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ABSTRACT: Protein misfolding is a central mechanism for the development of neurodegenerative diseases and
type 2 diabetes mellitus. The accumulation of misfolded a-synuclein protein inclusions in the Lewy bodies of
Parkinson’s disease is thought to play a key role in pathogenesis and disease progression. Similarly, the
misfolding of the f-cell hormone human islet amyloid polypeptide (h-IAPP) into toxic oligomers plays a
central role in the induction of 5-cell apoptosis in the context of type 2 diabetes. In this study, we show that
annexin A5 plays a role in interacting with and reducing the toxicity of the amyloidogenic proteins, h-IAPP and
a-synuclein. We find that annexin A5 is coexpressed in human S-cells and that exogenous annexin A5 reduces
the level of h-IAPP-induced apoptosis in human islets by ~50% and in rodent S-cells by ~90%. Experiments
with transgenic expression of a-synuclein in Caenorhabditis elegans show that annexin A5 reduces a-synuclein
inclusions in vivo. Using thioflavin T fluorescence, electron microscopy, and electron paramagnetic
resonance, we provide evidence that substoichiometric amounts of annexin A5 inhibit h-IAPP and
a-synuclein misfolding and fibril formation. We conclude that annexin A5 might act as a molecular safeguard

against the formation of toxic amyloid aggregates.

Protein misfolding and the deposition of amyloid fibrils are
hallmarks of many diseases, including Alzheimer’s disease (amyloid
p-protein), Parkinson’s disease (o-synuclein), Huntington’s disease
(huntingtin), and type 2 diabetes [islet amyloid polypeptide
(IAPP)]' (1-8). Although different polypeptides with little or
no sequence similarity form fibrils in the various diseases, there
are a number of structural similarities with respect to the
mechanism of misfolding as well as the toxicity of the misfolded
proteins. In vitro studies have shown that amyloid fibril forma-
tion is a stepwise process, in which nonfibrillar oligomeric
structures are formed before the first fibrils can be detected
(1, 9). Although the pathology of amyloid diseases is dominated
by an abundance of fibrillar deposits, the nonfibrillar oligomers
have begun to receive much attention, as they are now thought to
represent the primary toxic species (I, 4, 7, 10). In fact, some
diseases are characterized by proteinaceous deposits in which

"These studies were funded in part by the National Institutes of
Health (Grants GM063915 and AG027936 to R.L. and Grant DK
61539 to P.C.B.), by the American Parkinson Disease Association and
the Baxter Foundation (to D.S.), and by the Deutsche Forschungsge-
meinschaft (DFG Ri 1055/3-1) and the German Diabetes Association
(to R.A.R.).

*To whom correspondence should be addressed. R.A.R.: Depart-
ment of Internal Medicine I and Clinical Chemistry, University of
Heidelberg, Im Neuenheimer Feld 410, 69120 Heidelberg, Germany;
telephone, +49-6221-568601; fax, +49-6221-564233; e-mail, Robert.
Ritzel@med.uni-heidelberg.de. R.L.: Department of Biochemistry
and Molecular Biology, Zilkha Neurogenetic Institute, University of
Southern California, 1501 San Pablo St., Los Angeles, CA 90033;
telephone, (323) 442-1323; fax, (323) 442-4404; e-mail, langen @ usc.edu.

Abbreviations: IAPP, islet amyloid polypeptide; h-TAPP, human
islet amyloid polypeptide; ThT, thioflavin T; EPR, electron paramag-
netic resonance; SEM, standard error of the mean.

pubs.acs.org/Biochemistry Published on Web 10/08/2009

nonfibrillar amyloid oligomers rather than amyloid fibrils repre-
sent the primarily deposited material. An example of such a
disease is macular degeneration (/). In the endocrine pancreas of
humans with type 2 diabetes, the S-cell peptide, IAPP, misfolds
and aggregates into islet amyloid (/2, 13) and is thought to
promote S-cell apoptosis in type 2 diabetes (/4—16). The
propensity for human IAPP (h-IAPP) to induce apoptosis has
been described in different experimental models, including f5-cell
and non-p-cell lines (/7—21), human islets (10, 17, 21), and
transgenic animal models (16, 22, 23). The Lewy bodies occurring
in Parkinson’s disease are intracytoplasmatic inclusion bodies
and are characterized by an abundance of misfolded a-synuclein
protein (24, 25), which is thought to be the primary toxic principle
leading to the degeneration of dopaminergic neurons. As in the
case of other amyloidogenic peptides, the detailed mechanism of
toxicity is unclear, but destabilization of cellular metabolism by
pronounced membrane permeabilization is likely to play an
important role (1, 6, 9, 26).

Annexins represent a highly conserved family of Ca*"-depen-
dent membrane-binding proteins. They are abundantly expressed
in a wide range of tissues (27, 28) and found in intra- and
extracellular locations (29, 30). Annexin A5 (37) has been shown
to offer protection from the cytotoxicity of Alzheimer’s S-protein
(Ap), and it was proposed that this occurs by competitive
interaction at membrane phosphatidylserine (32). Recently, it
was reported that the aggregated extracellular deposits (drusen)
of subjects with age-related macular degeneration contain annex-
in AS (33). Thus, annexin A5 is codeposited with misfolded
proteins in some disease states. To shed further light on annexin
AS’s potential role in preventing and/or reversing the toxic
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actions of amyloidogenic proteins, we hypothesized that annexin
A5 may directly inhibit the misfolding of amyloidogenic proteins.
Specifically, we posed the question of whether annexin A5 can
modulate the misfolding of IAPP and a-synuclein in vitro and
offer protection from aggregation and toxicity in vivo.

MATERIALS AND METHODS

Human Islet Tissue. Human pancreatic islets for static
incubation experiments were isolated from the pancreas retrieved
from three nondiabetic, heart-beating organ donors by the
Diabetes Institute for Immunology and Transplantation, Uni-
versity of Minnesota, Minneapolis, MN (B. J. Hering), and the
Northwest Tissue Center, Seattle, WA (R. P. Robertson).
Approval to use islets for research purposes was given by the
local ethics committees at both institutions. The islets were
maintained in RPMI culture medium at 5 mM glucose and
37 °C in humidified air containing 5% CO,. After the islet
isolation process, the islets were cultured for 3—5 days before
experiments were performed. Aliquots of human islets were
incubated for 48 h with vehicle (H,O and 0.5% acetic acid),
40 uM rat IAPP, 40 uM h-IAPP, and 40 uM h-IAPP with | uM
annexin AS. After static incubation, the number of apoptotic cells
in human islets was detected using the TUNEL staining method
(In Situ Cell Death Detection Kit, AP, Roche Diagnostics,
Indianapolis, IN). Tissue samples were analyzed on an inverted
microscope (Inverted System Microscope IX 70, Olympus,
Melville, NY) as described previously (21).

Annexin A5. For the experiments presented here, annexin AS
was originally expressed in Escherichia coli by Schlaepfer and
colleagues (34) and then subcloned into the pSE420 plasmid
(Invitrogen, Carlsbad, CA) via a Ncol and HindIIT site in the
vector and cDNA (35). The recombinant annexin AS was puri-
fied by reversible Ca®" binding to phospholipid vesicles followed
by column chromatography. Concentrations were determined
from A»g using an extinction coefficient of 21000 M~". The
purity of annexin A5 was determined using mass spectrometry
and sodium dodecyl sulfate (SDS) gel electrophoresis (data not
shown).

Time-Lapse Video Microscopy (TLVM). RIN cells (a gift
from C. J. Rhodes), a rodent f5-cell line, were maintained in
culture in Click’s culture medium with 10 mmol/L glucose and
10% FBS at 37 °C in humidified air containing 5% CO,. After
trypsin digestion of the primary cell culture, aliquots of sus-
pended cells were placed in a specially prepared microculture dish
(2.3 cm diameter, AT Culture Dish, Bioptechs, Butler, PA) and
kept in a conventional incubator (model 3110, Forma Scientific,
Marietta, OH) over the following 24 h. TLVM was then
performed as previously described (21). Briefly, the microculture
dish was removed from the incubator and mounted onto the
motorized stage (H107, ProScan, Prior Scientific) of an inverted
microscope (Inverted System Microscope X 70). The tempera-
ture inside the dish was dynamically kept at 37 + 0.1 °C (AT
Culture Dish Controller). For time-lapse experiments, images of
selected fields were acquired with an analogue camera (3-CCD
camera, Optronics) every 10 min, stored, and analyzed on a
personal computer.

Confocal Microscopy. Human pancreatic islets for confocal
microscopy were provided by the Cell Isolation and Transplan-
tation Center at the University of Geneva School of Medicine
(Geneva, Switzerland). Approval to use islets for research
purposes was given by the local ethics committee. Islets were
washed with PBS and fixed in 4% paraformaldehyde at 4 °C
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overnight. The next day, islets were washed twice with PBS and
embedded in 2% agarose, dehydrated in 70% ethanol, and
embedded in paraffin. Sections (3 um) were cut from paraffin
blocks (Mikrotom Leica RM 2165, Wetzlar, Germany) for
subsequent analysis by immunofluorescence. Paraffin sections
of islets were stained for annexin A5 (antibody from Santa
Cruz, Heidelberg, Germany) (1:200 dilution) and human
amylin (antibody from Santa Cruz) (1:50 dilution). Sections were
deparaffinized and rehydrated followed by permeabilization with
0.4% Triton X-100 and PBS for 10 min. After being blocked (3%
BSA and 0.2% Triton X-100 and PBS) for 1 h, sections
were incubated with the indicated primary antibody in a wet
chamber at 4 °C overnight. Immunostaining was visualized
by using fluorescein or rhodamine-conjugated secondary
antibodies (1:50 dilution; Jackson ImmunoResearch, West
Grove, PA). After the nuclei had been stained with bisbenzimide
H 33258 (Sigma, Taufkirchen, Germany), slides were mounted
with Vectashield mounting medium (Vector Laboratories,
Burlingame, CA) and placed under cover slips. Human islet cell
morphology was determined by confocal microscopy using a
Perkin Elmer spinning disc confocal ERS-FRET instrument on a
Nikon TE2000 inverted microscope in the Nikon Imaging Center
at the University of Heidelberg.

IAPP Stock Solutions. Human and rat IAPP were pur-
chased from Bachem (Torrance, CA). For the preparation of
stock solutions, the lyophilized peptides were reconstituted with
deionized water containing 0.5% acetic acid. Human IAPP was
prepared as in previous preparations that gave rise to toxic
species (1, 21). Briefly, cell culture experiments were conducted by
dilution of stock solutions with the culture medium to yield a final
concentration of 40 uM and then directly applied to the cells.
Acetic acid concentrations in the culture medium applied to cells
were always <0.003%.

Electron Paramagnetic Resonance (EPR) and Site-Di-
rected Spin Labeling. Spin-labeled IAPP was prepared as
described previously (36). Briefly, h-IAPP containing single
cysteines at either position 14 or 21 was obtained from Biomer
Technology (Hayward, CA). Mutant h-IAPP was labeled with a
3-fold excess of MTSL label [1-0xyl-2,2,5,5-tetramethyl-A3-pyr-
roline-3-methyl methanethiosulfonate, obtained from Toronto
Research Chemicals (Toronto, ON)] for 1 h at room temperature.
Labeled peptide was recovered via cation exchange chromatog-
raphy and desalted with a C-18 silica column (Macro Spin
Column, Havard Biosciences, Holliston, MA). The spin-labeled
Cys residue generated under these conditions is termed R1. Spin-
labeled h-IAPP was collected and stored in hexafluoro-2-propa-
nol (HFIP). Prior to usage, HFIP was evaporated and the sample
was dissolved in 10 mM phosphate, 100 mM NaCl (pH 7) buffer
to a final concentration of 100 uM. For a-synuclein, a truncated
mutant (115ter a-synuclein) of recombinant human o-synuclein
containing residues 1 —115 was generated via addition of two stop
codons between residues 115 and 116. The wild-type o-synuclein
construct (in pRK172) and purification methods were described
in a previous protocol (37). The 115ter a-synuclein was then
filtered through an Amicon YM-100 spin filter (MWCO 1 x 105,
Millipore) to remove any pre-aggregates. Immediately before
spin labeling was conducted, dithiothreitol was removed by
loading the protein solution onto a PD-10 column (Amersham
Biosciences, GE Healthcare) equilibrated with buffer containing
20 mM Hepes (pH 7.4), 100 mM NaCl, and 1 mM EDTA and
then eluted using the same buffer. The 115ter o-synuclein
was labeled with a 10-fold molar excess of R1 MTSL spin-label
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1-0xyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl methanethio-
sulfonate (Toronto Research Chemicals) for | h at room tem-
perature. Excess label was removed using PD-10 columns with
the aforementioned elution buffer. Spin-labeled proteins were
washed twice with elution buffer, concentrated using Amicon
Ultra-4 centrifugal filter units MWCO 5 x 103, Millipore), and
assembled into fibrils as described previously (38).

To evaluate the effect of annexin A5 on h-IAPP and 115ter
a-synuclein fibril formation, 100 uM spin-labeled h-IAPP and
115ter a-synuclein were incubated at room temperature (for
h-IAPP) and at 37 °C under constant agitation (for 115ter
a-synuclein samples) for 3—5 days in the absence or presence
of annexin A5 (20 uM). Fibrils and aggregates were harvested by
centrifugation (13000 rpm for 10 min using a model 5415D
Eppendorf tabletop centrifuge) and washed with buffer. For EPR
spectroscopy, samples were loaded into glass capillary tubes
(0.6 mm inner diameter and 0.84 outer diameter, VitroCom,
Mt. Lakes, NJ). Spectra were obtained on a Bruker EMX
spectrometer (Bruker Instruments, Billerica, MA) at room
temperature at an incident microwave power of 12 mW with a
scan range of 150 G.

Electron Microscopy. To examine the effect of annexin AS
on fibril growth, 100 uM amyloid-forming peptides (wt h-IAPP
or 115ter a-synuclein) were incubated with and without annexin
AS for 4 days as described above. After the incubation period,
10 uL of the samples was adsorbed onto carbon and formavar-
coated copper grids and negatively stained with a 2% (w/v)
uranyl acetate solution for 5 min. The stained grids were
examined and photographed using a JEOL JEM-1400 electron
microscope at 80—100 kV.

Thioflavin T Fluorescence Assay. The fibrillization process
of h-IAPP and 115ter o-synuclein was monitored using the
fluorescence increase of thioflavin T (ThT), a dye known to
preferentially bind amyloid fibrils. ThT fluorescence increases in
a solution of freshly reconstituted peptide as amyloid fibrils grow.
For the h-IAPP thioflavin T assay, wt h-IAPP was reconstituted
in 6 M guanidine hydrochloride buffer (150 4L per 0.5 mg of h-
IAPP) and loaded into a hydrated (with deionized water) C-18
silica column (Macro Spin Column, Havard Biosciences). Gua-
nidine was washed out with 150 uL of deionized water. Then
h-IAPP was recovered from the column by application of 150 uL
of hexafluoro-2-propanol (HFIP). The HFIP in the flow-through
was allowed to evaporate, and the remaining peptide was
reconstituted with deionized water containing 0.5% acetic acid
and 2.5% HFIP. In the case of o-synuclein, 100 uM 115ter
a-synuclein was incubated with 20 uM annexin A5. A 5uM ThT
aliquot in glycine buffer (50 mM) was added to each of the
samples, and real-time emission intensities were measured at
482 nm with excitation at 450 nm. Measurements were performed
at room temperature with excitation and emission slit widths of
1 and 10 nm, respectively. Fluorescence measurements were
taken using a Jasco FP-6500 spectrofluorometer. Plots of ThT
emission intensity as a function of time were fitted to a sigmoidal
curve (nonlinear regression analysis).

Transgenic Caenorhabditis elegans Strains. To make the
annexin A5 expression construct, a PCR-amplified full-length
human annexin A5 ¢cDNA fragment was subcloned into Nhel
and Kpnl sites of expression vector pPD40.26 (gift of A. Fire)
containing the myo-3 promoter. The vjEx[71 and vjEx[72 arrays
were generated by co-injecting this annexin AS expression
construct (25 ng/uL) together with the injection marker KP#
(40 ng/uL) into a Punc-54::synuclein::Y FP-expressing strain of

Bedrood et al.

C. elegans NL5901 (a gift of E. Nollen). These arrays were
subsequently crossed into a punc-54::YFP UAS?2 strain (gift of
G. Caldwell ). Young adult animals were paralyzed using sodium
azide and mounted on 2% agarose pads for imaging. Images were
acquired on a Nikon 90i microscope using a Nikon Plan Apo 60 x
objective (NA = 1.4) and a Coolsnap ES2 (Photometrics) camera
controlled with Metamorph (Universal Imaging/Molecular
Devices). Body wall muscles in the pharynx were imaged from
~30 laterally oriented animals per genotype. A maximum
intensity projection was obtained from image stacks of muscles.
Images were thresholded in Metamorph, and the number of
puncta above threshold (determined by background muscle
fluorescence) was counted.

Western Blotting. Western blotting was performed to de-
termine if annexin A5 protein expression in C. elegans alters the
expression of a-synuclein. For Western analysis, 400 washed
adult worms were Downs homogenized in 150 uL of worm lysis
buffer [SO mM Tris (pH 7.5), 10% glycerol, 150 mM NaCl, and a
protease inhibitor tablet (Roche Diagnostics)] and centrifuged at
15000g for 1 min. The total protein in the supernatant was
subjected to a protein assay using the BCA kit (Thermo Fisher
Scientific). Samples were diluted in sample buffer containing 1%
SDS, and 1 ug of protein was subjected to Western blot analysis.
Protein (1 ug/ul) was separated via 12% SDS—PAGE and
transferred to PVDF membranes (Bio-Rad, Hercules, CA).
Membranes were blocked with 10% nonfat dry milk in 0.1%
Tween/Tris-buffered saline (TBS-T) and incubated with TBS-T
containing polyclonal rabbit anti-o-synuclein antibody (1:1000)
(Chemicon International, Temecula, CA) and monoclonal
mouse anti-actin antibody (Calbiochem, Darmstadt, Germany).
Membranes were washed five times with TBS-T and incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:3000) (Zymed Laboratories, South San Francisco, CA) and
sheep anti-mouse 1gG (Amersham) for 1 h. Proteins were visua-
lized using enhanced chemiluminescence (ECL) (Amersham).

To assess if the presence of the annexin A5 transgene alters the
expression of YFP, whole-worm lysates of vjEx/7] arrays in
UAS?2 animals were subjected to a radio immunoprecipitation
assay to extract total protein. Total protein lysate was separated
via 12% SDS—PAGE and transferred to PVDF membranes
(Bio-Rad). Membranes were blocked with 10% nonfat dry milk
in 0.1% Tween/Tris-buffered saline (TBS-T) and incubated with
TBS-T containing monoclonal anti-GFP antibody (which cross
reacts with YFP, 1:1000) (Invitrogen, Inc.) or actin antibody.
Membranes were washed five times with TBS-T and incubated
with horseradish peroxidase-conjugated sheep anti-mouse 1gG
(Amersham) for 1 h. Proteins were visualized using enhanced
chemiluminescence (Amersham).

Calculations and Statistical Analysis. The best-fit curves
of the amyloid protein-induced change in relative fluorescence
intensity in relationship to annexin A5 concentration in thioflavin
T time-dependent normalized fluorescence intensity were derived
by nonlinear regression analysis.

Differences in the number of apoptotic cells per islet or
percentage of apoptotic RIN cells were analyzed by ANOVA
and Tukey’s multiple-comparison test. A probability of a <5%
occurrence by chance alone denoted statistical significance.

RESULTS

Annexin A5 Protects Human Islet Tissue and [-Cells
from h-IAPP Toxicity. Static incubation of human islets with
freshly reconstituted h-IAPP for 48 h resulted in a 4-fold increase
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FIGURE 1: (A) Mean number of apoptotic cells in human islets (n =
3 donors, 7—9 experiments per group, total islet number per group
61—97) after incubation for 48 h with vehicle (control), rat IAPP
(40 uM), h-IAPP (40 uM), or h-IAPP (40 uM) with annexin A5
(1 uM). (B) Percentage of apoptotic RIN cells during a 24 h
incubation (time-lapse microscopy) with vehicle (control), rat IAPP
(40 uM), h-IAPP (40 uM), or h-IAPP (40 uM) with annexin A5
(1 uM). Data £ SEM. P-value derived by ANOVA. Group compar-
isons by *: p < 0.05 versus control. #: p < 0.05 versus h-IAPP.

in the number of apoptotic cells compared to incubation with
vehicle (control) or non-amyloidogenic rat IAPP (Figure 1A).
Annexin A5 reduced the number of apoptotic cells in human
islets after incubation for 48 h by ~50%, demonstrating that
annexin A5 has a protective effect with regard to h-IAPP toxicity.
In RIN cells, incubation with h-IAPP also leads to an induction
of apoptosis (Figure 1B). Annexin AS leads to an ~90%
reduction in the level of h-IAPP-induced apoptosis. For such
protection to be physiologically relevant, it is essential to know
that annexin AS is present in human f-cells in which h-IAPP is
expressed. To test this, we performed confocal microscopy of
human islet sections from two nondiabetic tissue donors. As
shown in Figure 2, there are numerous examples of islet cells
being costained for h-IAPP (f-cells) and annexin AS. These data
show that annexin A5 is present in human S-cells.

Annexin A5 Reduces Thioflavin T Fluorescence and the
Level of Fibril Formation (as judged by EM) of h-IAPP
and o-Synuclein. To test whether annexin AS might directly
affect misfolding of amyloidogenic proteins such as h-IAPP or
o-synuclein in vitro, we performed in vitro assays using ThT
fluorescence, electron microscopy, and EPR spectroscopy.

The ThT assay is based upon the fluorescence enhancement
that occurs when amyloidogenic peptides or proteins undergo a
conformational reorganization into fibrils and other oligomers.
Consistent with previous reports (39), the time-dependent ki-
netics of h-IAPP and o-synuclein fibril formation followed a
sigmoidal pattern (Figure 3A,B). The fibril formation for
a-synuclein is more rapid than what is typically seen for the
wild-type protein, because we employed the highly amyloido-
genic 115ter truncation mutant (37). This mutant contains the
entire amyloidogenic core region and gives structurally indis-
tinguishable aggregates but aggregates more avidly and repro-
ducibly than the wild-type protein (37). With annexin AS, the
time-dependent increase in thioflavin T fluorescence is largely
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FIGURE 2: Spinning-disc confocal microscopic images of 3 uM sec-
tions of three isolated human islets from two nondiabetic organ
donors. Immunostaining was performed for annexin A5 (red), hu-
man [APP (green), and nuclei with DAPI (blue). (A) Three-dimen-
sional reconstruction of the full section. (B and C) Single-plane
images. Annexin A5 is present in - and non-$-cells in human islets.
Magnification of 1000x.

prevented, indicating that annexin A5 directly interacts with
h-IAPP and 115ter a-synuclein and prevents the formation of
thioflavin positive fibrils. These findings were further supported
by electron microscopy, which indicated that annexin A5 resulted
in formation of predominately amorphous aggregates rather
than fibrils (Figure 3C—F).

Site-Directed Spin Labeling and EPR Spectroscopy
Reveal That h-IAPP and o-Synuclein Fibril Formation Is
Strongly Altered in the Presence of Annexin A5. To further
investigate the notion that annexin AS has a direct impact on
amyloid misfolding and fibril formation, we employed site-
directed spin labeling and EPR spectroscopy. Using this ap-
proach, we had previously shown that h-IAPP fibrils (36), like
those from many other amyloidogenic proteins (37, 38, 40—42),
form a parallel, in-register structure in which the same residues
are stacked on top of each other. Because of the proximity of the
same sites in fibrils, fibrils of spin-labeled h-IAPP derivatives give
rise to highly characteristic EPR spectra (42). As shown with two
representative examples in Figure 4, the EPR spectra of fibrils
grown from h-IAPP (21R1) and 115ter o-synuclein (52R 1) have
strong components of exchange narrowing and dipolar broad-
ening, both of which result from the proximity of the same
residues. To test whether annexin A5 can interfere with the
formation of these specific structures, we repeated the aforemen-
tioned experiments in the presence of substoichiometric amounts
of annexin AS. The EPR spectra of the aggregates that formed in
the presence of annexin A5 were strikingly altered and characterized
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FiGURE 3: Thioflavin T curves and EM images of amyloid fibrils with and without annexin A5. (A) Time-dependent normalized ThT emission
curves of h-IAPP (20 uM) with (dashed line) and without (solid line) annexin A5 (4 uM). The solid and dashed lines are derived by nonlinear
regression analysis of three (1) experiments per group. (B) Time-dependent normalized ThT emission curves of 115ter a-synuclein (100 M) with
(solid line) and without annexin A5 (20 uM) (dashed line). The ThT curves are normalized to the maximal observed intensity at the end of each
aggregation reaction. Panels C and E show EM images of 100 uM h-IAPP (3000x magnification) and 115ter a-synuclein (6000x magnification)
fibrils, respectively, grown in the absence of annexin A5. Panels D and F show h- IAPP (4000x magnification) and 115ter a-synuclein (2000x
magnification) with annexin A5 in a 3:1 ratio. Amorphous protein aggregates and no fibrils are seen throughout the sample when amyloidogenic
proteins are observed in the presence of annexin AS. The inset shows a 15000x magnification to illustrate the absence of fibrils at higher

magnifications.

by a loss of the pronounced spin—spin interaction, further
illustrating that annexin AS alters the misfolding.

It should be noted that the EM, ThT, and EPR experiments all
used substoichiometric amounts of annexin AS5. Thus, annexin
A5 cannot merely act by binding to all available monomeric
amyloidogenic proteins. In fact, we found no detectable EPR
spectral changes when equimolar amounts of annexin AS were
mixed with freshly prepared, predominantly monomeric, spin-
labeled h-IAPP (data not shown). On the basis of these data, it is
likely that annexin AS alters misfolding by interacting with
misfolded subpopulations of the respective amyloidogenic pro-
teins that are on the aggregation pathway.

Annexin A5 Expression Reduces the Number of o.-Synu-
clein Inclusions in Vivo. Having established that annexin AS
can alter misfolding in vitro and protect proteins from toxicity
when added together exogenously with the amyloidogenic pep-
tide, we next asked whether annexin AS might also affect the
misfolding when co-expressed endogenously in the presence of a

cytosolic amyloidogenic protein, such as a-synuclein. Toward
this end, we chose C. elegans as a model system. Previous work
has shown that o-synuclein inclusions can be conveniently
visualized in C. elegans body wall muscles as fluorescent puncta
in animals expressing a-synuclein—Y FP fusion proteins (a-synu-
clein::YFP) (43, 44). Thus, we expressed full-length human
annexin A5 c¢cDNA in body wall muscles (using the myo-3
promoter) in animals overexpressing synuclein::YFP (under the
unc-54 promoter) (44) and compared the number of inclusions to
the number in control animals that were not expressing annexin
AS. We quantified the number of fluorescent puncta in muscles in
the head region that were brighter than background muscle
fluorescence. We found that muscles of animals expressing
annexin AS had a reduced number of fluorescent puncta com-
pared to nontransgenic controls (Figure 5). This effect is con-
sistent with a reduction in the level of formation of inclusions by
annexin A5 but could potentially be due to lower a-synuclein
protein levels in muscles. Thus, we examined the abundance of
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FiGure 4: EPR spectra of Rl-labeled h-IAPP and 115ter a-synu-
clein in the presence of annexin AS. To assess the effect of annexin AS
on amyloid misfolding, 20 uM annexin A5 was added to 100 uM spin-
labeled (A) h-IAPP (21R1) or (B) 115ter a-synuclein (52R 1) peptide
and allowed to form fibrils. The black spectra are for control amyloid
fibrils grown in the absence of annexin AS, and the gray spectra are
for amyloid fibrils grown in the presence of annexin A5. A sample of
115ter a-synuclein was incubated with lysozyme (C) to control for
structural effects caused by the presence of any large protein. All
spectra were normalized to the same number of spins.

synuclein::YFP in animals expressing annexin A5 compared to
controls. We found no change in normalized synuclein::YFP
protein levels in whole animal lysates (Figure 6A,B). To test
whether annexin A5 alters gene expression of o-synuclein from
this transgene, we examined if annexin A5 expression could alter
the abundance of another protein, YFP, expressed under the
same promoter used to drive a-synuclein expression. We found
no change in YFP abundance in whole animal lysates from
annexin A5-expressing animals compared to controls (Figure 6C,
D), confirming that annexin A5 does not alter gene expression of
the o-synuclein transgene. Thus, the reduction in the number
of fluorescent puncta is not a consequence of a reduced level of
o-synuclein expression but is consistent with the ability of
annexin A5 to directly affect o-synuclein misfolding.

DISCUSSION

In this study, we show that annexin A5 protects cultured
human islet tissue and f-cells by attenuating h-IAPP-induced
apoptosis. Consistent with these results, we found that annexin
A5 also reduces the number of inclusions of o-synuclein in an in
vivo model (C. elegans) of a-synuclein aggregation. Several lines
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FIGURE 5: Annexin AS expression decreases the number of a-synu-
clein inclusions in vivo. (A) Representative fluorescent images of
head muscles of transgenic young adult animals expressing either
o-synuclein::YFP alone (the pklIs2386 transgene) or a-synuclein::
YFP with human annexin A5 (pkIs2386; vjEx137). (B) False colored
images from panel A with red and purple representing the highest and
lowest pixel intensities, respectively. (C) Thresholded images from
panel A showing pixel intensities above background in green.
(D) Quantification of the number of inclusions above threshold per
pharynx averaged over 20 animals. Data from two independently
generated transgenic lines expressing annexin AS are shown. The
standard error is shown (p < 0.001).

of evidence show that annexin A5, in addition to its well-known
ability to interact with lipids (e.g., membrane phosphatidylserine)
and thereby potentially indirectly affecting misfolding and toxi-
city (32), directly interferes with the aggregation and misfolding
of h-IAPP and a-synuclein. First, annexin A5 alters h-IAPP and
115ter a-synuclein misfolding as judged by thioflavin fluores-
cence, electron microscopy, and EPR spectroscopy. Second, only
substoichiometric amounts of annexin AS are required to attenu-
ate the pro-apoptotic effects of h-IAPP, suggesting that interac-
tion of annexin A5 with a subset of h-IAPP molecules is sufficient
to exert these effects. Third, the EPR and electron microscopy
data show that the interaction of annexin A5 with h-IAPP and
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FIGURE 6: Expression of a-synuclein in annexin AS transgenic C. elegans. (A) Immunoblots of total protein extracts from control animals
containing no a-synuclein or annexin A5 (lane 1), a-synuclein transgene (lane 2), and a-synuclein with the annexin AS transgene (lane 3). The
samples were subjected to SDS—PAGE and Western blotting with anti-o-synuclein and anti-actin antibodies to detect whether the annexin A5
transgene alters the expression of a-synuclein. Actin (43 kDa) was used as a control. (B) a-Synuclein protein levels in animals with and without the
annexin A5 transgene. (C) Immunoblot of total protein extracts from animals containing YFP only (lane 1) and YFP with annexin AS (lane 2).
The samples were subjected to SDS—PAGE and Western blotting with anti-YFP and anti-actin antibodies to detect whether the annexin A5
transgene alters the expression of YFP. (D) YFP protein levels in animals with and without the annexin AS transgene.
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FIGURE 7: Model explaining the mechanism of annexin A5 action.
Annexin A5 alters misfolding and interferes with fibril formation.
This effect is caused by interaction with a subset of molecules, which
are generated during the misfolding process rather than a direct
interaction with the bulk monomer. The precise nature of the species
with which annexin AS interacts is not yet known, but it is likely that
they represent misfolded species that are directly on the pathway to
fibril formation.

a-synuclein molecules alters the aggregation pathway and in-
hibits the formation of the typical h-ITAPP and a-synuclein fibrils.
Thus, annexin A5 is likely to interact with a subset of h-IAPP and
a-synuclein molecules that are in a pathogenic conformation
and/or on the pathway toward fibril formation. Since these
results were found using two amyloidogenic proteins, we hypo-
thesize that annexin AS plays a more generalized protective role
for amyloid proteins (Figure 7).

Our cell culture and animal model studies show that annexin
AS can affect misfolding either when added exogenously or when
expressed endogenously. Annexin AS has been reported to be
present primarily intracellularly but also extracellularly (29, 30).
Since IAPP is synthesized in fS-cells and then stored in the
secretory vesicles, there probably is little intracellular interaction
between these molecules in a nondiabetic environment. In the
context of type 2 diabetes, an interaction of annexin A5 with
h-TAPP might occur outside (after exocytosis) as well as inside
p-cells (damaged vesicle membranes by aggregating h-IAPP).
These experiments do not resolve this issue. However, in the
experiments with isolated human islets and fS-cells in culture
presented here, it is likely that the extracellular presence of
annexin A5 directly prevented the formation of toxic protofi-
brillar species of applied h-IAPP. The data on annexin AS
concentrations in human cells are sparse, but the concentrations
applied to human islets in culture in these experiments (1 uM)
roughly correspond to those found intracellularly (29, 45). Lower

concentrations might be expected in the extracellular environ-
ment.

Animal models with transgenic expression of h-IAPP develop
a phenotype with islet amyloid, S-cell loss due to an increased
level of apoptosis and impaired S-cell function similar to those of
human type 2 diabetes (16, 46). The initial aggregation and
formation of toxic h-IAPP oligomers occur intracellularly
(23, 47, 48), corresponding to the location of high annexin A5
concentrations. It is, therefore, quite likely that intracellular
annexin A5 could directly interact with and alter the misfolding
of intracellular h-TAPP. This hypothesis should be directly tested
in future studies. The in vivo experiments with C. elegans provide
direct experimental evidence that annexin A5 is indeed effective
also in the intracellular compartment. In this model with
transgenic expression of annexin A5 and a-synuclein, the abun-
dance of intracellular inclusion bodies is reduced by annexin AS.
Thus, annexin A5 may be associated with the pathogenesis of
p-cell deficiency in diabetes mellitus and loss of dopaminergic
neurons in Parkinson’s disease, and further studies should test
this hypothesis.

In conclusion, the data presented here support the concept that
annexin A5 protects S-cells from h-IAPP-induced apoptosis by a
mechanism involving a direct interaction with h-IAPP and
alteration of its aggregation pathway. The in vivo model
(C. elegans) with transgenic expression of a-synuclein and
annexin A5 extends the relevance of this finding since this
mechanism is also operative with endogenous expression of
annexin A5 and another amyloidogenic protein. Therefore, it is
interesting to speculate that at least some members of the annexin
family of proteins might play a physiological role in protecting
cells from amyloid protein toxicity.
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