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Abstract

Islet amyloid polypeptide (IAPP, also known as amylin) is the major protein component of pancreatic
amyloid fibers in type II diabetes and is normally cosecreted with insulin from the B-cells of the
pancreas. IAPP forms amyloid fibrils rapidly at concentrations well below those found in vivo, yet
progression of type II diabetes occurs over many years. Insulin, a known inhibitor of IAPP fibrillo-
genesis, exists as a dense crystalline or near-crystalline core in the secretory vesicle, while TAPP
localizes to the region between the crystal and the secretory vesicle membrane. In vitro, IAPP fibrillogenesis
is both accelerated by lipid membranes and inhibited by monomeric insulin. In this work, we investigate
insulin—-IAPP-lipid interactions in vitro under conditions chosen to approximate native secretory vesicle
physiology and the amyloid disease state. The effect of insulin on IAPP fibrillogenesis is investigated using
fluorescence spectrometry. Additionally, interactions of IAPP and lipids with crystalline insulin are studied
using fluorescence microscopy. We find that, while soluble states of insulin and IAPP do not interact
significantly, large assemblies of either insulin (crystals) or IAPP (fibers) can lead to stable IAPP—insulin
interactions. The results raise the possibility of multiple physiological interactions between these two (3-cell
hormones.

Keywords: islet amyloid polypeptide; insulin; amyloid inhibition; protein-membrane interactions;
peptide—crystal interactions; amylin; protein aggregation

Supplemental material: see www.proteinscience.org

Present addresses: “Department of Chemistry and Biochemistry,
University of Colorado, Boulder, CO 80309, USA; 4Department of
Biological Chemistry and Molecular Pharmacology, Harvard Medical
School, Boston, MA 02115, USA.

Reprint requests to: Andrew D. Miranker, Department of Molecular
Biophysics and Biochemistry, Yale University, 260 Whitney Avenue,
New Haven, CT 06520-8114, USA; e-mail: andrew.miranker@yale.
edu; fax: (203) 432-5175.

Abbreviations: IAPP, islet amyloid polypeptide; T2D, type I diabetes;
AR, Alzheimer’s B-peptide; IDE, insulin-degrading enzyme; DMSO,
dimethyl sulfoxide; HFIP, (1,1,1,3,3,3)-hexafluoro-2-propanol; try,
transition midpoint time (at which fibrillogenesis is 50% complete);
ThT, Thioflavin T; DOPG, 1,2-dioleoyl-sn-glycero-3-[phospho-RAC-
(1-glycerol)]; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; BSA,
bovine serum albumin; NBD-DOPE, 1,2-dioleoyl-sn-glycero-3-phospho
ethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-y1).

Article published online ahead of print. Article and publication date
are at http://www.proteinscience.org/cgi/doi/10.1110/ps.036350.108.

1850

Islet amyloid polypeptide (IAPP) and insulin are hor-
mones cosecreted by the B-cells of the pancreas. In late
stages of type II diabetes (T2D), pancreatic B-cell death
is accompanied by deposition of IAPP amyloid fibers in
~90% of patients (Westermark and Grimelius 1973). In
an analogous manner, deposition of amyloid by the
Alzheimer’s B-peptide (AB) is associated with neuronal
death in Alzheimer’s disease (Caughey and Lansbury
2003). In general, the association of amyloid with cell
death is supported by the observation that soluble oligo-
meric states of amyloid precursors, including TAPP and
AP, induce disease-like toxicity when added to cultured
cells (Janson et al. 1999) or injected into model animals
(Lesne et al. 2006). Association of TAPP with T2D is
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further supported by a number of recent transgenic rodent
models engineered to express human IAPP (Fox et al.
1993; Hoppener et al. 1993; D’ Alessio et al. 1994; Soeller
et al. 1998; Butler et al. 2004). For example, the human
islet amyloid polypeptide transgenic (HIP) rat develops
diabetes between 5 and 10 mo of age, with a progressive
pathology strikingly similar to human T2D (Butler et al.
2004; Matveyenko and Butler 2006).

In vitro, IAPP forms amyloid fibers in ~30 h timescale
or faster at protein concentrations orders of magnitude
below those present in vivo. This process is further
accelerated to a timescale of =100 min in the presence
of anionic phospholipid vesicles (Knight and Miranker
2004; Jayasinghe and Langen 2005). In contrast, pro-
gression of T2D takes many years. Some factor(s), such
as chaperones, must act to prevent and/or clear amyloid
deposits in vivo. One surprising candidate is insulin,
which has been demonstrated to inhibit IAPP fiber
formation in vitro (Westermark et al. 1996; Jaikaran
et al. 2003; Larson and Miranker 2004; Gilead et al.
2006).

Insulin and TAPP are co-regulated at the expression
level and have complementary hormone activities. Ex-
pression of both genes is controlled by common promoter
elements (German et al. 1992). Protein levels are main-
tained at an ~1:100 ratio of IAPP to insulin in healthy
B-cells, and the highest reported ratio in disease is 1:20
(Gedulin et al. 1991; Hull et al. 2004). Both molecules are
packaged into secretory granules as proproteins, which
are cleaved by the same prohormone convertases, PC1
and PC2 (Docherty and Steiner 2003; Young 2005). As a
putative paracrine hormone, IAPP has effects comple-
mentary to insulin; for example, both suppress glucagon
secretion by islet a-cells (Kruger et al. 2006). IAPP may
also provide feedback on the secretion of insulin (D’ Ales-
sio et al. 1994; Gebre-Medhin et al. 1998). Additionally,
the insulin-degrading enzyme (IDE), an important com-
ponent of metabolism, has also been shown to degrade
IAPP and prevent accumulation of amyloid fibers in
cell culture (Bennett et al. 2003). Recent crystal struc-
tures of IDE bound to either IAPP or insulin reveal
intriguing similarities in the interaction with the two
peptides (Shen et al. 2006). Both peptides can self-
interact; insulin forms crystals in vivo and IAPP forms
amyloid fibers. Since IAPP and insulin are cosecreted, the
potential for interaction exists throughout the secretory
pathway. Production of both peptides increases during the
early development of T2D, leading to stresses to the
secretory pathway that have been implicated in B-cell
death (Huang et al. 2007; Laybutt et al. 2007). Finally, as
both insulin and IAPP are localized at high concentrations
in the secretory granule, it is important to understand the
molecular interactions between these peptides under such
conditions.

IAPP is known to interact with insulin when one com-
ponent is in an immobilized or insoluble state. Notably, a
kinetic study of insulin inhibition of IAPP fiber formation
revealed strong interactions of insulin with TAPP fibers,
but no significant interaction with monomeric IAPP was
apparent (Larson and Miranker 2004). Inhibition of fiber
formation appeared to be mediated by the binding of
insulin to fiber ends. Insulin has also been observed to
bind both to the sides of TAPP fibers and to IAPP im-
mobilized on a surface plasmon resonance chip (Jaikaran
et al. 2003). Finally, a study of IAPP and insulin sub-
peptides suggested a potential for interaction between
residues 7 and 19 on IAPP and the B chain of insulin
(Gilead et al. 2006). This interaction site corresponds to a
region of homology between the two peptides that, in
part, mediates binding to IDE (Fig. 1A; Shen et al. 2006).
However, interactions between fully solubilized forms of
insulin and TAPP have not been reported.

Within the secretory granule, insulin is packaged into
an insoluble crystalline state. Conditions approximating
the secretory granule (10 mM Zn**, pH ~6.0) lead to
rapid crystallization of insulin into a hexameric confor-
mation known as Tg (Smith et al. 2003). In vivo, the
effective concentration of insulin in the granule is ~40
mM, and crystalline lattices consistent with the Tg crystal
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Figure 1. Schematic of peptide sequences and experimental conditions.
(A) Sequences of insulin A and B chains, as well as human and rat versions
of TIAPP. Solid lines indicate disulfide bonds. Wide dashed underlines
indicate regions identified as a-helical either in the Ty crystal structure of
insulin (IMSO) (Smith et al. 2003), by EPR for membrane-bound human
TIAPP (Apostolidou et al. 2008), or by NMR for rat IAPP in solution
(Williamson and Miranker 2007). Regions that bind the catalytic cleft of
IDE are underlined with short dashes (Shen et al. 2006). (B) Schematic
of an insulin secretory granule. A dense crystalline granule core of insulin
(gray rhombus) is surrounded by a lipid bilayer and by IAPP (gray lines) in
the halo region. (C) Schematic of experimental conditions for insulin
crystal binding experiments. Synthetic liposomes (circles) and IAPP are
added to preparations of insulin crystals. Illustrations are not to scale.

1851

www.proteinscience.org



Knight et al.

spacing are observable (Blundell et al. 1972). These
crystals occupy ~50%-90% of the secretory granule
volume, and the remaining granule contents occupy the
“halo” region between the crystal and the vesicle mem-
brane (Fig. 1B). IAPP is generally found within this
region, although one study reports IAPP localized to the
crystal surface as well (Lukinius et al. 1989). The 1:100
molar ratio of IAPP to insulin corresponds to 0.8—4 mM
IAPP in the halo region. Thus, IAPP exists at very high
concentrations in close proximity to both the lipid
membrane and the insulin crystal.

In vitro, TAPP fibrillogenesis is strongly inhibited by
insulin but strongly accelerated by lipid membranes
(Larson and Miranker 2004; Knight et al. 2006). Here,
we investigate the effect of insulin on lipid-catalyzed
fiber formation in order to understand the mechanism of
insulin—-IAPP-lipid interactions under conditions relevant
to physiology. Further, we examine the interactions of
soluble IAPP and lipids with crystalline insulin at secre-
tory granule pH. We find that the presence of insulin as an
ordered array (crystals) is sufficient to produce a strong
interaction between the two peptides.

Results

The goal of this study is to characterize ternary inter-
actions between IAPP, lipid membranes, and insulin. Our
investigation measures two independent phenomena: (1)
TIAPP fiber formation and (2) binding of IAPP to the
surface of insulin crystals. Here, the combined effects of
insulin and lipid on fiber formation are characterized by
established techniques in order to clarify the mechanism
of insulin inhibition. The interactions of IAPP with crys-
talline insulin are investigated using microscopy with
fluorescent tagged proteins and lipids (Fig. 1C). The insu-
lin crystals used are prepared at secretory vesicle pH and
Zn™* concentrations, with assays conducted at insulin:
IAPP ratios of 50:1. Lipid-catalyzed fiber formation
kinetics are measured as a function of the insulin:IAPP
ratio at both vesicular and extracellular pH. These con-
ditions were chosen to approximate the normal secretory
granule environment and the conditions of extracellular
IAPP fibrillogenesis.

Effects of insulin on lipid-catalyzed fiber formation

IAPP fiber formation is dramatically inhibited by insulin
in the absence of lipid (Fig. 2A). Insulin has previously
been shown to strongly inhibit IAPP fibrillogenesis reac-
tions accelerated by the cosolvent (1,1,1,3,3,3)-
hexafluoro-2-propanol (HFIP) (Larson and Miranker
2004). In order to test whether this inhibition similarly
occurs in the absence of HFIP, fiber formation was
measured with 10 wM TAPP in 50 mM sodium citrate,
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Figure 2. Inhibition of IAPP fiber formation by insulin, monitored by
Thioflavin T (ThT) fluorescence. (A) Reaction kinetics of 10 uM IAPP
with (filled) and without (open) 10 pM insulin at pH 6.0 with 10 mM Zn™*
in the absence of liposomes. (B) Fiber formation of 10 wuM IAPP at pH 7.4
with 1.3 mM DOPG. Data in A and B are representative of experiments
performed in triplicate, in parallel with controls lacking IAPP (Supple-
mental Fig. 2). The transition midpoint time (tty) was extracted from
sigmoid fits (solid lines). (Inset) Mean values of try normalized to zero
insulin, for reactions performed in triplicate. No transition was observed
for 100:1 insulin:IAPP. Error bars are =1 SD.

pH 6.0, with 10 mM Zn™ and ~1% dimethyl sulfoxide
(DMSO). IAPP forms fibers under these conditions in 800
* 300 min, but requires >4000 min in the presence of
equimolar insulin (Fig. 2A). The use of pH 6.0 and 10
mM Zn** serves to approximate the conditions of the
secretory granule (Hutton 1982; Hutton et al. 1983).
Similarly, we approximate the extracellular environment
by conducting reactions at pH 7.4 and without Zn*".
Under these conditions, equimolar insulin also strongly
inhibits fiber formation, with no conversion observed in
reactions monitored for 2000 min (data not shown). In the
absence of Zn*™*, insulin exists as a mixture of soluble
monomer, dimer, and hexamer states (Pekar and Frank
1972). In both cases, insulin inhibition is qualitatively
comparable to that observed in HFIP-catalyzed reactions.

Insulin is a much less effective inhibitor of bilayer-
catalyzed IAPP fiber formation. Fibrillogenesis of 10 uM
IAPP catalyzed by 1.3 mM 1,2-dioleoyl-sn-glycero-3-
[phospho-RAC-(1-glycerol)] (DOPG) liposomes occurs
with a transition midpoint time (try) of 74 £ 5 min in
the absence of insulin but is undetectable after 500 min in
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the presence of 1 mM insulin (Fig. 2B). Intermediate
inhibition is observed at lower insulin:IAPP ratios; for
example, an approximate fourfold increase in try is
induced by 100 pM insulin. Notably, only a 1.4-fold
increase in tty is induced by equimolar insulin (Fig. 2B,
closed circles). This is in marked contrast to the fivefold
or greater change in tyy; observed with equimolar insulin
in the absence of lipid (Fig. 2A). Clearly, insulin is a less
potent inhibitor of lipid-catalyzed fiber formation. How-
ever, lipid-catalyzed IAPP fiber formation is still strongly
inhibited by insulin at the 100-fold excess concentration
found in the B-cell secretory granule (Fig. 2B).

Binding to insulin crystals

IAPP readily binds arrays of insulin in the form of
crystals. Insulin crystals are the major component of se-
cretory granules in vivo, surrounded by both soluble TAPP
and a lipid bilayer (Fig. 1B). In order to determine
whether IAPP interacts with insulin crystals under phys-
iologically relevant conditions, we prepared insulin
microcrystals in vitro using an adaptation of standard
crystallization conditions (Baker et al. 1988; Martin and
Zilm 2003). The conditions for crystallization (pH ~6,
high [Zn**]) are closely similar to the environment of the
maturing secretory granule (Hutton 1982; Hutton et al.
1983). This results in a distribution of crystal sizes on the
order of 1-10 wm in diameter (Fig. 3A, top). Addition of
rhodamine-labeled IAPP (rhodamine-IAPP) to a final con-
centration of 2 WM results in the crystal surface becoming
fluorescent (Fig. 3A, bottom). In contrast, no localized
fluorescence is observed when rhodamine-IAPP is added to
lysozyme crystals under matched buffer conditions (Fig.

3B). Additionally, 2 wM rhodamine-labeled bovine serum
albumin (rhodamine-BSA) does not render insulin crystals
fluorescent (Fig. 3C). These controls suggest the existence
of specificity in IAPP—insulin crystal interactions. Using
our observed average crystal size, the published unit cell
dimensions (Baker et al. 1988), and assuming smooth
crystal surfaces with one IAPP binding site per insulin
monomer, we estimate the effective concentration of bind-
ing sites to be <l wM in these experiments. Thus, as the
concentrations of both binding partners are 2 uM or less,
the easily visible fluorescence at the crystal surface
suggests an affinity of low micromolar range or stronger.
Clearly, IAPP can interact with insulin crystal surfaces at
concentrations well below that found in vivo.

IAPP can simultaneously bind insulin crystal surfaces
and lipid bilayers. DOPG liposomes were prepared that
contained 0.25% fluorescent lipid, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (NBD-DOPE). Addition of these liposomes to insulin
crystals yielded only uniform background fluorescence
(Fig. 4A). To test for IAPP-mediated interactions between
lipids and insulin crystals, we used a variant of IAPP from
rat that binds DOPG membranes but does not form fibers
(Jayasinghe and Langen 2005). Addition of 7 wM rat IAPP
to the liposome/crystal mixture results in marked local-
ization of fluorescence to the crystal surface (Fig. 4B).
Human IAPP could not be used under these conditions, as it
aggregates and gives punctate fluorescence not localized
to crystal surfaces (data not shown). Neutralization of
the liposome negative charge by rat IAPP is likely
important for the observed colocalization. Wholly zwitter-
ionic liposomes formed from 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), for example, can localize to the

i:C_f

Figure 3. Rhodamine-IAPP binding to insulin crystals. Microcrystals were prepared of either (A,C) human insulin or (B) hen egg
white lysozyme, and washed into CZ6 buffer. To these were added (A,B) 2 wM rhodamine-IAPP or (C) 2 uM rhodamine-BSA. Crystals
are clearly visible in phase contrast mode (fop). Protein binding is evidenced by bright crystal surfaces when viewed with a Texas Red
fluorescence filter (bottom). Note that rhodamine-BSA contains multiple fluorophores per molecule thus, the background fluorescence

appears brighter. Scale bar (100 wm) applies to all panels.
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Figure 4. Fluorescent lipid binding to insulin crystals. Microcrystals of
human insulin were incubated in CZ6 buffer with 0.13 mM DOPG
liposomes containing 0.25% NBD-DOPE in the absence (A) or presence
(B) of 7 M rat IAPP. Crystals are clearly visible in phase contrast mode
(top). Lipid binding is evidenced by bright crystal surfaces when viewed
with a FITC fluorescence filter (bottom). Scale bar (100 wm) applies to all
panels.

crystal surface in the absence of peptide (data not shown).
Taken together, these results suggest that insulin crystals
can interact with both IAPP and lipids under solution
conditions comparable to those in the [3-cell secretory
granule.

Discussion

Our investigation of IAPP-lipid—insulin interactions
revealed three significant observations: (1) Insulin inhibi-
tion of IAPP fiber formation is strongly diminished when
fibrillogenesis is lipid-catalyzed; (2) IAPP readily and
specifically interacts with insulin crystal surfaces; (3)
IAPP can mediate interactions between lipid bilayers and
condensed insulin in vitro.

Insulin inhibition of IAPP fiber formation was previ-
ously studied using the co-solvent HFIP as a means to
accelerate fiber formation to timescales appropriate for
the laboratory (Larson and Miranker 2004). Fiber for-
mation takes place in ~1 h in 2% HFIP but ~10-20 h in
buffer alone (Fig. 2A). In that study, 2 uM insulin was
sufficient to inhibit 25 wM IAPP fiber formation ~10-
fold. The capacity of insulin to act substoichiometrically
was accounted for by modeling the binding of IAPP to
fiber ends. The concentration of fiber ends is small
relative to total protein, and binding can be expected to
reduce the elongation rate. Since initiation of new fibers
(primary nucleation) is comparatively rare, a reduction of
the elongation rate strongly affects the overall rate of
fiber formation. This mechanism is consistent with our

1854 Protein Science, vol. 17

measurements of inhibition performed here for reactions
not catalyzed by HFIP.

In contrast, catalysis by lipid bilayers is not readily
inhibited by insulin. In a lipid-catalyzed reaction, fiber
elongation occurs predominantly at the bilayer surface
(Knight and Miranker 2004; Lopes et al. 2007). The local
concentration of IAPP at the surface is therefore greatly
elevated. Importantly, insulin is not a membrane binding
protein. Thus, the ratio of IAPP to insulin near fiber ends
may be greatly increased at the membrane relative to bulk
solution. A competitive inhibitor’s efficacy is dependent
on its relative local concentration at the site of action.
Therefore, the results presented here are consistent with
inhibition due to binding fiber ends. Our observations are
also consistent with a recent report of IAPP fiber-induced
membrane disruption, in which a 10-fold excess of insulin
was necessary to observe significant reduction in vesicle
leakage (Engel et al. 2008). Overall, insulin inhibition of
fiber elongation is much less effective when TAPP and
fiber ends, but not insulin, are concentrated at the lipo-
some surface.

IAPP and insulin more readily interact when one
component is present as an array. Our findings are
consistent not only with insulin binding to fibrillar IAPP,
but we correspondingly observe that soluble IAPP can
bind to the surface of insulin crystals (Fig. 3). Under
conditions similar to those used here, 100 uM TAPP does
not appear to interact with 1 mM insulin in solution
(Supplemental Fig. 1). This suggests the binding affinity
is in the millimolar range or weaker. This observation
further supports the conclusion that insulin inhibition of
fiber formation occurs through interaction at fiber ends.
In addition, insulin has been directly observed to bind
TAPP fibers or IAPP immobilized on a surface plasmon
resonance chip (Jaikaran et al. 2003). Here we have made
the complementary observation that IAPP binds insulin
crystals. Taken together, this suggests that insulin:IAPP
interactions are mediated through condensed states.

Binding of TAPP to insulin crystals and inhibition of
IAPP fiber formation by soluble insulin may involve
different interfaces. In a recent study, fragments of either
IAPP or insulin B chain were conjugated to a cellulose
membrane and assayed for binding to full-length versions
of the opposing peptide (Gilead et al. 2006). IAPP was
observed to interact with fragments of insulin B chain
corresponding to either residues B9-20 or B23-30.
However, only the B9-20 segment was observed to
inhibit IAPP fiber formation. In the T¢ insulin crystal
structure, residues B9-20 are located in the interior of the
hexamer and participate in interface contacts (Smith et al.
2003). In contrast, residues B23-30 are exposed on the
surface of the hexamer. Thus, it is plausible that the two
modes of JAPP-insulin binding observed here correspond
to interactions involving distinct residues.
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IAPP and lipids bind to insulin crystals in vitro under
conditions that approximate the secretory granule lumen.
In this physicochemical study of TAPP surface interac-
tions, practical considerations result in conditions that
differ from physiological in two significant ways. First,
the 100% DOPG membranes used in this study contain
more negative surface charge than physiological mem-
branes. This composition was chosen for fiber formation
kinetic experiments, since its binding to IAPP and catal-
ysis of amyloid formation have been well documented
(Knight and Miranker 2004; Knight et al. 2006). IAPP
in diabetic amyloid deposits is wild type, suggesting that
alterations in local environment, such as lipids, are
responsible for catalysis of amyloid formation in disease
(Hull et al. 2004). Under non-diabetic physiological
conditions, lipid-bound protein states that lead to amyloid
fibers are unlikely to be highly populated. The second
major difference is that concentrations of IAPP within the
secretory granule halo region are ~2 orders of magnitude
higher than the concentrations used in our study (Hull
et al. 2004). Thus, the interactions observed here, espe-
cially between IAPP and insulin, may be even more
favored at the high IAPP concentrations found in vivo.

The structure and oligomeric state of IAPP upon bind-
ing to insulin crystals are not known. The in vivo roles, if
any, of ternary interactions involving IAPP, insulin, and
lipids in packaging and secretion are also unknown. It
is intriguing to note, however, that IAPP knockout mice
exhibit elevated glucose-stimulated insulin secretion
(Gebre-Medhin et al. 1998). Plainly, the inhibition of
IAPP fiber formation is not the evolved function of
insulin. Rather, this phenomenon suggests that specific
molecular interactions have the potential to take place in
the unusual environment of a secretory pathway. Pertur-
bation of these interactions may then result in amyloid
assembly and related toxicity.

Materials and Methods

Materials

DOPG was from Avanti and dissolved in chloroform; DMSO
was from J.T. Baker; Thioflavin T (ThT) was from Acros;
human insulin was from Roche; tetramethylrhodamine-BSA
was from Molecular Probes; human IAPP was synthesized
using standard t-Boc methods and purified by the W.M. Keck
facility (New Haven, CT); rat IAPP and N-terminally labeled
rhodamine-IAPP were synthesized by the W.M. Keck facility,
and cyclized and purified in house.

Peptide stocks

IAPP stocks were prepared in DMSO (human IAPP) or water
(rat IAPP) as described previously (Knight and Miranker 2004).
DOPG liposomes (100-nm diameter) were prepared by extrusion

as described previously (Knight and Miranker 2004). Insulin
stocks were prepared by dissolution into 20 mM HCI for
crystallization, or dilute NaOH for use in fiber formation reac-
tions. All experiments were either in KP7.4 buffer (50 mM
potassium phosphate, 100 mM KCI, pH 7.4) or CZ6 buffer (50
mM sodium citrate, 10 mM ZnSO,, pH 6.0) as indicated. These
buffers have ionic strengths of 0.23 and 0.26, respectively.

IAPP fiber formation kinetics

IAPP fiber formation was monitored by 50 wM ThT fluores-
cence in real time as described previously (Knight and Miranker
2004). Kinetic data were fit to sigmoid curves, from which the
inflection point of the curve was extracted as the tty;. The try
of TAPP fiber formation can vary by a factor of ~2 between
different IAPP stocks and as a function of the age of the peptide
stock. Therefore, all reactions that are directly compared here
were initiated and monitored simultaneously.

Insulin crystal preparation

Crystallization conditions were 0.86 mM insulin, 10 mM
ZnSO,4, 50 mM sodium citrate, 10% (v/v) acetone. These
conditions generate the T¢ form of the insulin crystal (Baker
et al. 1988). Microcrystallization was initiated by centrifugation
of this solution in a speed-vac until the volume had decreased to
~20% of the original (Martin and Zilm 2003). Crystallization
was then allowed to complete overnight at 4°C. The crystals
were washed into CZ6 buffer at a total concentration of ~1 mM
insulin. We measured the residual concentration of soluble
insulin under these conditions to be ~15 uM (data not shown),
which is similar to previously reported values for insulin
crystals (Georgiou and Vekilov 2006). Notably, this concen-
tration of soluble insulin is too low to significantly inhibit
bilayer-catalyzed IAPP fiber formation (Fig. 2). The presence of
crystals also does not significantly inhibit fiber formation (data
not shown).

Fluorescence microscopy

IAPP and/or lipids were added to insulin crystals (total insulin
concentration ~100 wM) within 4-pL wells on glass slides, and
were incubated 10 min at room temperature prior to visual-
ization with a Zeiss Axioskop microscope. Images were
acquired in phase mode, or in fluorescence mode using filters
for Texas Red (Fig. 3) or fluorescein isothiocyanate (FITC) (Fig.
4). Acquired images were colorized and contrast was not
adjusted. All images shown together were acquired with the
same exposure times and were processed identically.

Electronic supplemental material

Electronic supplemental material includes HSQC NMR spectra
of 0.1 mM IAPP with and without 1 mM insulin (Supplemental
Fig. 1); Thioflavin T fluorescence data for kinetic control mea-
surements lacking IAPP (Supplemental Fig. 2); and the corre-
sponding experimental methods, figure legends, and references.
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