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ABSTRACT. The conversion of soluble protein infiasheet-rich amyloid fibers is the hallmark of a number

of serious diseases. Precursors for many of these systems (8.f5gm Alzheimer’s disease) reside in

close association with a biological membrane. Membrane bilayers are reported to accelerate the rate of
amyloid assembly. Furthermore, membrane permeabilization by amyloidogenic peptides can lead to toxicity.
Given thep-sheet-rich nature of mature amyloid, it is seemingly paradoxical that many precursors are
either intrinsicallya-helical or transiently adopt am-helical state upon association with membrane. In

this work, we investigate these phenomena in islet amyloid polypeptide (IAPP). IAPP is a 37-residue
peptide hormone which forms amyloid fibers in individuals with type Il diabetes. Fiber formation by
human IAPP (hIAPP) is markedly accelerated by lipid bilayers despite adoptinghatical state on the
membrane. We further show that IAPP partitions into monomeric and oligomeric helical assemblies.
Importantly, it is this latter state which most strongly correlates to both membrane leakage and accelerated
fiber formation. A sequence variant of IAPP from rodents (rIAPP) does not form fibers and is reputed not
to permeabilize membranes. Here, we report that rlIAPP is capable of permeabilizing membranes under
conditions that permit rIAPP membrane binding. Sequence and spectroscopic comparisons of rIAPP and
hIAPP enable us to propose a general mechanism for the helical acceleration of amyloid formation in
vitro. As rlAPP cannot form amyloid fibers, our results show that fiber formation need not be directly
coupled to toxicity.

Amyloid formation is a major component of degenerative pore formation or detergent-like effects, is a general mech-
processes in a number of serious diseases, including Alzhe-anism of cytotoxicity in amyloid disease4, (11). Interest-
imer’s disease and type Il diabeteXs 4). In each disease, a ingly, a large number of disease-associated amyloidogenic
characteristic precursor protein assembles into highly orderedproteins reside in close proximity to the membrane in vivo.
f-sheet-rich fibers. Amyloid fibers are characterized by a These include amyloid proteins from Alzheimer’'s disease
crossg structure, in which individugb-strands are oriented  (ApB) (12), prion disease (PrP18), and Parkinson’s disease
orthogonal to the long fiber axis. Thesheets, which are  (a-synuclein) (4). The amyloid protein from type Il
parallel to the long fiber axis, are typically composed of diabetes, islet amyloid polypeptide (IAPPalso known
parallel rather than antiparallel strands—@). In most as amylin), resides within a narrow volume near the
amyloid diseases, the presence of amyloid is closely cor-membrane of insulin secretory granulé. (The cytotoxic
related with the extent of disease progression, which suggeststructures of these proteins, their relation to amyloid fiber
that amyloid formation may contribute to degenerative formation, and the mechanism of toxicity are not well
processes such as cell death. understood. A more thorough knowledge of the mechanisms

The association of amyloid with cell death is supported of membrane interaction and amyloid fiber formation is
by the observation that soluble oligomeric states of amy- central to understanding the progression of all amyloid
loidogenic proteins induce disease-like toxicity when added diseases.
to cultured cells4, 9) or injected into rats¥0). These same IAPP is the protein component of amyloid in type Il
states have been observed to render synthetic lipid mem-diabetes. IAPP is a 37-residue peptide normally processed
branes permeable in vitro. This has led to the hypothesis

that membrane disruption by oligomeric states, through either * Abbreviations: IAPP, islet amyloid polypeptide (amylin); hIAPP,
human IAPP; rlAPP, rat/mouse IAPP; DOPG, 1,2-diolesiyjlycero-
3-(phosphaac-1-glycerol); DOPC, 1,2-dioleoys$nglycero-3-phos-
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Ficure 1: Amino acid sequence analysis of IAPP. (A) Multiple sequence alignment including human (hlAPP, line 1), rat/mouse IAPP
(rlAPP, line 2), and 80% consensus among 21 known sequences (bottom). Boxes indicate positions at which hIAPP and rIAPP differ.
Dashes indicate unknown amino acids. Key to consensus sequercsmall, + = positive, h= hydrophobic, = aliphatic, u= tiny. All

peptides contain disulfide bonds between residues 2 and 7 and are C-terminally amidated. (B) Helical wheel representation created using
MPEX (44). The consensus sequence shows a conserved hydrophobic moment, as well as alignment of cationic residues on the same side
of the helix. Green circles indicate hydrophobic residues, blue indicate basic residues, and violet indicate aromatic residues. The hydrophobic
moment from each sequence is in the direction of residue 16 or 23 and has a value:dd.5.8C) Alignment of consensus sequence on

a heptad shows two adjacent leucine-rich positions (positions a and d), consistent with a coiled-coil helix association motif.

and cosecreted with insulin by thecells of the islets of  inislets increase significantly following glucose stimulation
Langerhans. In late stages of diabefesgell mass decreases (24, 25). While the initial IAPP structures formed upon
due to cell death, and IAPP amyloid is observed-i#0% membrane binding are-helical 26), membrane binding
of cases post-morteni§). By contrast, the rat/mouse variant accelerates formation ¢f-sheet amyloid fibers by hIAPP
(rlAPP) cannot form amyloid although it differs at only 6 (23). Several other natively unfolded amyloid precursors,
out of 37 amino acid positions (Figure 1A). Notably, rat and nclyding A3 anda-synuclein, also form-helical structures
mouse models of diabetes require genetic alteration of lipid upon association with lipid bilayer27, 28). In addition
metabolism .and/ or extreme_ly h.'gh f‘tit didis( 17). While solvents that promote helical structure accelerate fibrillization
p-cell death is less frequent in diabetic rodents than humans,Of these proteins29—31), and ar-helical intermediate state
this phenomenon has been observed in Zucker diabetic fatty ! , L

s . has been observed on the pathway f@rfoer formation in
rats as well as in isolated mouse islet8,(19). Furthermore, . : . . A

solution @2). It is seemingly paradoxical that stabilization

rodentf-cell function becomes impaired in early diabetes ) _ .
by an unknown mechanisr@). One important observation of helical conformations accelerates the formatiofi-sheet-

is that transgenic rats or mice expressing human IAPP fich amyloid. A better understanding of the aggregation
(hIAPP) become strongly predisposed to diabetes and havePropensity ofa-helical membrane-bound hIAPP will help
higher rates off-cell apoptosisZ1, 22). This suggests that ~ t0 elucidate why these events appear to catalyze amyloid
hIAPP is an important factor foB-cell toxicity in type Il fiber formation. The aim of this study is to investigate the
diabetes. thermodynamic and structural mechanisms of |IAPP

In vitro, IAPP forms ordered structures on lipid mem- membrane interactions. These interactions have important
branes. IAPPlipid binding is strongly dependent on anionic  implications both in the context of type Il diabetes and for
lipid charge 23, 24). Notably, anionic phospholipid levels native physiological functions of IAPP.
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MATERIALS AND METHODS (35), which is taken from 43 soluble and 13 membrane
. . ) proteins.
Materials. DOPG was obtained from Avanti (Alabaster, Global Data AnalysisData analysis of lipid binding was

AL) dissolved in chloroform; DMSO was from J. T. Baker;  nerformed using Mathematica (Wolfram Research). Global
thioflavin T (ThT) was from Acros; calcein, glutaraldehyde, analysis of binding data was performed using two thermo-

and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were from gynamic models, which we term “heterogeneous aggrega-
Sigma. hIAPP was synthesized using standard t-Boc methods;gn ang “discrete oligomerization”. The heterogeneous
and purified by the W. M. Keck facility (New Haven, CT).  504reqation model was originally developed by Terzi and
rlIAPP was s_ynthesmed using Fmoc methods and cyclized Seelig and adapted for membrane binding by Wimley and
and purified in house. _ White (36, 37). The limit of this model at infinite peptide
IAPP, Liposome, and Buffer Stock Preparatiohiter dilution is one described simply by partitioning into the
purification, rIAPP was lyophilized, solubilized with water, membrane with a molar partition coefficier, (“simple
and filtered through a 0.22m Tuffryn syringe filter. hIAPP  partitioning” model). At higher peptide concentration, mono-
stocks for fiber formation kinetics and liposome leakage mers partition into the membrane and aggregate reversibly
assays were prepared in DMSO as previously descr2®d ( in the membrane phase with equilibria described by a

For CD eXperimentS, hIAPP was |y0phlllzed from a stock nucleation parametej and a propagation paramemr
in HFIP (29), solubilized in water, and filtered through a

0.22um Tuffryn syringe filter. Stocks were kept on ice for

KX
the duration of CD experiments<(0 h). IAPP stock IAPPyq = IAPP;,

concentrations were determined by UV absorbance, using Ky = Co/ Xiapp aq @)
€280 = 1400 mot* cm. For CD, stock concentrations were

approximately 30M (hIAPP) or 900uM (rIAPP). DOPG

concentrations are reported as dilutions from a 10.0 mg/mL 2|APPaq<is» IAPP, i,

stock as determined by the mass of dried lipid prior to ) (2)
suspension in buffer (FW= 797 g/mol). Liposomes were os= CJ(Cy")

prepared by extrusion through 100 or 220 nm polycarbonate

filters, as previously describe®3). Lipid loss from this R

procedure is consistently 12 4%. Unless otherwise noted, IAPPR, i, + IAPR;, < IAPP, . i 3
all experiments were performed at 25 in phosphate buffer s=C,,,/(CC.),n>1 3)

(50 mM potassium phosphate, 100 mM KCI, pH 7.4). Data

shown in_each figure panel are of representative measureere C, and G, are the mole fraction concentrations of
ments using one stock of IAPP. All reported trends have ,onomeric andn-meric lipid-bound IAPP, respectively

been reproduced in at least three independent eXperime”tTapproximated as molar ratio of peptide to lipid (P/L)] and

with different peptide stocks. Xiapp aqiS the mole fraction concentration of IAPP in solution,
CD SpectroscopyCircular dichroism measurements were  given by

taken on an Aviv 215 spectrometer (Aviv Associates,

Lakewood, NJ) using 1 or 2 mm path length cuvettes. Spectra Xiapp,aq= [IAPP],{[H,0] (4)

of liposomes in buffer were subtracted for each lipid

concentration used. For hIAPP kinetics, spectra (ZB&D The total concentration of IAPP on the membrane in
nm) were measured every 1 nm b s averaging time and ~ monomer units (CT) is given by

denoised using singular value decomposition (SVD). For o
secondary structure estimation, spectra (2060 nm) were CT=Cl-0+——7 (5)
measured every 1 nm with 15 s averaging time. ( (1-sG) )

For IAPP-lipid binding measurements, concentrated Th . d for the alobal fi d by Solvi
DOPG liposomes were titrated into IAPP in the cuvette. For | e equation used for the global fit was generated by solving

rIAPP, full spectra (214260 nm) were obtained at each €95 1 and 5, along with the conservation-of-peptide equation:

rotein and lipid concentration (1 nm per poiits averagin —
Eme) and depnoised using SVfD (twc? baZis spectra)gbgfore [1APPliotar = Xiapp odH20] + CTIDOPGlyy  (6)
extractingd>z.. For hIAPP, it was necessary to complete each for CT as a function of [IAPR} and [DOPG}w and then
titration within the lag time of fiber formation. There-  making the following modifications. (i) To account for
fore, only ellipticity at 222 nm and baseline (260 nm) were  satyration of peptide on the membrane, we defined a revised
measured two to four times (10 s averaging time) for each cT (CT*) which is equivalent to CT at low P/L but

cluded within 30 min. At the end of each titration, a full a5 the predicted CT increases:

spectrum was recorded to verify that the protein had not yet

converted toS-sheet. Each displayed dual minima at 222 (CT = CT*)(CT,ax— CT)

and 208 nm, indicative af-helical structure33). The helical T =4 (7)
content is constant during the lag time of fiber formation,

during which the titrations were performed. Secondary The hyperbolic transition constaitdetermines the steep-
structure was estimated from CD spectra using the SEL-ness with which CT* approaches CT and 4 and is
CONS3, CONTINLL, and CDSSTR algorithms within CDPro  here arbitrarily set to 0.005. (i) CT* was converted to a
(34). A basis set of spectra was used (reference set SMP56)molar residue ellipticity at 222 nm {222 by the
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following conversion: Liposome Leakage AssdyOPG vesicles containing 30
mM calcein were prepared in a T#i&Cl buffer with the
(01202 = [0]222, 0 ([0)222,im — [0]220,0 CT*[DOPGlgof same pH and ionic strength as the phosphate buffer used

IAPP], oo (8) above (50 mM Tris, 124 mM KCI, pH 7.4). Liposomes were

separated from free dye by size exclusion chromatography,

where Plzzz0is the molar residue ellipticity of aqueous and lipid concentration was determined by total phosphorus
peptide and §].22;m is the molar residue ellipticity when measurement3@). Concentrated liposomes were added to

100% bound to membrane. solutions of peptide or Triton X-100 in phosphate buffer and
The fitting routine optimized the six parameterg]ghz.o immediately transferred into fluorescence cuvettes. Fluores-

[0]222im Kx 0, S, and CTha) to best fit the experimentally ~ c€nce intensity (excitation 485 nm, emission 500 nm) was

measured].z; as a function of [DOPG}a and [IAPPoa. monitored using a PTI QuantaMaster C-61 fluorescence

Error analysis was performed using Monte Carlo analysis SPectrophotometer (PTI, London, Ontario, Canada) and is
with per point errors estimated from the average residuals €xpressed as fractional intensity increase relative to that
of each titration. induced by 0.004% Triton X-100. The resultant time courses
The discrete oligomerization model involves partitioning fit well to curves of the form
(eq 1) followed by formation of oligomers of si2 FL, = (FL, - FLmaX)e*kt-i- AL (12)
Koi
NIAPR;, 5 IAPPy i where Fl, is the fractional leakage at tinieFor comparison
B N (9 with previous reports of similar experiments, the fractional
Koiig = Cv(Cr) leakage at 10 min is interpolated from the #0( 41). CD
binding assays using liposome stocks prepared in—Kfl
buffer and diluted into phosphate buffer demonstrated that
N IAPP—DOPG binding under these conditions is identical to
CT = Cpn + (NKgjgCn) (10) that in phosphate buffer (data not shown).

. Sequence Alignment and MPEx Analy$&sPP protein
Equations 1, 6, and 10 were solved for CT, and the gsequences were obtained from a FASTA search using hIAPP
modifications of eqs 7 and 8 were applied. Fitting was a5 the input sequence, with the addition of reported sequences
discrete oligomerization and heterogeneous aggregation42). Alignment and consensus were determined manually
models assume that the available membrane surface isysing the default annotation defined by MVied8). Helical
independent of peptide concentration. wheel alignment was performed using MPE44Y, using

Liposome Aggregation Measuremeritight scatter mea-  input sequences containing residues2g. Histidine and

surements were performed using a Perkin-Elmer Lambda 2555partate residues were assumed to be charged; glutamate

IAPP were performed as described for CD spectroscopy. For

each addition, plateau values of absorbance at 350 nm areRESULTS

reported as measured after 2 min (hIAPP) or 5 min (rIAPP). o Is in thi K N in structural insiahts int
Cross-Linking Cross-linking was initiated by addition of urgoais In this work are 1o gain structural insignts into

0.01% (1QuM) glutaraldehyde to rIAPP and DOPG mixtures ;:onfcl)rr[na:rllonal s{tatets of I,tAPfI'Dbonfmem?rane zurfacez and
which had been preincubated for 10 min. Reactions were 0 retate tnese Structures 1o Tiber formation and memorane

quenched after 40 min by addition of 100 mMlysine permeabilization. Our approaches use optical spectroscopy
Separation was performed by SBBAGE using 17% to make thermodynamic and structural measurements during
acrylamide gels and the Tridricine buffer system3g). Gels the Ia.g phase of fiber assembly. Specifically, cir_cular
were fixed with 1% glutaraldehyde and silver stained. d'C.h.rO'Sm spectroscopy (CD) is used to measure bmd.mg
Measurement of hIAPP Fiber Formation Kinetics by ThT affinity and the membrane_-bound structure OT IAPP. Re!atln_g
FluorescenceFiber formation reactions were initiated by these structures to amyloid formanpn is achieved by kinetic
dilution of hIAPP stocks into phosphate buffer with 581 measurement of fiber assembly using fluorescence and CD.
ThT and monitored by fluorescence (excitation 450 nm In addition, leakage of fluorescent dye from liposomes allows

emission 486 nm) in a FluoDia T70 fluorescence plate reader US [0 measure the effects of preamyloid structures on bilayer

(PTI, London, Ontario, Canada). Measurements were maolestability. Of particular importance in this work are compari-

: o . . sons of hlIAPP to rlIAPP (Figure 1A). For clarity, we use the
\;\/Igzzu\t,\zl'tzﬂ%?r' ali?: (_!j( %:g;niggﬁrzzign; oeir?tf gﬂgratgd (lllf)rls e abbreviations hIAPP and rIAPP to refer to properties of each

fitting. Fitting of kinetic data and extraction dfy were variant and IAPP to refer to properties measured or proposed

performed as described previoushg). Briefly, reaction time to be common between the two. AS r_IAPP binds m'embrr_:\nes,
courses were fit to sigmoid curves of the form but does not assemble into amyloid, it allows us to investigate

membrane-bound states in the context of the amyloid
(tso—t)/7 formation pathway.
| = (b, + myt) + (b, + mpt)e (11) CD Spectroscopy of IAPP and Liposomi@g?P is random
1+ s~ 0T coil in solution but initially formsa-helical structures upon
binding to DOPG liposomes (Figure 2A). The presence of
Values oftry are reported as the time at which the slope of a-helical structure is most evident in hIAPP as two canonical
this curve is maximal. minima are present at 208 and 222 nm. rlAPP has a

In this case, CT is given by
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Ficure 2: Far-UV CD of IAPP binding to liposomes. (A) Spectra of 20 rIAPP (green) or hIAPP (magenta) were measured in phosphate
buffer (solid lines) and in the presence of 1.3 mM DOPG (thick dashes). IAPP spectra shown are difference spectra between samples with
and without peptide. For reference, the spectrum of 1.3 mM DOPG alone is shown (dashed black line), which does not interfere with
peptide measurement. On the basis of the calculated fraction of IAPP bound at these concentrations, the spectrum of 100% bound peptide
was determined (thin dashes).{B) Proteinr-membrane binding curves for (B) hIAPP and (C, D) rIAPP. DOPG liposomes were titrated

into the indicated total concentration of peptide, and the ellipticity at 222 nm was measured. Cooperativity is apparent in that higher
concentrations of peptide require less lipid for binding. Global analyses using six parameters were performed using 40 (hIAPP) or 72
(rlAPP) data points. Curves shown are derived from models in which partitioning is followed by discrete oligomerization [dashed lines in
(D)] or heterogeneous aggregation [solid lines-(®)]. (D) Curves from both models are shown for the titration a5 rlAPP. Inset:

Ellipticity is plotted as a function of rIAPP concentration at 0.67 mM DOPG. This lipid concentration is within the apparent plateau region

in the titrations shown in (C). The right axis (B, C) shows the percentage of bound protein, as determined from the heterogeneous aggregation
model. For clarity, only five of seven rIAPP titrations are shown in (C). Heavy lines in (B) and (C) represent protein concentrations at
which partitioning dominates binding.

diminished ellipticity at 222 nm relative to human but a were complete within the lag time of fiber formation for
strong minimum at 207 nm indicative afhelix. From these  hIAPP. At low protein concentrations, both hIAPR4 uM)
data, the total extent of helicity is estimated as-33% for and rlIAPP &10u4M) binding to DOPG can be fit by a model
hIAPP and 32-36% for rIAPP, when 2Q«:M peptide and in which IAPP simply partitions between the aqueous phase
1.3 mM DOPG are preser34). Similar estimates of helical and the membrane bilayer [Figure 2B,C (heavy curves)]. The
structure have been reported recently for hIAPP binding to mole fraction partition coefficient K,), or equilibrium
anionic DOPS 26), suggesting thati-helical binding is constant, for this transition is 4.9 10* 4+ 0.5 x 10* and
charge dependent but not headgroup specific. By contrast,4.9 x 10* £ 0.6 x 10* for hIAPP and rlAPP, respectively
we estimate the helical content in buffer alone to be only (Table 1). This corresponds to phospholipid dissociation
~10% for both peptides. The estimatéesheet content for  constants of roughly 1 mM for both peptidets), which is
both peptides is-30% in buffer and 18 15% in the presence  comparable to the concentration of IAPP in the halo region
of lipid. As CD is an ensemble technique, the spectrum of the secretory granule (3-8t mM).2 This simple partition-
measured in the presence of lipid is the population averageing model assumes that binding affinity is independent of
of membrane-bound and solution states. The lower helical the total peptide concentration. However, we observe that
content of rlAPP in the presence of lipid may be due in part as protein concentration is raised, the binding affinity clearly
to its lower affinity for membranes2@). Therefore, an  increases. For example, considerably less DOPG is required
accurate measurement of helicity per bound IAPP molecule to achieve saturation of binding at 20M hIAPP (Figure
requires quantitative measurement of I1AHPRId binding. 2B, green) compared to#M (Figure 2B, blue). Cooperat-
Binding of hIAPP and rIAPP to DOPG membranes is
cooperative, driven by both proteimembrane and protein

; ; RS 2 Calculated on the basis of 40 mM for the granule concentration of
protein contacts. Using CD . eII]pt|C|ty at 222 nm. as. a insulin (1) and a 1:100 ratio of IAPP to insuli2). Insulin is condensed
measurement of membrane binding, we performed titrations ang comprises-50-90% of the granule volume, from which I1APP is

of DOPG into rlIAPP or hIAPP, ensuring that measurements excluded 8).
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Table 1: Parameters Derived from Heterogeneous Aggregation A hlA':PorI':ij
an

Model of Cooperative Binding 1
® O 25uM
hIAPP-DOPG  rIAPP-DOPG v v 30uM
A

Kx 490004 5000 49000+ 6000 & 40 M
o 0.04+0.03 0.001+ 0.004 51
s 180+ 12 73+ 6 3 5
CTmax 0.09+ 0.01 0.12+ 0.01 AL 2 o
[6]222,0(deg cn? mol1) —3200+ 200  —4200+ 100 .ﬁi O

[6]222.im (deg cnd mol-1) —18000+ 1000 —12000+ 1000 0

AG®pan= —RTIn(K,) (kcal/mol) —6.4+ 0.1 —6.44+0.1 0 0.5 1 15 2
AG®ne= —RTIn(so) (kcal/mol) —0.9+ 0.6 >+0.5 DOPG (mM)

AG°pop= —RTIn(s) (kcal/mol) —3.1+£0.1 —-25+£0.1 B

a Confidence intervals represent one standard deviation as estimated 1 A

by Monte Carlo error analysis. Note: this method underestimates error M A
in AG®par, Which varies by<0.5 kcal/mol in repeat experiments with il
different peptide stocks. §
[¢]

0D350

ivity in binding is most readily explained by the presence of 5 8 X "8 o
protein—protein interactions on the membrane. 0 : = ora 2

Direct Detection of Membrane-Bound AssociatiddsP B e DOP:S - 1.5 2
interaction on the membrane is the simplest explanation for
the cooperative binding profiles observed by CD. However, C 25 uM rIAPP, 0.01% glutaraldehyde
we also considered the alternate possibility that cooperative
binding is driven by IAPP-induced liposome aggregation,
which has been reported previous6). Upon addition of DOPG (mM) ©
DOPG liposomes to rlAPP or hlIAPP, increased light scatter —26.6
at 350 nm is detected only at IAPP concentratiafd0 uM -
for both hIAPP and rlIAPP (Figure 3A,B). In contrast, - &
cooperative binding occurs at concentratiar&uM hIAPP
and 20uM rlAPP (Figure 2B,C). Furthermore, the binding
curve of 25uM rlIAPP measured by CD is identically m.. “.‘
cooperative whether 100 or 220 nm extruded liposomes are —35
used (Figure 3B, inset). This occurs despite th&-fold Ficure 3: Direct measurement of aggregation upon IAPP
difference in the molar concentration of liposomes at the llPosome binding. (A, B) Aggregation of liposomes induced by

. . . hIAPP or rIAPP, respectively. DOPG liposomes were titrated into

same total DOPG concentration. If cooperativity were driven e ingicated starting concentrations of IAPP, and the extent of light
by liposome aggregation, one would expect it to be dependentscatter was measured by absorbance at 350 nm. Inset to (B): CD
on the molar concentration of liposomes. Our observations titrations of 100 nm (squares) or 220 nm)(DOPG liposomes

Suggest that Ilposome aggregatlon |S a Consequence ofnto 25/,4M rIAPP. nght scatter obscures e||lp'[ICIty measurements
hali with the larger liposomes above 1 mM DOPG. (C) Glutaraldehyde
a-helical IAPP assembly on the membrane. cross-linking of IAPP+ DOPG. rIAPP (25uM) was incubated

The presence of membrane-bound rlIAPP aggregates isfor 40 min with 0.01% glutaraldehyde and the indicated concentra-
directly detectable using glutaraldehyde cross-linking. Glu- :'On of DOtPG L')poé%fggz gEOan:n)- Re_le_CtlonSfWEr(l% qulenche_d ﬁtﬂor
i : : . =~ «ina to separation by . The positions of molecular weig
g}r:.ldehy%e (;LOSS Im.k‘? p;Ote:?.s by rggctlll':g Wlttf;] I);sme side markers are shown on the right, and monomer (m) and dimer (d)
ins and other moietied?). Figure 3C shows that cross-  pands of rIAPP are indicated on the left.

linked oligomers as large as hexamers are formed when 25

#M TIAPP is cooperatively bound to the membrane (e.g., analysis of the CD titration data (Figure 2B,C) was performed
125 uM DOPG). At higher lipid concentrations, e.g., 1.5 with a discrete oligomerization model, in which IAPP
mM, cross-linked dimers are formed efficiently, but higher partitioning is followed by formation of oligomers of size
order species are not. This decrease in higher order cross\, Global analysis is a more stringent test of a model than
linking correlates with the convergence of the:28 riAPP individual curve fitting, as it requires measurements from
binding curve with simple partitioning at concentrations of myitiple data sets to be represented by a small number of
DOPG above~1 mM (Figure 2C). At high lipid concentra-  parameters. Global fits using the six-parameter discrete
tions (Figure 3C, far right lane), dimers are the most gjigomerization model generally improve Bsncreases but
efficiently formed cross-linked species with little contribution  gg not change significantly abowe= 7 (Figure 2DN = 7
from larger states. However, this may represent simple shown). Correlation of these fits with the data is poor and
enhancement of the weak degree of cross-linking observedyglivers nonrandom residuals. For example, atREIAPP
in the absence of lipid (Figure 3C, far left lane). Thus, only (Figure 2D), ellipticity approaches an apparent plateau
under conditions where rlIAPP is cooperatively bound is a petween 0.2 and 0.7 mM DOPG but then becomes more
range of higher order oligomers observed. negative at higher lipid concentrations. A plateau within a
Global Analysis of Cooperate IAPP-Lipid Binding.The titration curve generally suggests a change of state. Such
observation of a range of species via chemical cross-linking behavior cannot be captured by an equilibrium between
suggests that cooperativity is not the result of the formation monomer and an oligomer of discrete size (Figure 2D, dashed
of a discretely sized membrane-bound oligomer. Global line). Indeed, this model consistently fails to account for
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ellipticity throughout these plateau regions, e.g520uM was measured by CD spectroscopy (Figure 4A,B). After an
rlIAPP, 0.67 mM DOPG (Figure 2D, inset, dashed line). initial lag phase (in this case60 min), a cooperative loss

In contrast, binding is well represented by a model in of helical structure and acquisition gfsheet are evident.
which an equilibrium exists between heterogeneous ag-The time scale is consistent with measurements of fiber
gregates and monomeric forms of IAPP on the membrane.formation by thioflavin T (ThT) or intrinsic tyrosine fluo-
In this model,a-helical IAPP assembles on the membrane rescence (data not showi23}. Singular value decomposition
into multimeric species of heterogeneous size via nucleation-analysis of the CD spectra indicates a two-state transition;
dependent aggregation. This model has been previously used.e., no significant intermediate structure is populated during
to describe cooperative membrane binding by the peptidethe transition. No acquisition gi-sheet structure by mem-
sequence Ac-WLLLLL 87). Importantly, this model contains  brane-bound rIAPP was observed, consistent with its be-
the same number of fitting parameters (6) as the discretehavior in solution 48). Thus, although rlAPP can form

oligomerization model above, with the oligomer sikeand o-helical aggregates when bound to membranes, it cannot
equilibrium constantKqig, replaced by an aggregate nucle- undergo a structural conversion to amyloid.
ation parameterg, and propagation parametes, This Kinetics of fiber formation by hIAPP are correlated with

heterogeneous aggregation model yields robust fits to datathe concentration af-helical aggregates. To elucidate which
from both hIAPP (Figure 2BR? = 0.99) and rIAPP (Figure  state of membrane-bound hIAPP is preferred for fiber
2C,R?=0.96), including capture of the apparent plateau of nucleation, we measured fiber formation kinetics of.d\d
ellipticity (Figure 2D, solid lines). As this is an equilibrium  hIAPP in the presence of-18 mM DOPG. We report the
thermodynamic model, it does not preclude the existence ofrate of fiber formation by the time at the midpoint of the
low population intermediate states, e.g., oligomers in solution. fiber formation transition tfyv). In agreement with our
We note, however, that IAPP is predominantly unstructured previous results, only &2-fold increase irtry was observed
in solution, which would give rise to comparatively weak between 1 and 4 mM DOPQ@J). However, theny increases
associations. Furthermore, rlIAPP has not been reported todramatically above 4 mM DOPG (Figure 4C). It is expected
form oligomers in solution. Thus, the simplest interpretation that try should increase (i.e., the rate of fiber formation
of these data is that IAPP aggregation occurs on the should decrease) as the concentration of hIAPP on the
membrane. In either case, global analysis clearly indicatesmembrane decreases. As the amount of lipid is raised, the
that cooperative IAPPmembrane binding is due to forma- concentrations of both monomeZ,{) anda-helical aggregate
tion of heterogeneousi-helical aggregates rather than (Cay9 on the membrane decrease. However, above 4 mM
discrete oligomers. DOPG, Cyyg decays to a near zero contribution to the total
The formation of membrane-boundhelical aggregates  hIAPP on the membrane (Figure 4D); i.e., the population of
is itself a cooperative process. The heterogeneous aggregatiohelical aggregate is only significant under conditions where
model reports an aggregate propagation paramgtehich fiber formation is rapid. Generally, fiber formation is faster
is the equilibrium constant for addition of monomer to an under conditions which favor the formation of nucleating
aggregate. This value is 18012 for hIAPP and 73t 6 for species 49). Thus, these data are consistent with a fiber
rlIAPP, reflecting a~2.5-fold increased preference for the formation mechanism in which the helical aggregate state is
aggregated state in hIAPP relative to rIAPP. The model also on pathway for fiber nucleation.
includes an aggregate nucleation parametewhich has a Liposome Leakage Measurememisayloid fiber forma-
value between 0 and 1. This value scales the propagationtion and bilayer destabilization are distinct processes, which
parameters only for the assembly that corresponds to occur on dramatically different time scales. To assess the
nucleation, i.e., the produats, corresponds to the equilib- effect of IAPP on membrane integrity, the leakage of a
rium constant for nucleation of aggregates. The best-fit valuesconcentrated fluorescent dye, calcein, from liposomes was
of ¢ (0.04+ 0.03 for hIAPP, 0.004 0.004 for rlAPP) imply measured. In these experiments, fluorescence increase was
a highly cooperative aggregation. For simplicity, we assume monitored after adding liposomes to different concentrations
this step is dimer formation; however, our data do not exclude of IAPP. Leakage has an exponential kinetic profile and
the possibility of a larger nucleus size. In additiondtos, occurs well within the lag time of fiber formation. For
and the monomer partitioning coefficierq,, the fits also example, 1«M hlAPP forms fibers with lag times between
report the maximum protein to lipid ratio (P/L) of IAPP on 30 and 70 min in 0.31 mM DOPG (Figure 4A,C) but
the membrane (Gl.y), which is approximately 1/8 for both  induces leakage from 0.4 mM DOPG within 10 min (Figure
variants (Table 1). When the overall P/L approaches this 5A, inset). We report the fractional leakage after 10 min
value, IAPP is overwhelmingly in the aggregated state. It is incubation (Fly) for consistency with other published
important to note that the aggregates observed here arebservations40, 41). FLyo increases as the total concentra-
o-helical and not amyloid fibers, which arg-sheet in tion of IAPP is increased (Figure 5A,B). Importantly, 5-fold
structure and do not form from rIAPP. For clarity, we use more rlAPP than hlIAPP is generally required to evoke the
the term “aggregate” in this work solely to describe this same extent of leakage (arrows, Figure 5A,B). The amount
multimeric helical state and do not use it to describe amyloid of IAPP required to induce leakage increases as the total
fibers. lipid concentration increases. Specifically, the concentrations
hIAPP Amyloid Fiber FormationConversion of-helical of both monomeric IAPP) and helical aggregateC{yo)
membrane-bound hIAPP species into amyloid fibers involves are correlated with the extent of leakage (Figure 5C,D).
a transition in secondary structure fiesheet. Despite the  However, leakage is much more sensitive to increas€sgin
stabilization ofa-helix during the lag phase, hIAPP fiber than C,. For example, &, of 0.001 induces very little
formation is dramatically accelerated by binding to lip®); leakage for either hIAPP or rlAPP. In marked contrast, a
Here, a reaction with 2@M hIAPP and 0.34 mM DOPG  Cgyg (in monomer units) of 0.001 induces 100% leakage
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Ficure 4: hIAPP fiber formation kinetics with DOPG. (A) Far-UV CD spectra ofi2@ hIAPP were measured as a function of time after
addition of 0.34 mM DOPG. Spectra were collected every 5 min and were within error of each other between 0 and 65 min. The spectrum
at 130 min (130 has the canonicg#-sheet minimum at 220 nn88). (B) The extent of3-sheet content during the reaction is plotted as

the ratio of ellipticity at 226-208 nm. The data were fit to a sigmoid curve (solid line) which shows a transition midpoint of 73in (
dashed line). (C, D) Fiber formation of M hIAPP was monitored by ThT fluorescence from reactions initiated in parallel using a single
stock. Values ofry were extracted from time courses as described previo@8)y (C) trv increases slowly from 1 to 4 mM DOPG but
increases dramatically above 4 mM DOPG (indicated by dotted line). (D) The concentrations of membrane-bound n@poaret (

helical aggregated,yy are plotted versus lipid concentration, as determined from the global fit parameters from FigQxg,28Bcalculated

as CT*— Cp, (see Materials and Methods). All concentrations are monomer unit protein to lipid ratios (P/L).

[Figure 5C,D (vertical dashed lines)]. A second indicator is apoptosis in cultured cells under conditions where it also
the disparity between hIAPP and rIAPP in the dependence permeabilizes isolated lipid bilayer®)( Binding to the
of leakage on monomeria-helical protein (Figure 5C). membrane also serves to catalyze hIAPP conversion to
These observations suggest it is tiéhelical aggregated amyloid fibers 23). Here, we elucidate mechanisms for
states of IAPP which most greatly contribute to IAPP- membrane binding, destabilization, and nucleation of fibril-
induced membrane disruption. logenesis in vitro using negatively charged liposomes as an
analogue for the cellular membrane. Specifically, we find
that (i) membrane binding is cooperative; (ii) cooperativity
results from formation of a membrane-bound aggregated
s state; (iii) monomeric and aggregated membrane-bound states
area-helical; (iv) naturally occurring amyloidogenic (human)

) ) : and nonamyloidogenic (rat) sequence variants bind, fold, and
as the latter requires concentrationsdf.3 mg/mL to induce permeabilize bilayers by the same mechanism: (v) fibrillo-

the same extent of leakage as41@ (0.06 mg/mL) rIAPP ganagis by hIAPP is nucleated by the cooperative transition
(data not shown). Previous reports have shown negligible of -helical aggregates into Arsheet.

disruption by rIAPP when the lipid is 50% anionic 9, 40, The thermodynamic stabilities of IAPP structures on the
50, 51) Our own observations confirm this result (data not membrane determine the extent of binding, aggregation,
shown). However, these are conditions under which rlAPP helix-sheet transitions, and membrane permeabilization.
does not significantly bind to membrane23). Consistent  Global analysis of binding (Figure 2BD) is most consistent
with a role for aggregates in permeabilization, we find rIAPP  with a heterogeneous aggregation model in which monomeric
induces leakage if it is bound to the membrane under IAPP initially partitions from solution into the membrane

To our knowledge, this is the first report of membrane
disruption by a nonamyloidogenic variant of IAPP. The
mechanism of this disruption is not simply due to the mas
of protein bound to membrane. rlIAPP induces leakage
fold more efficiently than the polycationic peptide polylysine,

conditions wherex-helical aggregates form. with a free energyAG°par and then aggregates (stepdll,
Figure 6). We can ascribe an overall free energy of IAPP
DISCUSSION membrane binding encompassing both partitioning and

. . o aggregation steps as
IAPP fiber formation angs-cell toxicity are central to the

progression of type Il diabetes. These two events are AGppp-mem = AGpart T faggAGagg
correlated clinically, and hIAPP has been implicated in cell

death through interactions with cellular membranes. For where AG°p.r is the free energy of partitioning at infinite
example, it has been shown that exogenous hIAPP inducedilution (step I, Figure 6). This is related to the experimen-

(13)
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FicurRe 5: Liposome leakage induced by (A) hIAPP and (B) rIAPP.
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(A, B) Calcein-encapsulating liposomes of 100% DOPG were purified

and added to IAPP-containing solutions at total lipid concentrations ofiRL(squares), 42@M (stars), or 84Q«M (diamonds). Fractional
leakage (FL) is reported at 10 min. Arrows indicated t&0% leakage of 42@M DOPG is induced by 3&M hlIAPP or 15uM rIAPP.
Complete leakage (F& 1) was determined from separate solutions containing 0.004% Triton X-100. Inset to (A): Individual leakage time
courses fit well to a single exponential with a dead time event and a maximum leakage often less than 100% (showaMob@FG

and 2-8 uM hIAPP). (C, D) Using the heterogeneous aggregation model, the concentrations of monomeric IAPP on the m&pprane (
and aggregated-helical states@ag9 Were calculated at each peptide and lipid concentration used. The fraction leakage at 10 min is shown
as a function of (C)Cy, or (D) Cagg for hIAPP (filled circles) and rIAPP (open diamonds). Dashed lines indiCater C,gg = 0.001.Cy,

and C,yg are expressed as protein to lipid ratios (P/L).
tally determined mole fraction partition coefficiett.y (45):

AG ~RTIN(K,) (14)

© =
part

In eq 13,fagq is the fraction of membrane-bound protein in
the aggregated state amiGagg is the free energy of

While the values oAG°p, are closely similar for rIAPP
and hlIAPP 6.4 + 0.1 kcal/mol for both variants), the
contributions of these terms are weighted differently for the
two peptides. Previous studies demonstrate that electrostatic
interactions AG°qe) greatly contribute to the effectiveness
of anionic lipid to catalyze fiber formation. For example,

formation of aggregates. The latter is dependent on aggregatehe mutation K1E reduces the acceleration of hIAPP fiber
size, as aggregation involves both nucleation and propagatiorformation by DOPG by-10-fold (23). However, rIAPP has

steps (steps Il and lll, Figure 6). The free energy (per
monomer unit)AGagq Of forming an aggregate of size¢ is
given by

AGpgq = [AG®

+(N=2)AG /N (15)

nuc

Here, AG°nis the free energy of aggregate nucleation (step
Il 'in Figure 6) andAG®,qp is the free energy of adding

a greater net positive charge at pH 7.4 compared to hlIAPP
(+4 vs +3, respectively) and, therefore, has a greater
electrostatic contribution tAG°,ax The disparity derives
from residue 18, which is histidine in hIAPP and arginine
in rIAPP. Notably, the lipid affinity of hIAPP becomes much
greater than rlAPP upon lowering of the pH to 5.5, at which
His18 is expected to be protonated (Figure S1 of the
Supporting Information). This indicates that the partitioning

monomer to an existing aggregate (denoted as propagationterms other tham\G°qe are more favorable for hIAPP than

step Il in Figure 6).

We interpret our measurement Af5°,4 Using an estab-
lished approach4®) in which the partitioning free energy
is represented as a sum of separable contributions:

AG AG®,,+ AG°,, T

AG e+ AG®

° =
part

lip + AC:"Oimm (16)

rlIAPP. The greatest difference is likely XG° 4, as hIAPP
forms a more canonicab-helix upon binding to the
membrane (Figure 2A). A second indication of the impor-
tance of electrostatic interactions is the maximum protein to
lipid ratio (P/L) of IAPP on the bilayer, Clax Our fits
indicate CThaxVvalues of approximately 1/8 (Table 1). If IAPP
is only bound to one face of the bilayer, this corresponds to
a protein to lipid ratio of 1/4, a density at whichta} charge

These terms represent energy changes upon protein bindinggn IAPP would be exactly neutralized by the lipid. Within

which result from protein foldingAG°..), desolvation and
nonpolar interactions AG°s), electrostatic interactions

aggregates, the P/L ratio is likely near this value, where the
electrostatic repulsions between IAPP molecules are fully

(AG°ge), and entropy losses associated with perturbation of screened.

lipid structure and immobilization of the protein G, and
AG®imm, respectively).

Favorable proteirtprotein interactions stabilize association
of IAPP into o-helical aggregates. Despite equivalent
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e " helix lengths for both hIAPP and rlAPP. Figure 2A shows

IV, far-UV CD spectra of 2QuM peptide in the presence of
?mvloid 1.3 mM DOPG. At these concentrations, our model (Figure
ormation

2B,C) predicts that hIAPP and rIAPP are 69% and 51%
bound, respectively. Since the spectra of unbound IAPP
are known (Figure 2A, solid traces), we can deconvolute
the measured spectra to yield the spectrum of 100%
bound peptide (Figure 2A, thin dashes). This results in CD
spectra that are more closely similar, particularly at
the shorter 208 nm wavelength. Secondary structure estima-
tion with these spectra suggests that rIAPP contains 49
57% helix and hIAPP contains 55% helix in the bound
state.

Differences between the membrane-bound CD spectra of
hIAPP and rIAPP may be ascribed to sequence differences.

p.artiticming,lr helical helical . - .
helix formation ~ aggregate aggregate The unusually strong peak at 207 nm in rlAPP is reminiscent

nucleation propagation of the polyproline Il helix 83). This suggests that the
FiIGURE 6: Model of IAPP-bilayer interactions. This model  Structured region includes one or more of the proline residues
includes three steps in initial peptidenembrane interaction fol-  at positions 25, 28, and 29 (Figure 1). These prolines are
lowed by a minutes time scale conversion of hIAPPStsheet extremely important in preventing-sheet formation by

amyloid fiber nuclei. (I) Binding of monomeric, random-coil IAPP : ; P
to lipid and folding to a-helix is governed by a partitioning MAPP (53). Residues 28 and 29 are serine or proline in many

equilibrium (eq 14). (I) Aggregation of membrane-bound helical |APP sequences, and residue 30 is a conserved threonine
states is nucleated by formation of low-order aggregates°®f,. (Figure 1A). These three residues are all poor helix formers
= —RTIn(os9)]. (Ill) Propagation of existing aggregates by addition (54) and may cap the C-terminal end of a conserved IAPP
of monomer is energetically more favorable than nucleation of new pgljix.

aggregatesAG®pop, = —RT INn(s)]. (IV) Aggregates ofo-helical .
hIAPP, but not rlAPP, convert cooperativelyAesheet fibers. This An a-helix formed by IAPP would have a conserved

occurs via sampling of extended structures by molecules within @mphipathicity. This is a known property of other membrane-
the aggregate. Sampling of extended structure by fedmlical targeting peptidess6). A helical wheel representation of a
monomers (lower left) will less efficiently result in fiber nucleation. 20 amino acid segment of the IAPP consensus sequence
(residues 827) is shown in Figure 1B. The helix possesses
monomer partitioning free energies, hIAPP shows greatera conserved hydrophobic moment of 48 0.5. The
apparent affinity for membrane compared to rlAPP; i.e., disulfide-bonded loop region (residues-7) may cap the
hIAPP has a more favorableGiapp-mem This is evident from N-terminal end of the helix56). Capping a helix with
sucrose gradient centrifugation assa3?) (as well as from residues 7 places four positive charges very close in space.
CD titrations (Figure 2B,C). In this work, we have deter- This occurs because Argll and Arg/His18 are on the same

mined that both human and rodent sequences toimlical face of the helix as Cys7, near the charged N-terminus and
aggregates as a result of favorable propagation free eneriysl. The negatively charged surface of the membrane can
gies: AG®%p = —3.1 £ 0.1 and—2.5 £ 0.1 kcal/mol, effectively screen these charges, allowing the helix to form.
respectively (Table 1). The differences iNG°yp are Interestingly, many sequences (notably in fish, Figure 1A)

significant and result from differences in sequence and also contain an Asp at residue 14, one helical turn away from
structure between the two variants. For small aggregates, thewo positive charges, which would help to offset the charge
aggregation energ\Gagg, is significantly influenced by the  repulsion. These features suggest a preferencefoelix
nucleation termAG°n,. (eq 15). For both hIAPP and rlAPP, formation in the phospholipid headgroup region of the
this nucleation energy is higher than that of propagation, membrane.
resulting in a cooperative aggregation process. This indicates Aggregation of helices would necessitate a conformation
that favorable proteinprotein contacts are more readily of the peptide not parallel to the membrane surface. Indeed,
formed during aggregate propagation. Differences betweenthe maximum allowed density of protein on the membrane
rlAPP and hlIAPP propagation free energies may result from (CTmay is >2-fold higher than allowed by am-helix lying
entropic and/or enthalpic factors which influence the stability on top of the bilayer. IAPP within the aggregates must
of protein—protein interfaces. The relative significance of therefore be partially inserted into the membrane and/or
these contributions is dependent in part on the structuresextended away from the surface. Fluorescence anisotropy
formed in the aggregated state. measurements with rhodamine-labeled hIAPP suggest an
Human and rat IAPP form-helical structures of similar  orientation of the helix with the N-terminus patrtially inserted
length when bound to membranes. Secondary structureinto the bilayer (Figure 6)43). Such an orientation, which
prediction algorithms based solely on sequence predictfixes only one terminus at the surface, will yield parallel
o-helical structure in residues—84, which are identical  rather than antiparallel helixhelix associations. Intriguingly,
between hIAPP and rlAPP5R). In addition, binding to the hydrophobic face of the helix is consistent with a
membranes or detergents is known to inducdaelical canonical coiled-coil interaction motif (Figure 1C5%7.
structure in many peptide€t%), and the helical region of = Favorable coiled-coil interactions would be mediated by
IAPP likely extends beyond this predicted region when residues 12, 16, 23, and 26. Thus, the high density and
membrane-bound. Estimates of secondary structure base@mphipathicity of IAPP helices suggest that the helical
on CD measurements (Figure 2A) suggest-28 residue aggregates are ordered parallel bundles.
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The presence af-helical aggregates of hIAPP accelerates
conversion tg3-sheet-rich amyloid fibers (Figure 4). Many
amyloid fibers, including hlIAPP7), have been shown to
containS-sheets with parallel strand alignmei®;, 8, 58).
Parallel alignment ofx-helices within an aggregate would
all but eliminate translational and rotational diffusion on the
membrane (Figure 6, step Ill). This would serve to accelerate

Knight et al.

across 21 species shows a conserved amphipathicity and
possibly an interaction motif (Figure 1). This high degree
of conservation suggests that helical membrane binding
represents an evolutionarily selected function. We have
previously shown that 5@M rlIAPP partially binds to 3.6

mM of 1:1 DOPG:DOPC Z3). This corresponds to an
apparenKy of ~10 mM. While the anionic lipid content in

fiber formation but competes with the adoption of a non- vivo is ~2-fold less than this, we estimate the effective lipid

amyloid helical structure. Neverthelesshelical membrane-
bound structures will sample hetixcoil transitions (Figure

6, step IV). We therefore propose that aggregates containing
botha andp structures give rise to a cooperative transition
to amyloid (Figure 6, step V).

We show that both amyloidogenic hIAPP and nonamy-
loidogenic rlIAPP induce membrane leakage. We also note
that in nonamyloidogenic peptidenembrane systems, e.g.,
melittin, multiple mechanisms of disruption are possible
depending on the solution condition®9. Under our
conditions, IAPP is random coil in solution andhelix on
the membrane on the time scale of disruption. By contrast,
other studies have used hlAPP prepared by dissolution of
lyophilized peptide in unbuffered water or dilute HFIPL(

60). This is known to give rise to preassembl8esheet
structures rich in fibers and protofibe ) 60). These states
are active on 100% zwitterionic (PC) membranes, whereas
we observe no binding of IAPP to DOPQ3). Our
interpretation of these studies is that aggregation is initiated
in the aqueous phase, afigsheet-rich oligomeric intermedi-

concentration for IAPP to be 50 mM (1).2 Thus, extrapola-
tion from our in vitro measurements to secretory granule
conditions indicates that IAPHipid interactions are plau-
sible. A thermodynamic extrapolation of this kind, while
speculative, is not without precedent. For example, the
peptide magainin specifically binds anionic membra6s, (
however, transient interactions with zwitterionic membranes
enabled itso-helical structure to be determined by NMR
(63). Our data would indicate that a functional membrane-
bound state of IAPP would be transient and involve structures

which do not include helical aggregates. Further studies are

needed to determine whether IAPP, like the amyloidogenic
protein a-synuclein (4), may have a native function as a
membrane binding protein.
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ates interact with membranes and cause disruption. UndersyppoRTING INFORMATION AVAILABLE

our solution conditions, both hIAPP and rIAPP bind mem-
branes from a random-coil state, likely monomeric, and
disrupt viaa-helical states at the interface. Previous studies
report no leakage by rIAPP and equa@kesheet formation
with toxicity (9, 40, 50, 51). In vivo, it is not known whether
[-sheet conversion precedes or follows membrane disruption
by hIAPP. Our data suggest thathelical aggregated states
are sufficient to induce toxicity and may represent the toxic
state of hIAPP.

p-cell apoptosis is observed much less frequently in
diabetic rats than in humangl). Similarly, we observe that
3—5-fold higher concentrations of rlIAPP than hlIAPP are
necessary to induce cooperative membrane binding (Figure
2) or bilayer disruption (Figure 5). Furthermore, hIAPP binds
membranes more tightly than rlAPP at secretory granule pH
(Figure S1 of the Supporting Information). If increased
IAPP—membrane binding occurs in diabetic islets, hIAPP
will form aggregates more readily than rlAPP. Thus, the
difference in helix aggregation propensity may be responsible
for the dramatically different pathology observed in rodents
and humans. Nevertheless, rare populations of rl&Hli-
cal aggregates may account for the small increase in
apoptosis in diabetic rodentd8). The lack of amyloid
formation by rIAPP would therefore be unrelated to toxicity.
Rather, it is solely attributable to the inability of rIAPP to
form f-sheet structures (Figure 6, step V).

The structures and mechanisms of IARRembrane
interactions are similar between rlAPP and hIAPP and
involve cooperative membrane binding as well as cooperative
aggregation on the membrane (Figure 6). Helical analysis

8 Calculated on the basis of 250 nm granule diameted) and
0.7 nn? per lipid molecule.

CD measurements of rIAPP and hlAPP binding to DOPG
at pH 5.5 (Figure S1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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