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Identification and Characterization of Key Kinetic
Intermediates in Amyloid B-protein Fibrillogenesis

Marina D. Kirkitadze, Margaret M. Condron and David B. Teplow*

Center for Neurologic Diseases
Brigham and Women'’s
Hospital, and Department of
Neurology (Neuroscience)
Harvard Medical School
Boston, MA 02115, USA

*Corresponding author

Amyloid B-protein (AB) assembly into toxic oligomeric and fibrillar struc-
tures is a seminal event in Alzheimer’s disease, therefore blocking this
process could have significant therapeutic benefit. A rigorous mechanistic
understanding of AB assembly would facilitate the targeting and design
of fibrillogenesis inhibitors. Prior studies have shown that AP fibrillogen-
esis involves conformational changes leading to the formation of
extended PB-sheets and that an o-helix-containing intermediate may be
involved. However, the significance of this intermediate has been a mat-
ter of debate. We report here that the formation of an oligomeric, a-helix-
containing assembly is a key step in AP fibrillogenesis. The generality of
this phenomenon was supported by conformational studies of 18 differ-
ent AP peptides, including wild-type AB(1-40) and AP(1-42), biologically
relevant truncated and chemically modified AR peptides, and AP pep-
tides causing familial forms of cerebral amyloid angiopathy. Without
exception, fibrillogenesis of these peptides involved an oligomeric
a-helix-containing intermediate and the kinetics of formation of the inter-
mediate and of fibrils was temporally correlated. The kinetics varied
depending on amino acid sequence and the extent of peptide N- and
C-terminal truncation. The pH dependence of helix formation suggested
that Asp and His exerted significant control over this process and over
fibrillogenesis in general. Consistent with this idea, AB peptides contain-
ing Asp — Asn or His — GIn substitutions showed altered fibrillogenesis
kinetics. These data emphasize the importance of the dynamic interplay
between AB monomer conformation and oligomerization state in control-
ling fibrillogenesis kinetics.

© 2001 Academic Press

Keywords: Alzheimer’s disease; fibrillogenesis; amyloid B-protein;
protein folding

Introduction

Alzheimer’s disease (AD) is the most prevalent

particular, fibrillization of AP is associated with a
cascade of neuropathogenetic events which pro-
duces the cognitive and behavioral decline charac-

age-dependent dementia.! AD is characterized
pathologically by the accumulation of extracellular
amyloid deposits in the cerebral neuropil and vas-
culature and of intracellular neurofibrillary
tangles.> Amyloid deposits contain the amyloid B-
protein (AB), which is a 40-42 residue peptide pro-
duced by endoproteolytic cleavage of the amyloid
B-protein precursor (ABPP).> A compelling body of
evidence supports a seminal role for Af in AD.* In

Abbreviations used: AB, amyloid B-protein; AD,
Alzheimer’s disease; CAA, cerebral amyloid angiopathy;
TFE, trifluoroethanol; RC, random coil, MWCO,
molecular weight cut off, LMW, low molecular weight.

E-mail address of the corresponding author:
teplow@cnd.bwh.harvard.edu

0022-2836/01/051103-17 $35.00/0

teristic of AD.? The central role of fibrillar AB in
AD pathogenesis has stimulated the development
of therapeutic approaches designed to prevent
fibril formation (for a review, see reference 6) or to
dissociate existing fibrils.”~® However, recent stu-
dies have shown that other types of AP assemblies,
including small oligomers (ADDLs)'*!'! and fibril
intermediates (protofibrils),'>!* are neurotoxic.
Agents which dissociate fibrils to produce these
smaller, yet toxic, species may thus not be of value.
In order to rationally develop efficacious thera-
peutic agents, a rigorous understanding of AP
assembly is required. Knowledge of early confor-
mational and associative events would allow the
targeting of critical steps in the fibrillogenesis pro-
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cess, in particular those leading to the formation of
toxic prefibrillar structures.

Amyloid fibrils form by an ordered association
of nascent, monomeric AP peptides into complex
assemblies of polymers. Early studies of amyloid
deposits focused on fibril morphology and the
primary  structure of their AP  peptide
component.'*~'® Tinctorial analysis of the second-
ary structure of AP within these deposits revealed
B-sheet structure.'” =" Fiber X-ray diffraction ana-
lyses of ex vivo amyloid preparations confirmed
and extended these data, revealing a silk-like cross-
B pleated-sheet organization of AP fibrils.** X-ray
crystallographic determination of the structure of
AP within the fibril has not been achieved because
of the non-crystalline nature of the assembly. How-
ever, in vitro solid-state NMR experiments have
provided important insight into the organization of
B-strands within the fibril.?! Two areas of recent
intense investigation, the conformational tran-
sitions associated with the assembly of monomers
into fibrils and the identification and characteriz-
ation of fibril assembly intermediates (for reviews,
see references 22-24), have produced important
new insights into the fibrillogenesis process. In par-
ticular, the identification of neurotoxic, globular
AP oligomers (ADDLs) and neurotoxic fibril inter-
mediates (protofibrils) has increased the import-
ance of determining the pathway(s) of AB folding
and assembly.

The conformational states of A at the beginning
and end of the fibrillogenesis process are best
understood. In vitro solution phase NMR studies,
done in the absence of organic modifiers such as
trifluoroethanol (TFE) or SDS, have shown that
monomers of AB(10-35)-NH,, AB(1-40), or AP(1-42)
possess no a-helical or B-sheet structure.”?* AB(1-
40) and AP(1-42) exist predominately as random
extended chains,” whereas the model peptide
AP(10-35)-NH, appears to form an unusual col-
lapsed coil structure composed of loops, strands,
and turns.?® In the presence of TFE or SDS, con-
ditions thought to “mimic” the milieu of mem-
brane-associated A, both AP(1-40) and AP(1-42)
are structured, exhibiting predominately a-helical
conformations.”’ ' In all cases, following fibril
assembly, the AP monomer exists in a predomi-
nately B-sheet conformation®>?? within a polymeric
peptide assembly. How is this structural trans-
formation accomplished?

APPP is a type I integral membrane protein
whose single transmembrane domain, containing
the C-terminal 12-14 residues of AP, is postulated
to exist in a helical conformation.**** The first 28
residues of AP, which compose the C terminus of
the ABPP ectodomain, may also be predominately
helical. If so, AP must undergo an a-helix —
B-sheet transition during fibril formation. How-

ever, if helix unfolding occurs following Af exci-
sion, a direct random coil (RC)— B-sheet
transition may also occur. Precedents exist in
nature for the operation of both pathways. For
example, a-synuclein, which in Parkinson’s disease
forms intraneuronal inclusions termed Lewy bod-
ies,® appears to be natively unfolded.* Yet, under
the appropriate conditions, the protein can assem-
ble into amyloid fibrils**® or fold into a largely
helical conformation.’**° In contrast, the scrapie
prion protein***? and lysozyme* have stable
native tertiary structures containing a number of a-
helices. However, through template-mediated** or
mutation-induced® helix destabilization, both pro-
teins can undergo ao-helix — B-strand transitions
which lead to amyloid fibril formation.

Conformational studies of AP protofibril for-
mation and protofibril maturation into fibrils, done
using carefully disaggregated AP preparations,
have revealed the transitory development of sub-
stantial o-helix content.'” This finding led to the
postulation that AP fibrillogenesis might involve
the formation of a partially helical intermediate
which would then undergo further conformational
rearrangements to assemble into fibrils.'> In con-
trast, earlier work had demonstrated that an Ap
alloformt, [Ala18]AB(1-40), with an increased pro-
pensity for helix formation, had a decreased ability
to form fibrils.*” This finding led to the conclusion
that two stable populations of AP monomers
existed, a non-helical, B-sheet-containing popu-
lation “able” to fibrillize, and a helix-rich popu-
lation “unable” to do so.”” If helix formation is
indeed “off-pathway” for fibrillogenesis, one
would seek to facilitate the formation and stabiliz-
ation of helical regions of the AP peptide. How-
ever, if the converse were true, this strategy could
result in an acceleration of the disease process.
Understanding the role of helix formation in AP
fibrillogenesis is thus important if safe and effec-
tive therapeutic approaches are to be developed.
We report here results of systematic studies exam-
ining the conformational transitions through which
AP proceeds during fibrillogenesis. These studies
demonstrate that helix formation is a key step in
AB fibril assembly and reveal important mechanis-
tic features of the process. In addition, we discuss
the relevance of these findings for understanding
the basic principles of amyloid fibril assembly and
the etiology of familial forms of amyloidosis.

Results

Structural and kinetic studies of Ap
fibril intermediates

Recently, temporal studies of AP conformation
during protofibril and fibril assembly have
suggested that during the conversion of the
unstructured, unassembled AP peptide into a -
sheet-rich fibril, a transitory increase in o-helix con-
tent occurs.”” This increase occurs immediately
prior to the appearance of the B-sheet structure,
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suggesting a precursor-product relationship exists
between an o-helix-containing intermediate and a
later, B-sheet-rich assembly. We sought to deter-
mine whether formation of this intermediate is an
obligatory step in AP fibrillogenesis, and if so,
what factors affect its formation. To do so, circular
dichroism spectroscopy (CD) was used to monitor
the secondary structure of AB during incubation at
pH 7.5 and 22°C. To rule out the possibility that
our initial observations resulted from an idiotypic
property of AB(1-40), 17 additional peptides were
studied (Table 1). Each of these peptides was
included because of its association with sporadic
or familial forms of AD or with cerebral amyloid
angiopathy (CAA). These peptides include the

Table 1. AP peptides and alloforms

majority of the clinically relevant AP alloforms
thus far described in vivo.

To establish a standard for comparison among
the 18 peptides, AB(1-40) and AP(1-42) were stu-
died first. Samples of low molecular weight
(LMW) AP (monomeric or dimeric)'> were pre-
pared by the dissolution of lyophilizates in 10 mM
glycine buffer (pH 7.5), followed by sonication and
filtration (10,000 molecular weight cut off
(MWCO)). Immediately after dissolution, AB(1-40)
was largely unstructured (Figure 1(a)). However,
over a period of approximately three weeks, spec-
tra were observed that were consistent first with
conformations of mixed o/f character and then
with primarily B character. Deconvolution of the

Peptide Sequence
AP (1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAI IGLMVGGVVIA
AB(1-40) ST
[Gly21]1AaB(1-42) (Flemish) ~~ "~~~ """~ "=""=--7-- G--mmmmmmmm e
[G1y21]1AB(1-40) (Flemish) ~~~~~~~"~----------- Gommmmmmmmmmm e
[Gly22]AB(1-42) (Arctic)  ~ 7 7" 7777 ToTTmommoos Grmmmmmmm e
[G1ly22]AB(1-40) (Arctic)  ~ "~ """ "7TTTTTTmooooos Grmmmmmmm o
[GIn22]AB(1-42) (Dutch) ~ ~"""""""""TTTTooTooos Q-
[GIn22]AB(1-40) (Dutch) ~ ~~"""""7""7""7"TToooe Q-
[Lys22]AB(1-42) (Italian) ~~ """~ """""""""7"7"°°° Ke-ommmmmm oo -
[Lys22]AB(1-40) (Italian) ~ """ """ """~ """"7"""°° Kommmmmmmmmmm oo oo
AB(3-42) e oo
AB(3-40) S ST oo
[<E3]1AB(3-42) <B------mm e
[<E3]1AB(3-40) <E----mmmm e
AB(11-42) S
AB(11-40)  mmmmmeeo oo

[<E11]1AB(11-42)
[<E11]AB(11-40)
(

[Asnl] AP (1-40) Neoommmo

[Asn7]1AB (1-40)
[Asn23]AB (1-40)
[G1ln6)AB (1-40)
[G1n13]AP (1-40)
[G1ln14]AP (1-40)
[

Asnl,7,23]1AB(1-40) N----- N-

[G1n6,13,141AB(1-40)

The names and sequences (in IUPAC-designated one-letter code) of the peptides used are listed under those of wild-type
AP(1-42). Dashes indicate identical amino acid residues and blanks indicate missing residues (truncations). Pyroglutamate is signified

by <E.
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Figure 1. Secondary structure changes of LMW AR
during fibrillogenesis. (a) LMW Ap(1-40) was incubated
at a concentration of 25-30 pM in 10 mM glycine buffer
(pH 7.5) at 22°C. CD spectra were acquired daily for 21
days (numerals indicate the day of analysis). Results are
expressed as molar ellipticity [©] (kdeg cm? dmol™).
The spectra shown are the averages of three scans each
with an averaging time of five seconds. These results
are representative of those obtained in each of four inde-
pendent experiments. (b) Each of the daily spectra was
deconvoluted, using the program CDANAL* and the
Brahms and Brahms reference library,'® to yield
the relative amounts of random coil, a-helix, B-sheet and
B-turn. The percentages of each secondary-structure
element were then plotted versus time in days (d). The
day at which fibril formation was first observed electron
microscopically is indicated by the arrow labeled
“Fibrils.” (c) AP(1-42) was prepared and studied as
above. These results are representative of those obtained
in each of five independent experiments.

initial spectra using the CDANAL algorithm*
revealed predominately random coil (60 %) and B-
turn (28 %) elements, with a small amount of B-
sheet (12 %) and negligible a-helix (Figure 1(b)). RC
content decreased steadily throughout the incu-
bation period. B-turn content decreased for ~12
days, after which it rose steadily before plateauing
at ~23%. B-strand content remained low for about
one week, then rose to >50% after three weeks.
This rise occurred relatively slowly for ~11 days,
then a much more rapid increase in B-sheet content
was observed. The graphic profile of helix content
was Gaussian in shape, exhibiting a maximum of
~32% at 11-12 days. We refer to the time (day) at
which maximal a-helix content is observed as t,,,,
and the percent o-helix at this time as o,,,. Inter-
estingly, both the nadir of the B-turn curve, and
the point at which the most rapid development
of B-sheet began, also occurred at 11-12 days.
AP(1-42) prepared and incubated identically with
AP(1-40) displayed similar conformational tran-
sitions from RC — a-helix — b-sheet (Figure 1(c)) .
Relative to AB(1-40), the kinetics of AB(1-42) fibril-
logenesis was significantly accelerated, as maximal
helix content was observed at day 4. At this time,
the highest level of a-helix was slightly more than
half that of AB(1-40). To study the morphology of
the p-sheet-containing conformers, samples of
AP(1-40) and AP(1-42) were studied by electron
microscopy (EM) after 21 days (Figure 2). This
analysis revealed helically twisted fibrils of indefi-
nite length and diameters of ~8 nm.

CD analysis generally Erovides accurate esti-
mations of a-helix content.*® However, differences
in absolute levels of helix can be observed using
different deconvolution protocols. In addition,
B-turn content can be difficult to assess due to
intrinsic variations in turn structure and to the low
magnitude of the turn band relative to those from
helix and sheets.*” For these reasons, the spectra
from AP(1-40) and AP(1-42) were also analyzed
using the CONTIN/LL deconvolution algorithm.*®
The qualitative and quantitative features of the
temporal development and disappearance of
o-helix that were revealed were almost identical
with those determined using CDANAL (data not
shown). For both AB(1-40) and APB(1-42), the t,..
values determined by each method for each pep-
tide were identical. The a,,,, values for AP(1-40)
were also identical (32 %) and the oa,,,, values for
AB(1-42) were similar (19% (CDANAL) versus
24 % (CONTIN/LL)). Also identical was the shape
of the function describing the temporal change in
B-strand content. In all four cases, i.e. for AP(1-40)
and AP(1-42) deconvoluted with each of the two
algorithms, B-strand content rose slowly until the
peak of a-helix was observed, after which an expo-
nential increase in strand content was observed.
For AP(1-40), a difference was observed between
the two approaches in the initial level of B-turn
found (28 % (CDANAL) versus 8 % (CONTIN/LL)).
A similar difference was observed for AP(1-42)
(26 % (CDANAL) versus 8 % (CONTIN/LL)). These
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Figure 2. Morphology of AP assemblies. Aliquots of the AB(1-40) and AB(1-42) samples on which CD experiments
were performed (Figure 1) were removed for negative staining and transmission electron microscopy (EM). In each
case, twisted fibrils of ~8 nm diameter and indeterminate length were observed. These results are representative of
those obtained in each of seven independent experiments. Scale bars represent 200 nm.

differences in B-turn levels were accompanied by
compensatory differences in RC content. Thus the
sums of the B-turn and random-coil components of
each peptide were similar for each deconvolution
method, differing by ~7 % for AB(1-40) and ~4 %
for AB(1-42). Taken together, these data are consist-
ent with a process in which AB coil and turn
regions rearrange to give rise to o-helices and
B-sheets.

We next used CD to examine the time-depen-
dent conformational changes occurring during
fibrillogenesis of the 16 different AP alloforms.

Table 2. Characteristics of helix formation by AB
alloforms

Peptide Onax (%) tnax (days)
APB(1-42) 19 4
[Gly21]AB(1-42) (Flemish) 24 5
[Gly22]AB(1-42) (Arctic) 20 5
[GIn22]AB(1-42) (Dutch) 21 3
[Lys22]AB(1-42) (Italian) 22 4
AB(3-42) 22 5
[ < EJAB(3-42) 23 4
AP(11-42) 23 4
[ < E']AB(11-42) 22 13
AP(1-40) 32 12
[Gly21]AB(1-40) (Flemish) 27 10
[Gly22]AB(1-40) (Arctic) 26 8
[GIn22]AB(1-40) (Dutch) 32 4
[Lys22] AB(1-40) (Italian) 27 11
AP(3-40) 31 11
[ < B3]AB(3-40) 30 15
AB(11-40) 28 9
[ < E']AB(11-40) 25 17

CD spectra were acquired daily for 21 days during fibrillo-
genesis of peptides at pH 7.5. Spectral deconvolution and com-
parison revealed the day (t,,,,) at which maximal helix content
was observed and the percent helix content on that day (0.,
Helix percentages are rounded to the nearest integer.

Without exception, each of these peptides exhibited
time-dependent conformational changes similar to
those observed for AB(1-40) and AB(1-42). The ¢t
and o,,,, values for these alloforms are listed in
Table 2. The kinetics of formation of the o-helix-
containing intermediate correlates with the kinetics
of fibrillogenesis. It is not until helix formation has
begun that fibrils are detected by EM. For example,
helix content in AP(1-40) begins to rise following
approximately three days of incubation, whereas
short fibrils are not observed until day 6
(Figure 1(b)). For AP(1-42), helix content rises
immediately following peptide dissolution and
approaches o, at the time fibrils are first
observed (day 3). Because each AP monomer does
not fold and assemble synchronously with every
other monomer, a distribution of conformational/
assembly states exists prior to the completion of
the fibrillogenesis process. This explains why
unstructured AR monomers, helix-containing oligo-
mers, and fibrils coexist at some stages of fibril
assembly. At the end of the process, when o-helix
content had decreased to negligible levels, dense
fibril aggregates were observed for both peptides.
The structural diversity of the 18 peptides stu-
died allowed observations to be made regarding
the effects of clinically relevant truncations, amino
acid residue substitutions, and N-terminal pyroglu-
tamylation on fibrillogenesis kinetics (Table 2). The
most significant effect on t., and o, was
mediated by the dipeptide Ile41-Ala42 (numbering
relative to AP(1-42)). For each of the nine pairs of
AP alloforms in which the only structural differ-
ence was the presence or absence of Ile41-Ala42,
the peptide containing Ile41-Ala42 displayed both
a reduced t.,, and a reduced o,,,,. It therefore
appears that the primary kinetic effect of deletion
of Ile41-Ala4? is to retard fibrillogenesis, regardless
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of the length or sequence of the AP alloform from
which the dipeptide was removed. N-terminal
truncation had little effect on fibrillogenesis
kinetics, with the exception that AB(11-40) showed
a modest decrease in t., relative to wild-type
AP(1-40). In contrast, cyclization of N-terminal Glu
to form pyroglutamyl (<E) peptides retarded the
rate of helix formation of AB(11-40), as well as that
of AB(3-40) and AB(11-42). This modification had
little effect on AP(3-42). The combination of pyro-
glutamylation and deletion of Ile41-Ala42, as
found in [ < E}JAB(3-40) and [ < E'']AB(11-40), pro-
duced the greatest retardation of fibrillization rate
(tmax) Observed among the 18 peptides.

In addition to AP peptide truncation and
N-terminal cyclization, which appear to occur
in vivo in AP deposition diseases, a cluster of
amino acid residue substitutions has been discov-
ered involving Ala2l and Glu22. These substi-
tutions are associated with familial amyloidoses in
which extensive cerebrovascular amyloid depo-
sition occurs. Based on the ethnicity of the kin-
dreds in which they were discovered, the
substitutions have been termed Flemish
(Ala21 — Gly),* Arctic (Glu22 — Gly),”® Dutch
(Glu22 — GIn),”* and Italian (Glu22 — Lys).>*> In
APB(1-40), these substitutions increased the rate of
a-helix formation relative to their wild-type homol-
ogues (Table 2). Little effect was observed when
the substitutions were made in AB(1-42). However,
the Dutch variant, [GIn22]AB(1-42), displayed the
smallest t,,. (3d) of any of the nine peptides
containing Ile41-Ala42, and [GIn22]AB(1-40) had
the smallest ¢, (4d) of any of the nine peptides
missing Ile41-Ala42. In fact, [GIn22]AB(1-40) pro-
ceeded to a-helix formation at a rate equal to that
of wild-type AB(1-42), but o,,,, of [GIn22]AB(1-40)
was as high as that of wild-type AB(1-40). Taken
together, the above studies show that the for-
mation of a partially helical intermediate is a gen-
eral feature of AP fibrillogenesis and that the levels
of helix observed and the kinetics of helix for-
mation are affected by specific alterations in pep-
tide length and sequence.

Assembly state of the a-helical intermediate

Recent studies of a model folding intermediate,
ato, have shown that oligomeric assemblies of heli-

5 [ T e

Fill\rale (<10 kDa)

Retentate (>10 kDa )

[©] (kdeg cm?/ dmol™)

«—— Unfiltered T

200 210 220 230 240 250
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Figure 3. Size characterization of a-helix-containing
intermediates. AB(1-40) was dissolved at a concentration
of 25-30 pM in 10 mM glycine buffer (pH 7.5), filtered
using 10k MWCO membranes, and incubated at 22°C
until o, was observed (typically after 11-12 days). The
sample then was filtered through a 10k filter and spectra
acquired both from the material passing through the
membrane (filtrate) and the material retained by the
membrane (retentate). CD spectra are presented of the
untreated sample and the two fractions resulting from
filtration. These results are representative of those
obtained in each of three independent experiments.

cal monomers may form prior to B-sheet and fibril
formation.® In an effort to characterize the struc-
ture(s) of the AP o-helix-containing-intermediates,
CD experiments were performed on wild-type
AP(1-40) before and after its fractionation by fil-
tration. To do so, low molecular weight (LMW) AB
was incubated at a concentration of 25 uM in
10 mM glycine buffer (pH 7.5), at 22 °C until maxi-
mal o-helix was observed. This typically occurred
after 11-12 days. At this point, the sample was fil-
tered through a 10k MWCO Centricon filter and
the filtrates and retentates were analyzed by CD
(Figure 3) and amino acid analysis (Table 3). The
majority (>90 %) of AR was non-filterable, thus the
assemblies in this fraction had minimal molecular
mass >10,000, consistent with the presence of tri-
mers and higher-order oligomers and polymers.
Analysis of CD spectra collected on three indepen-
dent samples of the retentate showed the presence
of conformers containing 29-32 % a-helix (Figure 3).
The a-helix content in each of these samples was

Table 3. Assembly state of the a-helix-containing intermediate

MWCO Filtrate (%) Retentate (%) Loss (%)
10 9+1 65+3 26 +2
30 9+2 63 +2 27 +2
50 10+1 63+ 1 27 +£2
100 9+2 64+£1 27 +4

LMW Ap(1-40) was incubated in 10 mM glycine buffer (pH 7.5), at 22°C for 11-12 days. Samples then were filtered through 10k,
30k, 50k, or 100k Centricon filters and the peptide concentrations in the filtrates and retentates determined by AAA. Recovery (%)
was determined relative to the starting peptide mass prior to filtration. The difference between starting peptide mass and the sum of
filtrate and retentate masses is considered ““loss.”” This loss likely results from peptide adsorption to surfaces. The apparent lack of

mass conservation in the 30k experiment is due to rounding errors.
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Figure 4. pH dependence of the kinetics of formation
of o-helix-containing intermediates. (a) Ap(1-40) was dis-
solved at a concentration 25-30 pM in 10 mM glycine
buffer (pH 3.0), filtered through a 10k MWCO mem-
brane, incubated at 22°C, and monitored daily by CD.
The spectra demonstrate a transition from RC to B-sheet
through a transitory o-helix-containing intermediate.
Results are expressed as molar ellipticity [©] (kdeg cm?
dmol ™). The spectra shown are averages of three scans
each with an averaging time five seconds. These results
are representative of those obtained in each of three
independent experiments. (b) AP(1-40) was studied as
detailed above, except over a pH range of 2.5-7.5. The
amounts of ao-helix are plotted versus time in days (d).
These results are representative of those obtained in
each of three independent experiments. () t,.,, the time
at which maximal o-helix content was observed, is

identical with that of the unfiltered material. In
contrast, the filterable material, nominally mono-
meric or dimeric, produced CD spectra character-
istic of LMW ABR. To further estimate the size of
the intermediate, the filtration experiment was
repeated using 30k, 50k, and 100k MWCO devices.
The results were essentially identical with those
obtained using 10k filters. In each case, >90% of
the peptide mass was non-filterable, and it was
this population of AP peptides that contained the
a-helix-rich conformers (Table 3). Based on a
spherical geometry, these results are consistent
with the existence of an a-helix-containing assem-
bly intermediate containing a minimum of 23 Af
monomers. It should be noted that the apparent
hydrodynamic radius of an AP oligomer could
increase substantially if it were non-spherical.>* In
this case, the number of monomers composing the
oligomer would be proportionately lower.

pH-dependence of a-helix formation kinetics

As a first step towards understanding the
mechanistic basis for the formation of helix-con-
taining intermediates, studies were done to deter-
mine the pH dependence of the phenomenon.
Temporal changes in the o-helix content of
AP(1-40) conformers were determined over the pH
range 2.5-7.5 during incubation of the LMW pep-
tide at a concentration of 25 pM in 10 mM glycine
buffer at 22°C. Figure 4(a) shows the CD spectra
collected during incubation at pH 3.0 and is
illustrative of the secondary-structure changes
observed during incubation at each pH wvalue.
Here, a clear conformational transition from ran-
dom coil (day 0) — a-helix-containing intermediate
(day 8) — B-strand (day 14) is apparent. Figure 4(b)
presents the temporal changes in o-helix content
observed at each pH value. At the lowest pH, 2.5,
a-helix content remains negligible through day 6,
after which a rapid rise occurs, producing an o.,,,
of 30 % on day 8. Following this maximum, a rela-
tively slow decline in helix content occurs until no
helix is observed. Similar time-dependent changes
in helix content were seen at pH 3.0 and 3.5, except
that helix formation was detected earlier and the
Umax Values were lower. t,,. occurred earliest in
the pH range 4.0-5.7. In this range, the rise and fall
in helix content occurred over a period of two to
three days and produced an almost symmetric
curve. In addition, a,,,, was the lowest in this pH
regime, ranging from ~20 to 26 %. Above pH 4.5, a
direct correlation between pH and a,,,, or t.,., was
seen. At pH 5.7, t,,, occurred at day 2, one day
later than observed at pH 4.0-5.0. Increasing the

plotted against pH. The curve resembles a trough in
which helices form fastest at its center (pH 4-5.7) and
slowest at its edges. The kinetics of helix formation was
faster at low pH than at high pH and displayed steep
transitions centered at ~pH 3.8 and ~pH 6.0.
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pH to 6.4 or 7.5 shifted ¢t ,, to day 11 and day 12,
respectively, longer than observed at the lowest
pH conditions, and produced curves characterized
by the relatively early appearance of helix (day 5)
and a slow rise and fall in helix content. A trend
toward lower helix levels in samples studied at
pH 4.0-5.7 likely results from the rapid fibrillogen-
esis kinetics observed in this pH regime, which
would minimize accumulation of the metastable
helix-containing oligomer.

Conceptional insights into the mechanism(s) con-
trolling the kinetics of formation of the a-helix-con-
taining intermediate were achieved by studying
the relationships of ¢, to pH (Figure 4(c)). The
curve produced by the data resembled a trough.
Helices formed fastest in the pH range 4.0-5.7, the
bottom of the trough. At the extremes of pH, the
edges of the trough, the kinetics of helix formation
were faster at low pH values than at high pH
values. The walls of the trough represent two dis-
tinct transitional zones. The first occurred between
pH 3.5 and 4.0, with a midpoint at pH 3.8, and the
second occurred between pH 5.7 and 6.4, with a
midpoint at pH 6.0. Within experimental error,
these midpoint pH values are identical with those
of aspartic acid (3.86) and histidine (6.0). The
most rapid formation of the partially helical inter-
mediate thus occurs in the pH regime in which the
B-carboxyl group of Asp is ionized and the imida-
zole ring of His is protonated.

Mechanisms controlling a-helix formation

To test the hypothesis that aspartic acid or histi-
dine residues might control the kinetics of a-helix
formation, and therefore of fibrillogenesis, a series
of eight modified AP peptides were synthesized in
which Asp or His were replaced by Asn and Gln,
respectively, either singly or in various combi-
nations (Table 1). The pH dependence of the kin-
etics of o-helix and fibril formation was then
studied using CD. Asn and GIn were chosen based
on chemical and genetic grounds. Asn is similar in
size to Asp and does not ionize, thus it provides a
means of evaluating the role of the B-carboxyl
group in controlling the fibrillogenesis process. A
similar rationale was employed in substituting GIn
for His. In addition, mutation data matrices,>®
which provide estimates within protein families of
the probability that a given amino acid residue in a
protein will be substituted by a given second
amino acid residue, show that protein evolution
favors Asp — Asn and His — GIn substitutions,
presumably because they conserve the functional
capabilities of the wild-type protein.

Modified peptides were synthesized both on
AP(1-40) and AP(1-42) “backgrounds.” However,
modified AB(1-42) peptides were poorly soluble,
resulting in poor-quality CD spectra. Experiments
were thus restricted to the AP(1-40) peptides.
Wild-type AB(1-40) and each of the modified pep-
tides were incubated at 22°C in 10 mM glycine
buffer at pH 3.0, 3.5, 4.0, 5.0, 5.7, and 7.5, and their
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Figure 5. Effects of amino acid residue substitutions
on helix formation. (a) Asp — Asn substitutions. Wild-
type AP(1-40) and singly and triply substituted peptides
at 25 uM concentration were incubated at 22°C in
10 mM glycine buffer, pH values 3.0, 3.5, 4.0, 5.0, 5.7,
and 7.5. CD spectra were acquired daily, deconvoluted,
and then f,, was plotted against pH. For each pH, the
statistical significance of differences between t,,,, values
of wild-type and modified peptides was determined
using a Tukey test (Statview, v5.0.1, SAS Institute Inc.,
Cary, NC). Significance is indicated as follows: no sym-
bol, not significant; *, p < 0.04; **, p <0.02. (b) His — GIn
substitutions. Wild-type AP(1-40) and singly and triply
substituted peptides were studied as above. These
results are representative of those obtained in each of
four independent experiments.

CD spectra were acquired daily for 17-21 days.
tmax Values were then determined. The pH con-
ditions were chosen to encompass the pK values
for Asp and His. No significant differences in the
rates of helix formation were observed among any
of the peptides tested at pH 3.0, 3.5 and 7.5
(Figure 5(a) and (b)), regimes in which only one of
the two wild-type amino acid residues are charged.
However, in the pH range 4.0-5.7, the Asn23 sub-
stitution consistently and significantly delayed
helix formation relative to wild-type AB. The Asn7
substitution had a similar, and significant, effect at
pH 4 and 5, but displayed a statistically insignifi-
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cant delay at pH 5.7. The Asnl substitution had no
significant effect at any pH. The triply substituted
Asnl, 7, 23 peptide behaved similarly to the Asn23
peptide. Based on the behavior of the singly substi-
tuted homologues, the primary effector of the
altered kinetics observed in the Asnl, 7, 23 peptide
is the Asn23 substitution. At pH 4.0-5.7, the GIn-
substituted peptides all trended towards delayed
helix formation, however significant decreases
were observed only at pH 4.0 for the GIn6 and
GInl13 peptides and at pH 5.0 for the GInl3
peptide. The GInl3 peptide consistently produced
the largest t_ . at each pH in the range 4.0-5.7.
Comparison of the results obtained for wild-type
AP(1-40) with those from the modified peptides
suggest, in particular, that Asp23 and His13 exert
significant control over the kinetics of AP fibrillo-
genesis and that the kinetics are most rapid in the
pH regime in which the B-carboxyl group of Asp is
ionized and the imidazole ring of His is proto-
nated.

Discussion

The amyloidotic neuropathology of AD has been
known for almost a century.”” Following the pro-
tein chemical characterization of amyloid depos-
its'®® and the subsequent cloning of the ABPP
gene, ¢! intense efforts have been directed
towards understanding AP metabolism.* A key
goal of these studies has been to understand fibril
assembly in order to develop inhibitory therapeutic
agents. Recently, however, compelling evidence
has emerged that oligomeric AP assemblies may be
as damaging to neurons as are fibrils,'°~"* and in
fact, that these soluble species may be the primary
effectors of neurodegeneration in vivo.>~% It is
thus important that a rigorous mechanistic under-
standing of the conformational and associative
events in AP assembly be achieved, both with
respect to late stages of fibril formation and to ear-
lier stages leading to oligomer formation.

Here, the conformational transformations of AP
during its oligomerization and assembly into fibrils
have been examined. We find that one of the most
prominent early features of fibril assembly is the
formation of oligomeric intermediates containing
significant amounts of a-helix (up to 32%). A sys-
tematic study of the temporal changes in second-
ary structure among AP(1-40), AP(1-42), and 16
different biologically relevant A alloforms reveals,
without exception, that this helix-containing inter-
mediate is detected prior to the appearance of
fibrils and disappears as exponential growth of
fibrils proceeds. The pH dependence of the kinetics
of helix formation and fibril growth suggests that
aspartic acid and histidine residues exert signifi-
cant control over the process. Direct testing of
this hypothesis, done by studying the kinetics of
fibrillogenesis of AP(1-40) alloforms in which
Asp — Asn or His — Gln substitutions were made
individually or en masse, demonstrated that elimin-

ation of certain of the Asp B-carboxylate anions or
the His imidazole cations significantly retarded
fibrillogenesis.

Helix formation and oligomerization

Our initial studies of the temporal changes in
secondary structure of wild-type AP were
prompted by the observation that a transitory rise
in peptide a-helix content occurred during fibrillo-
genesis of AB(1-40)'? and by an earlier suggestion
that helix formation was actually “off-pathway”
for fibrillogenesis.”” The results reported here sup-
port the hypothesis that, in the initial stages of
fibril formation, monomeric AP displaying predo-
minately RC secondary structure undergoes a con-
formational transition to form o-helices and that
helix formation is “‘on-pathway” for fibrillogenesis.
Filtration studies revealed that the assemblies pro-
ducing the helix-rich spectra had molecular masses
>100,000, demonstrating that the o-helix conver-
sion occurs concurrently with the oligomerization
of AP. It is interesting that in insulin fibrillogenesis
predominately helical peptide monomers oligomer-
ize in the initial stages of the process.®”® It is from
these intermediates that P-sheet-rich fibrils then
emanate. Recent studies of the fibrillogenesis of a
model 38-residue helix-turn-helix peptide, ata,
revealed an identical process.”® Conversion of
helix-rich, oligomeric proteins into fibrils has also
been observed in vivo. For example, in the silk
gland of the silkworm, Samia cynthia ricini, prior to
its extrusion, the silk is helical, whereas during
extrusion the protein undergoes a conformational
change ;)roducing the archetypal cross-8
structure.”” Especially intriguing is the recent
observation that AB aggregates in diffuse plaques
of apolipoprotein E knockout mice”®”! exist in the
form of trabecular networks strikingly similar in
morphology to that of the helical glandular silk (R.
Brendza, D. Holtzman, and ]. Heuser, personal
communication). If diffuse plaques are precursors
to senile plaques, as some evidence suggests,”>”>
then this observation is consistent with a mechan-
ism in which oligomeric, helix-rich assemblies in
these deposits convert to fibrils.

Our data, and those of others cited above, are
consistent with a fibrillogenesis process involving
helix-containing intermediates; however, other
interpretations are also possible. For example,
although helix and fibril formation are correlated
temporally, a “cause and effect” relationship may
not exist. This would be the case if the helix-con-
taining oligomer were a metastable peptide ““sink,”
incapable of maturing into fibrils. In order to pro-
duce the time-dependent changes in secondary
structure and peptide-assembly state observed
here, these sinks would be in rapid equilibrium
with smaller AB oligomers or with AR monomers,
species which could form fibrils through an
alternative pathway. In addition, conditions facili-
tating helix formation should decrease the energy
barrier for formation of the helix-containing
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intermediate and result in an inhibition of fibrillo-
genesis.

The debate about whether formation of helix-
containing oligomers are “on” or “off” the path-
way of fibril formation may be more apparent than
real. An increasing body of evidence suggests that
not only Ap fibrillogenesis, but also the fibrillogen-
esis of a number of other peptides and proteins,
involves the formation of oligomeric assemblies.”*~
78 The evidence presented here supports a confor-
mational model in which helix — strand tran-
sitions in these oligomers lead to fibril formation. If
so, structural changes in the AP peptide which
stabilize helical structure would have the potential
to inhibit fibril formation, as reported by Soto
et al¥ In fact, the addition of moderate to high
concentrations of the helix-premissive fluorinated
alcohol trifluroethanol (TFE) to solutions of Af can
indeed facilitate helix formation yet prevent fibril
formation (Y. Fezoui and D.B.T., unpublished
results). This observation is also consistent with the
alternative hypothesis that the oligomeric inter-
mediate is off-pathway, because if the intermediate
is a peptide sink, then the transiting of A into this
conformational space would prevent fibril assem-
bly. However, by this logic, any facilitation of helix
formation should inhibit fibrillogenesis, at least to
some degree. Experimentally, this is not the case.
In fact, at TFE levels up to ~20 %, a concentration-
dependent acceleration of fibril formation recently
has been observed (Y. Fezoui and D.B.T., unpub-
lished results). Based on simple thermodynamic
grounds, these observations are not surprising.
Amino acid residue substitutions or solvent con-
ditions which lower the energy barrier for helix
formation will facilitate fibril formation if, at the
same time, the energy barrier for conversion of the
helix-containing intermediates to fibrils is not
increased significantly. This situation exists at low
TFE concentration. However, conditions which cre-
ate a deep energy well for the helical state, as
occurs at higher TFE concentration or with an
[Ala18]AB(1-40) alloform,” will trap AP in this
conformational space and prevent fibril formation.

Systematic comparison of primary structure
effects on fibrillogenesis kinetics

An additional benefit arising from the exper-
iments studying the generality of fibrillogenesis-
related helix formation was the ability to compare
the fibrillogenesis kinetics of many of the most
important biologically relevant alloforms of Ap.
This comparison allowed the evaluation of the rela-
tive importance of particular primary-structure
elements in controlling fibril formation. We found
that the primary determinant of fibrillogenesis rate
was the presence or absence of Ile41-Ala42. Pep-
tides containing these two residues always formed
fibrils faster than did their homologues lacking
these residues, regardless of the primary structures
involved. For eight of nine peptides containing
lle41-Ala42, t ., occurred between three and five
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days. By comparison, peptides ending at the equiv-
alent of Val40 displayed t.,,, values ranging up to
17 days. The only Ile41-Ala42-containing peptide
whose fibrillogenesis rate was retarded relative to
wild-type AB(1-42) was [<E"]AB(11-42). In fact,
next to the effect of Ile41-Ala42, the most signifi-
cant changes in fibrillogenesis kinetics were pro-
duced by N-terminal pyroglutamylation, which
always slowed the rate of fibrillogenesis. This was
true not only for [<E"]AB(11-42), but for
[< EM]AB(11-40) and [< E®]AB(3-40) as well. The
powerful kinetic effect of the Ile41-Ala42 dipeptide
suggests that its presence is required for the for-
mation of a thermodynamically stable structural
unit within the AP fibril.

The presence of Ile41-Ala42 accelerated fibrillo-
genesis, regardless of the structure of the remain-
ing N-terminal portion of the peptide. However, in
the cases of [< EM']JAB(11-42) and [< E'']AB(11-40),
the fibrillogenesis rate of each peptide was the
slowest among the eight different peptides with
which it shared the same C terminus. This finding
was curious because [< EM]AB(11-42) is present in
large amounts in both insoluble and soluble frac-
tions of AD brain.””~# Why would this be if its
structure so significantly retarded its fibrillogen-
esis? One explanation is that amyloid deposition is
a function both of the intrinsic propensity of each
peptide to assemble and of the body’s capacity to
catabolize the peptide. Thus, during an extended
disease process such as that occurring in AD, pep-
tides which form stable assemblies will tend to
accumulate, even if their relative concentrations in
the brain are low. In fact, Russo et al.8? have shown
in primary cultures of rat astrocytes that synthetic
[< E3JAB(3-40), [< E°]AB(3-42) and [< EM]AB(11-42)
are more resistant to degradation than are Ap(1-40)
or AP(1-42). This mechanism may also operate in
the Flemish variant of AD,* for which in vitro stu-
dies have shown that the Ala21 — Gly substitution
actléglly slows fibrillogenesis relative to wild-type
AB.

Among the peptides associated with familial
forms of amyloidosis, the Dutch peptides fibrillized
significantly more rapidly than did the others, or
did wild-type AB, as reported.” =8¢ Accelerated
assembly kinetics were also observed with the Arc-
tic AB(1-40) alloform. This observation is intriguing
in light of the fact that the Arctic substitution has
been shown to increase the rate of formation, and
the stability, of protofibrillar intermediates.*” Con-
sistent with this observation, electron-microscopic
examination of peptide assemblies formed by the
Arctic peptide revealed fewer mature fibrils than
did other AP species incubated under equivalent
conditions (data not shown). Both the Flemish and
the Italian AP(1-40) alloforms displayed fibrillogen-
esis kinetics which were similar to those of wild-
type ApP(1-40). However, the Italian peptides
assembled into fibrils which were shorter and
more branched than those from wild-type pep-
tides. Miravalle et al.?® have also reported that the
Italian substitution results in shorter fibrils. In
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addition, they suggest that the charge state of the
amino acid is a factor in the cytotoxic effects and
vascular localization of the resulting amyloid.

Roles of Asp and His in controlling
fibrillogenesis kinetics

Therapeutic strategies which seek to prevent the
RC or B-turn — a-helix or a-helix — B-strand tran-
sitions require targets. As a first step towards
determining which amino acid residues are import-
ant in controlling the kinetics of helix formation,
the pH dependence of the kinetics was examined.
The results showed that the most rapid kinetics
occur in the pH range 4-5.5 and that the kinetics
exhibit two sharp transitional zones which were
coincident with the pK values of Asp and His.
Interestingly, chemical-shift changes observed in
NMR studies of AP fibrillogenesis at neutral pH
suggest that residue-specific interactions involving
Asp and His occur early in the process (M. Zagors-
ki, personal communication).

Our spectroscopic data are consistent with ear-
lier data suggesting that Asp and His play import-
ant roles in A fibril production and stability. For
example, it has been found that imidazole-carboxy-
late salt bridges between the side-chains of aspartic
acid and histidine residues are critical to the for-
mation of the amyloid B-sheet structures.’~° In
addition, His residues appear to be recognition
sites for proteins such as transthyretin and for zinc
cations, which can prevent or promote
aggregation.”’*> More significantly, disruption of
these salt bridges promotes fibril dissolution.”?
Comparing the kinetics at the extremes of pH
measured, we found that fibrillogenesis proceeded
more rapidly at acidic pH than at neutral or basic
pH. This is consistent with a significant influence
of the central hydrophobic cluster (CHC) of amino
acid residues, Leul7-Ala21l, on fibrillogenesis
kinetics.”* Evidence exists that one of the initial
steps in AP folding is the hydrophobic “collapse”
of this region into a compact structure.”*®® At low
pH, both Glu22 and Asp23 are uncharged, which
would produce a decrease in electrostatic potential
in the CHC and cause an enhancement of inter-
actions between uncharged side-chains.®*

We addressed directly the hypothesis that Asp
and His exerted significant control over fibrillogen-
esis kinetics by synthesizing a series of AP(1-40)
peptides  containing  single and multiple
Asp — Asn and His — GIn substitutions and then
studying the pH dependence of the rate of for-
mation of the helix-containing intermediate. The
results showed that the Asp23 anion and the His13
cation were particularly important in facilitating
formation of the intermediate, as the elimination of
these charges significantly inhibited the process. It
should be noted that the Asp — Asn and
His — GIn substitutions change the pl values of
the resulting singly substituted peptides from ~5.5
to 6.2 and 4.8, respectively. Because protein solubi-
lity and aggregation propensity can change dra-

matically near the pl, it was possible that the
changes in kinetics we observed were due simply
to a pl effect. However, the experiments revealed
no obvious shifts in the pH dependence of the
fibrillogenesis kinetics, suggesting that the effects
we observed were residue specific. In fact,
although the pl of the triply-substituted
Asp — Asn alloform is 2.3 units higher than that
of wild-type AP (7.8 wversus 5.5), the peptide
behaved similarly to the singly substituted
Asp23 — Asn alloform.

As discussed above, early studies of fibril for-
mation by AP peptide fragments terminating at
Lys28,%° and by the fragment AB(11-25),"° have
suggested that Asp23 and His13 may function in
the formation of salt-bridges. In addition, these
studies suggested that His13 might be involved in
intersheet packing interactions. This idea is sup-
ported by recent results demonstrating that a
His13 — Ala substitution in AB(1-28) dramatically
inhibits  fibril formation and alters fibril
morphology.” We demonstrate here that His13 is
also important in the fibrillization of the biologi-
cally relevant full-length form of AP, both with
respect to the RC or B-turn — a-helix transitions
involved in formation of fibril intermediates and
with respect to the subsequent a-helix — B-strand
conversion associated with transformation of the
intermediates into fibrils.

The issue of biological relevance is not trivial.
Although many model peptides have been used to
examine biophysical and physiological aspects of
AP peptide behavior,” not all peptides are satisfac-
tory proxies for the forms of AP found in vivo. For
example, studies of the effects of isomerization of
Asp23 on fibrillogenesis kinetics have revealed
both the importance of this residue in controlling
fibrillogenesis and the necessity of evaluating the
functional effects of peptide primary structure
using the biologically relevant peptides.”®®” This
latter point arose from the observation that racemi-
zation of Asp23 in AB(1-35), a nominal model for
[D-Asp23]AB(1-40), accelerated peptide aggrega-
tion, whereas in the biologically relevant full-
length peptide, Asp23 racemization retarded fibril-
logenesis. Retardation of fibril formation also has
been reported in studies of the singly substituted
AP alloform [Lys23]AB(11-25)."° In contrast,
isomerization of Asp23 in ApP(1-42) recently
was shown to result in increased production of
Thioflavin T positive assemblies.”® We find that an
Asp23 — Asn substitution retards fibrillogenesis.
Taken together, these data emphasize the
importance of Asp23 in controlling AP folding and
assembly.

Asp23— Asn, a convergence of basic and
clinical research

Our basic studies of AP folding and assembly
led to the hypothesis that Asp23 plays a key role
in the fibrillogenesis process. To test this hypoth-
esis, fundamental chemical and genetic principles
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were used to design an altered peptide, containing
Asn23, whose fibrillogenesis behavior was pre-
dicted, and found, to differ from that of wild-type
AB. In particular, the kinetics of fibril formation
and the morphology of the resulting fibrils were
distinct. However, what could not be predicted,
and what has produced an unexpected in vivo con-
firmation of the predictions of our model, is the
recent discovery of a kindred in Iowa in which a
mutation in APPP produces an Asp23 — Asn sub-
stitution in AP, resulting in a particularly aggres-
sive form of CAA.*® The disease caused by this
“lowa mutation” is characterized by an early
onset, severe vascular amyloid deposition and
vessel damage, formation of ““cotton wool” plaques
in the neuropil, widespread neurofibrillary tangle
formation, and white matter pathology.” In
addition, the Iowa peptide has been found to be
toxic to cultured human vascular smooth muscle
cells (W. Van Nostrand, personal communication).
It thus appears that structural changes involving
Asp23 can produce peptides and/or peptide
assemblies that damage the vascular endothelium
both through direct physiological insult and mech-
anical means. The kinetic studies presented here
suggest that the latter mechanism results from
increased stability of the peptide assemblies, which
inhibits their catabolism.

a-helix— B-strand transitions and
AB fibrillogenesis

The in vitro studies presented here are consistent
with a model of AR fibrillogenesis in which an oli-
gomeric intermediate composed of partially helical
AP monomers gives rise to amyloid fibrils. This
intermediate may exhibit up to one-third helical
character, but following fibril formation, no helix
component is observed in the system. Rather,
the predominant secondary-structure elements are
B-strand (~50 %), B-turn (~20 %), and RC (~20 %).
Both RC — B-strand and o-helix — B-strand con-
versions may contribute to the formation of the
extended B-sheet within the fibril core. In the case
of AB(1-40), it is the helix — strand transition which
appears to provide the bulk of nascent
B-strand. In fact, recent IR studies of temperature-
induced aggregation of AB(1-40) in the solid state
have shown directly that a si§niﬁcant o-helix —
B-structure conversion occurs.'” In vivo, it is likely
that the AP region of APPP exhibits substantial heli-
cal character due to its association with, and partial
constitution of, the ABPP transmembrane domain.
The exact level of a-helix is unknown, however, if
all 14 C-terminal amino acid residues of Ap, i.e.
Gly29-Val42, maintained their helical state follow-
ing y-secretase-mediated release of the peptide from
APBPP, then the level would be one-third. Fibril for-
mation from these nascent AP conformers thus
would involve an extensive a-helix — B-strand con-
version process. o-helix — B-strand transitions
occur during the normal folding of proteins such as
lysozyme'™ and B-lactoglobulin,'> and during

amyloid fibril formation by prion protein'® and

insulin.*” In vitro studies have shown that model
helical peptides can be constructed which fold into
B-sheets and form fibrils.”*'%* These peptide models
have facilitated the experimental identification of
important structural factors controlling the a-
helix — B-strand transition.!%®

A recent study by Kallberg et al.'% suggests that
fibril formation mediated through o-helix —
B-strand transitions may be more frequent than has
been realized. Here, secondary-structure predic-
tions were made for 1324 non-redundant proteins.
In 37 cases, B-strands of seven residues were pre-
dicted in peptide segments which were known
experimentally to exist as helices. This “discor-
dance” was observed in a number of amyloido-
genic proteins, including prion protein and Ap,
suggesting that the discordance was predictive of
amyloid-forming propensity. In fact, direct exper-
imental study of a number of these helix-contain-
ing proteins revealed for the first time that they
could, indeed, form typical B-sheet-containing
fibrils. In the future, it is likely that many
additional examples of alternative protein folding
pathways leading to amyloid fibril assembly will
be discovered. Rigorous examination of the bio-
physical and thermodynamic bases for pathway
“choice” should improve both our basic under-
standing of protein folding and our ability to
develop rational approaches for treating diseases
resulting from aberrant protein assembly.

Materials and Methods

Chemicals and reagents

Chemicals were obtained from Sigma and were of the
highest purity available. Water was double distilled and
deionized using a Milli-Q system (Millipore Corp., Bed-
ford, MA).

Peptide synthesis

AP peptide synthesis, purification, and character-
ization have been described.”>!%” Briefly, AP(1-40),
AB(1-42), and 24 different peptide alloforms (Table 1)
were made on an automated peptide synthesizer
(Model 430A, Applied Biosystems, Foster City, CA)
using 9-fluorenylmethoxycarbonyl-based methods. Pep-
tides were purified using reversed-phase high-perform-
ance liquid chromatography (RP-HPLC). Quantitative
amino acid analysis and matrix-assisted laser deso-
rption/ionization time-of-flight mass spectrometry
yielded the expected compositions and molecular
masses, respectively, for each peptide. In addition, pep-
tides were sequenced (model 477A, Applied Biosystems,
Foster City, CA) if any inconsistencies in composition or
mass were observed. Purified peptides were stored as
lyophilizates at —20 °C. When possible, in order to maxi-
mize chemical homogeneity among related peptides,
multiple peptides were synthesized from the same start-
ing resin by resin splitting at sites of sequence variation.
AP(1-40) alloforms were synthesized using preloaded
[Val]lWang resin. AB(1-42) and its alloforms were made
in analogous manner using preloaded [Ala]Wang resin.
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Peptide assembly

Peptides were prepared by initial dissolution in dis-
tilled water, followed by the addition of glycine bulffer,
adjusted to an appropriate pH with HCl or NaOH, to
yield a final buffer concentration of 10 mM and a final
peptide concentration of 25-30 M. Samples were soni-
cated for three minutes at 22°C in an ultrasonic water
bath (model B1200-R, Branson Ultrasonics Corp.,
Danbury, CT), transferred into centrifugal filters (10,000
molecular weight cut off (MWCO), Centricon, YM-10,
Millipore Corp., Bedford, MA) and centrifuged at 16,000
g using a benchtop microcentrifuge (Eppendorf model
5415 C, Brinkmann Instruments Inc., Westbury, NY) for
20 minutes in order to obtain low molecular weight
(LMW) AB (monomers or dimers).!” The filtrate of each
sample then was collected and incubated at 22 °C, with-
out agitation, to allow fibril formation to occur. The pH
of the sample was checked periodically during the
course of each experiment and was found to remain con-
stant throughout.

To examine the effects of primary structure on the
conformational transitions and kinetics of fibril assembly,
circular dichroism spectroscopy (CD) was performed at
pH 7.5 on AP(1-40), AP(1-42), and their 16 naturally
occurring alloforms (Table 1, top 18 peptides). The pep-
tides were prepared essentially as described above,
except they were pretreated with dilute sodium hydrox-
ide and relyophilized prior to dissolution.'® This treat-
ment has been found to significantly improve peptide
solubility and decrease de novo aggregate formation,'’
factors which were of particular importance for the pep-
tides terminating at Ala42. To study the effects of pH,
CD was used to monitor the secondary structure of
LMW AB(1-40) incubated at 22°C in 10 mM glycine buf-
fer at pH 2.5, 3.0, 3.5, 4.0, 45, 5.0, 5.7, 6.4, and 7.5. To
study how single or multiple Asp — Asn and His — GIn
substitutions in AP (Table 1) affected the kinetics of for-
mation of a-helix-containing intermediates and of fibrils,
CD was performed on wild-type and modified AB(1-40)
peptides incubated in 10 mM glycine buffer at 22°C at
pH 3.0,35,4.0,5.0,5.7, and 7.5.

Circular dichroism spectroscopy (CD)

Samples were prepared for analysis by gently drawing
up, and then expelling, the peptide solution into a 200 ul
pipette tip. After three cycles, an aliquot was placed into
a 0.1 cm pathlength quartz cell (Hellma, Forest Hills,
NY) and then CD measurements were performed on an
Aviv model 62A DS spectropolarimeter (Aviv Associ-
ates, Lakewood, NJ). After spectra were recorded, the
aliquot was returned to the original sample tube. Peptide
concentrations were 25-30 uM. All measurements were
done at 22°C. Spectra were generally recorded over the
wavelength range of 195-240 nm. Extension of the range
to lower wavelengths was not possible due to excessive
dynode Volta§es arising from salts present after peptide
pretreatment.'”™ However, control experiments on
untreated peptides showed that deconvolution of spectra
extending to 190 nm produced results essentially identi-
cal with those from the pretreated samples (data not
shown).

Raw data were manipulated by smoothing and sub-
traction of buffer spectra, according to the manufac-
turer’s instructions. Deconvolution of the resulting
spectra was achieved using the program CDANAL* and
the Brahms and Brahms reference library.!” The relative
amounts of random coil, a-helix, B-sheet and B-turn in

each sample were determined from the normalized con-
tribution of each secondary-structure element function to
the observed spectrum following curve fitting. In ana-
lyses of the temporal changes in secondary structure of
AP(1-40) and AP(1-42), in addition to the application of
the CDANAL deconvolution algorithm, a modified ver-
sion of the CONTIN algorithm, CONTIN/LL, was
used.*®119 In experiments examining fibril formation kin-
etics, the time (f,,.,) at which a-helix content reached its
maximal value was determined by visual inspection of
plots of a-helix content versus time. The statistical signifi-
cance of differences between ¢, values was determined
using a Tukey test (Statview, v5.0.1, SAS Institute Inc.,
Cary, NC). The maximum helix content itself, in percen-
tage terms, is referred to as a,,,,. To determine whether
light scattering from large AP assemblies might affect the
acquisition of the CD spectra, quasielastic light scattering
spectroscopy was performed periodically during fibril
formation, as described.®* No significant scattering was
observed at the AP concentrations used (25-30 uM),
whereas at concentrations exceeding 100 pM, substantial
scattering was seen (data not shown).

Filtration experiments

To determine the size of helix-rich intermediates,
LMW AB(1-40) in 10 mM glycine buffer (pH 7.5) was
incubated at 22°C for 11-12 days, the point of maximal
a-helix content. CD spectra were then recorded and ali-
quots of the sample were filtered through 10k, 30k, 50k,
or 100k MWCO Centricon filters. The filtrates were col-
lected and analyzed by CD. Retained material (larger
than the MWCO) was recovered by gently washing the
filter compartment and the top of the filtration mem-
brane with a volume of buffer equal to that of the orig-
inal aliquot. The resuspended retentates then were
analyzed by CD.

Electron microscopy (EM)

Preparation and examination of negatively-stained
samples was done essentially as described.” Briefly,
10 pl of each sample was applied to a carbon-coated For-
mvar grid (Electron Microscopy Sciences, Fort Washing-
ton, PA), fixed with 10 ul of 0.5% (v/v) glutaraldehyde,
washed gently with distilled water, and stained with 1%
(w/v) uranyl acetate for two minutes. Samples were
examined using a JEOL 1200 EX transmission electron
microscope.
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