L T

/

1\

=y

Islet amyloid polypeptide toxicity and

membrane interactions

Ping Cao®, Andisheh Abedini®, Hui Wang?, Ling-Hsien Tu?, Xiaoxue Zhang?® Ann Marie Schmidt™",

and Daniel P. Raleigh®"

2Department of Chemistry, Stony Brook University, Stony Brook, NY 11794-3400; and PDiabetes Research Program, New York University School of Medicine,

New York, NY 10016

Edited* by William F. DeGrado, University of California, San Francisco School of Pharmacy, San Francisco, CA, and approved October 4, 2013 (received for

review March 27, 2013)

Islet amyloid polypeptide (IAPP) is responsible for amyloid forma-
tion in type 2 diabetes and contributes to the failure of islet cell
transplants, however the mechanisms of IAPP-induced cytotoxicity
are not known. Interactions with model anionic membranes are
known to catalyze IAPP amyloid formation in vitro. Human IAPP
damages anionic membranes, promoting vesicle leakage, but the
features that control IAPP-membrane interactions and the connec-
tion with cellular toxicity are not clear. Kinetic studies with wild-
type IAPP and IAPP mutants demonstrate that membrane leakage
is induced by prefibrillar IAPP species and continues over the
course of amyloid formation, correlating additional membrane dis-
ruption with fibril growth. Analyses of a set of designed mutants
reveal that membrane leakage does not require the formation of
p-sheet or a-helical structures. A His-18 to Arg substitution enhan-
ces leakage, whereas replacement of all of the aromatic residues
via a triple leucine mutant has no effect. Biophysical measure-
ments in conjunction with cytotoxicity studies show that nonamy-
loidogenic rat IAPP is as effective as human IAPP at disrupting
standard anionic model membranes under conditions where rat
IAPP does not induce cellular toxicity. Similar results are obtained
with more complex model membranes, including ternary systems
that contain cholesterol and are capable of forming lipid rafts. A
designed point mutant, 126P-IAPP; a designed double mutant,
G24P, 126P-IAPP; a double N-methylated variant; and pramlintide,
a US Food and Drug Administration-approved IAPP variant all in-
duce membrane leakage, but are not cytotoxic, showing that there
is no one-to-one relationship between disruption of model mem-
branes and induction of cellular toxicity.

myloid formation is a key feature of a range of diseases

including Alzheimer’s disease, Parkinson’s disease, systemic
amyloidosis, and type 2 diabetes (T2D) (1, 2). Islet amyloid poly-
peptide (IAPP, amylin) forms amyloid deposits in the pancreas in
T2D. Islet amyloid, or species produced during islet amyloid for-
mation, is toxic to cultured p cells in vitro (3-6). Increasing evi-
dence highlights a role for p-cell loss in T2D, making islet amyloid
deposition clinically relevant as it is an important contributor to the
decline in B-cell mass (7). IAPP amyloid formation is also a factor
in the failure of islet cell transplants, and prevention of amyloid
formation enhances graft survival (8, 9).

IAPP is stored with insulin in the p-cell secretory granules, and
is cosecreted in response to the same stimuli that lead to insulin
release (10, 11). The polypeptide plays a role in the control of
adiposity, gastric emptying, glucose homeostasis, and other
metabolic activities (12, 13). IAPP is 37 residues in length, has a
disulfide bond between Cys-2 and Cys-7, and has an amidated C
terminus. The hormone is relatively hydrophobic, but is cationic
at physiological pH due to its free N terminus, Lys-1, Arg-11, and
His-18 (Fig. 1).

The basis of IAPP-induced cytotoxicity is not fully understood,
despite its clinical importance, and a wide range of mechanisms
have been proposed. These include receptor-mediated mecha-
nisms, ER stress, defects in autophagy, increased production of
proinflammatory cytokines, and permeabilization of the plasma
and mitochondria membranes (6, 13). Membrane disruption has
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attracted considerable interest, and a range of studies have ex-
amined interactions of IAPP with model membranes. Vesicles
containing a significant fraction of anionic lipids accelerate am-
yloid formation by IAPP in vitro, and human IAPP (hIAPP)
induces membrane leakage in these systems (14-17). This has led
to the hypothesis that membrane leakage may be a critical factor
in islet amyloidosis cytotoxicity, but the relationship between
studies with model membranes and in vivo or in vitro toxicity are
not clear, especially as the p-cell membrane differs significantly
from standard model membranes. This is an important issue, as
the physiological basis of hIAPP cytotoxicity in T2D is not de-
fined. The features that control IAPP-model membrane inter-
actions are also not fully understood.

IAPP-membrane interactions are sensitive to the fraction of
anionic lipids, and the majority of studies use membranes con-
sisting of a pure anionic lipid such as phosphatidylglycerol or
phosphatidylserine (PS) or mixtures of an anionic lipid with
zwitterionic lipids, such as phosphatidylcholine (PC). However,
these systems are notably different from the p-cell membrane,
and their physiological relevance is not clear. The content of
anionic lipid in model membranes typically ranges from 20 to 50
mol %, which is significantly higher than the 2.5-13.2 mol %
reported for pancreatic p cells (14, 15, 18). Furthermore, the
phospholipid composition of f-cell membranes is different
from model membranes. The plasma membrane is also asym-
metric, and anionic lipids are preferentially located in the inner
leaflet. The inner leaflet is enriched in PS, whereas the outer
leaflet is enriched in sphingolipids and PC, although it does
contain gangliosides (19). The p-cell membrane contains cho-
lesterol, and cholesterol has been proposed to be important for
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Human IAPP:

[ 1]
*HaN— KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY—C—NH,
Rat IAPP: o
1 I}
*HaN— KCNTATCATQRLANFLVRSSNNLGPULPPTNVGSNTY—C—NH,
Pramlintide (PM):
1 ]
*HaN— KCNTATCATQRLANFLVHSSNNFGPILPPTNVGSNT¥Y—C—NH,
H18R-Pramlintide (H18R-PM):
o - i I
*HaN=— KCNTATCATQRLANFLVRSSNNFGPILPPTNVGSNTY=—C—NH,
126P-IAPP:
[ ) . : ]
*HyN— KCNTATCATQRLANFLVHSSNNFGALZLSSTNVGSNTY—C—NH,
G24P, 126P-1APP (DM-IAPP):
. 1 ]
*HaN— KCNTATCATQRLANFLVHSSNNF PAPLSSTNVGSNTY—C—NH;,

N-Methyl-1APP:

o]

. Il
*HsN— KCNTATCATQRLANFLVHSSNNFGA/LSSTNVGSNTY—C—NH,

N\
3XL-IAPP: meth meth

— 1 ) ) i
*HsN— KCNTATCATQRLAN/LVHSSNN/ZGAILSSTNVGSNT/,—C —NH,

Fig. 1. The primary sequence of the IAPP variants. Residues that differ from
hIAPP are underlined and in italics. Each peptide has an amidated C terminus
and a disulfide bridge between Cys-2 and Cys-7. Meth, N-methylated.

IAPP-membrane interactions (20). These differences naturally
lead to the question of how interactions with model membranes
correlate with cellular IAPP toxicity.

There are a number of other outstanding issues in JAPP-mem-
brane interactions, and model membranes can be useful tools to
address these questions. The mechanisms of model membrane dis-
ruption are not fully defined, and the nature of the membrane active
species is not fully elucidated. Pore formation has been proposed to
be a key for membrane disruption (21-23), but a carpeting, de-
tergent-like mechanism has also been advocated (24, 25). There is
experimental evidence that intermediates permeabilize membranes
(26-28), whereas other studies implicate fibril growth at the mem-
brane surface (29, 30). The structural requirements for membrane
activity are also not completely clear. Membrane binding is linked to
a-helix formation under certain conditions, and membrane-bound
helical structures can associate and convert to p-sheet-rich amyloid
fibrils (14, 15, 31). However, variants of IAPP that do not convert
from the a-helical membrane-bound state to amyloid fibrils disrupt
model membranes, showing that membrane permeabilization does
not require fibril formation. It is not known if less structured
conformers of IAPP disrupt membranes, and the features of
the IAPP sequence that control the peptide’s ability to interact
with membranes are not completely defined.

We analyze human and rat IAPP (rIAPP) and a set of IAPP
variants (Fig. 1) to probe the factors that control IAPP-mediated
membrane leakage and to explore the potential connection be-
tween leakage of standard model membranes and cytotoxicity.
We use membranes composed of 25% or 100% anionic lipids as
well as two more physiologically relevant model systems. Kinetic
studies demonstrate that membrane leakage is induced by pre-
fibrillar IAPP species and continues over the course of amyloid
formation, correlating additional membrane disruption with fibril
growth. Analysis of a set of mutants reveals that neither p-sheet
nor o-helix structure is required for membrane disruption. A
H18R substitution is shown to enhance membrane disruption, but
replacement of the aromatic residues with Leu has no effect. We
demonstrate that there is no one-to-one relationship between
standard model membrane leakage and cytotoxicity. Similar results
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are obtained with the more complicated membranes. The data
dissociate model membrane leakage from primary pathogenic
mechanisms underlying IAPP-mediated cellular toxicity, high-
lighting the difficulty of extrapolating from biophysical studies to
the situation in vivo.

Results and Discussion

The sequences of the polypeptides studied here are listed in Fig. 1.
rIAPP, which is nontoxic and does not form amyloid in vivo or in
vitro, differs from hIAPP at six sites, including three proline resi-
dues at positions 25, 28, and 29 and the replacement of H18 by R.
These substitutions significantly influence the aggregation behavior
of the polypeptide, whereas the others are more conservative: F23
in the human peptide is replaced by L, and 126 by V. We used the
following series of mutations to test the role of specific residues in
membrane interactions: First, pramlintide (PM) is an analog of
hIAPP, which contains the three proline substitutions found in
rIAPP. The molecule does not form amyloid in dilute solution, is
not toxic, and has been approved as a complement to insulin
therapy for the treatment of diabetes (32). Comparison of hIAPP
and PM allows us to probe the role of the three prolines. Second,
replacement of H18 by R in PM leads to the HISR-PM mutant;
comparison of PM and H18R-PM tests the role of H18. Third, the
126P point mutant (I26P-IAPP) does not form amyloid in solution
and inhibits amyloid formation by hIAPP (33). Fourth, the G24P,
126P double mutant (DM-IAPP), is also nonamyloidogenic (33).
126P-IAPP and DM-IAPP provide additional tests of the mem-
brane activity of nonamyloidogenic variants. N-methyl-IAPP cor-
responds to hIAPP with a N-methylated glycine substitution at
G24 and a N-methylated isoleucine substitution at 126. This pep-
tide is not toxic and is a potent inhibitor of amyloid formation and
cytotoxicity by wild-type hIAPP (34). Fifth, the 3XL-IAPP peptide is
a triple mutant of hIAPP in which the three aromatic residues, F15,
F23, and Y37, have been replaced by L (35). It forms amyloid ap-
proximately ninefold more slowly than wild-type hIAPP and allows
us to test the role of the aromatic residues in membrane disruption.

Toxic and Nontoxic Variants of IAPP Induce Model Membrane
Leakage. PM, N-methyl-IAPP, and rIAPP have been reported
to be nontoxic (32, 34, 36). We tested the cytotoxicity of 126P-
IAPP, DM-IAPP, rIAPP, and N-methyl-IAPP using rat insuli-
noma-1 (INS-1) B cells. INS-1 B cells are a standard pancreatic
cell line that is widely used in p-cell biology and studies of IAPP
cytotoxicity. None of the polypeptides, except hIAPP, decreased
cell viability as judged by AlamarBlue assays (Fig. 24). rIAPP
was examined over a concentration range of 15-60 pM and was
nontoxic even at the highest concentration (Fig. 2B).

We examined the effect of the polypeptides on the integrity of
standard model vesicles. We first tested the ability of a subset of
IAPP variants to induce leakage of 100-nm-diameter model
membrane vesicles comprising just the negatively charged lipid,
1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG). The
fluorescent dye carboxyfluorescein was used to measure vesicle
leakage. The fluorescence of the dye is self-quenched when it is
encapsulated in vesicles (37). Loss of membrane integrity allows
the dye to escape, relieving self-quenching and leading to en-
hanced fluorescence. The percent leakage was measured after
10 min incubation with peptide; this is a standard protocol in the
field, and most studies are conducted with incubation times of 100—
1,000 s. The peptides were tested over a concentration range of
2-40 pM, leading to lipid/peptide ratios (10:1-200:1) that are
within the range used in other studies. All of the variants are ef-
fective at inducing leakage of 400 uM anionic membrane vesicles
(Fig. 34 and Fig. S14), and all are more disruptive above 20 pM,
where lipid/peptide ratios are lower. hIAPP is the most effective,
but all of the other polypeptides induced over 60% leakage at 40
pM, even though they are nontoxic to B cells. rIAPP, which is
nontoxic, induced 86% leakage at 40 pM, identical to that induced
by 20 pM hIAPP (89%), which is toxic.

We next examined the effect of incubating the peptide with the
model membranes for 48 h. This is much longer than the time
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Fig. 2. hIAPP is toxic to rat INS-1 B cells, but the
other peptides are not. (A) Comparison of hIAPP
and IAPP variants. (B) rIAPP was examined over
a concentration range of 15-60 pM. The results of

hIAPP  hIAPP  [26P-IAPP DM-IAPP N-Methyl-IAPP Control hIAPP  rlAPP  rlAPP
30uM  douM 40uM  40uM  40uM (Tris-HCI) 30uM 15uM 20uM

required for hIAPP to form amyloid under these conditions; this
experiment helps to test whether fibril growth plays a role in mem-
brane leakage. The percent leakage is higher after 48 h incubation;
hIAPP at 1 pM induces 14% leakage after 10 min incubation and
33% leakage after 48 h of incubation. Little additional enhancement
upon longer incubation is observed for the higher concentrations; 40
pM hIAPP induces 93% leakage after 10 min and 98% after 48 h.
hIAPP is somewhat more effective than the variants at inducing
leakage under these conditions, but the differences are very modest.
A total of 40 uM hIAPP induces 98% leakage after 48 h incubation,
whereas 40 pM rIAPP induces 88%. rIAPP, 126P-IAPP, and DM-
IAPP are all still highly effective at inducing membrane leakage
under conditions where they are not toxic; thus, there is no direct
one-to-one correlation between cytotoxicity and the ability to induce
leakage of DOPG vesicles (Fig. 3B and Fig. S1B).

We next tested the ability of the full set of polypeptides to
induce leakage of 100 nm diameter, 400 pM vesicles comprising
75% zwitterionic phospholipid, 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), and 25% DOPG. The percentage of an-
ionic lipids is comparable to or lower than that used in most
studies, but is still higher than that found in the B-cell plasma
membrane in vivo. The interaction of IAPP with vesicles also
depends on the lipid/peptide ratio (14); thus, we tested lipid/
peptide ratios from 200:1-6.7:1, a set of values that span the
range used in other studies (15). We first compared the con-
centration dependence of polypeptide-induced leakage after 10
min incubation, a time which is shorter than required for hIAPP
to form amyloid (Fig. 44 and Fig. S24). The human peptide
readily induces leakage, but 60 pM rIAPP is as effective as 30 pM
hIAPP, even though 60 pM rIAPP is not toxic to p cells, and
30 pM hIAPP is (Fig. 2). This result shows that there is no one-
to-one correlation between cellular toxicity and leakage in this
system. The single and double mutants, N-methyl-IAPP, and PM
all induce leakage, but are less effective than rIAPP. DM-IAPP
is the least effective, inducing around 20% leakage at 60 pM,
whereas 126P-IAPP, N-methyl-IAPP, and PM induced compa-
rable levels of leakage (25%) (Fig. 4A).

We also measured the leakage induced by the peptides after
48 h incubation with the 25% anionic model membranes. hIAPP
induces higher leakage after 48 h relative to 10 min of in-
cubation, further suggesting that amyloid formation or fibril
growth contributes to membrane disruption in vitro (Fig. 4B and

AlamarBlue assays are plotted. Percent cell viability
is normalized to buffer control.

rlAPP rIAPP Control
40uM 60uM (Tris-HCI)

Fig. S2B). A total of 10 pM hIAPP induces over 40% leakage
after 48 h incubation, comparable to the leakage induced by 60
uM rIAPP (35%). hIAPP has been reported to be toxic at 10 pM
(38), whereas 60 uM rIAPP is not.

Fibril Growth Promotes Additional Leakage. Fibril formation at the
membrane surface has been proposed to promote leakage (29,
30). Comparison of the 10 min vs. 48 h incubation data strongly
supports this conclusion. We monitored the full time course of
leakage of the 25% anionic vesicles induced by human and rIAPP
in parallel with kinetic studies of amyloid formation to directly
address this issue (Fig. 5). hJAPP displays a typical amyloid for-
mation profile with a lag phase of about 2 h under these con-
ditions. In contrast, rIAPP does not form amyloid even after 48 h
of incubation. A multistep process for hIAPP-induced leakage is
detected, but only a single step is observed for rIAPP (Fig. 5C).
Closer examination of the human data shows that the percent
leakage plateaued after 80 min and then increased again after 2 h
(Fig. 5D). The first phase, observed for both hIAPP and rIAPP, is
likely due to the initial interactions of the peptide and membrane.
The second phase is observed only for hIAPP, correlating it
strongly with the growth of amyloid. The data suggest that the
differences in leakage observed between hIAPP and the non-
amyloidogenic rat peptide after 48 h are due to additional damage
caused by amyloid fibril growth (30). This helps to rationalize the
lower leakage induced by the nonamyloidogenic mutants relative
to hIAPP for long incubation times.

Aromatic Residues Are Not Required for Membrane Damage, but
Membrane Damage Is Sensitive to Substitutions at Position-18. The
triple leucine mutant, 3XL-IAPP, was originally designed to test
the role of the aromatic residues in IAPP amyloid formation
(35). 3XL-IAPP forms amyloid fibrils with a similar morphology
to those derived from wild-type hIAPP, but does so more slowly.
The ability of 3XL-IAPP to induce leakage was tested over the
concentration range of 2-60 pM using the 25% anionic lipid
membrane model. The mutant induced leakage as effectively as
hIAPP, for both the 10 min and 48 h incubation times (Fig. S3),
showing that aromatic residues are not required to induce mem-
brane leakage.

Comparison of rIAPP with PM provides insight into the rel-
ative importance of the nonproline substitutions in rIAPP, as the
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20 mM Tris-HCl, 100 mM NacCl, pH 7.4.
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two peptides share the same proline residues, but PM contains
the human residues at other locations. The major difference
between rIAPP and PM is the R18H substitution. rIAPP is more
effective at inducing membrane leakage than PM, suggesting that
R18 in rIAPP plays an important role. We further tested the
importance of position-18 by comparing PM with the designed
H18R-PM variant. HISR-PM is as effective at inducing leakage
as rTAPP and is more effective than PM, confirming that R18 is
important for IAPP-mediated membrane damage.

Neither p-Sheet Formation nor Significant o-Helical Structure Is
Required for Membrane Leakage. We used CD and transmission
electron microscopy (TEM) to examine the conformation of the
peptides after 10 min and 48 h of incubation with model mem-
branes. Neither rIAPP, 126P-IAPP, DM-IAPP, N-methyl-IAPP,
PM, nor H18R-PM formed signficant amounts of p-sheet structure
in the presence of 25% DOPG/75% DOPC vesicles at a 6.7:1
lipid/peptide ratio as judged by CD (Fig. 6 and Fig. S4). None of
the variants formed amyloid fibrils, as judged by TEM, even after
48 h of incubation (Fig. S5). The data show that neither the for-
mation of p-sheet structure nor the formation of amyloid fibrils is
required for membrane disruption under these condtions.

The mutants did not form significant a-helical structure under
this condition, arguging that it is also not strictly required for
membrane leakage. Other studies that made use of vesicles with

30

Peptide Concentration (uM)

.
b4 2 IAPP variants after incubating with 400 pM 25% an-
g o ionic model membranes (25% DOPG + 75% DOPC)

for (A) 10 min or (B) 48 h. The dashed line in A com-
‘ ‘ ‘ pares 30 uM hIAPP with 60 pM rlAPP. Experiments
40 50 60 were performed at 25 °C in 20 mM Tris-HCl, 100 mM

NaCl, pH 7.4.

higher anionic lipid content have shown that helical structure is
compatible with membrane disruption. Thus, the data do not
imply that model membranes are not able to promote helical
structure and should not be intreperted to mean that helical
formation does not play a role in membrane disruption in other
cases; rather, it indicates that membrane leakage can be induced
by IAPP variants even in the absence of significant, detectable
a-helical or p-sheet structure.

Folded, Monomeric Proteins Are Less Effective at Inducing Model
Membrane Leakage. A range of IAPP mutants are effective at
inducing leakage, and it is natural to inquire if any similarly sized
cationic polypeptide will do so. We tested the ability of NTL9,
a 56-residue a—f structure, and the villin headpiece helical
subdomain (HP36), a 36-residue helical protein, to induce
leakage of the 25% anionic vesicles (Fig. S6). The estimated net
charge of NTL9 is +6 at neutral pH and that of HP36 is +2. No
detectable leakage was observed for NTL9 after 10 min in-
cubation, and only very low levels were detected after 48 h,
even though NTL9 has a higher net charge than IAPP. HP36
was more effective than NTL9 at inducing leakage, but the
effects were still modest and noticablely less than what were
detected for IAPP. The results demonstrate that the effects
observed with IAPP are not due simply to the net charge of
the monomer.
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Fig. 5. Additional leakage correlates with the time
course of amyloid formation. (A) Comparison of the
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6 25 °Cin 20 mM Tris-HCl, 100 mM NaCl, pH 7.4, with
20 uM peptide.
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Fig. 6. Membrane disruption does not require formation of detectable
a-helix or p-sheet structure. CD spectra of IAPP and IAPP mutants after in-
cubating with 400 pM 25% anionic model membranes (25% DOPG + 75%
DOPC) for 10 min. Note the lack of a-helical or p-sheet signal from all of the
IAPP mutants except 3XL-IAPP. The peptide concentration was 60 uM, and
experiments were performed at 25 °C in 20 mM Tris-HCl, 100 mM NaCl, pH 7.4.

Nontoxic Variants of IAPP Disrupt More Complex Model Membranes.
We examined two more complicated model systems: total brain
extract lipids (TBE-lipids) and a ternary system consisting of
DOPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
cholesterol at a 1:2:1 ratio. TBE-lipids have been widely used as
models of the plasma membrane and have been used in studies of
IAPP-membrane interactions (28, 39-41). They are considerably
more complex than standard one- or two-component model
membrane systems. We examined the effect of TBE-lipids on
amyloid formation by rIAPP, 126P-IAPP, and hIAPP, and tested
the ability of the peptides to permeabilize large unilamellar vesicles
(LUVs) prepared from TBE-lipids (Fig. S7). TBE-lipid vesicles
catalyze amyloid formation by hIAPP, reducing the lag time by
a factor of 4, but are less effective than vesicles composed of 25%
DOPG/75% DOPC, which reduced the lag time by a factor of 11.
TBE-lipid vesicles do not induce amyloid formation by rIAPP or
126P-IAPP, even after 48 h of incubation.

hIAPP is less effective at inducing leakage of TBE-lipid vesi-
cles than simpler model vesicles. A total of 20 pM hIAPP led to
17% leakage of the TBE-vesicles after 10 min of incubation
versus 27% leakage of the 25% anionic vesicles and 89% of
100% anionic vesicles. A total of 60 pM hIAPP led to 30%
leakage of the TBE-vesicles and 40% leakage of the 25% anionic
lipid vesicles after 10 min of incubation. Similar trends were
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observed after 48 h of incubation. rIAPP and the 126P point mu-
tant are also more effective at disrupting the two-component
model vesicles. However, rIAPP, under conditions where it is not
toxic, induces similar leakage of the TBE-vesicles as hIAPP does
under conditions where it is toxic: 60 pM rat is as effective as
20 uM hIAPP at inducing leakage after 10 min of incubation, even
though 60 puM rIAPP is not cytotoxic, and 20 pM hIAPP is. Similar
effects are observed after 48 h of incubation. In this case, 60 pM
rIAPP is as effective at inducing leakage as 10 uM hIAPP, even
though the former is not toxic whereas the latter has been reported
to be (38).

No significant a-helical or f-sheet structure was detected for
any of the peptides after 10 min of incubation with the TBE-
vesicles as judged by CD (Fig. S84), and no detectable a-helical
or B-sheet structure was observed for 126P-IAPP or rIAPP after
48 h of incubation, confirming that neither a-helical nor p struc-
ture is required to induce membrane leakage under these con-
ditions (Fig. S8B).

The DOPC, DPPC, cholesterol system can form lipid rafts and
has been used in other studies of JAPP-model membrane
interactions (28, 39, 40). Amyloid formation by wild-type hIAPP
is accelerated by this membrane. rIAPP and 126P-IAPP were as
effective at inducing leakage as hIAPP after both 10 min and
48 h of incubation. These results further demonstrate that there
is no 1:1 correspondence between cytotoxicity and model mem-
brane leakage. CD indicates that 126P-IAPP and rIAPP fail to
form significant amouts of helical or p structure under the con-
ditions of these studies, confirming that the formation of de-
tectable amounts of a-helical or p-sheet structure is not required
for leakage (Fig. S9).

Conclusions

The data demonstrate that there is no one-to-one relationship
between IAPP cytotoxicity and the ability to disrupt standard
model membranes. We do not wish to imply that loss of mem-
brane integrity is unimportant in vivo; it may be one mechanism
contributing to cytotoxicity along with a range of other cellular
events. IAPP amyloid has been shown to cluster at or near
membranes, and exogenously added IAPP can perturb cell
membranes (21, 26, 42, 43), but it can be difficult to extrapolate
from in vitro studies with model membranes to the situation in
vivo. The fact that differences in the ability to induce leakage are
observed for the 48 h incubation in the presence of the 25%
anionic vesicle might suggest that there is some correlation with
in vitro leakage and toxicity. However, it is important to reiterate
that 60 pM rIAPP (nontoxic) induces leakage at the same level as
10 uM hIAPP, which has been reported to be toxic. In addition,
comparable levels of leakage are observed for hIAPP and rIAPP
in the ternary system.

Correlation studies of model membrane damage and cyto-
toxicity have interesting implications for biological studies of
IAPP pathogenesis in T2D, however more complicated and phys-
iologically relevant model membranes will be needed to provide
the most translational insight. Commonly used model systems are
very different from fp-cell membranes. Along these lines, it is in-
teresting to note that IAPP is much more effective at inducing
leakage of 100% anionic vesicles than vesicles containing 25%
anionic lipids, and both are more susceptible to the effects of IAPP
than are the TBE-lipid vesicles.

Model membranes studies have been presented for other
amyloidogenic peptides including a-synuclein and the Ap-pep-
tide, but the type of analysis described here has not been
reported. It may be of interest to do so, especially as a-synuclein
has been shown to adopt different structures on different model
membranes (44).

Our results also provide information about the factors that
control the ability of IAPP to induce membrane leakage. The
data confirm that prefibrillar species induce leakage, but also
show that progression of leakage correlates with fibril formation
in agreement with earlier work (30). The data strongly support
a recently proposed two-stage mechanism where the first stage
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involves interaction of prefibrillar species with the membrane
and the second stage correlates with fibril growth on the mem-
brane (29). Neither significant detectable a-helical or p-sheet
structure is required to induce leakage in the model systems
examined here. Aromatic residues are not obligatory, but the
identity of residue-18 is important. The importance of postion-
18 is consistent with NMR studies of IAPP fragments in the
presence of model membranes (45). hIAPP,_;9 and rIAPP;_y,,
which differ only in the identity of residue-18, bind membranes
in different orientations, and these differences are believed to
correlate with the difference in the potential for membrane
disruption (45, 46).

In summary, our data dissociate IAPP-induced leakage of
standard model membranes from direct cellular toxicity, thereby
indicating that further studies to identify the precise mechanism
(s) of IAPP cellular toxicity are essential for the optimal de-
velopment of therapeutic strategies to prevent T2D and islet
graft failure.
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Materials and Methods

A detailed description of sample preparation, amyloid assays, membrane
leakage assays, and cell viability assays are provided in the S/ Materials and
Methods along with a description of the spectroscopic methods. Analytical
HPLC was used to check the purity of the peptides before each experiment.
This is important because deamidation can be a complicating factor in
studies of IAPP amyloid formation (47). Thioflavin-T binding assays were
used to follow the time course of amyloid formation. Each experiment was
repeated three times using different IAPP stock solutions. Membrane leak-
age was monitored using carboxyfluorescein-filled LUVs. Cell viability was
measured by AlamarBlue reduction assays. Values were calculated relative to
those of control cells treated with buffer only. All values represent means +
SEM (n = 3).
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