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ABSTRACT To understand the molecular interactions leading to the assembly of 1/A4 protein into the hallmark fibrils of Alzheimer's
disease (AD), we have examined the ability of synthetic peptides that correspond to the 1/A4 extracellular sequence to form fibrils
over the range of pH 3-10. Peptides included the sequences 1-28, 19-28, 17-28, 15-28, 13-28, 11-28, and 9-28 of ,/A4. The
model fibrils were compared with isolated amyloid with respect to morphology, conformation, tinctorial properties, and stability
under denaturing conditions. Electron microscopy, Fourier-transform infrared (FT-IR) spectroscopy, and x-ray diffraction revealed
that the ionization states of the amino acid sidechains appeared to be a crucial feature in fibril formation. This was reflected by the
ability of several peptides to undergo fibril assembly and disassembly as a function of pH. Comparisons between different /A4
sequences demonstrated that the fibrillar structure representative of AD amyloid was dependent upon electrostatic interactions,
likely involving His-13 and Asp-23, and hydrophobic interactions between uncharged sidechains contained within residues 17-21.
The results also indicated an exclusively 3-sheet conformation for the synthetic (and possibly AD fibrils) in contrast to certain other
(e.g., systemic) amyloids.

INTRODUCTION

Proteinaceous fibrils contained within senile plaques
and neurofibrillary tangles (NFT) are distinguishing
neuropathological features of Alzheimer's disease (AD)
(Selkoe, 1989). Whereas a combination of several constit-
uents including microtubule-associated protein tau (Ko-
sik et al., 1986; Wischik et al., 1988), ubiquitin (Mori et
al., 1987), and neurofilament proteins (Anderton et al.,
1982) are closely associated in the intraneuronal NFT
paired helical filaments, a single 39-42 residue protein,
P/A4, is the predominant component of the extracellu-
lar AD amyloid (Glenner and Wong, 1984a, 1984b;
Masters et al., 1985a). Cloning has revealed that P/A4 is
located toward the COOH-terminus of a 695-residue
precursor protein (1APP695) (Kang et al., 1987). The
alternate transcripts, 1APP75, and IAPP7O, which con-
tain protease inhibitor inserts, have also been identified
(Ponte et al., 1988; Tanzi et al., 1988; Kitaguchi et al.,
1988). PAPP contains an extracellular NH2-terminal
domain, a single transmembrane domain, and a short
cytoplasmic segment. The sequence of ,B/A4 includes
the first 28 residues of the extracellular domain and
11-14 residues of the proposed transmembrane region.
Proteolytic cleavage at or near position 612 of ,APP
(Lys-16 of 13/A4) results in the release of soluble
secreted protein of undefined function (Palmert et al.,
1989; Sisodia et al., 1990; Esch et al., 1990). The residual
membrane-bound region of ,B/A4 may, however, play a

key role in neuronal degeneration possibly via a receptor-
mediated pathway (Yankner et al., 1990). These observa-
tions have led to proposals that incorrect processing
resulting from defective constituent proteases (Sisodia
et al., 1990; Esch et al., 1990) and/or via abnormal
posttranslational modifications (Buxbaum et al., 1990)
may be a factor in the production and accumulation of
1/A4, and in AD etiology.
Recent immunocytochemical investigations (Spillan-

tini et al., 1990a, 1990b) have suggested a multistep
process in the continued proteolysis and final self
assembly of the ,B/A4 fragment into amyloid fibrils.
Several structural models for P/A4 and other amyloid
proteins (e.g., systemic) have been proposed (Glenner et
al., 1974; Turnell et al., 1986; Gorevic et al., 1987;
Kirschner et al., 1987). Although there is considerable
evidence that the amyloid proteins are folded into a

,-sheet conformation, additional secondary structural
elements such as a-helices may also contribute to fibril
formation.

This study was undertaken to determine which resi-
dues are crucial to fibril formation and how certain
interresidue interactions may underlie fibril stability.
Examination by electron microscopy (EM), Fourier-
transform infrared spectroscopy (FT-IR), and x-ray

diffraction of a series of synthetic peptides correspond-
ing to successively longer stretches of the /A4 extracel-
lular region have enabled us to identify residue-specific
electrostatic and hydrophobic interactions necessary for
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AD-like fibril formation. FI-IR analysis and x-ray diffrac-
tion of the synthetic fibrils suggests that the AD fibrils
are most closely approximated by an all a-sheet model.

temperature for several days before negative staining to provide
maximal opportunity for fibril dissolution.

MATERIALS AND METHODS

Peptide synthesis
Amyloid peptide sequences (Fig. 1) used in this study [0-(19-28),
,B-(17-28), ,B-(15-28), 0-(13-28), ,B-(11-28) and 3-(9-28)] were pur-
chased from Peninsula Laboratories (Belmont, CA) and Star Biochem-
icals (Torrance, CA). A purity of greater than 98% was verified by
amino acid analysis and analytical HPLC. Proton NMR spectra (360
MHz) were also obtained (Francis Bitter Magnet Laboratory, Cam-
bridge, MA) for each of the commercial peptides as an additional
purity check by our laboratory. The spectra were consistent with the
amino acid composition, and no extraneous or minor peaks (indicating
truncated peptides) were observed. The full length extracellular
portion of 1-(1-28) was synthesized and purified using methods
previously described (Kirschner et al., 1987; Fraser et al., 1991).

Electron microscopy
For thin sectioning, hydrated gels of the peptides ( . 30 mg/ml) were
fixed by vapor diffusion for 2-3 h over 2.5% (vol/vol) buffered
glutaraldehyde followed by 2-3 h postfixation by vapor diffusion with
buffered OSO4 (2% wt/vol). The samples were dehydrated through a
graded ethanol series and embedded in Epon. Sections were counter-
stained with 3% (wt/vol) uranyl acetate and Reynold's lead citrate.
For negative staining, carbon-coated Pioloform grids were floated on
buffered aqueous solutions of the peptides (0.5-2 mg/ml) and stained
with 2% (wt/vol) uranyl acetate or 2% (wt/vol) ammonium molybdate.
The peptide assemblies were observed in a JEOL 100S operated at 80
kV or a JEOL 1200EX operated at 120 kV. Fibril dimensions were
measured from electron micrographs and were calibrated using
tropomyosin paracrystals kindly provided by Dr. C. Cohen (Brandeis
University, Waltham, MA).

Effect of pH on fibrillar morphology was observed by dissolving
lyophilized peptides in appropriately buffered solutions. The specific
buffers are detailed in the figure legends. Fibrillar stability was also
examined under denaturing conditions by mixing preformed fibrils (2
mg/ml) in a 1:1 ratio with 8 M urea. These solutions were left at room

Fourier-transform infrared
spectroscopy
IR spectra were collected on a Digilab FTS-60 (Cambridge, MA)
operated at 2 cm-' resolution. Peptide solutions (5-20 mg/ml) were

prepared in unbuffered D20 and pH was adjusted by additions of
NaOD or DCI. Electrode readings were uncorrected for deuterium
effects. Sample aliquots (- 10 pl) were placed in demountable cells
containing CaF2 windows separated by 50 pm teflon spacers. In some
cases, the commercial peptides contained small amounts of trifluoro-
acetic acid (TFA) (used in HPLC purification) which gave an overlap-
ping band at 1670 cm-'. In order to remove residual TFA, these

peptides were additionally purified by chromatography on an Amber-
lite IR-45 minicolumn (Muga et al., 1990). In some cases the residual
overlapping band was eliminated by subtraction from the final spec-
trum.

X-ray diffraction
Buffered peptide solutions (10-15 mg/ml) were slowly concentrated by
air drying in siliconized thin walled glass capillaries (Charles Supper
Co., Natick, MA). Final peptide concentration, estimated from the
reduction in solution volume, was typically 50 mg/ml. Diffraction
experiments were performed using nickel-filtered and double-mirror
focused CuK. radiation from an Elliot GX-20 rotating anode genera-
tor operated at 35 kV by 35 mA. Diffraction patterns were recorded on
DEF film (Kodak) with exposure times of 1-3 d. The specimen to film
distance, 70 mm, was calibrated with known standards. Measure-
ment of the spacings and intensities was carried out as previously
described (Kirschner et al., 1987).

Congo red staining
Aliquots of each of the peptide solutions were air dried on glass slides
and dehydrated for 20 min with 100% ethanol. The resulting films
were stained with Congo red (5%; CR) in 80% ethanol saturated with
NaCI. Excess CR was removed with three 10 min washes of 90%
ethanol. The stained samples were examined between crossed polariz-
ers to determine the presence or absence of the amyloid-associated
green birefringence.
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FIGURE 1 Sequence of 1/A4 protein indicating the peptides examined in this study. The complete 1-42 segment encompassing both the
extracellular and transmembrane regions corresponds to residues 597-638 of the ,BAPP (Kang et al., 1987). The charges of the various residues (+
or -) are positioned above and below the protein sequence consistent with the spatial orientation of the sidechains as would be found in an all
,3-conformation.
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RESULTS AND INTERPRETATION

pH affected fibril formation and
morphology
The extracellular P-(1-28) segment displayed a well
defined pH dependence in forming stable fibrils
(Fig. 2,A-C). At lower pH (2.5), 60-80 A diameter
fibrils were infrequently observed and appeared largely
as fragments only several hundred Angstroms in length.
Raising the pH to 5.5 resulted in the appearance of
numerous unbranched fibrils of similar diameters but
much greater in length. At pH 8 such fibrils were mostly
replaced by amorphous material with occasional lightly-
stained fibrils.
The removal of eight residues (including several

charges) from the NH2-terminal to yield P-(9-28)
changed not only the pH dependence of the peptide in
forming fibrils but also the morphological characteristics
of the fibrils (Fig. 2 D-F). At pH 2.0, the few fibrils that
formed were poorly contrasted and - 35 A in diameter.
An increase to pH 4 produced a transition to long,
unbranched fibrils 70-90 A in diameter which remained
unchanged up to pH 6-7. A further increase to pH 9
caused a transition in morphology to flexible, flattened
ribbons, which were ofindeterminate length and had dimen-
sions of 200-225 A by 50-55 A Above pH 9 no recognizable
fibrillar or ribbon-like assemblies were obtained.

Peptides 0-(11-28) and ,B-(13-28) exhibited identical
pH dependence as 1-(9-28), i.e., small indistinct fibrils
at pH 2 followed by the formation of regular amyloid-
like fibrils over the pH range 3-7 and eventually the
formation of extended ribbons or slabs at pH 9.
As native AD amyloid is characteristically insoluble

(Masters et al., 1985a), the stability of the in vitro amyloid-
like ,B(9-28), ,B-(11-28), and 13-(13-28) fibrils (pH 7) was
tested under denaturing conditions. Each peptide main-
tained a fibrillar, amyloid morphology in 4 M urea but
tended to be shorter than untreated fibrils (Fig. 2 E; inset).
The deletion of His-13 and His-14 to produce ,B-(15-

28) altered not only the pH range at which fibrils could
be formed but also their morphology (Fig. 3,A and B).
Unlike the above longer peptides, 1-(15-28) initially
formed numerous 45-50 A diameter fibrils at pH 2.5-3.
With time, these fibrils apparently polymerized and
formed 175-300 A by 35-40 A ribbons. From approxi-

mately pH 3-6, a mixture of ribbon structures and
unbranched amyloid-like 75-90 A diameter fibrils were
observed. Further increases in pH resulted in the forma-
tion of predominantly amyloid-like fibrils. At pH > 9 no
fibrils were formed.

Peptide P-(17-28) formed assemblies in the same pH
range as ,B-(15-28), but the morphological characteris-
tics were different (Fig. 3, C and D). At pH 2 the
peptide formed extensive ribbons 1,200-1,500 A in
width. These ribbons tended to aggregate into large
bundles which stacked edgewise on the Pioloform sup-
port to reveal individual thicknesses of 55-60 A. Increas-
ing to pH 6 produced a number of similar large ribbon
structures that were accompanied by some shorter
fibrillar fragments. High ionic strength (500 mM NaCl)
reversed the fragmentation such that only extensive flat
sheets with widths up to 3,500 A were observed. These
structures did not fold or twist, and were of indetermi-
nate thickness. Fragmented P-(17-28) ribbons were
observed at pH 9, and amorphous structures at pH > 10.
Increasing the ionic strength with other peptides [e.g.,
,B-(11-28)] did not alter the fibril morphology but did
cause an increased lateral aggregation (data not shown).

,B-(19-28), the smallest peptide examined, differed
from -(17-28) by only Phe-17 and Phe-18; however,
fibrillar assemblies were formed only at pH < 3 and at
greatly increased peptide concentrations ( - 25 mg/ml).
The 1-(19-28) assemblies appeared as long, occasionally
twisted unbranched fibrils 90-1 10 A in diameter (Fig. 4).
These fibrils were very labile and had to be stained in an
ethanol-based (50% by vol) uranyl acetate solution to avoid
disruption. The formation of ribbon structures similar to
those seen with ,B-(17-28) have been reported (Gorevic et
al., 1987), butwe have not confirmed these observations.

Globular substructure of model
amyloid fibrils revealed in thin
section
Oblique sections of fibrils revealed 25-30 A 'globular'
subunits (Fig. SA) resembling those found in fibrils of
native AD (Miyakawa et al., 1986) and systemic amyloid
(Cohen et al., 1982). In some cases the individual
subunits appeared organized in staggered arrays to
suggest a slight helical twisting (arrowheads, Fig. SA).
Well defined longitudinal sections (Fig. 5, B and C)

1193

FIGURE 2 Electron micrographs of negative-stained preparations of 13-(1-28) at (A) pH 2.5 (20 mM glycine); (B) pH 5.5 (20 mM HEPES); and
(C) pH 8.0 (20 mM Tris). Arrowheads in (C) indicate the lightly-contrasted fibrils. Morphological transitions of 1-(9-28) from (D) narrow
filaments at pH 2.0 (20mM glycine), to (E) amyloid-like fibrils at pH 6 (20 mM HEPES), and eventually to (F) ribbons at pH 9 (20mM Tris). (E,
inset) 3-(13-28) assemblies in 4 M urea, pH 6.2. Peptide concentrations were typically 0.5-2.0 mg/ml. Scale bar, 500 A; inset in E has been reduced
2.5-fold with respect to other panels.
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FIGURE 3 Electron micrographs of negative-stained preparations of (A) P-(15-28) ribbons at pH 2.0 (20 mM glycine); (A, inset) the fibrils
observed initially at pH 2.0 before ribbon formation. (B) P-(15-28) at pH 7 (20 mM HEPES). (C) P-(17-28) ribbons formed at pH 2.0; (C, inset)
occasional edgewise stacking of the ribbons. (D) 1-(17-28) fragmented ribbons at pH 6.0 showing flat and edge-on views; (D, inset) conversion of
fragments to extensive flat'sheets in 500 mM NaCl. Peptide concentrations were typically 0.5-2.0 mg/ml. Scale bars, 1,000 A.

showed the paired filaments that define the edges of the
80-100-A fibril. A granular substructure along the fila-
ment is also evident. In cross-section, these filaments are
arranged as penta- or hexamers to produce a hollow

rod-like structure 110-125 A in diameter (Fig. 5 B).
Similar substructure and hexameric filament arrange-
ments have also been reported for peptides derived from
other regions of ,/IA4 (Fraser et al., 1991).
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FIGURE 6 Infrared spectra of (A) peptide ,-(1-28) and (B) peptide
13-(9-28) indicating the pH dependence of n-structure formation.
Spectra obtained for P-(11-28) and 13-(13-28) were similar to those
shown for 13-(9-28). Adjustments to pH were made by the addition of
DCI and NaOD and values were uncorrected for deuterium effects.
Peptide concentrations of 3-20 mM (10-20 mg/ml) were used and did
not significantly alter the appearance of the spectra.

FIGURE 4 Electron micrograph of a negative-stained preparation of
P-(19-28) at pH 2.0 (50mM glycine). Peptide concentration was 20-25
mg/ml. Scale bar, 500 A.

Congo red stained assemblies were
birSfringent
Air-dried films of each peptide were examined for their
ability to bind Congo red as well as to exhibit the

diagnostic green birefringence associated with amyloid
plaques, cerebrovascular amyloid, and systemic amyloid
(Glenner, 1980a, b). All of the peptides bound CR as

evidenced by the reddish color of the samples after
staining and ethanol washing. When examined between
crossed polarizers, P-(17-28) showed very weak green

birefringence, while 1-(15-28) and longer peptides dis-
played the strong birefringence typical of in situ amyloid.

Fraser et al. pH-dependentstructure of yloid 1195~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIGURE 5 Electron micrograph of (A) 13-(13-28) fibrils thin sectioned at an oblique angle showing the globular substructures arrayed in helical
twists (arrowheads). (B) Cross-sectional view of P-(11-28) demonstrating the hollow rod structure of the fibril (arrow) and its penta-/hexameric
arrangement of subunits; a longitudinal section of laterally aggregated fibrils is also seen. (C) Longitudinal section of ,B-(13-28) showing the paired
filaments. Scale bars, 250 A.
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FIGURE 7 Infrared spectra of (A) peptide ,B-(15-28) indicating stable 3-sheet formation at all but pH > 10 and (B) peptide 13-(19-28) showing
the mixture of random and 1-conformation at pH 2. Adjustments to pH were made by the addition of DCI and NaOD and values were uncorrected
for deuterium effects. Peptide concentrations were typically 10-20 mg/ml. (C) IR spectrum for dehydrated P-(1-28) film exhibits similar spectrum
to that found in solution. Spectra obtained for remaining peptides were identical to C with the exception of minor frequency changes.

Previous investigations (Castano et al., 1986) have reported
similar tinctorial properties of P-(1-28) and P-(12-28).

FT-IR spectroscopy indicated
pH-dependent p-conformation
Proteins and peptide secondary structures display signa-

ture IR bands as a consequence of the polypeptide
backbone amide bond arrangements (Surewicz and

Mantsch, 1988). For example, 3-pleated sheets exhibit
major amide I bands at 1620-1640 cm-' as compared
with a-helices and random conformations with absorp-
tion at 1650-1658 cm-' and 1640-1648 cm-', respec-

tively. We have used this technique to correlate confor-
mational transitions with peptide self assembly as a

function of pH.
The spectra obtained for 0-(1-28) showed 1-sheet

formation at pH values where fibrils were observed by

119B.p Jora Voum 60 Noeme 1991

FIGURE 8 X-ray diffraction patterns of (A) 0-(1-28), pH 5.5 (25 mM HEPES; final concentration), and (B) 0-(17-28), pH 2.0 (25 mM glycine;
final concentration). The cross-1 conformation of ,B-(1-28) is revealed by the orthogonal positions (in A) of the hydrogen-bonding 4.7 A (open
arrow) and intersheet - 10A (solid arrow) reflections. Similar patterns were observed for 13-(9-28), P-(11-28) and 13-(13-28). Rings similar to those
in B were observed for both 1-(15-28), 3-(17-28), and P-(19-28). Peptide-buffer mixtures were concentrated by drying in siliconized thin-walled
glass x-ray capillaries. Final peptide concentrations were typically 30-50 mg/ml.
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EM (Fig. 6A). At pH 2.5 only a small 3-sheet intensity
at - 1620 cm-' was observed and incremental pH
increases resulted in progressively greater amounts of
3-sheet, as indicated by the intensity of the band at

1617-1620 cm-', to a maximum of 70-80% (as calcu-
lated from integrated intensities over the pH range of
4-7). Beyond this point the amount of 1-conformation
began to diminish until the peptides assumed an essen-
tially random conformation above pH 8.5. The only
ionizable groups within the ,B-(1-28) peptide that corre-

spond to these particular pH values are the histidine
imidazole (pK 6.6) and the carboxylic acids of gluta-
mate and aspartate (pK - 3). Therefore, the formation
of 1-sheets is optimal when these groups maintain their
respective positive and negative charges.

Peptide 1-(9-28) exhibited a similar relationship of
13-sheet formation at low pH having appreciable inten-
sity at 1620 cm-' only above pH 3 (Fig. 6 B). However,
the resulting 1-structure persisted at much higher pH
with considerable intensity remaining even at pH 9. Loss
of the 1-conformation only occurred above pH 10.
Continued deletion of NH2-terminal residues leading to
1-(11-28) and 1-(13-28) produced no effect on the
ability of the peptides to form 13-sheets and the IR
spectra were virtually identical to those seen for ,B-(9-
28). The morphological changes seen at higher pH
values (i.e., conversion from fibers to ribbons) was not
accompanied by any major frequency shifts of the
1-band maxima.

1-(15-28) and 1-(17-28) behaved like each other, but
differed from the previous peptides in that considerable
13-structure was present even at pH 2 (Fig. 7A). This
conformation was maintained without change at higher
pH and eventually converted to a random structure only
at pH 10 and greater.
The apparent lability of 1-(19-28) fibrils based on

electron microscopy was substantiated by FT-IR which
indicated a small amount of 1-sheet at low pH (Fig. 7 B).
A considerable quantity of the peptide persisted in a
random conformation suggesting an equilibrium be-
tween the aggregated and monomeric states. Any in-
crease above pH 3 resulted in a shift of this equilibrium
to an exclusively random conformation.

Dehydrated peptide assemblies
exhibited p-conformation
To test whether the conformations observed by FT-IR
are comparable to those found in the samples used for
EM and x-ray diffraction, air-dried samples of each of
the peptides were obtained. As shown in Fig. 7 C, the
spectrum obtained for dehydrated 13-(1-28) was identi-
cal to the solution spectrum, indicating little change in
the fiber conformation upon drying. Similar spectra for

the remaining peptides were observed with the excep-
tion that the 1-maxima was shifted slightly to 1625
cmti which may indicate a marginally weaker hydrogen
bonding. 1-(19-28) showed greater 13-band intensity and
a decrease in the random structure, suggesting that
removal of water favored fiber formation. 1-(19-28)
exhibited the highest frequency 1-band (1631 cm-') of
all the peptides.

X-ray diffraction demonstrated
cross-p conformation
One of the distinguishing characteristics of amyloid
(cerebral and systemic) is the cross-1 arrangement of
the polypeptide 13-sheets (Glenner, 1980). That is, the
fiber axis corresponds to the hydrogen bonding (4.7 A)
direction, and the intersheet spacing at 10 A is orthogo-
nal to the hydrogen bonding (Geddes et al., 1968). When
viewed along the appropriate axis, singly-oriented fibrils
resulting from drying or sedimentation, and doubly-
oriented fibrils aligned by an external force (e.g., mag-
netic field) show x-ray diffraction patterns (see Fraser et
al., 1991), where the 4.7 A reflection is on the meridian
and the intersheet and residue repeat spacings are along
the equator.

Magnetically-oriented gels of ,3-(1-28) (50 mg/ml) at
pH 5.5 produced the diffraction pattern shown in Fig. 8A.
The clear distinction between the hydrogen-bonding
spacing (4.7 A) and the intersheet (10 A) reflection
indicates a cross-1 conformation. The coherence lengths
for the diffracting unit, calculated from the integral
widths of the reflections, was several hundred Ang-
stroms in the H-bonding direction and 50-60 A in the
intersheet direction. The absence of any sharp small-
angle equatorial spacing indicates that the fibrils were
not closely packed at this concentration. However, the
strong equatorial scatter at 40 A is suggestive of the
strong, sharp reflection that is detected in dried samples
(Kirschner et al., 1987). The absence of a reflection at
3.3 A, corresponding to the repeat along the polypeptide
chain, is probably accounted for by the low peptide
concentration and the competing intensity produced by
the excess water present in the sample. As the concentra-
tion increased to 75 and 100 mg/ml, the diffraction
pattern remained unchanged.

1-(1-28) prepared at pH 9 did not appear to produce
any appreciable 1-structure at comparable concentra-
tions ( - 50 mg/ml). This was evidenced not only by the
lack of coherent diffraction but also by the absence of
sample birefringence. Only at high concentration (> 100
mg/ml) did the peptide begin to show a small amount of
birefringence and then only at the air-water interface.

Samples of 13-(9-28), P-(11-28), and 1-(13-28) at pH
5.5 and pH 9 and concentrations of 40-50 mg/ml

Frseeta.p-eed tstutrofayod19Fraser et al. pH-dependent structure of amyloid 1197



produced cross-1 diffraction patterns similar to that of
P-(1-28). The observed morphological change (from
fiber to ribbon) at pH 9 was not accompanied by any
corresponding change in the orientation of hydrogen-
bonding relative to the long axis of the assembly (e.g.,
transition from cross- to extended-P). Negative staining
of dispersed x-ray samples demonstrated that the ribbon
structures were clearly the predominant feature of the
peptide assemblies and that concentration effects were
not significant.

Efforts to determine the 13-sheet arrangement of
P-(15-28) and 1-(17-28) were complicated by problems
of insolubility. 1-(15-28) at all pH values appeared to be
initially soluble but upon standing developed intensely
birefringent domains surrounded by excess water. 13-(17-
28) was initially insoluble at pH < 10, and after several
hours of hydration a birefringent gel was observed.
Diffraction from these samples gave unoriented 13-sheet
patterns (Fig. 81B). The sharp hydrogen bonding and
intersheet spacings indicates that the assemblies must be
greatly extended in both H-bonding and pleated-sheet
stacking directions. Coherence lengths were - 1,000 A
in the H-bonding directions and about one-tenth this in
the intersheet direction. These dimensions are consis-
tent with the slab-like morphology of these peptide
assemblies. The gels of 13-(15-28) did not become
oriented in an external magnetic field. Similar unori-
ented patterns were obtained for ,B-(19-28) at pH 2.5. It
was not possible, therefore, to determine if the peptides
were arranged in a cross-1 or extended-p motif. Other
studies in our laboratory, carried out in parallel on dried
samples, did however demonstrate a cross-p conforma-
tion for these peptides (Kirschner et al., 1990).

DISCUSSION

P/A4 contains a number of residues with ionizable and
hydrophobic sidechains that may provide the intersheet
interactions necessary to form and stabilize the amyloid
fibrils (Fraser et al., 1991). The pH dependence of fibril
formation may yield clues concerning which residues are
involved in fibrilogenesis. To explore this possibility we
examined a number of peptides corresponding to trun-
cated /A4 sequences so that residue-specific contribu-
tions could be evaluated. Peptides included: 13-(1-28),
,B-(9-28), 13-(1 1-28), 1-(13-28), P-(15-28), P-(17-28),
and P-(19-28). These /A4 fragments were assessed for
their ability to assemble into structures that satisfied
both conformational and morphological criteria (Table
I). To minimize the possible conformation-constraining
effects of dehydration, peptides were studied whenever
possible in the presence of excess water.
The complete extracellular region of ,B/A4, i.e., P-(1-

TABLE 1 Summary of principal observations

Peptide CR pH FT-IR XRD Morphology

0-(1-28) + <3 R/1 ND Fibril fragments
3-7.5 1 x-1 Numerous amyloid-

like fibrils
> 8 R - No fibrils

0-(9-28), + <3 R/13 ND Small -35 A-diam-
(11-28), eter fibrils
(13-28) 3-9 1 x-,B Numerous amyloid-

like fibrils
9 1 x-1 Ribbons 200 A by

50 A
10 R ND No fibrils

P-(15-28) + < 3 13 * Ribbons 200 Aby
50A

3-9 13 * Ribbons/amyloid-
like fibrils

10 R No fibrils

,B-(17-28) < 3 1 13t Ribbons - 1,500 A
by - 80A

3-9 13 ND Ribbon fragments
10 R - No fibrils

1-(19-28) - <3 R/1 1* Amyloid-like fibrils
-1ooA

> 3 R - No fibrils

CRA Congo red birefringence, FT-IR, Fourier transform infrared
spectroscopy; XRD, x-ray diffraction; x-13, cross-1 structure; 13, 13-con-
formation; RA random structure; R/1, predominantly random with
minor 1-sheet intensity; ND, not determined; -, no structure ob-
served. *Some cross-1 conformation when dried. *Possibly a twisted,
extended-13 conformation.

28), formed cross-P fibrils between pH 3-8, but was
essentially random coil outside this range. Thus, fibers
are formed only when the His imidazole (residues 6, 13,
and 14) and the Asp/Glu carboxylic acid sidechains
(residues 1, 3, 7, 11, 22, and 23) are ionized. Two possi-
bilities may explain the pH-dependent 1-sheet/fibril
formation: (a) fibrilogenesis is dependent on one or
more His-Asp/Glu salt bridges; or (b) peptide aggrega-
tion into fibrils is an isoelectric phenomenon as P-(1-28)
is electrically neutral at pH 3-8 (i.e., 6 Asp/Glu bal-
anced by 3 Lys/Arg and 3 His residues). While the
persistence of 3-structure at pH 8 argues against His
(pK 6.6) involvement, the formation of a salt bridge
may result in a shift of the pK to more basic values. To
test this possibility, different domains of the ,B-(1-28)
sequence were examined. The solution behavior of these
peptides pointed to several key electrostatic and hydro-
phobic interactions within the resulting fibrils.
The smallest peptide, 1-(19-28), corresponding to the

COOH-terminal region of P-(1-28), formed fibrils only
at low pH that were very unstable. Peptide length and
fibril instability do not necessarily correlate, as peptides
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of comparable length or shorter have been shown to
assemble into fibrils of considerable stability (Halverson
et al., 1990). Conformational lability was echoed by the
Fr-IR measurements, which revealed a largely random
conformation accompanied by small amounts of 1-struc-
ture only at pH <3. Transition from monomers to a
1-conformation was coincident with neutralization of
the Glu-22 and Asp-23. It is possible that at low pH the
hydrophobic NH2-terminal residues (Phe-19; -20 and
Ala-21) can participate in intersheet assembly as a
consequence of reduced electrostatic repulsion between
their flanking sidechains.
The importance of hydrophobic residues was con-

firmed with the addition of Leu-17 and Val-18, in
,B-(17-28), resulting in the formation of highly stable
fibrils. The relative insensitivity of these fibrils to pH
changes indicates that ionizable groups within 1-(17-28)
do not enhance intersheet interactions. No appreciable
difference was observed by Fr-IR after the addition of
Gln-15 and Lys-16 with respect to the relationship of
1-sheet formation and pH even though a charged
residue is present. Although the cluster of hydrophobic-
ity formed by the sequence Leu17-Val18-Phej9-Phe20-Val 21

is important in promoting 1-fibrils, the flat ribbon
structures observed do not morphologically resemble
AD amyloid. Thus, additional factors must contribute to
the observed amyloid structure.
Morphology and cross-,B conformation indistinguish-

able from that of 13/A4 and 1-(1-28) were achieved with
the addition of two centrally-located His residues (posi-
tions 13 and 14). This type of assembly was not affected
by further sequence extension to 1-(11-28) and ,B-(9-
28), including electrostatic changes produced by Glu-11.
By undergoing a structural transition to ribbons at high
pH these peptides did differ from 13-(1-28).
The ribbons formed by 1-(9-28), 1-(11-28), and

1-(13-28) likely result from a transition from His-Asp
pairing to hydrophobic intersheet interactions in 1-(15-
28) and ,B-(17-28). Such a change in residue-residue
interactions may result in increased 1-strand or 3-sheet
twisting to relieve the strain of the unpaired Asp and
Glu sidechains. This more 'open' conformation could
allow for increased lateral association of filaments to
produce ribbon structures. The lack of a similar morpho-
logical transition by 3-(1-28) probably stems from the
electrostatic repulsion created by the NH2-terminal
residues that are absent in the truncated peptides. That
is, with the addition of more and more residues, 1-(1-
28) and probably also native amyloid with 39-42 residues
become restricted to a single type of molecular organiza-
tion.

Conclusions drawn from the solution conformation of
the peptides assume that in vitro fibrils are comparable
in behavior and structure to native AD amyloid. This

assumption appears justified based on: (a) electron
microscopy, which shows identical fibril morphology in
both negative stain and high resolution thin sections
(e.g., penta-/hexamerically-arranged globular subunits);
(b) x-ray diffraction, which demonstrates a cross-1
arrangement of the 1-sheets; (c) Congo red 'apple
green' birefringence; (d) stability under denaturing con-

ditions; and (e) the observation that isolated amyloid
exhibits an identical His-dependent polymerization (Mas-
ters et al., 1985b). Using different pH buffers, Masters et
al. (1985b) found that higher order polymers of 3/A4
(dimers and tetramers) were only observed when His
residues were in their ionized form.

Several models can account for both the putative
hydrophobic interactions within the sequence Leu17-Val18-
Phe19-Phe20-Ala21 plus the His-Asp/Glu salt bridges, and
the most likely is one that we have previously proposed
(Kirschner et al., 1987). This entails a central intersheet
core of electrostatic and hydrophobic interresidue inter-
actions that stabilize antiparallel 1-strands defined by
residues 13-23. 1-turns at Gly-9 and Gly-25 may pro-
mote the propagation of the 13-strands along the fibril
axis, and are likely involved in the folding of the full
length 1/A4 polypeptide.
Such a model conforms to the notion that the amyloid

fibril is an extensive polymerization of 13-strands as
originally proposed by Glenner and co-workers (Glen-
ner et al., 1974). In fact, the 35-A filaments observed

for 1-(9-28) at low pH may be linear polymers of the
basic structural unit. Neighboring filaments could then
pack together as either pentamers or hexamers to form
the completed macromolecular assembly seen in AD.
This contrasts with previous models presented for AD
amyloid (Gorevic et al., 1987) and some systemic amy-
loid proteins (Turnell et al., 1986), which contain appre-
ciable quantities of a-helix. For example, Turnell et al.
(1986) proposed a subunit structure for the systemic AA
amyloid combining strong hydrophobic interactions be-
tween core helices coupled with weaker hydrogen-
bonding interactions between 1-sheets. While this model
is supported by secondary structure predictions (Turnell
et al., 1986b), as well as CD (McCubbin et al., 1988) and
Fr-IR (van Andel et al., 1986) spectroscopy, it does not
appear to be applicable to theAD amyloid fibrils judging
from the in vitro assemblies, which are consistently in
the 1-conformation both in solution as a function of pH
and upon drying. IR spectra of systemic amyloid are
much more complex with multiple bands in the a-helix
region.
One criticism of a model consisting of contiguous

1-sheets is that the detailed ultrastructure of the AD
amyloid fibril shows a periodic 'beading' along the fiber
suggestive of globular subunits (Turnell et al., 1986b).
Our observations of fibrils in thin section have demon-
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strated identical 'globular particles' along the fiber axis
(see also Fraser et al., 1991). Although there is no
obvious explanation for the 'beaded' structure seen
within the positively-stained fibrils, it may be the result
of fixation and/or staining artifacts. X-ray measure-
ments on samples during processing for EM could
resolve this question.
The secondary structure of AD amyloid may be

unique compared with the systemic amyloid. In the case
ofAD amyloid the extensive p-sheets may be assembled
from a combination of electrostatic interactions between
the His and Asp/Glu residues as well as hydrophobic
packing provided by the cluster of uncharged sidechains
contained within residues 17-21. Whether or not this
model applies to other AD-specific fibrils (e.g., the
paired helical filaments of neurofibrillary tangles) is not
known at present. A cross-1 structure has been reported
(Kirschner et al., 1986) for paired helical filaments of the
NFI', but its unique protein composition may likewise
result in a mixture of secondary structures. We are
currently evaluating the proposed AD amyloid model by
means of selective substitutions within the /IA4 se-
quence based on the predicted contributions of individ-
ual residues.
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