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S20G Mutant Amylin Exhibits Increased in Vitro
Amyloidogenicity and Increased Intracellular
Cytotoxicity Compared to Wild-Type Amylin
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Human amylin, a major constituent of pancreatic
amyloid deposits, may be a pathogenetic factor for
noninsulin-dependent diabetes mellitus (NIDDM). We
demonstrated that the human amylin S20G gene mu-
tation (S20G) was associated with a history of early
onset, more severe type of NIDDM, linking the amy-
lin gene to this disease. Also, we demonstrated that
expression of human wild-type (WT) amylin in COS-1
cells leads to intracellular amyloidogenesis and in-
duction of apoptosis, suggesting a possible mecha-
nism for disease induction. Therefore we compared
the abilities of S20G and WT amylin to induce apopto-
sis in transfected COS-1 cells and form amyloid in
vitro. We transfected the rat (RAT), mutated human
(MUT), WT, and S20G amylin genes into COS-1 cells
and measured apoptosis using fluorescent-activated
cell sorting analysis at 48, 72, and 96 hours. At 96
hours apoptosis increased significantly (P < 0.01) in
cells transfected with WT and S20G over RAT or MUT
(WT, 19%; S20G, 25%; RAT, 13%; and MUT, 12%) and
the difference between WT and S20G was significant
(P < 0.05). Synthetic WT and S20G monomeric pep-
tides were used to generate amyloid fibrils in vitro as
measured by the thioflavin T binding assay. The S20G
amylin formed approximately twofold more amyloid
at a rate approximately threefold higher than WT.
Electron micrography indicated that the in vitro amy-
loid generated by WT and S20G amylins were mor-
phologically indistinguishable. The results suggest
that increased cytotoxicity by S20G is because of in-
creased amyloidogenicity, which may be a causative
factor in the early development of NIDDM, possibly
through loss of 8 cell mass. (Am J Pathol 2000,
157:2101-2109)

Noninsulin-dependent diabetes mellitus (NIDDM, or type
Il diabetes) is characterized by continuous hyperglyce-
mia that results from insulin resistance in peripheral cells,
particularly muscle, adipose tissue, and liver, or B cell
dysfunction in pancreatic islets.”? It is a complex, multi-
factorial disease, which results from an interaction be-
tween several hereditary and environmental factors.’?
Although susceptibility genes associated with certain
types of diabetes have been reported, the majority of
genetic factors which can be attributed to the develop-
ment of the major form of NIDDM, represented by late-
onset disease are still unknown."? For example, in the
relatively rare maturity onset diabetes of the young, or
MODY, mutations in five genes have been shown to play
causative roles.® These genes include glucokinase
(MODY2), hepatic nuclear factor-1a (HNF-1a; MODY3),
hepatic nuclear factor-4a (HNF-4a; MODY1), insulin pro-
moter factor 1 (IPF-1; MODY4) and hepatic nuclear fac-
tor-18 (HNF-18; MODY5). Nevertheless, these five genes
only account for a small percentage of MODY cases and
the possibility that any of these genes is associated with
late-onset NIDDM has been excluded.? Although very
rare instances of NIDDM have been associated with mu-
tations in the genes for insulin, insulin receptor, mitochon-
drial tRNA-Leu, and the GLUT2 glucose transporter,? the
genetic factors that account for late-onset NIDDM are
unknown. Given the apparent heterogeneity of the dis-
ease, it is likely our understanding of the genetics of
late-onset NIDDM will require a very extensive genetic
screening effort.

In previous studies of Japanese families, who exhib-
ited a relatively early age onset of NIDDM (=35 years),
we reported the missense S20G mutation of the human
amylin gene.* Human amylin (or islet amyloid polypep-
tide) is a 37 amino acid peptide derived from a larger
precursor, that is co-secreted with insulin from B cells.®®
Amylin has 46% identity with calcitonin gene-related pep-
tide and has been implicated in regulating insulin and

This study was supported in part by a National Institutes of Health Grant
DK56890 (to N. L. E.), a Grant-in Aid for Creative Basic Research
(10NPO201) from the Ministry of Education, Science, Sports, and Culture,
Japan (to K. N.), and Health Science Grants from the Ministry of Health
and Welfare in Japan (to T.S.).

Accepted for publication August 24, 2000.

Address reprint requests to Norman L. Eberhardt, Division of Endocri-
nology, Department of Medicine, 5-194 Joseph, Mayo Clinic, 200 First St.,
SW, Rochester, MN 55905. E-mail: eberhardt@mayo.edu.

2101



2102 Sakagashira et al
AJP December 2000, Vol. 157, No. 6

glucose metabolism,”® although its precise function is

unknown. Of the 12 patients carrying the S20G amylin
mutation, eight had severe, early-onset disease with a
family history of late-onset NIDDM. The other four patients
developed mild NIDDM after age 51 and did not have
family histories of diabetes. These data clearly implicate
the amylin gene itself as a causative factor in the genesis
of NIDDM; however, the incomplete penetrance associ-
ated with the mutation suggests that other genes are also
likely to be involved. That the amylin gene product was a
causative factor in the disease phenotype was strength-
ened by a high pressure liquid chromatography analysis
of the peptide, which confirmed the amylin-like immuno-
reactivity in the postprandial plasma extracted from af-
fected patients and indicated that the bulk (84%) of the
amylin was represented by the S20G mutant.* This indi-
cates that the mutant amylin is expressed efficiently in
vivo, and suggests the possibility that its rate of metabolic
clearance is lower than wild type (WT); however, we
cannot exclude the possibility that its overall rate of syn-
thesis is higher than WT amylin.

From a pathogenetic viewpoint, one of the prominent
features of amylin is its ability to form amyloid fibrils. The
fibrils represent highly ordered rod-shaped structures
that contain large amounts of cross B-pleated sheet
structures. These have been shown to be the constituent
peptide of islet amyloid deposits, which are character-
ized by birefringence under polarizing light with Congo
red staining and which are detected in the pancreata of
70 to 90% of NIDDM patients at autopsy along with up to
50% loss of B cell mass.® It has been demonstrated that
the region between amino acids 20 to 29 are responsible
for the highly amyloidogenic character of human amylin,
properties which are not shared by rodent amylins.® In-
terestingly, the S20G mutation, substituting a glycine for a
serine makes the 20 to 29 region even more hydrophobic,
suggesting that this mutation might have increased amy-
loidogenic characteristics, which may somehow be tied
to the pathogenesis of NIDDM.

We previously demonstrated that COS-1 cells express-
ing human WT amylin exhibited intracellular amyloid de-
posits that were correlated with cell death by an apopto-
tic mechanism. Cells that expressed nonamyloidogenic
rat amylin or mutated human amylin were shown to be
present within the endoplasmic reticulum and Golgi ap-
paratus, but did not induce apoptosis.'®'" Immunohisto-
chemical analyses demonstrated that the amyloid depos-
its accumulated in the endoplasmic reticulum and the
Golgi apparatus. These results suggested that intracel-
lular amyloid accumulation activated specific intracellular
apoptotic signaling pathways,”” and suggested that
such a mechanism might be involved in the loss of B cell
mass in NIDDM and thereby contributing to the genesis
of NIDDM. We therefore undertook the current study to
compare directly the cytotoxic and amyloidogenic prop-
erties of WT and S20G amylin. The data indicate that
S20G is a more potent intracellular cytotoxin than is WT
amylin. The enhanced cytotoxicity is correlated with the
enhanced ability of the S20G mutant amylin to form amy-
loid fibrils in vitro. The data provide further support for the
concept that intracellular amyloid formation may be a
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Figure 1. Amino acid sequence of human WT, S20G, and MUT, and RAT
amylin. Only the amino acids that differ are shown. The underlined se-
quence between amino acids 20 to 29 represents the amyloidogenic do-
main.”

pathogenetic factor in B cell pathophysiology and the
genesis of NIDDM.

Materials and Methods

Plasmids

Human WT amylin cDNA® was excised with Hindlll/Kpn!
and subcloned into pKF19K."® The S20G amylin cDNA,
containing the AGCS®" to GGC®Y mutation, was gener-
ated by site-directed mutagenesis using Mutan-Super
Express K, Kit (Takara, Shiga, Japan) and mutagenic
oligonucleotide:  5’-AGTTCATTCCGGCAACAACTTTG-
3'. WT and S20G cDNA fragments were isolated by Hin-
dlll/Sacl digestion, blunt-ended, and subcloned into the
PMT2 expression vector.'® The pMT2 plasmids contain-
ing rat amylin cDNA (pMT2-RAT) and a mutated,
nonamyloidogenic human amylin (pMT2-MUT), convert-
ing amino acids AILSS (residues 25 to 29) to PVLPP have
been previously described (Figure 1).7%""

Cell Culture and Transfection

COS-1 cells were purchased from American Type Cell
Culture Collection (Rockville, MD) and grown in Dulbec-
co’s modified Eagle medium (Hyclone, Logan, UT) sup-
plemented with 10% Fetal Clone Il (Hyclone), 100 U/ml of
penicillin (Life Technologies, Inc., Rockville, MD), 100
pg/ml of streptomycin-sulfate (Life Technologies, Inc.)
and 2 mmol/L of L-glutamine at 37°C in 100% humidified
air containing 5% CO.. All cells in the present study were
used within passage 20. Cells were rinsed with 5 ml of
phosphate-buffered saline (PBS; Life Technologies, Inc.)
and harvested by trypsinization with 0.5X trypsin-ethyl-
enediaminetetraacetic acid solution (Sigma, St. Louis,
MO) in PBS. Cells were collected by centrifugation
(1,500 X g for 5 minutes), washed with PBS, and resus-
pended at 1.5 X 107 cells/ml with Cytomix'2 (120 mmol/L
KCI, 0.15 mmol/L CaCl,, 10 mmol/L K,HPO,/KH,PO,, 25
mmol/L HEPES, pH 7.6, 2 mmol/lL EGTA, 5 mmol/L
MgCl,). Cells (3.0 x 10°) were mixed with 200 ul of
Cytomix and 7 to 10 ug of plasmid DNA and incubated
on ice for 20 minutes. The cells were electroporated at
960 uFarad and 250 volts (Gene Pulser; Bio-Rad Labo-
ratories, Hercules, CA) in standard 4-mm cuvettes (Bio-
Rad). Transfected cells were cultured in 12 ml of medium
in 10-cm tissue culture dishes and media was changed
24 hours after electroporation. Positive apoptosis controls



were generated by treating cells with tunicamycin (10
png/ml).

Apoptosis Assay

Apoptosis was assessed by Annexin-V binding to phos-
phatidylserine residues exposed on the cell surface and
detection by fluorescent-activated cell sorting (FACS)."?
Intercalation of 7-amino actinomycin-D (7-AAD; Molecu-
lar Probes, Eugene, OR) into DNA was used to identify
cells whose membrane integrity was lost, distinguishing
cells that are dying by necrosis or damaged while har-
vesting. Cells were harvested by trypsinization and
pooled with their culture medium containing floating cells
that had lost their adherent properties during apoptosis.
Cells were pelleted by centrifugation (1,500 X g for 5
minutes) at room temperature and washed with 2 ml of
ice-cold PBS and 2 ml of ice-cold binding buffer (10
mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 5 mmol/L KCI,
1 mmol/L MgCl,, 1.8 mmol/L CaCl,). Cells were resus-
pended with 300 ul of binding buffer and 50 ul of cells
(0.5 to 1.0 x 10°) were aliquoted for labeling. Prepared
samples were incubated in 100 ul of binding buffer con-
taining 8 wg/ml of Annexin-V-biotin conjugate (Trevigen,
Inc., Gaithersburg, MD) in the dark for 20 minutes and
washed with 1 ml of binding buffer. Samples were incu-
bated in 100 wl of binding buffer containing 8 pg/ml
streptavidin-phycoerythrin (PE) (Molecular Probes) and 5
pg/ml 7-AAD and then washed under the same condi-
tions. Finally, samples were resuspended with 400 ul of
binding buffer and analyzed within 2 hours of labeling.
FACS was performed on a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA). FACS gating based
on the forward and side scatter was used to exclude
cellular debris and larger aggregates. In each case
30,000 = 2,000 cells/sample were analyzed with Cell
Quest software (Becton Dickinson).

Amylin Radioimmunoassay (RIA)

Cells were pelleted by centrifugation (13,000 X g for 10
seconds) and resuspended in the cell lysis buffer (10
mmol/L NaH,PO,, pH 7.6, 80 mmol/L NaCl, 25 mmol/L
ethylenediaminetetraacetic acid, 0.01% NaNj, 0.05% Triton
X-100, 0.002 mg/ml antipain hydrochloride (Sigma), 0.05
ma/ml elastatinal (Sigma), and 0.0008 mg/ml leupeptin (Sig-
ma) on ice. Pelleted cells were homogenized by sonication
in the cell lysis buffer on ice and cell debris was removed by
centrifugation (13,000 X g for 15 minutes). Protein concen-
tration of the supernatant was determined by colorimetric
assay using the Detergent Compatible Protein Assay Kit
(Bio-Rad). Amylin concentrations in cell lysates were per-
formed by RIA according to a modification of the method of
Permert et al.' Briefly, cell lysates were extracted with
Sep-Pak C18 (Waters, Franklin, MA). The extracts were
evaporated to dryness and the residues were resuspended
with RIA cell lysis buffer as described above with 0.25% of
bovine serum albumin (BSA). Amylin levels in the extracts
were determined by RIA using ['#°[]-radiolabeled synthetic
human amylin (1-37) prepared by the lodogen method and
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rabbit anti-human amylin antibody (Peninsula Laboratories,
Belmont, CA). The antibody reacted equally well with syn-
thetic human and rat amylin amides, and nonamidated
forms of human WT and S20G amylin. The recovery of S20G
and rat amylin extracts through Sep-Pak C18 were in the
range of 70 to 80% (data not shown). The sensitivity of this
assay system for amylin determination in cell lysates was
2.5 fmol/ug protein.

In Vitro Amyloidogenesis Assay

WT and S20G amylin peptides were synthesized using
solid phase methods by the Mayo Protein Core Facility
(Rochester, MN) on an ABI 433A Peptide Synthesizer (PE
Biosystems, Foster City, CA) using Fmoc/HBTU/HOBH/
DIPEA chemistry. The amylin peptides were deprotected
and removed from the polystyrene resin by treatment with
a mixture of 90% trifluoroacetic acid (TFA), 5.0% water,
2.5% ethanedithiol, 2.5% thioanisole for 90 minutes in the
dark at room temperature. Each peptide was washed by
precipitation in 3 X 50 volumes of cold methyl t-butyl
ether, and then purified by high-temperature reversed
phase high pressure liquid chromatography at 60°C on a
Vydac C18 column (2.1 X 25 cm) in 0.1% TFA-water with
a 60-minute gradient of 10 to 80% acetonitrile in 0.1%
TFA. The disulfide bond at Cys-2 and Cys-7 was formed
by iodine oxidation in 80% acetic acid for 6 hours at 20°C.
The iodine and excess reagents were extracted from the
oxidized peptide with CCl, and the peptides were puri-
fied by reverse phase high pressure liquid chromatogra-
phy at 60°C as described above. WT and S20G peptides
were analyzed for in vitro amyloid formation by a modified
thioflavin T (ThT) binding assay.'® Briefly, each peptide
was dissolved in dimethyl sulfoxide at a final concentra-
tion of 1 mmol/L and then diluted with 10 mmol/L Tris-HCI,
pH 7.5, 100 mmol/L NaCl, in a final volume of 400 ul so
that the final concentration of each peptide was 10 or 25
pmol/L and the dimethyl sulfoxide concentration was 5%
(v/v). Reaction mixtures were stirred constantly at room
temperature in 1.5-ml cryogenic screw cap tubes, whose
inside wall was treated with Sigmacote (Sigma). Fluores-
cence was measured on a SLM 8000 spectrofluorometer
(Spectronic Instruments, Inc.). Excitation and emission
wavelengths were 450 and 485 nm, respectively. For
each time point duplicate 5-ul aliquots of the reaction
mixture were mixed with 1.5 ml of 1 wmol/L ThT (Sigma)
and 50 mmol/L of glycine/NaOH, pH 9.0, in quartz cu-
vettes. The emitted fluorescence of each sample was
measured at 30-minute intervals for 2 hours, and hourly
thereafter for 8 hours.

Electron Microscopy

Synthetic WT and S20G peptide suspensions from the
ThT assays were applied to the surface of Formvar-
coated carbon grids and negatively stained with 1%
phosphotungstic acid, pH 8.0. The specimens were ex-
amined with a JEOL-1200 EXII transmission electron mi-
croscope operated at 40 to 80 kV. Photomicrographs of
each peptide were taken for morphological comparison.
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Measurements of amyloid fibrils were taken from en-
larged prints using standard calibration bars.

Statistical Analysis

Data were subjected to repeated measures or one-way
analysis of variance analysis using post hoc Bonferroni/
Dunn. Error bars represent standard errors.

Results

WT and S20G Amylin Expression Differentially
Induce Apoptosis in COS-1 Cells

In separate studies we have established that cultured
BTC-3 cells, a mouse pancreatic B cell line, display vir-
tually the same sensitivity toward intracellular amyloido-
genesis and subsequent cell death as COS-1 cells (Hid-
dinga HJ, Shakagashira S, and Eberhardt NL,
unpublished observations), indicating that the differ-
ences in secretory capacity between these two cell lines
does not abrogate amyloid-induced cell death. Because
COS-1 cells are much easier to maintain in cell culture,
we elected to compare the behavior of the S20G and WT
amylins in this cell line. We first examined the relative
apoptosis in COS-1 cells induced by the expression of
WT and S20G amylin using FACS analysis. We used
PE-conjugated Annexin-V as a probe to detect exposed
phosphatidylserine on the outer layer of cell membranes
during early apoptosis.’ Simultaneously 7-AAD that in-
tercalates into DNA was used to identify cells dying by
necrosis or by physical damage. We previously demon-
strated that amyloid accumulated in transfected COS-1
cells after 72 to 96 hours and was correlated with the
occurrence of pycnotic nuclei'® and apoptosis'" within
this same time period. Accordingly, we examined apo-
ptosis by FACS analysis at 48, 72, and 96 hours after
transfection with  pMT2 control vector, pMT2.WT,
pMT2.520G, pMT2.RAT, and pMT2.MUT expression cas-
settes in COS-1 cells. COS-1 cells transfected with pMT2
vector (Figure 2A) showed little change in the number of
apoptotic cells at all time points. Similar results were
obtained after transection of the nonamyloidogenic
pMT2.RAT and pMT2.MUT expression cassettes (Figure
2, D and E). In contrast, when COS-1 cells were trans-
fected with pMT2.WT and pMT2.S20G expression vec-
tors, there was a twofold to threefold increase in the
number of apoptotic cells at 72 and 96 hours compared
to control or pMT2.RAT and pMT2.MUT transfected cells
(Figure 2, B and C).

Composite histogram profiles of the percentage of ap-
optotic cells from several experiments are shown in Fig-
ure 3. The percentage of apoptotic cells was calculated
by the gated number of AnnexinV-PE-positive cells di-
vided by the total number of cells. The number of An-
nexin-PE-positive and 7-AAD-positive cells representing
the late apoptotic/necrotic cells was <5% in all samples
(data not shown) and are included in the histogram plots
shown in Figure 3. No significant difference between any
of the groups was observed at 48 hours. At 72 hours

there was a significantly larger number of cells in the
early apoptotic stage when transfected with pMT2.520G
than with pMT2 or pMT2.MUT (P < 0.05) but not signifi-
cant when compared with pMT2.RAT or pMT2.WT trans-
fections. At 96 hours after transection with pMT2.WT and
pMT2.520G there were significantly higher levels of ap-
optosis than with pMT2, pMT2.RAT, and pMT2.MUT (P <
0.01). In addition, pMT2.520G-transfected cells showed
significantly (P < 0.05) higher levels of apoptosis than
cells transfected with the pMT2.WT at both 72 and 96
hours. These results support the concept that expression
of the different amylin forms might have a direct link to
cell apoptosis and that the S20G mutant is a more potent
intracellular cytotoxin than WT amylin. This concept is
supported by our previous results demonstrating that
inhibition of amylin expression by co-transection of the
antisense pMT2.WT DNA blocked apoptosis.'' Accord-
ingly, it was important to compare the levels of expres-
sion of WT and S20G amylin peptide expression, to be
able to compare their relative cytotoxicity. Thus we next
measured the levels of exogenously expressed WT and
S20G amylin in COS-1 cells by RIA.

Content of WT and S20G Amylin in COS-1 Cells

COS-1 cell lysates were measured by RIA to determine
the expression levels of WT, S20G, MUT, and RAT amylin
peptides (Figure 4). In cell lysates transfected with pMT2
plasmid the levels of amylin were below the sensitivity of
the assay (5 fmol/ung) at all time points. Importantly, there
were no significant differences between the level of ex-
pression of WT and S20G amylin (Figure 4), indicating
that the differences observed in the induction of apopto-
sis in transfected COS-1 cells (Figure 3) were attributable
to differences in cytotoxicity between WT and S20G amy-
lin. Nevertheless, significant differences between the ex-
pression of either MUT or RAT and S20G and WT were
observed at later time points when significant apoptosis
occurred. At 48 hours there were no significant differ-
ences among MUT, RAT, WT, and S20G amylin levels. At
72 hours, the levels of WT and S20G were both signifi-
cantly lower than that of MUT or RAT (P < 0.01). At 96
hours, the levels of WT and S20G amylin were signifi-
cantly lower than that of MUT (P < 0.05) but not that of
RAT. The general trend for decreased expression of all
peptides from 48 to 96 hours may be attributed in part to
the degradation of the plasmid DNA,'® effectively reduc-
ing the levels of DNA template from which to generate
mRNA. However, the larger decline in amylin levels in
cells transfected with either the S20G or WT expression
cassettes are more likely attributed to increased DNA
degradation, decreased protein synthetic capacity, and
increased protein degradation as a result of the apopto-
sis that is induced in these cells.’” Attempts to measure
the amounts of amylin secreted by the cells were pre-
vented because of the presence of an interfering sub-
stance in the medium. However, as we have previously
demonstrated that the secreted extracellular amylin is not
cytotoxic,' the relative levels of intracellular amylin are
more important in comparing the relative expression. It
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Figure 2. Induction of apoptosis in COS-1 cells expressing intracellular WT and S20G. FACS analysis was performed at 48, 72, and 96 hours using COS-1 cells
labeled with AnnexinV-PE after transfection with pMT2 vector (A), pMT2.WT (B), pMT2.520G (C), pMT2.RAT (D), and pMT2.MUT (E). AnnexinV-PE-positive
cells, representing early stage apoptotic cells, are delineated by the bar designated M1.

should be emphasized that because of the apoptosis
occurring in the later time points, increased DNA and
protein degradation as well as decreased protein syn-
thetic capacity may skew the normalized amylin content
values. Accordingly, determination of the amylin contents
at 48 hours, before any significant apoptosis, provides
the best measure of assessing individual peptide expres-
sion in the various transfected cells.

In Vitro Characterization of Amyloid Formation
by WT and SG20 Amylin

To assess the amyloidogenic properties of WT and S20G
directly, we measured ThT binding to in vitro-generated
amyloid fibrils from the two synthetic peptides. This assay
has been well characterized for a variety of amyloido-
genic substrates'®2° and we have used it previously to
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Figure 3. Histogram profiles of the induction of apoptosis in COS-1 cells
transfected with pMT2 vector (open bars), pMT2.MUT (cross-hatched
bars), pMT2.RAT (shaded bars), pMT2.WT (diagonal hatched bars), and
PpMT2.520G (solid bars) after 48, 72, and 96 hours. The Annexin-positive
and 7-AAD-positive cells representing the late apoptotic or necrotic cells
accounted for <5% of the cells in all samples (data not shown). Statistically
significant differences are indicated by * (P < 0.05) and ** (P < 0.01). Error
bars are standard errors. The data represent the average of seven indepen-
dent experiments.

monitor the amyloid formation by WT amylin®' and the
Alzheimer AB,_,, peptide.’ We used newly synthesized
WT and S20G amylin that were prepared under identical
reaction and purification conditions, as well as oxidation
of the C2-C7 disulfide bond. Unlike our previous WT
peptide that required BSA and Triton X-100 in the reac-
tion mixture to enable observation of the efficient gener-
ation of amyloid fibrils that bound ThT, the newly synthe-
sized peptides formed amyloid efficiently in the absence
of BSA/Triton X-100. In the absence of BSA/Triton X-100,
there was a well-behaved time- and concentration-de-
pendent (25, 50, and 100 umol/L) increase in ThT binding
up to 8 hours after initiating the reaction (Figure 5). Al-
though the data in Figure 5 suggest that the reaction had
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Figure 4. RIA analysis of intracellular WT (solid square), S20G (solid
circle), MUT (solid triangle), and RAT (solid diamond) amylin peptide
expression in COS-1 cell lysates after transection with the appropriate ex-
pression cassette for 48, 72, and 96 hours. Statistically significant differences
are denoted by single (P < 0.05) and double (P < 0.01) asterisks. The data
represent the average of seven independent experiments. Error bars repre-
sent standard errors.
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Figure 5. In vitro generation of amyloid by WT and S20G synthetic peptides
as assessed by a ThT binding assay. Open and closed squares represent 10
pmol/L and 25 pmol/L of WT, respectively Open and closed circles
represent 10 and 25 umol/L of S20G, respectively. The data represent the
average results from three independent experiments. Error bars represent
standard errors.

reached a plateau by 8 hours, there were much smaller
increases in the fluorescence up to 48 hours (data not
shown). The exact reason for the difference in peptide
behavior in the different buffer conditions is not known,
but we suspect that more efficient C2-C7 disulfide bond
formation in the latest preparations may have reduced
amorphous aggregation, that can lead to a loss of sub-
strate for the generation of amyloid fibrils. All of the stud-
ies reported here were performed in the absence of
BSA/Triton X-100.

After an initial lag of ~1 hour ThT fluorescence of WT
amylin showed nearly linear increases up to 8 hours
(Figure 5). In contrast, there was a much greater increase
in the fluorescence signal with S20G amylin. After a 30-
minute lag the S20G fluorescence signal increased more
rapidly than that of WT and nearly attained the maximal
levels after 2 hours (Figure 5). The maximum fluores-
cence signal attained by S20G was approximately two-
fold higher that of WT. T,,max (time to achieve half-
maximal fluorescence signal) of S20G and WT were 1
and 3 hours, respectively. With both peptides, the kinet-
ics showed dose-dependent behavior and both exhibited
lag-times before the main amyloid assembly reaction
leading to a plateau. The lag time probably reflects the
time necessary for significant seed formation, after which
the formation of amyloid proceeds relatively rapidly.??
These results confirm our previous preliminary report that
S20G had significantly higher affinity than WT in a Congo
red binding absorption assay (unpublished results).
These results indicate that S20G is more highly amyloi-
dogenic than WT amylin.

Electron micrographs of the in vitro-generated amyloid
from WT and S20G amylin are shown in Figure 6, A and
B. In both cases filamentous amyloid fibers were de-
tected with diameters between 5 to 10 nm and fibril
windings and branches could be observed. No signifi-
cant morphological differences were observed between
WT or S20G amyloid, confirming previous preliminary
data (unpublished results).



Figure 6. Electron microscopy of in vitro-generated amyloid fibers from
synthetic WT (A) and S20G (B) amylin. Scale bars, 100 nm.

Discussion

In the present study, we have compared the cytotoxic
and amyloidogenic properties of human WT and S20G
mutant amylin. The studies address the hypothesis that
altered S20G amyloidogenic properties might represent
the basis for its association with early onset, more severe
NIDDM. Examination of 294 unrelated patients with
NIDDM in the Japanese population revealed that the
S20G mutation was present with a relative frequency of
41%.* However, when limited to relatively early-onset
diabetes with age of onset (<35 years), the relative fre-
quency increased to ~10%. From clinical data and ped-
igree analysis of the affected patients, it seems that the
S20G mutation may create mild glucose intolerance on its
own. However, when this mutation is combined with other
presently unknown susceptibility gene(s) for late-onset
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NIDDM, it may contribute to accelerate the age of onset
and severity of disease. Recent studies from our labora-
tory have raised the question whether WT amylin itself
might contribute to the pathogenesis of NIDDM through
its inherent tendency to form amyloid fibrils which may
disturb B cell function, possibly leading to the apoptosis
of affected cells.”®'" Although the mechanism(s) by
which S20G amylin contributes to the development of
NIDDM is unclear, we reasoned that comparative studies
of the amyloidogenicity and cellular cytotoxicity of WT
and S20G amylin would be a first step in examining its
potential role in the development of NIDDM. That the
amyloidogenic properties of the mutant amylin might be a
potential pathogenic factor, is supported by the fact that
the relatively hydrophobic amino acid 20 to 29 region has
been shown to be responsible for amyloid formation.®
Thus the S20G mutation would result in an even more
hydrophobic amyloidogenic domain, suggesting that this
peptide might be more highly fibrillogenic. Therefore, in
this study we compared the cytotoxicity of intracellular
S20G with WT amylin expression in COS-1 cells and
assessed their ability to form amyloid fibrils in vitro.

As in our previous studies apoptosis was induced in
COS-1 cells at 72 to 96 hours after transfection and
increased apoptosis was only observed with amylin pep-
tides that were amyloidogenic.’®"" Although S20G-in-
duced apoptosis was greater than WT at 72 hours, this
difference did not reach statistical significance until 96
hours (Figure 3). That the increased apoptosis was be-
cause of enhanced intracellular cytotoxicity of S20G was
confirmed by analysis of intracellular peptide expression
levels by RIA, which established that equivalent WT and
S20G expression occurred over the course of the study
(Figure 4). At 48 hours the levels of S20G, WT, RAT, and
MUT peptides were indistinguishable. However, by 72
and 96 hours WT and S20G peptide expression de-
creased sharply and was coincident with the induction of
apoptosis. These findings suggested that expression of
the amyloidogenic WT and S20G might retard normal
cellular metabolism. Whether such metabolic perturba-
tion precedes or follows the induction of apoptosis is not
known; however, the data suggest that reduction of B-cell
protein synthetic capacity, including that of insulin, be-
fore the onset of apoptosis could represent another
mechanism by which intracellular amyloid formation
could contribute to the pathogenesis of NIDDM. Like our
previous studies, @' the levels of secreted WT and
S20G amylin detected in cell culture medium by RIA were
several thousand-fold lower than the levels of WT amylin
required to induce cell death by adding amylin directly to
cultured cells.?32% Thus, like WT the cytotoxicity of S20G
amylin seems to be because of its intracellular expres-
sion and possible accumulation of intracellular amyloid.

In considering mechanisms by which amylin may con-
tribute to the genesis of NIDDM, the amyloidogenic prop-
erties of the peptide are a prominent feature. NIDDM
patients demonstrate the characteristic islet amyloidosis
in high prevalence.® On the other hand in rodents that
express a nonamyloidogenic amylin, islet amyloidosis is
not observed. Although it has long been considered that
the amyloidosis observed in post mortem pancreatic is-
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lets is a bystander effect unrelated to the pathogenesis of
NIDDM, recent advances in other diseases associated
with amyloidoses are causing reexamination of this issue.
For example, rare mutations in the APP gene which result
in the increased proteolytic processing and generation of
the highly amyloidogenic AB,_,, peptides have been
clearly associated with premature onset Alzheimer’s dis-
eases®® and evidence for increased levels of these amy-
loidogenic peptides in Alzheimer's disease has been
found.?®2” Accordingly, our finding that S20G peptides
form amyloid in vitro rapidly and more efficiently than WT
amylin (Figure 5), provides a strong association between
the cytotoxicity after intracellular expression (Figure 3)
and the association of the S20G mutation with early-onset
and severe NIDDM in individuals with a family history of
late-onset NIDDM.

It should be emphasized that although our data indi-
cate that increased amyloidogenicity is associated with
increased cytotoxicity, the data do not allow the conclu-
sion that amyloid fibrils per se are the pathogenic factor.
Several lines of evidence gathered from other diseases
that are associated with the accumulation of amyloid
fibrils have given rise to the suggestion that a protofibrillar
intermediate might be the pathogenic factor.?® Accord-
ing to this model the amyloid produced from the protofi-
brillar intermediate might even serve as a protective
mechanism, because it would serve to remove or neu-
tralize the protofibrils. In support of this concept, studies
of B cells of transgenic mice homozygous for the human
amylin gene, which spontaneously develop diabetes mel-
litus, seem to lack amyloid deposits, but do contain amor-
phous intra- and extracellular aggregates.®® In addition,
smaller islet amyloid polypeptide aggregates derived
from freshly prepared amylin solutions, but not larger,
mature amyloid deposits, have been shown to be cyto-
toxic when added to dispersed mouse and human islet
cells, provoking the formation of abnormal vesicle-like
membrane structures in association with vacuolization
and cell death.?®

Several groups have reported that there exists a racial
difference in prevalence and clinical character of the
patients who possess the S20G mutation.®°~32 |t is natu-
ral that the onset of NIDDM is affected by racial back-
ground and circumstances because it is a multifactorial
and genetically heterogeneous disorder. Needless to
say, it is not a common mutation, nor is it likely to repre-
sent a single gene that can cause diabetes, because
there is incomplete phenotypic penetration in individuals
that possess the genotype.” Thus the S20G mutation
seems to mimic the situation observed with MODY, be-
cause each of the genes that have been shown to be
involved in the pathogenesis of this diseases accounts
for only a few percent of all MODY cases and the clinical
features of MODY also vary among different races.332¢

In summary we have compared the intracellular cyto-
toxicity and in vitro amyloidogenicity of human WT and
S20G amylin. In comparison to WT, S20G amylin pos-
sessed elevated amyloidogenicity and increased intra-
cellular cytotoxicity in transfected COS-1 cells. These
studies suggest that the increased amyloidogenicity and
intracellular cytotoxicity may be linked to the pathogen-

esis of early onset, relatively severe NIDDM found in
patients with this genotype, who also have a family history
of late-onset NIDDM. Further studies will be required to
understand this relationship in more detail.
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