & Lansbury,
P. T., Jr. (1990) Biochemistry 29, 2639.

Halverson, K. J., Sucholeiki, I., Ashburn, T. T., & Lansbury, P.
T., Jr. (1991) J. Am. Chem. Soc. 113, 6701,

Hilbich, C., Kisters-Woike, B., Reed, J., Masters, C. L., & Bey-
reuther, K. (1991) J. Mol. Biol. 218, 149-163.

Katzman, R., & Saitoh, T. (1991) FASEB J. 5, 278-286.

Klunk, W. E., Pettegrew, J. W., & Abraham, D. J. (1989a) J.
Histochem. Cytochem. 37, 1273.

Klunk, W. E., Pettegrew, J. W., & Abraham, D. J. (1989b) J.
Histochem. Cytochem. 37, 1293,

Kyte, J., & Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132.

Lotz, B., Gonthier-Vassal, A., Brack, A., & Magoshi, J. (1982)
J. Mol. Biol. 156, 345-357,



6870 Biochemistry, Vol. 31, No. 30, 1992

Marsh, R. E., Corey, R. B., & Pauling, L. (1955) Biochim. Bio-
phys. Acta 16, 1-34,

Nishi, M., Sanke, T., Nagamatsu, S., Bell, G. L., & Steiner, D.
F. (1990) J. Biol. Chem. 265, 4173-4176.

Pauling, L., & Corey, R. B. (1953) Proc. Natl. Acad. Sci. U.S .A.
39, 247-252.

Przybycien, T. M., & Bailey, J. E. (1989) Biochim. Biophys.
Acta 995, 231-245.

Raghavendra, K., & Sasisekharan, V.(1979) Int.J. Pept. Protein
Res. 14, 326-338.

Richardson, J. S., & Richardson, D. C. (1989) Prediction of
Protein Structure and the Principles of Protein Conformation,
Plenum Publishing Corp., New York.

Perspectives in Biochemistry

Salemme, F. R. (1983) Prog. Biophys. Mol. Biol. 42, 95-133.

Selkoe, D. J. (1991) Neuron 6, 487—498.

Spencer, R. G. S., Halverson, K. J., Auger, M., McDermott, A.
E., Griffin, R. G., & Lansbury, P. T., Jr. (1991) Biochemistry
30, 10382,

Stewart, D. E., Sarkar, A., & Wampler, J. E. (1990) J. Mol.
Biol. 214, 253-260.

Taylor, D. L., Allen, R. D., & Benditt, E. P. (1974) J. His-
tochem. Cytochem. 22, 1105.

Wilder, C. L., Friedrich, A. D., Potts, R. O., Daumy, G. O., &
Francoeur, M. L. (1992) Biochemistry 31, 27-31.

Yanker, B. A., & Mesulam, M.-M. (1991) New Engl. J. Med.
325, 1849-1857.



