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ABSTRACT. Acetylcholinesterase (AChE) has been found to be associated with the core of senile plaques.
We have shown that AChE interacts with the amy|eigeptide (A5) and promotes amyloid fibril formation

by a hydrophobic environment close to the peripheral anionic binding site (PAS) of the enzyme. Here we
present evidence for the structural motif of AChE involved in this interaction. First, we modeled the
docking of A5 onto the structure oforpedo californicaAChE, and identified four potential sites for
AChE—Af complex formation. One of thes8ijte | spans a major hydrophobic sequence exposed on the
surface of AChE, which had been previously shown to interact with liposomes [Shin et al. Er@8én

Sci 5, 42-51]. Second, we examined several AChE-derived peptides and found that a synthetic 35-
residue peptide corresponding to the above hydrophobic sequence was able to promote amyloid formation.
We also studied the ability to promote amyloid formation of two synthetic 24-residue peptides derived
from the sequence of -loop, which has been suggested as an A€AR interacting motif. Kinetic
analyses indicate that only the 35-residue hydrophobic peptide mimics the effect of intact AChE on amyloid
formation. Moreover, RP-HPLC analysis revealed that the 35-residue peptide was incorporated into the
growing Ag-fibrils. Finally, fluorescence binding studies showed that this peptide bidaith a Kq =

184 uM, independent of salt concentration, indicating that the interaction is primarily hydrophobic. Our
results indicate that the homologous human AChE moitif is capable of acceleratifigrilogenesis.

The amyloidoses are a group of protein misfolding respect to AD, diverse lines of evidence have suggested
disorders characterized by accumulation of insoluble fibrillar that aggregation and deposition offA&re major events in
protein complexes in the extracellular spadg (To date, the appearance and development of the disedselt(is
several proteins and polypeptides have been identified in presently thought that Ais generated intracellularly by
amyloid deposits, including the islet-associated polypeptide proteolytic processing of the amyloid precursor protein (APP)
in type Il diabetes, the prion protein in the transmissible (4), and that in order to acquire its pathogenic condition,
spongiform encephalopathies, and the-33-residue amy- it requires an active change in its molecular structie (
loid 3-peptide (A3)* in Alzheimer’s disease (AD)2). With Such a transition, from a nonpathogenic soluble conforma-

tion to one capable of assembly into amyloid fibrils, has
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with the growing fibrils ((2). These studies suggested that a
specific motif, located close to the rim of the active-site gorge
of the enzyme, termed the “peripheral” anionic site (PAS)
(13), might be involved in accelerating fibril formation, since
both PAS inhibitors 11) and a monoclonal antibody directed
toward the PAS 14) blocked the amyloidogenic effect of
AChE. In a recent study on the crystal structure of mouse
AChE, Bourne et al.X5) suggested that human AChE may
interact with A6 through a shortQ-loop located in the
vicinity of the PAS. We report in the following, molecular
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strength in the presence of Triton X-100, as descrit#¥d (
22).

AB Aggregation AssayAggregation was monitored as
described by Evans et ak3). In brief, stock solutions were
prepared by dissolving lyophilized/aliquots in dimethyl
sulfoxide (DMSO) at 12.5 mg/mL (6.4 mM). Aliquots of
Ap peptide stock (128 nmol iez20 uL of DMSO) were
added to 70@L of 10 mM Tris-HCI, pH 7.4, in water. When
aggregation assays were performed in the presence of
mammalian ol orpedoAChE or of AChE-derived peptides,

modeling studies and physicochemical analyses that identify the A3 peptide stock solution was added to the same aqueous

a different structural motif in AChE responsible for its
interaction with A3. From a pharmacological perspective,

Tris buffer containing AChE, or the peptides, at the
concentrations stated in the text or in the figures. The

this study is aimed at understanding the mechanism by whichsolutions were stirred continuously (210 rpm) at room

the complex AChEApS is formed, and thus helping in
the development of new drugs to prevent or delay the
selective death of the cholinergic circuitry observed in AD
brains.

EXPERIMENTAL PROCEDURES

Synthetic PeptidesA corresponding to residues of the
human wild-type 48:-40 Sequence, and a varianBA 4o pep-
tide containing a valine-to-alanine substitution (Vatigla)

(5) were obtained from Chiron Corp. Inc., Emeryville, CA.
A hydrophobic polypeptide (k4-308), corresponding to
residues Leu274Met308 of TorpedoAChE (Figure 1), and

a polypeptide corresponding to residues Ala23ar275 of
mouse AChE Q2s,-275), cycled by a disulfide bridge between
its Cys257 and Cys272 residues, as well as its correspondin

Inc., Fullerton, CA. All peptides were further purified by

reverse-phase high-performance liquid chromatography (RP-
HPLC), and stock solutions were prepared as previously

described 12).

Docking of A8 onto Torpedo AChETwo A models, built
by homology modeling from a fragment of the enzyme
triosephosphate isomerass), were used for docking. The
first one was minimized locally using AMBERLY), and

temperature, and aggregation was followed by measuring
turbidity at 405 nm.

Quantitation of Amyloid Formatiorilo quantify amyloid
formation, the thioflavine T (Th-T) fluorescence meth@d)(
and the Congo-Red (CR) assa®5 were both used as
described previouslyld, 12.

Electron Microscopy of Amyloid FibrilsAmyloid fibrils
formed either in the absence or in the presencéapedo
AChE or the hydrophobic AChE-derived peptide were
collected by centrifugation for 30 min at 14 000 rpm in an
Eppendorf microcentrifuge. The pellet was washed 3 times
with 1 mL of 10 mM Tris-HCI, pH 7.4, to wash out soluble
material. The fibrils were placed on Formvar-carbon coated
300-mesh nickel grids, negatively stained with 2% uranyl
acetate (Ladd) for 60 s, and visualized on a Siemens 1 A

%lectron microscope at 60 k\L.{, 12.
linear homologue were all purchased from U. S. Peptides P L 13

Reverse-Phase HPLC Analysidncorporation of the
AChE-derived peptides into amyloid fibrils was analyzed by
reversed-phase HPLC (RP-HPLC) on a Delta Pak C-18
column (3.9x 150 mm, Waters), using a Waters model
600-E HPLC apparatus. As previously stated, the amyloid
fibrils formed in the turbidity assays were collected by
centrifugation (as described above), and the pellet was
washed 3 times with 1 mL of Tris-HCI (pH 7.4) in order to
eliminate soluble material. The pellet was resuspended in a

the second was obtained after 90 ps of molecular dynamicsfinal volume of 100uL and loaded onto the reverse-phase

simulation. Docking of 4 was done using GRAMM1(@g),
which is the best proteiaprotein docking procedure clas-
sified on CASP219). All modeled structures were positioned
arbitrarily, adjacent to the high-resolution structure of
Torpedo californiceAChE (PDB code: 2ACE), and accord-
ing to the requirements of GRAMM, they contained coor-

column preequilibrated with 0.1% (v/v) trifluoroacetic acid
in water. The column was eluted with a linear gradient of
0—80% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid/
water over 50 min, and the effluent was monitored at 214
nm as described previous|2).

Binding Studies.Interaction of the Torpedo Ha7s4-30s

dinates for hydrogen atoms. The parameters used by GRAMM peptide with A3 was monitored by fluorescence spectroscopy

were as follows: nmode generic, grid-step= 6.8 and 1.7,
potential range type= grid-step, representation all, angle
for rotations= 20°. Such parameters allow calculation of

using a Shimadzu RF-540 model spectrofluorometer. Briefly,
7.3 ug of Ha74-308 (in 3 uL of DMSO) was dissolved in 200

uL of 10 mM Tris-HCI, pH 7.4, and the fluorescence

electrostatic interactions between proteins at high resolution emission spectrum was recorded immediately between 300

(18). Those positions that presented only different transla-
tional coordinates were selected from the output list of
GRAMM and then sorted by their interaction energy (not
shown).

Purification of AChE from Boine Brain and from
Torpedo.The tetrameric @ form of AChE from bovine
caudate nucleus was purified using acridine-affinity chro-
matography as describe2d). The dimeric G form of AChE
from Torpedoelectric organ was purified by affinity chro-
matography after solubilization with phosphatidylinositol-
specific phospholipase C or by extraction at low ionic

and 400 nm, with excitation at 295 nm, and slits set at 5 nm
bandwidth. Increasing concentrations of AL7—170 uM

in DMSO) were added to the 4l 308 Solution, and a
fluorescence spectrum was recorded at each concentration
after 15 min of co-incubation. Binding was evaluated from
both the change in emission intensity and the shift in
emission maximum.

Software.Docking calculation results were analyzed on
an INDY machine using Homology and Insight Il (Biosym/
MSI). Graphic visualizations were performed using the
program WebLab ViewerLite 3.01 (Molecular Simulations,
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1 60
Human_AChE EGREDAELLV TVRGGRLRGI RLKTPGGPVS AFLGIPFAEP PMGPRRFLPP EPKQPWSGVV
Mouse AChE EGREDPQLLV RVRGGQLRGI RLKAPGGPVS AFLGIPFREP PVGSRRFMPP EPKRPWSGVL
Bovine AChE EGPEDPELLV MVRGGELRGL RLMAPRGPVS AFLGIPFAEP PVGPRRFLPP EPKRPWPGVL
Torpedo AChE QADDHSELLV NTKSGKVMGT RVPVLSSHIS AFLGIPFAEP PVGNMRFRRP EPKKPWSGVW
61 * 120
Human AChE DATTFQSVCY QY¥VDTLYPGF EGTEMWNPNR ELSEDCLYIN VWTPYPRPTS PTEPVLVWIYG
Mouse AChE DATTEFQONVCY QYVDTLYPGF EGTEMWNPNR ELSEDCLYLN VWTPYPRPAS PTPVLIWIYG
Bovine AChE NATAFQSVCY QYVDTLYPGF EGTEMWNPNR ELSEDCLYLN VWTPYPRPSS PTPVLVWIYG
Torpedo AChE NASTYPNNCQ QYVDEQFPGEF SGSEMWNPNR EMSEDCLYLN IWVPSPRPK- STTVMVWIYG
121 180
Human_AChE GGFYSGASSL DVYDGRFLVQ AERTVLVSMN YRVGAFGFLA LPGSREAPGN VGLLDQRLAL
Mouse AChE GGFYSGAASL DVYDGRFLAQ VEGAVLVSMN YRVGTFGFLA LPGSREAPGN VGLLDQRLAL
Bovine AChE GGFYSGASSL DVYDGRFLVQ AEGTVLVSMN YRVGAFGFLA LPGSREAPGN VGLLDQRLAL
Torpedo AChE GGFYSGSSTL DVYNGKYLAY TEEVVLVSLS YRVGAFGFLA LHGSQEAPGN VGLLDQRMAL
181 240
Human AChE QWVQENVAAF GGDPTSVTLEF GESAGAASVG MHLLSPPSRG LFHRAVLQSG APNGPWATVG
Mouse AChE QWVQENIAAF GGDPMSVTLF GESAGAASVG MHILSLPSRS LFHRAVLQSG TPNGEWATVS
Bovine AChE QSVQENVAAF GGDPTSVTLF GESAGAASVG MHLLSPPSRG LFHRAVLOSG APNGPWATVG
Torpedo_AChE QWVHDNIQFF GGDPKTVTIF GESAGGASVG MHILSPGSRD LFRRAILOSG SPNCPWASVS
241 * 300
Human AChE MGEARRRATQ LAHLVGCIPPG GTGGNDTELV RTRPAQV LVNHEWHVLP QESVFRESEV
Mouse AChE AGEARRRATL LARLVGC|PPG GAGGNDTELI TRPAQD LVDHEWHVLP QESIFRESEV
Bovine AChE VGEARRRATL LARLVGCPPG GAGGNDTELV RARPAQD LVDHEWRVLP QEHVFRESEV
Torpedo AChE VAEGRRRAVE LGRNL LN S++++DEELI REKKPQE LIDVEWNVLP FDSIFRFSFV
301 360
Human AChE PVVDGDFLSD TPEALINAGD FHGLQVLVGV VKDEGSYFLV YGAPGFSKDN ESLISRAEFL
Mouse_ AChE PVVDGDFLSD TPEALINTGD FQDLQVLVGV VEDEGSYFLV YGVPGFSKDN ESLISRAQFL
Bovine_ AChE PVVDGDFLSD TPEALINAGD FVGLQVLVGV VEDEGSYFLV YGAPGFSKDN ESLISRAQEL
Torpedo AChE PVIDGEFFPT SLESMLNSGN FKKTQILLGV NKDEGSFFLL YGAPGFSKDS ESKISREDFM
361 420
Human_AChE AGVRVGVPQV SDLAAEAVVL HYTDWLHPED PARLREALSD VVGDHNVVCP VAQLAGRLAA
Mouse_AChE AGVRIGVPQA SDLAAEAVVL HYTDWLHPED PTHLRDAMSA VVGDHNVVCP VAQLAGRLAA
Bovine AChE AGVRVGVPQA SDLAAEAVVL HYTDWLHPED PARWREALSD VVGDHNVVCP VAQLAGRLAA
Torpedo AChE SGVKLSVPHA NDLGLDAVTL QYTDWMDDNN GIKNRDGLDD IVGDHNVICP LMHEVNKYTK
421 480
Human_AChE QGARVYAYVEF EHRASTLSWP LWMGVPHGYE IEFIFGIPLD PSRNYTAEEK IFAQRLMRYW
Mouse AChE QGARVYAYIF EHRASTLTWP LWMGVPHGYE IEFIFGLPLD PSLNYTTEER IFAQRLMKYW
Bovine AChE QGARVYAYTF EHRASTLSWP LWMGVPHGYE IEFIFGLPLE PSLNYTIEER TFAQRLMRYW
Torpedo AChE FGNGTYLYFF NHRASNLVWP EWMGVIHGYE IEFVFGLPLV KELNYTAEEE ALSRRIMHYW
481 540
Human_ AChE ANFARTGDPN EPRDPKAPQW PPYTAGAQQY VSLDLRPLEV RRGLRAQACA FWNRFLPKLL
Mouse_AChE TNFARTGDPN DPRDSKSPQW PPYTTAAQQY VSLNLKPLEV RRGLRAQTCA FWNRFLPKLL
Bovine AChE ANFARTGDPN DPRAPKAPQW PPYTAGAQQY VSLNLRPLGV PQASRAQACA FWNRFLPKLL
Torpedo AChE ATFAKTGNPN EPHSQES-KW PLFTTKEQKF IDLNTEPMKV HQRLRVQMCV FWNQFLPKLL
541 583
Human AChE SATDTLDEAE RQWKAEFHRW SSYMVHWKNQ FDHYSKQDRC SDL
Mouse AChE SATDTLDEAE RQWKAEFHRW SSYMVHWENQ FDHYSKQERC SDL
Bovine_ AChE NATDTLDEAE ROQWKAEFHRW SSYMVHWKNQ FDHYSKQDRC SDL
Torpedo AChE NATACDGELS SSGTSSSKGI IFYVLESILY LIF------- e

Ficure 1: CLUSTAL-W multiple sequence alignment of AChE sequences from different species. Sequences corresponding to the synthetic
AChE peptides used in this study. Red: 24-residue peptide from mouse ATRE {5, mammalian numbering); blue: 35-residue peptide

from TorpedoAChE (H,74-308 Torpedonumbering). The PAS residues Tyr70 and Trp279 corresponding todipedosequence (Tyr72

and Trp286, respectively, according to mammalian numbering) are labeled with a red asterisk. Depicted as boxes are Cys residues that form
the disulfide bridge of th&-loop. Mammalian sequences correspond to subunits of type T aritbtipedosequence to subunit of type

H. Note the 4-residue gap in the sequencd ofpedoAChE within the Q-loop.

Inc.). Binding data were analyzed with the aid of curve-fitting Multiple Sequence Alignment was done with CLUSTAL-W
software (Origin Microcal, 4.1, http://www.microcal.com). (http://www?2.ebi.ac.uk/clustalw/).
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Ficure 2: Docking simulation of & on TorpedoAChE. Overall view of the surface dforpedoAChE and the putative docking sites for

Ap. Site | green;Site Il, blue; Site 1lI, turquoise;Site 1V, orange. Looking straight into the active-site gorge, the representative surface for
the PAS residues Tyr70 and Trp279 is displayed in red. Conformations of all proteins were not modified during docking, as described by
Vakser (L8). The localization of model peptides on AChE sites suggests that the principal interactions are along the main axis of the
peptide.

RESULTS that AChE extracted and purified from various species was
able to induce formation of amyloid fibrild.{). To validate

our docking model and to extend our previous results, we
examined whetheForpedoAChE also induced A polym-
erization into amyloid fibrils. The dimeric (£ form of
TorpedoAChE, whether purified either by solubilization with
PI-PLC or by extraction at low ionic strength in the presence
of Triton X-100 Q1, 22, was indeed able to induce amyloid

Docking of A48 onto Torpedo AChEWe recently proposed
a model for the complete/Astructure (481-40) by molecular
modeling based on extensive homology tocdi segment
of the enzyme triosephosphate isomerd$®. (Accordingly,
we used our & model as a template to identify motifs in
the 3D structure of orpedoAChE which might interact with
ApB. We chose to work witfTorpedorather than with mouse . ; o
AChE since, although their 3D structures are almost identical, formation (Flgurg 3A), thl.JS permittingorpedoAChE to
the Torpedostructure has been determined to substantially serve as a docking paradigm.
higher resolution. Four putative binding sites fof Avere Ap has a marked tendency to interact with hydrophobic
identified on the surface Oﬂ'orpedo AChE using our environmentsZ{S, 29, and we have presented evidence that
modeled 48 structure: Site | includes residues Pro232, hydrophobic interactions may play a role in stabilization of
Val236, Val281Ser286, Arg289, Ser307, Asn310, and the AChE-AS complex (12). Shin et al. 27) have shown
Pro361His362 of the enzyme (Figure 2, greerite Il that a dimeric form off orpedoAChE can interact with small
includes Lys325, Glu344, Tyr375rhr376, His 425, Glu514,  liposomes of dimyristoylphosphatidylcholine (DMPC) through
and Val518-Met520 (Figure 2, blueite Ill includes Pro21, a 5-kDa hydrophaobic polypeptide sequence, which is exposed
Trp58-Asn60, Thr62, and Glu89Met90 (Figure 2, tur-  when the protein partially unfolds either upon mild dena-
quoise).Site IVincludes Pro106Ser108, Thr138Glu140, turation or as a result of chemical modification. Therefore,
Lys454, Lys478, and Ser487 (Figure 2, orange). Interestingly, as a first attempt to identify the AChE motif involved in the
Site | overlaps with a sequence iforpedoAChE which interaction with A3, we examined the ability to stimulate
interacts with liposomes and contains the PAS residue, amyloid fibril formation of a synthetic 35-residue peptide
Trp279 @7). corresponding to residues Leu27M1et308 (H74-305) Of

Torpedo AChE PromotesfAAggregation into Amyloid ~ TcAChE (Figure 1), which roughly corresponds $ite |,
Fibrils, and a 35 aa Hydrophobic Peptide Deed from Its and contains some of the residues that contggtirhour
Sequence Displays Similar Agty. We demonstrated earlier  docking model. Figure 3B shows that this peptide was indeed
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FicurRe 3: TorpedoAChE and its derived b}4-308 peptide induce
Ap fibril formation. (A) 300ug of A3 was incubated either alone
(®) or in the presence of 2&g of TorpedoAChE (G,) solubilized
with PI-PLC () or at low ionic strength in the presence of detergent
(¥), and with bovine brain AChE (£ O), at a molar ratio of £:
AChE monomer= 200:1. (B) 300ug of A was incubated either
alone @) or in the presence of @g of theTorpedoH,74-30s peptide
(O) or the mouse-derivefR,s,,75 peptides ¥, Cys-Cys disulfide
linked; v, linear), at a molar ratio of Apeptide= 100:1 in aqueous
buffer (725uL of 10 mM Tris-HCI, pH 7.4).

Table 1: Analysis of Kinetic Parameters of Amyloid Fibril
Formation

lag time relative exponential

peptides (min, £SE)  growth raté (Abs/min)
AB1-10 110.7+ 10.3 1.97
AB1-40+ AChE 45.24+- 8.8 2.65
ApP1-20+ Ha7a-306 7144+ 5.3 2.71
Aﬂ174o + Cycled92527275d 115.54+ 6.7 1.83
Aﬁl—Ao + linear 925}275d 108.6+ 4.6 1.88

aDetermined from the beginning of a turbidimetric assay to the
intersection with the slope of the exponential growth phésénear
regression analysis of the exponential growth phaSgnthetic frag-
ment derived from TcAChE sequencéeSynthetic fragment derived
from mouse AChE sequence.

able to mimic the effect of AChE on /Afibril formation
(see also Table 1). At a molar ratio of 1:100, the,4kos
peptide decreased the lag phase f@ralygregation similarly

to TorpedoAChE, although to a lesser degree. In contrast,

Biochemistry, Vol. 40, No. 35, 200110451

homologue (same sequence but not disulfide-linked) had no
effect on fibril formation (Figure 3B). None of the synthetic
peptides incubated alone formed any visible aggregates (same
concentration of &, 100 uM, not shown). Finally, the
aggregates formed by/A whether alone or in the presence
of either TorpedoAChE or theTorpedoHs;74-30s peptide,
were shown to be amyloid on the basis of both the Th-T
and the CR assays. Aliquots taken at the final time point
from each sample showed no differences in the affinity for
either Th-T (Figure 4A) or CR (Figure 4B), confirming that
the aggregates were indeed amyloid fibrils. Moreover,
examination of the samples by electron microscopy revealed
no major differences in the morphology of the amyloid fibrils
induced byTorpedoAChE or by the Hy4 308 peptide (Figure
4C).

The TcAChE Fragment Is Incorporated into the Growing
Aj Fibrils in a Concentration-Dependent Manndduring
the process of amyloid formation, AChE is incorporated into
growing Ag fibrils (12). We therefore examined, at the end
of an aggregation assay with stirring, whether the AChE-
derived peptides were similarly incorporated int8 #brils.
Figure 5 shows RP-HPLC elution profiles of samples loaded
onto a C-18 column and eluted with a linear gradient of
0—80% acetonitrile. Panel A shows the elution profiles of
increasing concentrations of theorpedoH,74-308 peptide
alone (retention time ca. 24 min). Panel B shows the profiles
of amyloid fibrils formed by the & peptide grown alone
(left, retention time ca. 18 min) or by coincubating thg A
peptide with theTorpedoH,74-30s peptide. As can be seen,
both peptides can be detected as single peaks in the same
run; thus binding of thél'orpedopeptide to A is clearly
demonstrated. Finally, the mouse-deriv@gs,—,75 peptides
were not incorporated into amyloid fibrils (not shown).
We reported earlier that the mutanfA 4 peptide, which
has a valine to alanine substitution (Vatt8la), has a
lower capacity to form amyloid fibrilsg), and a greater
ability to bind AChE (1). Panel C shows that a similar
elution pattern was observed when the mutaftpeptide
was incubated alone (left, retention time ca. 17 min) or with
increasing concentrations of tA@rpedoH,74—305 peptide.

As expected, the mutantApeptide bound more of the
Torpedopeptide.

The Torpedo AChE Peptide Interacts Directly with Soluble
Ap5. The question of whether thEorpedoH;74-308 peptide
was incorporated into preexisting amyloid fibrils, or could
bind earlier to the & peptide itself (nucleation phase of the
Ap aggregation process), was addressed directly. Since this
peptide contains a Trp residue at position 6 (Trp279 in
TorpedoAChE, Figure 1), we decided to follow its interac-
tion with A by monitoring intrinsic fluorescence. We
recorded spectra as early as 15 min after mixing sxd
Hz74-30s at 25°C and without stirring, conditions under
which no visible aggregates were yet detectable (Figure 3).
Figure 6 shows a dose-dependent increase in the intrinsic
fluorescence of kts-303 (9 #M in the assay) with increasing

both a 24-residue polypeptide corresponding to residuesconcentration of A&. The increase in fluorescence intensity

Ala252—Thr275 of mouse AChE(@2s,-275), cycled by a

was accompanied by a blue shift in the emission maximum.

disulfide bridge between its Cys257 and Cys272 residuesWhereas the emission maximum for tfierpedopeptide
(Figure 1), which had been proposed as a putative motif for alone is at 355 nm, in the presence of increasing concentra-

AChE—Ap interaction {5), and also its corresponding linear

tions of A5 it shifts gradually to 338 nm. This change
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Ficure 4: A fibrils formed in the presence of tierpedoH,74-30s peptide are amyloid-positive. Aliquots taken at the end of the aggregation
procedure were assayed for amyloid by the Th-T fluorescence method (A), or by use of Congo Red (B). H denotes the hydrophobic
peptide. (C) Representative electron micrographs of negatively-stained preparatighBloflé\assembled in the presence of eitfierpedo

AChE or Hy74-30s Top: AS fibrils assembled alone. Center:SAibrils assembled in the presence TdrpedoAChE. Bottom: Ag fibrils
assembled in the presence of;lH30s Original magnification 55008.

suggests movement of the indole ring of Trp279 from a = 1.76 x 104 M (Figure 7B). Thus, the data are indicative
solvent-exposed to a more hydrophobic environment. Finally, of a primarily hydrophobic interaction between the two
a parallel increase in emission at ca. 310 nm is observed,peptides. Finally, titration of k}4-30s with the mutant 4-
which may also be ascribed to exposure of thrasidue (Val18—Ala) peptide showed Ky = 1.65x 104 M (Figure

Tyrl0 to a more hydrophobic environment. 7C), which was also independent of salt concentration (not
If we assume that the interaction betweeg And the shown). Similar binding constants were obtained when
Torpedopeptide can be represented by the scheme: interaction of the intact bovine brain AChE molecule with
wild-type AB was compared with its interaction with the
AB+H=ApH mutant peptide (Alaram, De Ferrari, and Inestrosa, unpub-

lished results).
where A3, H, and ASH are A3, the TorpedoH,74-30s peptide,
and the stoichiometric complex, respectively, and we further DISCUSSION

assume that [A] > [H], the following equation can be In addition to the proposed noncholinergic activity of
derived: AChE in A3 deposition in AD brains, there is increasing
evidence suggesting noncholinergic roles for the enzyme in
U(F — Fo) = UK Fg[H] + [AB)/Fg[H] cell-adhesion and cell-differentiation process84—33).
Moreover, toxic effects, which depend on the concentration
whereF is the experimentally measured fluorescertegs of AChE, have been found on neuronal and glial-like cells

the fluorescence of th€orpedopeptide in the absence of (34). With respect to the interaction of AChE withgAit is

Ap, Fgis the fluorescence at saturation of AandK, is the worth noting that certain enzymatic characteristics of AChE
association constans(). Figure 7A shows the plot obtained associated with plaques and tangles (i.e., pH optimum and
using this equation, from which a valuel§f = 1/K, = 1.84 inhibitor sensitivity) are different from the activity associated
x 10 M was obtained kg = 1.83 x 10* M, data with axons and cell bodiesl(, 35. We have observed
corresponding to the blue shift; Figure 7D). Similar experi- similar abnormal properties for AChE bound to amyloid
ments performed in the presence of 100 mM NaCl showed fibrils in vitro (36). This suggests that interaction withpA
very similar emission spectra (not shown) and a valu€gof  induces slight structural changes in the AChE molecule.
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Ficure 5: TorpedoHz74-30s peptide is incorporated into growingdAibrils in a concentration-dependent manner. Aliquots taken at the end
of the aggregation procedure were analyzed by reverse-phase HPLTof@@dopeptide concentration curve (0.1, 0.5ud). (B) AS
fibrils grown alone (left) or in the presence of increasing concentrations ofdhgedopeptide (molar ratios of A:H274-30s = 100:1 and
50:1, respectively). (C) Same as (B) but mutapy(¥al18—Ala) fibrils grown alone (left) or in the presence of tlerpedopeptide were
examined.

In this study, we found thaforpedo AChE has four nucleation phase of amyloid formation, and is incorporated
putative docking sites for the modelegh pdeptides (Figure  into the growing fibrils during & aggregation (Figures 3B,
2). The experimental data presented demonstrate that thes, and 7). The effect of the peptide appears to be specific,
synthetic polypeptide derived froite |, corresponding to  since the mous&2,s, ;75 derived peptides do not have a
the TorpedoH274-308 SEQUENCE, IS alone capable of enhancing similar effect on the process (Figure 3B). In this latter
the rate of amyloid fibril assembly, just as we showed case, we chose to work with a peptide corresponding to
previously for intact AChE11). We have also shown that the mouse AChE sequence, rather than the homologous
the Torpedo peptide interacts with A already at the  Torpedosequence, since the former sequence, like those
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which lacks these residues, is able to promote amyloid
formation in a fashion similar to mammalian AChEs (Figure
80 — 3A).

' ) A possible role for the PAS of AChE in amyloid formation
was earlier proposedL{, 14, and recent pharmacological
experiments suggest that both adhesive and neurotrophic
functions of AChE are associated with the PAS3,(37).

The PAS appears to be located close to the lip of the active-
site gorge and contains a hydrophobic environmaat 89.
Quantitative analyses of electrostatic surface potentials in
the area surrounding the entrance to the gorge have been
correlated with an AChE-like motif found in a set of neural
cell-adhesion proteins displaying sequence homology with
AChE (40). The experimental data thus show tAatrpedo
AChE interacts with £ through the liposome-interacting
domain as a part of dockin§ite | (Figure 8, top). This
polypeptide segment, which extends from Glu268 to Lys315,
and contains one of the key residues of the PAS (Trp279),
“penetrates” the molecule, emerging on the opposite side of
the entrance to the gorge, thus creating at least two
micromotifs (Figure 8, bottom). The initial sequence that
interacts with A6 in our docking paradigm is Val281
Ser286, which contains residues that are in proximity to the
PAS residues, Tyr70 and Trp279. Docking also suggests
specific contacts between Pro283 and Gly25, Phe284 and
Val24, and Arg289 and lle32 oforpedoAChE and A3,
respectively (Figure 9, top). On the opposite side of the
gorge, at the C-terminus of the hydrophobic peptide, residues
Ser307 and Asn310 of TcAChE make contact witl§ A
of increasing concentrations of317 uM, —ThinSpace-; 42.5 residues Tyrl0 and His6, respectively (Figure 9, bottom).
uM, — —EnDashEnDash; 8aM, ---; 170 uM, ---). Emission Since none of the modeledfApeptides appears to occlude
spectra were recorded between 300 and 400 nm, with excitation atihe PAS, it is possible that once the AChES complex

295 nm, and slits set at 5 nm bandwidth. has been formed, it might modulate the catalytic properties
in all mammalian AChEs, is four residues longer (see of AChE, as observed in AD brain&@), and in the complex
Figure 1). This becomes relevant wha&ierpedo AChE, of AChE—Ap in vitro (36).

70 H
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40 -

FLUORESCENCE (A.U.)
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20

0 T T T T
320 340 360 380

WAVELENGTH, nm
FiIGURE 6: Interaction of A with TorpedoH;74-308 peptide changes
the intrinsic fluorescence properties of its Trp residue. Representa-
tive emission spectra of #,-z0s alone (uM, —) or in the presence
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Ficure 7: Titration of TorpedoH,74-30s peptide with AG. Titration of the H74-305 peptide with AS in the absence (A, D) or presence (B)
of 0.1 M NaCl. (C) The (Vall8-Ala) A mutant was used. In panelsAC, the plots employ the data for increase in fluorescence intensity;
and in panel D, those for the blue shift in the wavelength of the emission.
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2 .'.__ - ‘ﬂlm ; = o~ b 2 L i A 5
Ficure 8: Structural disposition of A Site lon TorpedoAChE. Top: Complementarity of the surfaceTdrpedoAChE (dark green) and
Ap (solid ribbon, dark red) in their complex. PAS residues Tyr70 (red) and Trp279 (dark green) are presented as ball-and-stick models.
Bottom: Complementarity of orpedoliposome-interacting domain (dark green) and &olid ribbon, dark red). Note that theorpedo
peptide penetrates close to the entrance of the active-site gorge, emerging at the other site of the gorge, to create two “microdomains”. Both
“microdomains” may participate in the interaction witlBA

The fundamental mechanism of amyloid formation and promote amyloig3-sheet formation, including the phospho-
deposition is under active physicochemical investigation by lipid bilayer membrane 43), both hydrophilic mica and
many groups 41). It is clear that amyloid formation can  hydrophobic graphitedd), and the air-water interface45).
occur for a variety of proteins but, due to the prevalence Although these studies do not provide conclusive evidence
and severity of Alzheimer’s disease, much of this research as to which of the two steps is accelerated at the interface,
has centered around the transitional process for tfie A reduction of the energy barrier for the coil fstructure
peptide. Schematically, this transition can be broken up into transition may play a role4g). Our observation that the
two steps, viz., a reversible random coil fbstructure peptide, like the intact enzyme, can accelerate amyloid
transition, followed by irreversible fibril formation4@). formation could be due either to reduction of this energy
Several groups have shown that a variety of surfaces canbarrier @7) or to its serving as a nucleation template for
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S=

Ficure 9: Contact sites of & on TorpedoAChE. Top: Microdomain close to the gorge of the active site (in the vicinity of the PAS).
Bottom: Microdomain at the opposite site of the AChE gorgg: Aolid ribbon in dark red color. AChE: line ribbon in dark green color.
Interacting residues are depicted as ball-and-stick models.

fibril formation (48). Our spectroscopic evidence, directly peptides that had been previously proposed to possess
demonstrating reversible complexation of both the intact biological activity (L5, 26. Although further experiments
enzyme and the synthetic peptide with the peptide, offers are needed in order to establish whether other AChE docking
direct support for a role in the first stage, but does not exclude sites may also participate in the process of Abril
involvement in the nucleation process. formation, our data demonstrate that the;4%os peptide

The molecular basis for the interaction of AChE wit§ A derived from dockingSite | can mimic the noncholinergic
is not understood. Here, as a first attempt to identify the activity of AChE on amyloid formation. In this context, it
AChE—Ap interaction motif, and considering the yield of may be noted that Shin et al3(, 49 have reported that
our docking paradigm, we chose to work with AChE-derived lipid bilayers and micelles can promote a fast structural
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transition of native AChE to a partially unfolded molten-
globule-like conformation50). Such a structural transition,

presumably achieved through the interaction of the whole
hydrophobic polypeptide with the membrane, which includes

the

this work, has been proposed as an alternative mechanism 22.

for

hypothetical scenario, the above observations suggest that
similar events may take place in the interaction between these

exposure of both Adocking micromotifs identified in

insertion of proteins into lipid bilayers40). In a

two molecules; viz., £, behaving similarly to a membrane

environment, interacts with and partially exposes the hydro-
phobic segment of AChE, driving the enzyme to a structural
intermediate in which the environment of the PAS residues

(in particular Trp279) is altered, thus affecting the catalytic
characteristics of AChE.
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