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ABSTRACT: A region near the C-terminus of human acetylcholinesterase (AChE) is weakly homologous
with the N-terminus of the Alzheimer’s disease amyl@igeptide. We report that a 14-amino acid synthetic
polypeptide whose sequence corresponds to residues®®6of the human synaptic or T form of AChE
assembles into amyloid fibrils under physiological conditions. The fibrils have all the classical characteristics
of amyloid: they have a diameter of-6 nm and bind both Congo red and thioflavin-T. Furthermore, the
kinetics of assembly indicate that fibril formation proceeds via a two-step nucleation-dependent
polymerization pathway, and a transition in the peptide conformation from random cgikkeet is
observed during fibril formation using far-UV circular dichroism spectroscopy. We also show that the
peptide in aggregated fibrillar form has a toxic effect upon PC-12 cells in vitro. AChE normally resides
mainly on cholinergic neuronal membranes, but is abnormally localized to senile plaques in Alzheimer’s
disease. Recently, an in vitro interaction between AChE gfidttde principal constituent of the amyloid
fibrils in senile plaques, has been documented. The presence of a fibrillogenic region within AChE may
be relevant to the interaction of AChE with amyloid fibrils formed bg.A

The formation of insoluble proteinaceous aggregates the same ultrastructural and tinctorial properties as those
known as amyloid fibrils is characteristic of at least 20 slow- found in a pathological setting, and have furthermore been
onset degenerative diseasgs The deposits formed in these  shown to be toxic to tissue culture cells, indicating that fibril
“amyloidoses” have common morphological and tinctorial formation and amyloid deposition may have aetiological
properties: they are composed ultrastructurally of straight, significance 8). X-ray diffraction analysis, circular dichroism
unbranched fibrils with a diameter o830 nm and bind spectroscopy and Fourier transform infrared spectroscopy
the traditional histochemical stains for amyloid, the fluores- have revealed that amyloid has a generic “cr@ssenfor-
cent benzothiazole thioflavin-T, and the diazobenzidine dye mation, composed of multiple copies of the constituent
Congo red, which has a characteristic apple-green birefrin- polypeptide arranged into stackgesheets running perpen-
gence when imaged under cross-polariz2ysespite these  dicular to the fibril axis 9—11). These observations suggest
similarities, the major polypeptide constituents of the fibrillar an explanation for the ability of different proteins with unique
deposits associated with the various amyloid diseases havenative conformations to adopt an essentially identical struc-
widely differing sequences, sizes, and native conformations.ture: the formation of amyloid may not be a peculiarity of
For example, the intact globular proteins transthyretin and the proteins that form fibrils in vivo, but rather a generic
lysozyme B) are deposited as amyloid in familial amyloid property of all polypeptide chains, albeit one which evolution
polyneuropathy and hereditary systemic amyloid, whereashas presumably not favored?, 13). Indeed, Dobson and
type Il diabetes is associated with amyloids composed of a co-workers have recently described several proteins that are
short peptide known as islet amyloid polypeptidg:. not known to be associated with any pathological process,

The structure and assembly of amyloid fibrils formed by but which can be induced to form amyloid fibrils under
a number of polypeptides have been extensively studied inlaboratory conditions 14—17). However, since not all
the laboratory§, 6). The kinetics of aggregation are typical proteins are associated with amyloidosis, there is some
of nucleation-dependent polymerization, with a critical selectivity with respect to which polypeptides are capable
concentration above which the unassembled polypeptideof forming amyloid in vivo rather than under the overtly
exists in a metastable state, requiring an unfavorable nonphysiological laboratory conditions sometimes required
nucleation event for initiating rapid polymerizatio)(In to generate amyloid fibrils.
the case of folded proteins, as opposed to natively unfolded |q5_ and extracellular amyloid deposits called neurofibril-
peptlde_s, partial denaturat|o_n by chemical destat_)lhzatlon of lary tangles and senile plagues, respectively, are associated
the native fold may be required before the protein can self- it the most prevalent form of senile dementia, Alzheimer’s
assemble). Synthetic amyloid fibrils formed in vitro have  gisease. Together with extensive neuronal loss, they are the

hallmark neuropathological features of the disease and are
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plaques is the amyloig-peptide (A3), a 40-42-amino acid tide, it is conceivable that interactions of other proteins with
fragment of the Alzheimer precursor protein (APP). Analysis an amyloid deposit consisting principally ofsAmay occur

of genetic mutations that are responsible for very rare familial by an “allotypic” interaction, in which both proteins adopt
forms of the disease has led to the development of thethe generic crosg-structure to form part of an amyloid fibril
amyloid cascade hypothesis, currently the most widely with a mixed composition. Clearly, while any protein may
accepted model of the aetiology of Alzheimer’s dised$. ( be able to be induced to form fibrils in vitro, not all proteins

It proposes that the key toxic insult is the formation and associate with £, so if the basis of an interaction is indeed
deposition of amyloid fibrils by the normally solublefA  the adoption of the same nonunique three-dimensional
peptide, as a result of its overproduction by aberrant structure by the two polypeptides, there should be some
proteolytic events and its interactions with so-called patho- underlying explanation for the specificity of the interaction
logical chaperones. Apolipoprotein E and antichymotrypsin at the level of primary structure. In this paper, this possibility
are two such proteins: they are minor constituents of senile is investigated by comparison of the amino acid sequences
plagues and have allelic variants that are capable of increasof AChE and APP, and a short homologous region is
ing the proclivity of A3 to assemble into amyloid fibrils.  identified, lying near the N-terminus of A Subsequent
Other proteins that are found to be abnormally associatedbiophysical studies of a synthetic peptide designed around
with senile plaques in Alzheimer's diseas&9{21) are the homologous region of AChE reveal that it is a novel
acetylcholinesterase (AChE, EC 3.1.1.8) and the evolution- fibrillogenic peptide capable itself of forming, under physi-
arily related enzyme butyrylcholinesterase (BuChE, EC ological conditions, aggregates with all the typical ultra-
3.1.1.7). AChE is well-known as the enzyme responsible for structural, morphological, tinctorial, and toxicological char-
the hydrolysis of the neurotransmitter acetylcholine at acteristics of amyloid.

cholinergic synapses and neuromuscular junctions in the

mammalian nervous syster2d). The function of BUChE =~ EXPERIMENTAL PROCEDURES

remains unclear, and it is normally expressed only at very
low levels in the brainZ3). There are other links between
AChE and Alzheimer’s disease, apart from its presence in
senile plaques2d—26). There is a huge loss of AChE and
choline acetyltransferase activit24, 28) which correlates

Sequence AnalysisThe sequence alignment software
dotter @42) was used to analyze the protein sequences of
human APP and human synaptic or T form (containing exon
6) AChE 3). The program compares the sequences in all

with the severity of Alzheimer-type neuropathology in the possible _registers Qnd outputs a dot _matrix showing homolo_-
gous regions as diagonal rows of high scores. The score is

affected areas2Q). Furthermore, the degeneration of the ; o
9. Fu 9 I calculated by averaging the pairwise matches over a 25-

cholinergic system is more pronounced and occurs earlier = id slidi ind di ted by th
than that of other neurotransmitter systems, and there is aamino acid siiding window, and 1S represented by the

very high, though not perfect, correlation between areas thatd"2YScal€ intensity in the dot matrix output.
have high levels of AChE and areas which degenerate in Synthetic PeptideShe peptide AEFHRWSSYMVHWK
Alzheimer's disease3Q, 31). (AChEsgs-599), prepared as a trifluoroacetate salt, was
Several recent publications by Inestrosa and co-workers Synthesized and purified via HPLC ©95% by M. Pit-
(32, 33) have demonstrated an interaction in the laboratory Keathley at the Oxford Centre for Molecular Sciences
between AChE and fibrillar &, in addition to showing (OQMS, Central Chemistry Laboratory, Oxford University)
evidence that AChE behaves in vitro rather like a pathologi- USing standard fmoc methodology. Thed5% pure N-
cal chaperone, in that it is capable of increasing the rate of terminally b|ot|n_—6-am|docaproylated, C-terminally amidated
fibril formation by A3 (34, 35) and the neurotoxicity of the ~ AChEsss—so9 (Bi-AChEsgss00Am) was purchased from
fibrils (36). However, BUChE did not exhibit any interaction Ansynth B.V. (Roosendaal, The Netherlands). The peptides
with AB (33), even though BUChE is also reported to be Were dissolved in ultrapure water, divided into small aliquots,
associated with amyloid plaquel}. The observation, based and relyophilized. An aliquot was freshly redissolved in water
on the use of butyrylthiocholine, a substrate which cannot for €ach series of experimentsfA-ss was prepared at
be hydrolyzed by AChE, appears to be robust: even though©CMS and treated in the same way.

the AChE associated both with synthet®4) and Alzhei- _Turbidimetry.A fresh 1 mM solution of the peptide was
mer’s disease amyloid is known to have altered character-diluted to 400uM in polystyrene semi-micro cuvettes, and
istics [including kinetic parameter87), optimum pH 88), 20 mM sodium phosphate (pH 7.0) was added to further

and inhibitor sensitivity 39)], its substrate specificity, a  dilute the peptide to 200M. The absorbance at 450 nm of
property enshrined in the structure of the catalytic goA§ ( two samples was immediately read at 25 in a Jenway
has not been reported to be altered. 6100 spectrophotometer, and readings were taken every 10
The central theme of the current investigation concerns min after briefly mixing the samples by inversion for
the means by which AChE might interact with3AOne ~ AChEsss-se9 O €very 30 s without mixing for Bi-AChdgs-sog-
possibility is a heterotypic interaction betweefi &nd some ~ Am. For the pH range, the peptides were prepared in
site on the well-known native globular structure of AChE: duplicate at pH 6.0, 7.0, and 8.0 in 10 mM sodium phosphate,
a region known as the peripheral anionic site has recentlyat pH 9.0 and 10.0 in 10 mM sodium glycinate, and at pH
been proposed to be the area responsible for interactions witht 2.0 by titration with NaOH. The solutions were incubated
Ap (41). But since amyloid fibrils have a generic structure, in a sealed 96-well plate for 18 h at 2%, and the
which can be adopted by multiple proteins in vivo, and absorbances at 450 nm were read in a BMG Polarstar plate
possibly by any protein under the right nonphysiological reader.
conditions in vitro, and which is based on homotypic Electron MicroscopyA 200 uM solution of the peptide
interactions between multiple copies of an identical polypep- was prepared in 10 mM sodium phosphate (pH 7.0) and



Amyloid Fibrils from a Fragment of Acetylcholinesterase Biochemistry, Vol. 41, No. 46, 20023541

incubated overnight at 25C. The fibrils were adsorbed onto o ot v A o A
freshly glow discharged Formvar-coated grids and negatively

stained with 1% phosphotungstic acid (pH 7.0). Electron °
micrographs were acquired using a Zeiss 912 Omega -
transmission electron microscope equipped with a2RK
digital camera.

Circular Dichroism. Far-UV CD spectra were obtained
using a Jasco J-720 specropolarimeter and cuvettes with a™}
path length of 1 mm at 25C. Peptide solutions (200M)
in 10 mM sodium phosphate (pH 7.0) or in water were ...
prepared as described above, and spectra were recorded
immediately, 90 min, 3 h, 18 h, and 5 days after neutraliza-
tion. Background spectra recorded in the absence of peptide*:
were subtracted from the sample spectra.

Thioflavin-T Fluorescencelluorescence spectra of thio- s
flavin-T were acquired at 25C with a Perkin-Elmer LS50B
fluorescence spectrometer. A 20M solution of peptide in
10 mM sodium phosphate (pH 7.0) was incubated overnight, *

100

150

and 6.25uL of 2.5 mM thioflavin-T (Sigma) in phosphate- B
buffered saline was added to 26D of the peptide solution. AChE: DTLDEAERQUKREFERWSSTNVEWRNOF - - -DHY- SKQDRCDSL* 614

APP: KTEEISEVKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 713

Control spectra of thioflavin alone and peptide alone were

recorded. Excitation at 440 nm (slit, 5 nm) was used during FIGURE 1: Sequence alignment of APP and AChE. (A) Output of

; i ; e dotter software using APP as the horizontal sequence and AChE
collection of the emission spectrum, while the emission was as the vertical sequence. The vertical lines indicate the positions

monitored at 482 nm (slit, 10 nm) for the excitation spectrum. of the cleavage sites which give rise tAThe most intense and
Kinetic thioflavin-T assays were performed at 26 in a the longest diagonal row of high scores lies near the N-terminus

BMG Polarstar 96-well plate reader. Thioflavin (B) was of AB. (B) Sequence alignment at the region of interest. Identical

pipetted into the wells of a black-walled 96-well plate, and esidues are in bold type; /s underlined, and the 14-amino acid

1004L of a solution of the peptide at a final concentration SYNihetic peptide (AChiss seq) designed to encompass the region
u pep < of similarity and used in this study is shown boxed.

of 200uM was added to the wells within a few seconds of

neutralization with an equal volume qf 20 mM spdium DMEM containing 2% glutamine and 4M insulin. All
phosphate (pH 7.0). Control wells cgntamgd thioflavin only experiments were performed in triplicate. After 48 h 10
or peppde only. The fluorescgnce intensity was measureds 5 5 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-
immediately and every 15 min for 18 h (ACkjs se9) OF diphenyltetrazolium bromide (MTT) was added, and the cells
every 30 s fo 1 h (Bi-AChEsss-soyAm) using @ 450 NM\yere incubated for a further 4 h. The reduced dye was
excitation f|It_er (bandwidth, 10 nm) and_a 485 nM emission gissolved by adding 10@L of 10% SDS in 0.01 M HCI
filter (bandW|dth,_15 nm). Each data point is the average of 5.4 incubating the plates overnight at 3Z, before the
the fluorescence intensity over ten 50 Hz xenon bulb flashes. ;s orbances were read at 550 nm. The data are expressed
Congo Red BindingA 200 «M solution of the peptide in  as the percentage MTT reduction observed compared to
10 mM phosphate (pH 7.0) was incubated overnight at 25 control after subtraction of a zero value obtained in the
°C. The solution was mixed to resuspend the precipitated presence of 0.1% Triton X-100.
peptide, and an absorbance spectrum from 400 to 700 nm
was collected with a Beckmann DU600 spectrophotometer RESULTS
using polystyrene semi-micro cuvettes. Congo red was added
to a final concentration of %M, and the spectrum was Sequence Comparison of AChE and AFRe sequence
recorded after incubation for 10 min. A third spectrum of analysis software dotte#g) was used to search for regions
the unbound dye was also collected. The spectrum of peptideof sequence similarity between human AChE and human
alone was subtracted from the spectrum of Congo red with APP. The dot matrix output, shown in Figure 1A, identifies
peptide to correct for the turbidity of the sample due to the the longest and highest-scoring region of similarity lying near
precipitated peptide. A similar pair of cuvettes containing the N-terminus of £, the 46-42-amino acid fragment of
10 uM Congo red were photographed. It was determined APP, and within the 40-amino acid C-terminal oligomeriza-
that >95% of the 1uM Congo red was bound to the 200 tion domain, encoded by exon &3), of the synaptic or T
uM peptide by pelleting the aggregates in a microcentrifuge form of AChE. Other matches, lying outside thesA
for 5 min at 15 000 rpm and measuring spectrophotometri- fragment, either have lower scores, indicated by the lower
cally the concentration of Congo red in the supernatant.  intensity, or are discontiguous. On the basis of this result, a
MTT Cytotoxicity AssayRat pheochromocytoma PC-12 ~14-amino acid synthetic peptide was designed to include the
cells were cultured in DMEM with 10% fetal calf serum egion of interest within a hypothetical tryptic fragment; this
(FCS), 5% horse serum, and;M glutamine and were ~ Peptide (AChkssseg), corresponding to residues 58599
seeded into collagen-coated 96-well plates in @0of  Of human T form AChE, is indicated by a box in the
medium per well. The following day the cells were washed Seduence alignment in Figure 1B.
once with DMEM before addition of peptide solutions It soon became clear that the similarity between AChE
prepared in water and mixed with an equal volume &f 2 and APP in this region goes beyond sequence homology:
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the onset of assembly and precipitation is not apparent. There

FiGURE 2: Precipitation of AChEgs-see. (A) Peptide at a range of  is a narrow pH window in which peptide aggregation is
concentrations after overnight incubation in PBS. The critical fayored: it does not assemble into fibrils at or below pH 6

concentration for precipitation is 5€M. (B) Increase in turbidity : : .
measured by light scattering at 450 nm of 200 peptide after or at or above pH 9 (as shown in the inset of Figure 2B).

neutralization to pH 7.0. In the inset of panel B is shown the AS has a critical aggregation concentration of-4D uM
turbidity at 450 nm of 20@M solutions of peptide B after overnight  (6), and an insolubility window between pH 3.5 and 7.5 with
incubation over a pH range. The peptide only aggregates abovea maximum at pH 56 (43). AChEsgs-s99 therefore has a
pH 6 and below pH 9. Error bars are the standard error of the me"_"”slightly higher critical concentration thar3fand aggregates
value of two samples; data that are shown are one representative . - e
experiment from multiple repetitions. at neut_ragl pH, rather than under mlldly_aC|d|c_condltlons.
Precipitated AChEgs-s599 Can be readily redissolved by
the AChEgs-s99 peptide is capable, like & of forming addition of acid or base to bring the pH away from neutral
amyloid fibrils in vitro. There is no single method that is (data not shown), indicating that the assembly of the peptide
able to uniquely identify amyloid: instead, an operational into fibrils is reversible. In the case of A high @4, 45)
definition has evolved, based on multiple common properties and low pH @6, 47) can be employed to dissolve pre-existing
of amyloid fibrils 6, 17). We have therefore used a range fibrillar aggregates present in stocks of the synthetic peptide,
of techniques to demonstrate that AGhEsqe forms, at and acidic denaturing conditions are employed in the
neutral pH in aqueous solution, precipitates consisting of extraction and purification of fibrillar & from biological
classical amyloid fibrils. The peptide aggregates in phosphate-samples 48).
buffered saline (PBS), as shown in Figure 2A, but the other  Electron MicroscopyWhen the AChEss-s99 aggregates
data that are shown were gathered in the absence ofare examined by negative staining followed by electron
physiological salt, because it was found to increase noise inmicroscopy, they are seen to consist of amyloid-type fibrils
the far UV in CD spectra. So that the results are comparable,measuring anything up to several micrometers in length with
salt was also omitted from buffers used in the other kinetic a diameter of 57 nm (Figure 3). The fibrils may be single
experiments shown here, since the only observed effect offibers, a pair twisted into a helix, or a complex interlocking
physiological concentrations of salt in all the systems that mat. No such fibrils are seen on EM grids prepared from
were studied was to slightly increase the rate of fibril nonturbid solutions of unprecipitated peptide.
formation. Circular Dichroism. Figure 4 shows the kinetic CD
Turbidimetry and Precipitation. The tendency of  analysis of 200uM AChEsgs—s99 buffered at pH 7.0 and
AChEsges-s99 t0 aggregate is highly dependent upon pH. The without buffering, where the pH is-56, because of the
peptide appears to be entirely soluble in water at concentra-presence of residual trifluoroacetic acid. After neutralization,
tions up to =10 mM; however, because the peptide is there is a clear and gradual transition over an 18 h period
synthesized as a trifluoroacetic acid salt, the pH of an from a spectrum whose maximum-a225 nm and minimum
aqueous solution is low<(6 at micromolar concentrations at~200 nm are indicative of a high degree of random coil
and <4 at 10 mM). Only when the solution is neutralized conformation to a spectrum with a minimum a215 nm
does the peptide rapidly aggregate and form a precipitate.and a maximum at+195 nm, which is diagnostic ¢gf-sheet
Under physiological conditions, in PBS, there is a critical secondary structure (Figure 4A). Amyloid is highflysheet
concentration for aggregation of50 uM, below which rich, and has a generic crofstructure ). In the unbuffered
precipitation does not occur (Figure 2A). Precipitation occurs lower-pH state, the spectrum does not change with time, and
over a time period of several hours: Figure 2B shows the the peptide remains unstructured and nonfibrillar (Figure 4B).
time course of the increase in turbidity, monitored by optical The experiment was continued out to 5 days, but no further
density at 450 nm, of a 20@M solution of peptide changes in the CD spectra were observed after 18 h (data
immediately after neutralization to pH 7.0. A lag phase before not shown). The presence of a single isodichroic point at
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Ficure 4: Circular dichroism spectra of AChE ses Spectrawere ~ FIGURE 5: Binding of thioflavin-T to AChkggs-sg9 fibrils. (A)

recorded at 1 min{) 90 min @), 3 h (2), and 18 h 4) after Fluorescence spectrum of thioflavin-T in the presence of 200
dilution of the peptide into 10 mM phosphate (pH 7.0) (A) or into  Peptide aged for 24 h in 10 mM phosphate (pH 7.0). Excitation
water (B), where the pH after peptide addition was65due to spectrum (- - -) with emission monitored at 482 nm and emission

residual trifluoroacetic acid in the preparation. At neutral pH, the Spectrum<-) with excitation at 442 nm. The excitation and emission
peptide forms amyloid fibrils and shows a transition from random Peaks show the classic red shi#gf compared to the free dye (data
coil to S-sheet secondary structure, whereas at lower pH, the peptidenot shown) which has excitation and emission peaks at 340 and
has a stable random coil conformation and does not form fibrils. 430 nm, respectively. (B) Increase in ThT fluorescence during fibril

The data that are shown are one representative experiment fromformation after dilution of peptide B at 200M into 10 mM
multiple repetitions. phosphate (pH 7.0). Excitation at 450 nm and emission at 485 nm.

Values are the means of two samples, and error bars are the standard
error of the mean; the data that are shown are from one representa-

207-208 nm in the neutral-pH CD spectra indicates that the o experiment from multiple repetitions.

kinetics at least approximate those of a first-order process.

Thioflazin-T FluorescenceThe fluorescent benzothiazole
dye thioflavin-T (ThT) has long been used to study amyloi
deposition in a pathological context. When the dye binds to
amyloid fibrils, there is a characteristic shift in the fluores-
cence excitation and an increase in emission intendy. (
Fibrillar AChEsgs-s509 Causes exactly such changes in the
spectral properties of the dye (Figure 5A): the excitation
and emission maxima are red shifted from 340 and 430 nm
to 450 and 490 nm, respectively, together with an increase
in the fluorescence intensity. The time course of assembly
can be monitored by selective excitation of the bound dye.
After neutralization of 20Q«M peptide, the fluorescence of

therefore more faithful measures of the rate of fibril
d extension.

Congo Red BindingCongo red, like thioflavin, is widely
used as a histological indicator of amyloid deposition. The
binding interaction is characterized by apple-green birefrin-
gence and a metachromatic shift in the absorbance spectrum
(50). Once again, fibrillar AChEgs-s99iS seen to behave just
like classical amyloid in that it too binds Congo red (Figure
6). The fibrils bind the dye and retain it as they precipitate
out of solution; additionally, there is a marked red shift in
the absorbance that can be seen with the eye as a change
from an orange-red to a pink color, as well by examination
) ; ) X o of the absorbance spectrum. The spectrum shown has been
the bound dye immediately begins to INCrease as fibrils are corrected for turbidity caused by the precipitated fibrillar
formed, and reaches a plateau aftel2 h (Figure 5B). peptide.

There is a disparity between the rate of precipitaton MTT Cell Proliferation Assay.The reduction of the
monitored spectrophotometrically and the rate of acquisition tetrazolium MTT by mitochondrial dehydrogenase activity
of thioflavin-T binding capability orp-sheet secondary is a widely used means of ascertaining cellular viability in
structure (compare Figures 2B and 5B). Turbidimetry detectsvitro (51) and in PC-12 cells is an early indicator of
particles with a hydrodynamic radius greater than the g-amyloid-mediated cell death?). The effect of AChkgs-s09
wavelength of incident light (in this case 450 nm), but since and AB,s-3son MTT reduction by PC-12 cells was compared
fibrils have a complex, nonhomogeneous structure, it is hard (Figure 7). At 500uM, the AChE peptide, like B2s-35 at
to evaluate the significance of the turbidity measurements. the same concentration, inhibits MTT reduction+@0%
Thioflavin-T fluorescence and conformational changes are of control values; however, a8V, the effect of AChkss-509



13544 Biochemistry, Vol. 41, No. 46, 2002 Cottingham et al.

0.3 - biotin NH groups is>17 (53), so within the pH range of
N CR CR+P interest, there are no charges associated with the amino
terminus. As shown in Figure 8, Bi-ACRg-sosAM, When

neutralized, forms Congophilic, thioflavin-T-binding, 7 nm

0.25 4

8 21 amyloid fibrils even more rapidly than the unmodified
8015 peptide. It precipitates within seconds, as opposed to hours
% (compare Figures 2B and 8A), and thioflavin fluorescence

reaches a plateau afterl5 min, instead of~12 h (Figures

5 and 8C). Furthermore, the time courses of acquisition of
thioflavin-T fluorescence and of turbidity match almost
exactly in the case of Bi-AChdgs-s9Am, but do not in the

0 i i i case of the unmodified peptide, which is consistent with the

400 450 500 550 600 650 700 A O ;
wavelength (nm) formation of a larger number of shorter fibrils (with altered

FiGURe 6: Binding of Congo red to AChigs_ses fibrils. The graph light scattgring _properties).as. a result of an increased number
shows the absorbance spectra of aM solution of Congo red  Of nucleation sites. The biotinylated peptide’s extra hydro-
(—) and 5uM Congo red with 200uM peptide [in 10 mM phobicity presumably accounts for these differences. The pH
phosphate (pH 7.0), aged overnight and mixed], corrected for gependence of AChis-seo fibrillization is also altered by
turbidity (- - -). The image shows 10M solutions of Congo red e mogifications. While both peptides are soluble under
without and with 20Q:M peptide, which has precipitated, bringing . o - - . .

the dye with it. The absorbance spectrum of the Congo red bound Mildly acidic conditions £pH 6), consistent with the idea

to the peptide is red shifted, as is also apparent in the image, fromthat side chain charges on the histidine residues are involved,
an orange red to a rosy pink. At these concentratiors% of the biotinylated amidated peptide, unlike the unmodified
the Congo red is bound to the peptide. peptide, is capable of self-assembly and precipitation at pH
9 and 10. Only when the pH is taken to 12 does Bi-
AChEsgs-s00Am remain soluble and nonfibrillogenic, sug-
gesting that charges on the lysine and arginirt€ €£p10.5

and 12.5) of AChkgs-s99 may be involved in fibril formation.
Free N- and C-termini are therefore not required for the
fibrillogenic properties of AChEgs-s09, though the depro-
tonization of the N-terminus is involved in the inhibitory
effect of alkaline pH upon fibril formation by the unmodified

120

% MTT reduction
@
o

peptide.
20
DISCUSSION
01 10 100 1000 Identification of a Toxic Fibrillogenic Peptide Desd
log[peptide/uM from AChE.AChE is heavily implicated in Alzheimer’s
FIGURE 7: Cytotoxicity of AChEgs-sge. Inhibition of MTT reduc- disease 25), not least because it is abnormally localized in

tion by PC-12 cells upon application of ACk 500 (M) and the amyloid fibril rich senile plaques characteristic of the
B oo S o ot s She gt i ocase 15,201  has o ben shown (0 intract i vt
scaled with repspect to positive and negative controls at 0 and lOO%,?N ith AB, .the principal constltuent. of the plaques, and to
and are from one representative experiment of a set of three. ~ Increase its rate of assembly and its neurotoxic3®-36).
We analyzed the amino acid sequences of the splice variant
is negligible, but the value for fys—ss is still less than 40%.  of AChE found in the brainZ3) and APP with the intention
In a system where pBps_35 has cytotoxic effects in concur-  of searching for regions of sequence similarity that may be
rence with published observatiors?, AChEsge—sg9 Clearly important for this interaction. A short homologous region
exhibits similar toxicity, albeit at higher concentrations. was identified, lying near the N-terminus ofsAFigure 1),
Modification of N- and C-Termini of AChks-s9e The and a synthetic peptide, AChds-s95, cOrresponding to the
dependence of the aggregation of AGhEseg upon pH cognate region of AChE, was found to be capable of forming,
(Figure 1) indicates that charge plays a critical role in the under physiological buffering conditions, classical amyloid
process. The K of histidine, of which there are two in fibrils almost identical to those formed bygAThe fibrous
AChEsgs-s99, IS 6, SO the deprotonation of their NH groups precipitates formed by AChks-s99 have all the character-
as the pH is increased toward neutral may be a crucialistics of amyloid fibrils: they bind both Congo red (Figure
permissive step in the acquisition of fibrillogenic capability; 6) and thioflavin-T (Figure 5), haves-sheet secondary
second, the loss of positive charge at the amino terminus ofstructure (Figure 4), are-57 nm in diameter (Figure 3), and
AChEsgs—599 Might be expected to be involved in the exhibit typical kinetics of assembly (Figure 2). Furthermore,
preclusion of AChksgsse9 fibrillogenesis at pH>9, since the fibrils have in vitro cytotoxic properties similar to those
the (K of theo-amino group is near 9. To investigate whether of Af2s-ss (Figure 7). It is, therefore, reasonable to consider
a free, charged amino terminus is required for assembly, andthat AChkgs-s99 Should be added to the growing list of
hence whether fibril formation by longer fragments of AChE amyloidogenic polypeptides.
or by the intact protein might be precluded, the fibrillogenic  Kinetics and pH Dependence of AGEsq Aggregation.
properties of a synthetic peptide having the same sequenceSelf-assembly of amyloid in vitro proceeds via a nucleation-
but an amidated C-terminus and a biotinylated N-terminus dependent polymerization process, with the following char-
(Bi-AChEsgs-s05-Am), were also investigated. Th&of both acteristics: (i) a critical concentration below which no
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Ficure 8: Fibrillogenic properties of biotinylated amidated AGhEsq. (A) Time course of aggregation of Bi-ACk&-soAm after

neutralization to pH 7.0 monitored by light scattering at 450 nm. T

he inset graph shows the final turbidity after overnight incubation across

a pH range. (B) Transmission electron micrograph of negatively stained fibrillar aggregates of BisAGHREAM formed overnight at pH

7.0. The main image scale bar is 100 nm; the inset image scale bar is 20 nm. (C) BiAGHREAM fibril formation after neutralization

to pH 7.0 monitored by thioflavin-T fluorescence (excitation at 450 nm and emission at 485 nm). (D) Absorbance speckiaCiirgo

red (—) and Congo red with aged fibrillar Bi-AChks-s95Am (- - -) corrected for turbidity. The inset image shows the Congo red associated

with the precipitated fibrillar material and its change in color from orange-red to pink, which is also reflected in the absorbance spectra.
The data shown in panels A and C are from one representative experiment of a series of three; the points are the means of two values, and

the error bars represent the standard error of the mean. The concentration of BjsAGAm was in all cases 200M.

aggregation occurs, (ii) a lag time before polymerization
above the critical concentration, and (iii) a reduction in the
lag time caused by addition of prepolymerized sed)s (

AChEsge-s99 has a critical concentration for aggregation
of ~50 uM at pH 7, below which no fibrillar material is
evident. This compares well with the published critical
concentration of &, which is 10-40 uM (6). Assembly is
highly dependent upon pH as well as concentration: fibril
formation is evident only within a narrow window above
pH 6 and below pH 9 for the free peptide; modification of
the N-terminus, as in Bi-AChigs-s05-AMm, increases the upper
limit of the window to pH 11. Because the peptide is
synthesized as a salt of trifluoroacetic acid, the pH of

occurs almost instantaneously. The length of the period of
kinetic solubility can be extremely sensitive to concentration
(54): Ap does not have a lag phase at concentrations above
100 uM (6). An alternative possibility, which cannot be
dismissed, is that oligomeric seeds are present in low-pH
aqueous stock solutions, in which fibrils, nevertheless, do
not form.

Relevance of the Sequence Similarity between Adgdhbyg
and AS1-16 The 16 amino-terminal residues ofsAare not
essential for the formation of fibrils by the peptide. The core
fibrillogenic domain lies between residues 12 and 35:
synthetic peptides corresponding t8A ss are fibrillogenic
(55), and deletions of N-terminal amino acids enhance the

unbuffered aqueous solutions of the peptide, which do not aggregation of & peptides in vitro $6). AB1-16 is nonfi-

contain fibrillar material, always lies below pH 6.5A

brillogenic in our hands (data not shown) and in those of

aggregation is favored under slightly more acidic conditions others 85). Nevertheless, there are some reports that the

(between pH 3.5 and 7.5) compared to AGfEsgs, With a
maximum near pH 543, 44).

There is no lag phase, at 200, before the onset of fibril
formation by AChkgs-s95, When monitored by turbidity or
thioflavin-T binding. The presence of a single isodichroic
point in the CD spectra of AChfgs-s99 also indicates that
the conversion t@-sheet approximates a first-order process.
It is possible that the formation of nuclei by ACRE sq9iS

N-terminal region of /4 is important in fibril formation:
antibodies against EFRH (residues®of Aj) can prevent
self-aggregation of A into amyloid &7), and structural
changes in the region modulates Afibrillogenesis B8,

59). AfB1-16 is more charged and less hydrophobic than
AChEsge-s9s it has four additional charged residues (two
aspartic acids, a glutamic acid, and a histidine) but two fewer
tryptophans. It is possible that these differences account for

not particularly unfavorable under the given conditions, and the inability of AS;-16 to form fibrils.
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Interaction of AChE with A& The 40-amino acid C-
terminal tail, encoded by exon 6 ACHE and running from

Cottingham et al.

G1 and G2 AChE Hee an Exposed C-Terminal Talh
Alzheimer’s disease, there is a loss of membrane-bound G4

position 575 to the end of the sequence of the synaptic (T) AChE associated with the degeneration of cholinergic axons,
splice variant of AChE, is the domain responsible for butthere is also a smaller increase in the levels of the soluble
oligomerization of the enzymatic subuni3j. The soluble G1 and G2 forms of the enzym@8§ 68—72). Unlike the
enzyme may be G1 (monomeric), G2 (dimeric), and G4 soluble G4 form, these forms are amphiphilic, as indicated
(tetrameric), but G4 can additionally be anchored to the by the difference in their sedimentation coefficients with and

extracellular collagen subunit Col®{ 61) or the membrane
attachment subunit PRIMAGQ). The conformation of the
tail peptide is that of an amphipathic heli%3), with
conserved aromatic residues on one face obtteelix that
are essential for the assembly of tetramed4, 65). The
fibrillogenic region of residues 586699 lies within this
C-terminal oligomerization domain, but the AChEsq

without the presence of detergen28), The explanation for
this observation is that the amphiphilic T-peptide oligomer-
ization domains are hidden in the nonamphiphilic soluble
tetrameric G4, but are exposed in the dimer and monomer,
and are therefore able to interact with detergefts 61).

The above data suggest that the increase in Alzheimer’s
disease in the levels of the G1 and G2 forms results in an

peptide has, prior to fibrillogenesis, a random coil structure increased proportion of AChE that has an exposed C-terminal

(Figure 4), rather than the natieehelical structure adopted

tail, and lead to the speculation that in Alzheimer’s disease

by the same sequence in the parent protein. The native foldthere may be an increased accessibility of the fibrillogenic
would probably require chemical disruption in the manner region of AChE to heterologous interactions.

carried out for myoglobin and other proteins by Dobson et

al. (16) before the whole protein or a conformationally stable
fragment of the C-terminal tail would be expected to form
amyloid fibrils in vitro. Nevertheless, the highly fibrillogenic
properties of AChEgs-s99 Under physiological conditions

suggest the intriguing possibility that the conversion of the

a-helical tail of AChE tog-sheet by 8, acting at the region
of residues 586599, and the subsequent inclusion of the
enzyme into a fibril of mixed proteinaceous origin, might

account for the presence of the enzyme in senile plaques in ,

Alzheimer’s diseasel@, 20). The preservation, and indeed
acceleration, of the fibrillogenic properties of the synthetic
AChEsgs-s99 fragment in the N-terminally biotinylated and
C-terminally amidated version of the peptide (Bi-AGkEsos
Am) indicate that free N- and C-termini are not required for
self-assembly into amyloid fibrils. This observation is
compatible with the idea that the residues 5889 of AChE,

shown here to be highly fibrillogenic when present as a free
fragment, may also be capable of adopting a non-native

fibrillar structure when residing within the intact parent
protein.

Several recent publications from the laboratory of Inestrosa

(41) have focused on the interaction of AChE witl$ Aand

home in on the peripheral anionic site, situated on the surface
of the enzyme next to the entrance to the catalytic gorge

(66), as the location of & binding activity. This conclusion

was based upon the ability of certain peripheral site ligands
(33) and a monoclonal antibody against the peripheral site

(67) to block the interaction of AChE with A as well as
the absence of any interaction in vitro ofAvith BuChE,
which lacks the peripheral sit83). However, the peripheral

and active site ligand BW284C51 did not block the interac-

tion, the possibility of steric occlusion of another site by the

antibody is not excluded, and BUChE is reported to be

associated with Ain vivo (21). It is possible that AChkgs-seg

may be an alternative or additional region responsible for
the interaction of cholinesterases with senile plaques; this

idea is currently under investigation. Two key predictions
of this hypothesis would be (i) that a truncated form of AChE

lacking the C-terminal oligomerization domain, and therefore

the fibrillogenic region identified herein, would not be
capable of interacting with Aand (ii) that the enzyme would
be incapable of interacting with forms ofpAlacking the
homologous region present in residueslb.
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