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ABSTRACT: A 14-residue fragment of the C-terminal oligomerization domain, or T-peptide, of human
acetylcholinesterase (AChE) shares sequence homology with the amyloid-â peptide implicated in
Alzheimer’s disease and can spontaneously self-assemble into classical amyloid fibrils under physiological
conditions [Greenfield, S. A., and Vaux, D. J. (2002)Neuroscience 113, 485-492; Cottingham, M. G.,
Hollinshead, M. S., and Vaux, D. J. (2002)Biochemistry 41, 13539-13547]. Here we demonstrate that
the conformation of this AChE586-599 peptide, both before and after fibril formation, is different from that
of a longer peptide, T40, corresponding to the entire 40-amino acid T-peptide (residues 575-614 of AChE).
This peptide is prone to homomeric hydrophobic interactions, consistent with its role in AChE subunit
assembly, and possesses anR-helical structure which protects against the development of theâ-sheet-rich
amyloidogenic conformation favored by the shorter constituent AChE586-599 fragment. Using a conforma-
tion-sensitive monoclonal antibody raised against theR-helical T40 peptide, we demonstrate that the
conformation of the T-peptide domain within intact AChE is antigenically indistinguishable from that of
the synthetic T40 peptide. A second monoclonal antibody raised against the fibrillogenic AChE586-599

fragment recognizes not onlyâ-sheet amyloid aggregates but also SDS-resistant protofibrillar oligomers.
A single-antibody sandwich ELISA confirms that such oligomers exist at micromolar peptide concentrations,
well below that required for formation of classical amyloid fibrils. Epitope mapping with this monoclonal
antibody identifies a region near the N-terminus of the peptide that remains accessible in oligomer and
fibril alike, suggesting a model for the arrangement of subunits within AChE586-599 protofibrils and fibrils.

The well-known classical function of the enzyme acetyl-
cholinesterase (AChE, EC 3.1.1.8) is to hydrolyze the
neurotransmitter acetylcholine at mammalian neuromuscular
junctions and synapses in the central nervous system (3).
AChE exists in a plurality of molecular isoforms governed
by alternative splicing events and interactions with other gene
products (4). T-Form, or synaptic, AChE is the splice variant
expressed in the mammalian brain and muscles, and it
posesses a 40-residue C-terminal tail domain, encoded by
the alternatively spliced exon 6. This domain, the T-peptide,
is the key to higher-order subunit association, and is crucial
in determining the functional localization of synaptic AChE
(5). It permits the assembly of the enzyme into soluble
homomeric tetramers (G4) which together with T-form
dimers (G2) and monomers (G1) account for a small
proportion (<10%) of AChE in the mammalian brain. The
T-peptide also governs the interaction of AChE with a

proline-rich attachment domain (PRAD) present in PRiMA,
the proline-rich membrane anchor, expressed on neuronal
membranes; and ColQ, a collagen triple helix anchored to
the basal lamina in neuromuscular junctions (6, 7).

The crystal structure of the catalytic domain of AChE was
determined as early as 1991 (8), but the organization of the
subunits in tetrameric AChE and the positioning and structure
of the T-peptides in homomeric and heteromeric isoforms
remain unclear, mainly since the vast majority of crystals
have been grown from truncated enzymes lacking the
C-terminal domain. Three crystal structures of tetrameric
AChE have been reported (9, 10), each with a different
arrangement of subunits, and all lacking information about
the structure or position of the T-peptides. However, it has
been possible to make a number of inferences about the
structure of the cholinesterase T-peptide. It possesses a series
of highly conserved aromatic residues which are critical both
for assembly of disulfide-linked dimers into homomeric
tetramers (11) and for attachment of tetramers to PRAD (12).
The hydrophobic residues are thought to lie along one face
of a predicted amphiphilicR-helix formed by the T-peptide
(13), providing a hydrophobic driving force for the assembly
of dimers into tetramers, just as the amphiphilicR7,8 andR10

helices of the catalytic domain provide the hydrophobic
driving force for assembly of monomers into dimers (14,
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15). This interpretation can explain why G1 and G2 T-form
AChE are amphiphilic, since the T-peptides are exposed, but
homomeric G4 is not, since the T-peptides are in association
with one another and are not therefore exposed to solvent
(16). We report that T40, a 40-amino acid synthetic peptide
corresponding to the C-terminal T-peptide domain of AChE,
possesses anR-helical structure in solution. This observation
corroborates a recently determined crystal structure of
synthetic T40 complexed with a synthetic PRAD peptide,
reported in posters presented at two recent conferences (17,
18). Furthermore, we use a conformation-dependent mono-
clonal antibody, 55C, which binds selectively to thisR-helical
structure, to immunoprecipitate intact AChE, providing, to
our knowledge, the first evidence for anin situ R-helical
conformation of the T-peptide domain.

The current work also concerns the adoption of an
alternative, non-native conformation by a stretch of the
T-peptide whose sequence is similar to that of Aâ (1, 2),
the 40-42-amino acid fragment of the Alzheimer precursor
protein (APP) (19, 20), which is the focus of the current
understanding of the etiology of the disease (21). The
homologous region lies near the N-terminus of Aâ, but near
the middle of the AChE T-peptide, which runs from position
575 to the end of the sequence at position 6141 (see Table
1). We have previously reported that a synthetic peptide,
AChE586-599, designed to encompass the region of sequence
similarity within a hypothetical tryptic fragment, is capable
of forming amyloid fibrils under physiological conditions.
Just like those formedin Vitro by Aâ, these fibrous
AChE586-599 aggregates possess all the classical hallmarks
of amyloid fibrils (22), and are neurotoxicin Vitro (2).

Using a second conformation-specific monoclonal anti-
body, 105A, we report here that AChE586-599 forms protofibril-
lar oligomers that can be detected in two different experi-
mental systems. This observation further confirms the

identification of AChE586-599 as a typical amyloidogenic
peptide, since soluble, diffusible, oligomeric protofibrils,
rather than large fibrillar aggregates, are currently thought
to be responsible for the toxicity of Aâ (23-30) and of other
amyloidogenic polypeptides (31). The monoclonal antibody
105A is also used to produce a model of the subunit
organization in AChE586-599 amyloid assemblies, by mapping
its epitope to a region near the N-terminus of the peptide.

It is well-known that a range of polypeptides, with widely
varying lengths and sequences, are able to form amyloid
fibrils associated with a number of slow-onset degenerative
diseases (32, 33). The ability to adopt the generic crossed
â-sheet amyloid structure (34) may be a common property
of all polypeptide chains (35, 36), since a number of proteins
not known to be associated with any disease can be induced
to form cytotoxic amyloid fibrils in the laboratory by
aggressive chemical destabilization of the native polypeptide
fold (37-42). The crucial dependence of fibrillogenesis under
physiological conditions upon sequence is here exemplified
by the absence of detectable fibril or protofibril formation
by BuChE573-586, a synthetic peptide derived from the
cognate region of the closely related enzyme butyrylcho-
linesterase (BuChE).

The identification of a fibrillogenic region of AChE may
be relevant to the pathophysiology of Alzheimer’s disease,
since the cholinergic system, and more specifically AChE,
is heavily implicated, in four principal ways, in the disease
process. First, the loss of cholinergic neurons is one of the
earliest and most pronounced neuropathological changes
(43-45), and there is a good though not perfect correlation
between regions of the brain rich in AChE and regions prone
to degeneration in Alzheimer’s disease (46, 47). Second,
biochemical studies of affected areas of the Alzheimer brain
(44, 48-50) have revealed not only a huge decrease (up to
90%) in the amount of PRiMA-associated membrane-bound
G4 AChE in the Alzheimer brain (attributable to the
degeneration of cholinergic neurons) but also a marked
increase in the levels of the less abundant amphiphilic G1

and G2 species, probably due tode noVo production (51).
Third, AChE is aberrantly localized within Alzheimer’s
disease senile plaques (52-54), from a very early stage in
their development (55, 56). Finally, it has recently been
reported by Inestrosa and co-workers that AChE is able to
interact with Aâ in Vitro and to increase the rate and extent
of assembly of Aâ into fibrillar complexes containing the
enzyme (57-60).

In this paper, we use spectroscopic methods and new
conformation-specific monoclonal antibodies to demonstrate
that, consistent with the current understanding, the C-terminal
T-peptide domain of the enzyme AChE has a stable native
R-helical structure. Nevertheless, we also show that part of
this domain is capable, when in isolation, of adopting a
different structure, and of forming cytotoxic amyloid fibrils
and protofibrils. It remains to be established whether such
an altered conformation can occurin ViVo, where it might
account for the association of AChE with Aâ in senile
plaques.

EXPERIMENTAL PROCEDURES

Synthetic Peptides.The peptides T40, AChE586-599, eight-
branch multiantennary AChE586-599 (MAP-AChE586-599),

1 The human residue numbering including the signal peptide is used
throughout.

Table 1: Synthetic Peptidesa

a Alignment of synthetic peptides from acetylcholinesterase (AChE)
and butyrylcholinesterase (BuChE) at the region sharing sequence
similarity (1, 2) with the Alzheimer’s diseaseâ-amyloid peptide (Aâ).
Identical residues shared by Aâ and AChE or BuChE are shown in
bold. T40 corresponds to the entire T-peptide (or the C-terminal
oligomerization domain, encoded by the alternatively spliced exon 6)
of AChE, running from residue 575 to 614. In this paper, T40 refers to
the synthetic peptide and T-peptide to the same sequence present as a
domain of AChE, though it should be noted that there is a cysteine at
position 611 of AChE (corresponding to residue 37 of T40) which is
mutated to a serine in the synthetic peptide (underlined) to prevent
intermolecular disulfide bond formation. The AChE and BuChE residue
numberings refer to the human sequence including the N-terminal signal
peptides (31 residues in the case of AChE and 28 in that of BuChE).
An additional peptide, scrambled AChE586-599, with the sequence
HSWRAEVFHKYWSM is used as a control.
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scrambled AChE586-599, BuChE573-586, Aâ1-16, and Aâ25-35

were synthesized using the standard Fmoc methodology and
purified to >95% using HPLC by M. Pitkeathley at the
Oxford Centre for Molecular Science (University of Oxford).
See Table 1 for the sequences of the peptides. Aâ1-42 was
purchased from Oncogene Research Products. The peptides
were divided into small aliquots for relyophilization, and
aliquots stored at-20 °C were freshly dissolved to 2 mg/
mL in sterile ultrapure water before being used. The cysteine
at position 611 of AChE (corresponding to position 37 of
T40) was mutated to a serine in the synthetic peptide to
prevent intermolecular disulfide bond formation.

A panel of synthetic peptide variations on the sequence
of AChE586-599 was purchased from Chiron. The variations
included alanine scanning mutants, N- and C-terminal and
symmetrical truncations, and transitions and replacements
from the AChE to the BuChE and Aâ sequences. The
peptides were supplied in crude form and therefore contain
both proteinaceous and nonproteinaceous contaminants. The
peptides were stored at-20 °C and dissolved in a 50:50
acetonitrile/ultrapure water mixture at 2 mg/mL.

For reproducible formation of amyloid fibrils, it was
previously found to be necessary to dilute aqueous stocks
of peptide with an equal volume of buffer of twice the
required final concentration (2). This protocol was adopted
throughout the current work for all peptides. AChE586-599

does not form fibrils in unbuffered aqueous solutions, since
they have a low pH (e4 at 1 mM) due to the presence of
residual trifluoroacetic acid from the peptide synthesis. Only
when the pH is brought within a window near neutral pH
(6.5-8.5) is amyloidogenesis favored (2).

Circular Dichroism (CD) Spectroscopy.Far-UV CD
spectra were obtained at 25°C using a Jasco J-720 spec-
tropolarimeter and quartz cuvettes with a path length of 1
mm (Hellma). Peptide solutions at a concentration of 200
µM in 50 mM sodium phosphate (pH 7.0) were prepared in
the assay vessel by mixing 125µL of a 400 µM aqueous
peptide solution with 125µL of a 100 mM buffer solution,
as previously described (2). Spectra were recorded im-
mediately, 90 min, 3 h, and 18 h after neutralization.
Background spectra recorded in the absence of peptide were
subtracted from the sample spectra.

8-Anilinonaphthalenesulfonic Acid (ANS) Fluorescence.
Changes in ANS fluorescence were monitored using a BMG
PolarSTAR plate reader with a 390 nm short-pass excitation
and a 520 nm emission filter (bandwidth of 35 nm). ANS
(Sigma) was freshly prepared as a 5 mMstock solution in
water, and was used at a final concentration of 50µM. A
volume of 100µL of 0.1 M buffer containing 100µM ANS
was added to 100µL volumes of 400µM peptides in aqueous
solution in the wells of Greiner black-walled 96-well plates.
Measurements were taken every 10 min for 12 h with
agitation for 10 s after each measurement. Signals in the
absence of ANS were subtracted from the measurements
obtained in the presence of ANS.

Production of Mouse Monoclonal Antibodies.For im-
munization, T40 and AChE586-599 were covalently coupled
to keyhole limpet hemocyanin (KLH) at the ratio of 2 mg
of peptide to 1 mg of KLH in a volume of 2 mL using an
N-ethyl-N′-[(dimethylamino)propyl]carbodiimide-based con-
jugation kit (Pierce) according to the manufacturer’s instruc-
tions. The unconjugated peptide and the coupling reagents

were removed by dialysis against PBS using a 3.5 kDa
molecular mass cutoff membrane. AChE586-599 was addi-
tionally synthesized as a multiantennary peptide (MAP-
AChE586-599). Specific pathogen-free Balb/c mice were bred
at the Sir William Dunn School of Pathology. Groups of
four mice received intraperitoneal and subcutaneous im-
munizations at two sites, consisting either of 125µL of KLH-
T40 conjugate or of 125µL of KLH-AChE586-599 and 500
µg of MAP-AChE586-599, emulsified 50:50 in Freund’s
complete adjuvant for the first immunizations and in
incomplete adjuvant for subsequent immunizations. Test
bleeds were taken from the tail vein 10 days after each
immunization and were analyzed by an ELISA to determine
the specific titer to the peptide antigens.

After five immunizations at biweekly intervals, a selected
mouse in each group was given an intrasplenic immunization
of 50 µL of KLH-conjugated peptide under halothane
anesthesia. Five days later, the mouse was sacrificed and
the splenocytes were harvested. The splenocytes were fused
in a 1:2 ratio with NS1 mouse myeloma cells using PEG
1500, and the fused cells were plated inRMEM supple-
mented with 20% FCS, 10% BM-Condimed H1 (Roche),
nonessential amino acids, 1 mM sodium pyruvate, 2 mM
glutamine, and 3.4µL/L â-mercaptoethanol, with, for selec-
tion of hybrids, 100µM hypoxanthine, 0.4µM aminopterin,
and 16µM thymidine. After 5 days, the wells were fed with
medium lacking selection reagents, and after 10-15 days,
the supernatants were screened by an ELISA (see below).
The secreting hybridomas in positive wells were subsequently
cloned thrice by limiting dilution, using medium lacking BM-
Condimed H1, and multiple aliquots were cryopreserved for
long-term storage. This approach yielded two stable hybri-
doma lines, one, 55C, secreting an IgG1κ specifically reactive
with T40 and the other, 105A, secreting an IgG1κ specifically
reactive with AChE586-599 (see Figure 2A).

Protein G Purification of Monoclonal Antibodies.For
BIAcore analysis, AChE immunoprecipitation, and sandwich
ELISAs, purified monoclonal antibodies were used rather
than hybridoma culture supernatants. To isolate the antibod-
ies, 100 mL of 0.2µm-filtered hybridoma culture supernatant
containing 0.1 M sodium acetate (pH 5.0) was applied to an
equilibrated 2 mL protein G-Sepharose column (Pierce).
The column was washed extensively with 0.1 M acetate, and
the bound immunoglobulin was eluted with 0.1 M glycine
(pH 2.6). Fractions of 0.9 mL were neutralized with 0.1 mL
of 10× PBS, and positive fractions were pooled.

Enzyme-Linked Immunosorbent Assay (ELISA).Synthetic
peptides were coated onto Costar EIA/RIA plates by drying
down 1µg of peptide per well in 50µL of 50 mM sodium
bicarbonate (pH 9.0) overnight at 37°C. The rest of the assay
was performed at room temperature. The plates were washed
once in phosphate-buffered saline (pH 7.4) containing 0.05%
Tween-20 (PBS-Tween) and blocked with 5 mg/mL fatty
acid-free bovine serum albumin in PBS for 1 h. Subsequent
incubation steps (duration of 1 h) were performed using 100
µL volumes and were separated by three washes with 250
µL of PBS-Tween per well. Antibody-containing 55C and
105A hybridoma culture supernatants were applied and
incubated in a 5% CO2 atmosphere to maintain a physi-
ological pH. Alkaline phosphatase-conjugated goat anti-
mouse IgG (Fcγ-specific, from Jackson) diluted 1:4000 in
blocking buffer was used to detect bound antibody, followed
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by development with 5 mg/mLp-nitrophenyl phosphate in
a solution containing 50 mM sodium glycinate and 4 mM
MgCl2. The resulting absorbances were read at 405 nm.
ELISAs and other microplate-based assays were always
performed in duplicate, and the values that are shown are
the mean absorbance of two wells, with error bars represent-
ing the standard error of the mean.

Western Blotting and Dot Blotting.For SDS-PAGE, 10
µL volumes of samples and markers (New England Biolabs)
were boiled for 5 min in Laemmli’s sample buffer (61) and
loaded onto 10 to 20% or 4 to 20% precast gradient gels
(Bio-Rad) which were electrophoresed at 150 V at room
temperature. For nondenaturing electrophoresis, the SDS, the
â-mercaptoethanol, and the boiling step were omitted from
the system and 4 to 20% gradient gels (Bio-Rad) were used
and run at 150 V for 4 h at 4°C. The proteins were then
electrotransferred onto nitrocellulose for 1 h at 4°C. Dot
blotting was performed by applying 2.5µL volumes of 200
µM peptide solutions, or of a 0.1 mg/mL solution of human
recombinant AChE in PBS (Sigma) directly onto nitrocel-
lulose using a pipet. Peptide solutions were buffered in 50
mM sodium acetate (pH 4.0), sodium phosphate (pH 7.0),
or sodium bicarbonate (pH 9.0). The blots were stained for
10 min with 0.1% Ponceau-S in 5% acetic acid (Sigma) to
visualize bound protein, and were destained in PBS prior to
blocking of the membranes with 5% nonfat milk in PBS for
1 h. Hybridoma culture supernatants were applied, and the
blots were incubated for 1 h in 5% CO2 to maintain pH,
before washing with PBS containing 0.05% Tween-20. The
secondary antibody, alkaline phosphatase-conjugated goat
anti-mouse IgG (Fcγ-specific, from Jackson) diluted 1:4000
in blocking buffer, was applied for 1 h, and the blots were
extensively washed with PBS-Tween. The bound antibody
was visualized by development with Sigma BCIP/NBT
substrate tablets according to the manufacturer’s instructions.

Production of Recombinant Human AChE.For immuno-
precipitation experiments, the source of AChE was HEK293
cells transiently transfected with recombinant human T-form
(containing exon 6)ACHE(AChE WT) andACHEtruncated
at the end of exon 4 (position 574 in the protein; AChE
D575*) and therefore lacking the exon 6-encoded T-peptide
(corresponding to the T40 synthetic peptide used to produce
55C), but possessing an intact catalytic domain.ACHE
cDNA was obtained from the UK MRC HGMP Resource
Centre and was cloned into the pCDNA3.1 mammalian
expression vector (Invitrogen) usingKpnI and XhoI. The
truncated form was generated using a mismatched PCR
primer (5′-GCCTCCTCGAGCGTTCAGGTGGC-3′) at the
3′ end to introduce a premature stop codon (underlined) and
a XhoI site (italic). The 5′ primer (5′-CCACAATGGC-
CCCCGTACACGGC-3′) was positioned just upstream of a
unique NotI site in ACHE (1640 bp from the ATG start
codon), and the resulting PCR product was cloned into the
full-length AChE construct in place of the wild-type sequence
using NotI and XhoI. Both inserts were bidirectionally
sequenced with multiple primers to confirm the correct wild-
type sequence and site-specific truncation.

The plasmids were transfected into∼60% confluent
HEK293 cells using polyethylenimine (62). Twenty-four
hours after transfection, the medium (DMEM with nones-
sential amino acids and 10% FCS) was changed to DMEM
with nonessential amino acids and 2% Ultroser (Gibco),

which, unlike FCS, has low endogenous cholinesterase
activity (63). Five to seven days later, supernatants from these
cells were tested using Ellman’s assay (64) for the presence
of recombinant enzyme. The supernatants were analyzed by
nondenaturing gel electrophoresis on 4 to 20% gradient gels
(Bio-Rad) run overnight at 120 V and 4°C and stained
according to the method of Karnovsky and Roots (65) for
cholinesterase activity, to verify that, as expected (4), the
AChE (WT) enzyme existed as tetramers, dimers, and
monomers but that the truncated D575* enzyme existed only
as monomers retaining full enzymatic activity.

AChE Immunoprecipitation.Costar ELISA plates were
coated for 2 h atroom temperature with 1µg/well of protein
G-purified 105A or 55C antibody, or an unrelated isotype-
matched monoclonal antibody, in 50µL of 20 mM sodium
bicarbonate (pH 9.0) per well. The plates were blocked as
for an ELISA (see above), and then 100µl of HEK293 cell
culture supernatant containing AChE (WT) and AChE D575*
per well, as well as supernatant from cells subjected to a
mock transfection (lacking plasmid DNA), were applied to
the antibody-coated plates, which were incubated in 5% CO2

to maintain the pH. The plates were washed, and the bound
AChE was detected using Ellman’s assay (64). The reaction
was allowed to continue for 2 h before the absorbances were
read at 450 nm.

Surface Plasmon Resonance (BIAcore).Estimation of the
binding affinity of 105A and 55C for synthetic peptides was
performed using a BIAcore 2000 surface plasmon resonance
instrument. The analysis was conducted at 25°C using a
flow rate of 5 µL/min with HEPES-buffered saline (HBS,
pH 7.4) as the default running buffer. A carboxymethyldex-
tran matrix CM5 sensor chip with four flow cells was
activated for coupling of polypeptides via primary amines
usingN-hydrosuccinimide andN-ethyl-N′-[(dimethylamino)-
propyl]carbodiimide according to the manufacturer’s instruc-
tions to permit covalent attachment of the applied peptides.
Solutions of AChE586-599, BuChE573-586, and scrambled
AChE586-599 at 2 mg/mL in 0.1 M sodium acetate (pH 4.0)
were applied to the chip, and one flow cell was left uncoated.
The chip was then blocked with 1 M ethanolamine (pH 8.2)
and washed with 0.1 M glycine (pH 2.6) to remove any
unattached peptide. A 10µg/mL solution of protein G-
purified 105A diluted in HBS was applied to the chip, and
the resulting sensorgrams were used for curve fitting with
the BIAevaluation software. The analyte concentration is
required to obtain theKD and was estimated by measuring
the protein concentration of the purified 105A by UV
spectrophotometry at 220 and 340 nm and taking the
molecular mass of IgG to be 150 kDa to produce a figure
for the 105A concentration in the assay of 6µM. Inaccuracy
of this figure resulting from protein contaminants and inactive
antibody would result in an underestimation of the affinity,
since the effective analyte concentration would be lower than
the figure that was obtained.

Detection of AChE586-599 Oligomers Using a 105A Sand-
wich ELISA.For biotinylation of 105A, 20µg of EZ-Link
TFP-PEO-Biotin (Pierce) in 20µL of N,N-dimethylforma-
mide was added to 2 mg of protein G-purified 105A in 1
mL of PBS and incubated at room temperature for 1 h, after
which unconjugated biotin was removed using a Microcon
YM30 column (Millipore).
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Costar EIA/RIA plates were coated with 1µg of protein
G-purified 105A per well and blocked as for AChE immu-
noprecipitation (see above). Subsequent incubation steps (1
h duration) were performed using 100µL volumes and were
separated by three washes with 250µL of PBS-Tween per
well. AChE586-599solutions, freshly prepared by mixing equal
volumes of aqueous peptide solutions and 2× PBS-Tween,
were applied to the plate, allowing simultaneous oligomer
formation and capture. The wells received 150 ng of
biotinylated 105A per well to detect any captured oligomers.
The biotin label was detected with 300 ng of streptavidin-
peroxidase polymer (Sigma) per well and quantified with
OPD substrate by measurement of the absorbance at 485 nm.

RESULTS

Biophysical Properties of AChE586-599, BuChE573-586, and
T40. The peptide AChE586-599 has previously (2) been shown
to form classical amyloid fibrils, consisting of 7 nm fibers
which have aâ-sheet-rich secondary structure and which bind
thioflavin-T and Congo red (22). To investigate the effect
of sequence upon AChE586-599 fibrillogenesis, the biophysical
properties of the related synthetic peptides BuChE573-586 and
T40 were compared to those of AChE586-599 in a kinetic

circular dichroism (CD) experiment (Figure 1A-C). Fibril
assembly is initiated by the neutralization of aqueous
solutions of AChE586-599, which begin with a low pH (≈4
at 1 mM) due to residual trifluoroacetic acid from the peptide
synthesis (2). A transition in AChE586-599 conformation from
random coil toâ-sheet, associated with the formation of
amyloid-type fibrils, occurs over a period of hours after pH
neutralization (Figure 1A). Under the same experimental
conditions, however, BuChE573-586 does not exhibit such a
conformational shift, but remains unstructured (Figure 1B).
The solution remains nonturbid, and the peptide does not
acquire thioflavin-T or Congo red binding capability (data
not shown). BuChE573-586 is not therefore capable of self-
assembing into amyloid fibrils under conditions highly
favorable for AChE586-599 self-assembly. The T40 peptide,
which encompasses the sequence of AChE586-599, also does
not form fibrils under the same experimental conditions.
Rather than remaining unstructured, like BuChE573-586, it
displays a pH-independentR-helical conformation (Figure
1C), as has been predicted for the T-peptide domain of the
parent enzyme (13). The stability of this conformation is
indicated by the absence of any shift in the positions of the
maximum and minima of the CD spectra. There is, however,

FIGURE 1: AChE586-599, but neither BuChE573-586 nor T40, forms amyloid fibrils. Circular dichroism (CD) spectra of 200µM AChE586-599
(A), BuChE573-586 (B), and T40 (C) peptide solutions taken 1 min (4), 90 min (0), 3 h (2), and 18 h (9) after pH neutralization (to 7.0)
of the aqueous peptide solutions (which are acidic, pH≈4; see the text). Rapid amyloid fibril formation by AChE586-599 is initiated, and
the spectra record a shift in its conformation from random coil toâ-sheet secondary structure. BuChE573-586 displays no such shift in
secondary structure. The T40 peptide has anR-helical secondary structure and does not exhibit a conformational shift; although there is a
diminution of the signal intensity of the spectrum over time due to insolubility at neutral pH, the positions of the spectral maximum and
minima remain constant. (D) Fluorescence of the hydrophobic dye ANS in 200µM solutions of AChE586-599 (s), T40 (- - -), and BuChE573-586
(‚‚‚) immediately after neutralization, as above, monitored over time. BuChE573-586 is unable to influence ANS fluorescence, but AChE586-599
rapidly forms amyloid assemblies into which the hydrophobic dye is able to partition, with a concomitant increase in fluorescence (66-68).
T40 does not form amyloid, but is able to recruit ANS intoR-helix-rich structures. The error bars for the BuChE573-586and T40 data (representing
the standard error of the mean value of duplicate samples) are too small to be depicted here (<0.7 × 103).
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a diminution of the signal intensity in the CD spectra after
90 min, which can be attributed to rapid peptide precipitation
(complete in<90 min) after neutralization. TheseR-helical
T40 aggregates are amorphous (i.e., nonfibrillar), and they
do not bind Congo red or thioflavin-T (data not shown).

The fluorescent dye 8-anilinonaphthalenesulfonic acid
(ANS) can be used to probe hydrophobic environments
formed by polypeptide chains (66-68). ANS fluorescence
in the presence of AChE586-599, BuChE573-586, and T40 was
monitored over a 12 h period immediately after neutraliza-
tion, as for the CD experiments (Figure 1D). AChE586-599

immediately begins to generate a hydrophobic environment
permissive for ANS incorporation in the period preceding
growth of fibrils and detection of a conformational change
by CD. Conversely, BuChE573-586 has no capacity to alter
ANS fluorescence, consistent with its inability to form
amyloid, and suggesting an insufficiency of a hydrophobic
driving force for self-assembly. In the case of T40, an increase
in ANS fluorescence is detected, although both the rate and
final level are lower than in the case of AChE586-599. Since
T40 remainsR-helical (Figure 1C), the hydrophobic environ-
ment identified by the appearance of ANS fluorescence is
likely to be the result of interactions between these structures
(rather than stackedâ-sheets in an amyloid fibril). The role
of the amphiphilic T-peptide domain in AChE is to make
homomeric contacts required for the tetramerization of the
enzyme, a phenomenon which may also underlie the
tendency of synthetic T40 to aggregate and bind ANS.

Conformation-Specific Immunoreagents for AChE586-599,
BuChE573-586, and T40. To investigate the structures adopted
by the synthetic peptides and the T-peptide domain of AChE
in situations that cannot be addressed spectroscopically, we
generated two conformation-specific mouse monoclonal
antibodies: 55C, produced by immunization with T40, and
105A, produced by immunization with AChE586-599. Figure
2A shows analysis of the specificity of the antibodies by an
ELISA against synthetic peptide antigens. 105A reacts with
the immunogen peptide AChE586-599, but also displays a
weaker cross-reactivity with BuChE573-586. It reacts neither
with a scrambled version of AChE586-599 nor with any of
three Aâ fragments, despite the sequence similarity between
AChE586-599 and Aâ. Furthermore, it does not react with T40,
even though the AChE586-599 sequence is present within the
longer peptide. The shorter AChE586-599 peptide adopts either
an unstructured orâ-sheet conformation in CD experiments,
but T40 has anR-helical conformation; therefore, 105A
requires an extended or linear organization of the region of
residues 586-599, which is not adopted by the sequence
when resident within T40.

A comparison of the reactivity of 55C in different
experimental systems reveals that antibody recognition is
dependent upon the nativeR-helical conformation of the
antigen. While 55C labels T40 in ELISA and BIAcore
experiments, in which the conformation of the antigen is not
expected to be disrupted, it is incapable of labeling either
T40 or T-peptide-containing AChE on denaturing Western
blots (Figure 2C). This difference is not merely the result of
attachment of the antigens to nitrocellulose, since 55C can
detect both antigens on nondenaturing dot blots. The serum
from the immunized mouse used to generate 55C is able to
label both denatured and natively folded antigen (Figure 2C),
revealing that 55C is a member of a subset of T40-reactive

immunoglobulins in the parent mouse that binds a conforma-
tion-dependent epitope. Consistent with the results of these
experiments, 55C is able to immunoprecipitate wild-type
(WT) T-form AChE from the conditioned culture medium
of HEK293 cells expressing the recombinant enzyme (Figure

FIGURE 2: Monoclonal antibodies against AChE586-599, BuChE573-586,
and T40. (A) ELISA employing multiple synthetic peptide antigens
probed with mouse monoclonal antibodies 105A (black) and 55C
(white). 105A was raised against AChE586-599, cross-reacts with
BuChE573-586, but does not label any of the other peptides, including
T40. 55C was raised against T40 and specifically labels only that
peptide. (B) Immunoprecipitation of wild-type T-form human AChE
(WT) and truncated AChE lacking the T-peptide (AChE D575*)
by monoclonal antibodies 105A (black) and 55C (white) and an
isotype-matched negative control antibody (gray) from conditioned
culture medium. Human recombinant AChE was expressed in
transiently transfected HEK293 cells, and a mock transfection serves
as a negative control. (C) Western blot (left) and dot blot (right) of
purified human recombinant wild-type AChE (∼65 kDa) and T40
(∼4 kDa) labeled with 55C and serum from the animal used to
produce 55C. Both the parent serum and the monoclonal serum
are capable of recognizing the antigens under native conditions on
the dot blot, but only the parent serum and not 55C is able to label
the same antigens on the Western blot of a denaturing SDS-PAGE
gel.
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2B). The AChE586-599- and BuChE573-586-specific monoclonal
antibody 105A did not immunoprecipitate significant amounts
of AChE (WT) from the culture medium. A truncation
mutant, D575*, lacking the T-peptide, and not therefore
capable of assembly into dimers and tetramers, retains full
enzymatic activity, but is not recognized by 55C, confirming
the specificity of the antibody for the T-peptide. The AChE
T-peptide and synthetic T40 therefore share the ability to
present a conformation-dependent epitope for recognition by
55C, indicating that theR-helical conformation of the
synthetic T40 peptide is mirrored in that of the sequence when
present as the C-terminal domain of the parent enzyme.

105A Has Similar Affinity for AChE586-599 and BuChE573-586.
The different biophysical properties of the 105A antigens
AChE586-599 and BuChE573-586, described above, complicate
the evaluation of the significance of signal intensity differ-
ences in immunoassays, where peptide conformation may
be unknown. To clarify this issue, the affinity of the antibody
for the two antigens was measured by surface plasmon
resonance (BIAcore) using conditions (pH 4.0) for covalent
antigen immobilization known to be incompatible with
AChE586-599 fibrillogenesis (2). Measurement during chip
loading confirmed that equal amounts of the peptides were
bonded to the matrix. Figure 3 shows that the affinity of
105A for AChE586-599 (Kd ≈ 3 nM) is very similar to its
affinity for BuChE573-586 (Kd ≈ 7 nm). No significant mass
response is detected in flow cells coated with scrambled
AChE586-599 (Figure 3A) or T40 (data not shown). The
approximately 2-fold difference in affinity can be attributed
mainly to a difference in the dissociation rate, as is frequently
the case for antibody-antigen interactions (69). The results
of 105A ELISAs using BuChE573-586 and AChE586-599

antigens (Figure 2A) agree well with those obtained under
the more controlled BIAcore conditions, so the different
biophysical and fibrillogenic properties of the two peptides
are not a major factor influencing signals obtained in these
ELISAs.

AChE586-599 but Not BuChE573-586 Forms Oligomeric
Species.The results of Western blotting of AChE586-599 and
BuChE574-587 with 105A are, unlike ELISAs, influenced by
the differing biophysical characteristics of the antigens. In
this experimental system, there is no immunolabeling of
BuChE573-586 (data not shown), seemingly in disagreement
with the results described above. On Western blots, the
majority of the AChE586-599 peptide migrates, as expected,
as a band corresponding to the monomeric peptide, at
approximately 2 kDa, and this band can be stained with
Ponceau-S. However, 105A is not detected at this position,
and it instead labels a ladder of additional higher-molecular
mass bands that are not detected by the Ponceau protein stain.
The absence of 105A labeling at a position corresponding
to monomeric AChE586-599 is explained by poor attachment
of the monomeric antigen to nitrocellulose. Extensive wash-
ing of the membrane with PBS removes the Ponceau-
stainable monomeric AChE band (Figure 4B), but not the
larger T40 peptide or the marker proteins. BuChE574-587 is
removed from nitrocellulose even more readily than
AChE586-599 (data not shown), but in this case, nothing

FIGURE 3: 105A has a similar affinity for AChE586-599 and
BuChE573-586. (A) BIAcore sensorgrams obtained during flow of
purified 105A through surface plasmon resonance sensor chip flow
cells covalently coated with AChE586-599 (s), BuChE573-586 (- - -
), and scrambled AChE586-599 (- - -) and through an uncoated
flow cell (‚‚‚). A mass response that can be attributed to the binding
of the antibody to the surface of the peptide-coated chip is seen in
the case of AChE586-599 and BuChE573-586, but not in that of the
scrambled peptide or the uncoated chip. (B) Kinetic parameters
calculated by curve fitting software using the data shown in panel
A. The affinity of 105A for BuChE573-586 is approximately 2-fold
lower than its affinity for AChE586-599 (∼7 vs∼3 nM), due mainly
to the difference in the off-rate (kd).

FIGURE 4: 105A labels AChE586-599 fibrils and identifies an
oligomeric species. (A) Western blots of denaturing SDS-PAGE
gels loaded with AChE586-599at two concentrations (10µL per lane)
with prestained (PM) and nonprestained (M) markers, treated with
Ponceau-S to stain for protein (left), and immunolabeled with 105A
(right). 105A labels a series of higher-molecular mass bands,
corresponding to SDS-resistant oligomers of AChE586-599, which
are not detected by the protein stain. No labeling of BuChE573-586
by 105A is seen on similar Western blots (not shown). DF denotes
the position of the dye front. (B) Similar Western blots loaded with
the same two concentrations of AChE586-599 and with T40 (200µM)
stained with Ponceau-S immediately following transfer (left) and
after extensive washing in PBS (right). The band corresponding to
monomeric AChE586-599 is not present after washing. DF denotes
the position of the dye front. (C) Western blot of a native,
nondenaturing gel (lacking SDS and the reducing agent) loaded
with AChE586-599 at two concentrations (10µL/lane). The peptide
has formed large fibrillar aggregates, which migrate only a short
distance into the gel, or are retained in the well, and 105A has
labeled both these species.
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remains for recognition by 105A. The amyloidogenic proper-
ties of AChE586-599 result in the presence of a population of
higher-molecular mass SDS-resistant oligomeric species of
AChE586-599 (but not of the nonamyloidogenic BuChE573-586

peptide) that are available, unlike the monomeric molecule,
for detection by 105A.

SDS-resistant oligomers of Aâ have been identified by
protein staining of SDS-PAGE gels (70), but even the band
corresponding to monomeric AChE586-599 is near the limit
of sensitivity of the conventional silver and Coomassie gel
stains (data not shown), probably because of the small size
of the polypeptide (14 amino acids). Omission of the
reducing agent and the boiling step from the procedure does
not affect the result (data not shown). The pH employed for
SDS-PAGE is 6.8 in the stacking gel and 8.8 in the
separating gel, both of which lie within the optimum pH
window for AChE586-599 self-assembly (2). The oligomeric
species visible on 105A Western blots are therefore present
in the low-pH starting solution, or are able to form rapidly
at pH 6.8 in the presence of SDS.

In addition to small oligomers, gross amyloid aggregates
and long fibrils are accessible to 105A, as shown by Western
blotting of nondenaturing polyacrylamide gels lacking SDS
(Figure 4C). The AChE586-599 has in this case formed large
aggregates of fibrils, most of which are unable to enter the
gel at all, and remain in the well, but some of which are
able to migrate a short distance into the matrix. The 105A
epitope in AChE586-599 is therefore exposed both on fibrils
assembled into huge aggregates and on much smaller
protofibrillar structures resistant to denaturation in SDS.To
rule out the possibility that the oligomeric species seen on
105A-labeled Western blots are an artifact of the experi-
mental conditions, a “sandwich”-type capture ELISA, able
to detect AChE586-599 oligomers under physiological condi-
tions, was developed. The technique employs unconjugated
105A for capturing AChE586-599 from solution, and biotiny-
lated 105A for detecting any immobilized oligomers (Figure
5). BuChE573-586 acts as an excellent negative control in this
assay, because it does not form fibrils under conditions highly
favorable for AChE586-599 amyloidogenesis, and has been
demonstrated by BIAcore to be a 105A antigen, as described

above. Since the same monoclonal antibody is used for both
capture and detection, the signal seen using AChE586-599 in
this system is the result of the presence of discrete species
possessing more than one copy of the epitope. These species
represent oligomeric or protofibrillar forms of the peptide,
since the peptide concentrations used in the assay (<10 µM,
with a detectable signal at 1µM) are well below the
published critical concentration (∼50 µM) required for
formation of classical, long amyloid fibrils by AChE586-599

(2).
The 105A Epitope Lies Near the N-Terminus of AChE586-599.

The ability of 105A to label not only protofibrillar oligomers,
both in solution and on Western blots, but also large
aggregates of fibrils suggests that the epitope recognized by
the antibody is exposed on the surface of both these
structures. The 105A epitope was therefore mapped using a
panel of mutant synthetic peptides as antigens in an ELISA.
Single-point mutation of F3, H4, or R5, either to alanine or
to the cognate residue from Aâ (H4R or R5H), is alone
sufficient to abolish 105A immunoreactivity (Figure 5), but
mutations C-terminal to this region do not affect the ability
of the peptide to act as a 105A antigen. Results with nested
truncation mutants (not shown) agree with the positioning
of the epitope around Phe3-Arg5: removal of at least two
N-terminal residues ablates 105A reactivity, and removal of
up to seven C-terminal residues has no such effect. The 105A
epitope, centered around FHR (positions 3-5), is therefore
exposed on the surface of AChE586-599 fibrils and protofibril-
lar oligomers, which can be recognized by the antibody in
multiple experimental systems.

DISCUSSION

The C-terminal T-peptide domain of AChE (residues 575-
614) is responsible for the assembly of the enzyme into
homomeric soluble tetramers and heteromeric anchored
tetramers to allow the enzyme to be positioned according to
its functional role (5). We have used a combination of
biophysical techniques and conformation-specific monoclonal
antibodies to reveal the native conformation of the T-peptide
and the structure of classical amyloid fibrils and protofibrils
formed by a fragment of the T-peptide, AChE586-599. A
synthetic version of the T-peptide domain, T40, forms an
R-helix that is able to interact with itself and generate a

FIGURE 5: AChE586-599 oligomers exist in solution. Single-antibody
sandwich ELISA, employing purified unconjugated 105A to coat
the plate, and biotinylated 105A to detect AChE586-599 (s) or
BuChE573-586 (- - -) recruited by the immobilized antibody. This
assay is designed to detect only multimeric species (see the text),
and the signal obtained with BuChE573-586 is negligible compared
to that obtained with AChE586-599.

FIGURE 6: Epitope mapping of 105A. Mapping of the 105A epitope
using mutant synthetic peptides in an ELISA. The mutations shown
are replacements of individual residues with the cognate residue
of Aâ (see Table 1) or with alanine. Residues 3-5 (FHR) are crucial
for recognition by 105A; K14 exerts a smaller but significant effect.
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hydrophobic environment into which ANS partitions, con-
sistent with the amphiphilic C-terminal domain being
responsible for providing the adhesive force between disul-
fide-linked dimers in tetrameric AChE (11). We produced a
conformation-specific monoclonal antibody, 55C, which has
a requirement for the nativeR-helical conformation of its
antigen. The ability of 55C to immunoreact not only with
R-helical synthetic T40 but also with the natively folded
T-peptide of full-length AChE reveals that the same, or a
very similar, conformation is adopted by the sequence in
the intact enzyme. To the best of our knowledge, this
observation, while in perfect accord with the current under-
standing (13, 16, 17), is the first empirical evidence for an
in situ R-helical conformation of the domain.

The native conformation of the T-peptide is disrupted in
a shorter synthetic peptide, AChE586-599, derived from a
region of the sequence that is weakly homologous with the
sequence of the Alzheimer’s disease Aâ peptide (1, 2).
AChE586-599 does not adopt the nativeR-helical conformation
but, when buffered at physiological pH, rapidly forms
classicalâ-sheet-rich fibrils which conform in every way to
the “operational definition” (22) of amyloid, based on
conformation, ultrastructure, and tinctorial properties. After
it has been boiled in SDS, a fraction of AChE586-599 is able
to form resistant oligomeric species that can be detected by
a second monoclonal antibody, 105A. The species are not
sufficiently abundant to be detected by protein staining, and
indeed, the majority of the peptide runs as a monomeric band,
although, unlike the ladder of oligomeric species, it does not
remain stably associated with nitrocellulose.

The critical concentration for formation of insoluble
aggregates of AChE586-599 fibrils has been previously
reported to be 50µM (2), a value similar to the published
critical concentration (10-40 µM) for Aâ fibrillogenesis
(22). Simple spectroscopical techniques are not sufficiently
sensitive to detect soluble fibrillar or protofibrillar species,
which may be formed only by a fraction of the available
peptide below the critical concentration (for example, 200
µM AChE586-599 is generally required for CD, Congo red,
and thioflavin-T spectroscopy). We used a 105A sandwich
ELISA to detect oligomeric species of AChE586-599 at 100-
fold lower concentrations (g0.5µM) after an incubation time
of only 1 h in physiological buffer. The presence of these
species at concentrations well below the critical threshold
for gross amyloid formation may explain the absence of a
lag phase following initiation of AChE586-599 fibrillization
by neutralization of low-pH stocks (2). While the CD spectra
of these solutions indicate that the majority of the peptide is
unstructured and monomeric (as is also the case for Western-
blotted material), they may contain small amounts of
protofibrillar “seeds” capable of nucleating rapid fiber
extension under permissive pH conditions.

Since 105A can label long fibrils assembled into ag-
gregates, in which the peptide is known to have aâ-sheet
secondary structure, it is probable that the protofibrillar nuclei
identified using 105A also possess aâ-sheet secondary
structure. Aâ oligomers have been detected using SDS-
PAGE (70), size exclusion chromatography (71), atomic
force microscopy (72, 73), and Aâ-specific immunoreagents
(74). The studies using 105A therefore confirm the identi-
fication of AChE586-599 as a typical amyloidogenic peptide,
capable of forming both long fibrils and smaller oligomeric

species. It has been suggested that soluble protofibrils, rather
than gross fibrillar aggregates, are the species responsible
for exerting the toxic pathological effects of amyloidogenic
polypeptides (25-27, 30).

The mapping of the 105A epitope to FHR (residues 3-5
of AChE586-599) implies that this region is exposed on the
surface of fibrils and protofibrils. The oligomeric protofibrils
identified by Western blotting are mostlye15 kDa, and it
is hard to imagine how such small species would be able to
interact simultaneously with two identical immunoglobulins
in the sandwich ELISA if all the epitopes were to lie on one
side of the assembly. An antiparallelâ-sheet conformation
for AChE586-599 fibrils and protofibrils therefore seems likely
(Figure 7). This model displays favorable hydrophobic
interactions and salt bridges between charged residues E2
and K14. Further evidence for such a model is the observa-
tion that mutation of K14 to alanine has a modest negative
effect on 105A recognition, though it is not as extensive as
that of mutation of F3, H4, or R5, any of which is alone
sufficient to completely ablate reactivity. An antiparallel
arrangement allows residue 14 to lie adjacent to the epitope
at FHR, where it might be able to exert direct or indirect
effects upon antibody recognition. Interestingly, anti-Aâ
antibodies with epitopes at the cognate position in Aâ
(EFRH) are able to disrupt fibril formation by the peptide
(75, 76), suggesting that, if there is, as posited, a commonal-
ity of structure as well as sequence, the N-terminal region
of both AChE586-599 and Aâ (77, 78) is likely to be a key
determinant of higher-order structure.

A factor responsible for the amyloidogenic properties of
AChE586-599 is the apparent lack of drive toward the native
R-helical conformation, presumably due to the absence of
T-peptide sequence both upstream and downstream of the
fragment. Such disruption of the native fold may be
necessary, but is not sufficient for amyloidogenesis, since
BuChE573-586, the cognate peptide from the closely related
enzyme butyrylcholinesterase, has a random coil conforma-
tion both before and after neutralization, but was not found
to form â-sheet-rich fibrils or 105A-detectable protofibrils
in the experiments described herein. We have not, however,
addressed the question of whether BuChE573-586 fiber growth

FIGURE 7: Model of antiparallel pairing of the AChE586-599 â-sheet.
Structure of AChE586-599 fibrils and protofibrils suggested by a
105A capture ELISA (Figure 5) and epitope mapping (Figure 6).
Black residues are critical for the 105A epitope and light gray
residues unimportant, while K14, which is not required for but can
affect antibody binding, has an intermediate coloring.
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can be induced, for example, by application of exogenous
seeds consisting of preformed oligomeric or fibrillar
AChE586-599 (or perhaps even Aâ). The sequence differences
between AChE and BuChE do not substantially reduce the
hydrophobicity (which is likely to play an important role in
driving fibril assembly), since the aromatic residues required
for amphiphilic T-peptide-driven enzyme oligomerization are
highly conserved (79). Deprotonation of the two AChE586-599

histidine residues as the pH is brought to neutral is crucial
for fibrillogenesis (2), so the substitution of H12 with a
negatively charged aspartate in BuChE573-586 may play a role
in reducing the tendency of the latter peptide to form fibrils.
The loss of the negative charge at E2 might also be important,
if the residue is involved in formation of a salt bridge. Both
of these considerations are in agreement with the antiparallel
model (Figure 7), which predicts juxtaposition both of the
histidines and of E2 and K14. Furthermore, both E2 and H12
are present in AChE586-599 and Aâ, but not in BuChE573-586.

Diverse polypeptides, including those not implicated in
disease, can be induced in the laboratory to form amyloid
fibrils possessing the genericâ-sheet structure (37-42).
Nevertheless, under a given set of conditions (the most
interesting and important of which, it could be argued, are
physiological), sequence is, perhaps not unexpectedly, criti-
cally important to the ability of a peptide to spontaneously
form amyloid fibrils. We have not addressed in this paper
the possibility that AChEin ViVo can contain, or give rise
to fragments containing, the aberrantâ-sheet structure that
we have characterizedin Vitro. The use of the conformation-
specific antibodies 55C and 105A to probe structural changes
in the T-peptide of AChE bothin Vitro and ex ViVo may
provide insight into these possibilities.
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