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Islet amyloid polypeptide (IAPP, also known as amylin) is a
37-residue peptide hormone co-secreted with insulin by
pancreatic 3 cells. IAPP is natively unstructured, but gains
a-helical structure on binding to anionic membranes!'! and
forms f-sheet-rich amyloid fibers during the progression of
type II diabetes.’! Membrane disruption by nonfibrillar o-
helical oligomers of IAPP has been implicated in 3-cell death
and dysfunction.®! Anionic membranes also dramatically
accelerate the formation of IAPP fibrils,® possibly by
favoring an oligomeric nucleating state. Therefore, mem-
brane-bound states of IAPP are of significant interest."
Lipid-bound monomeric IAPP has been structurally charac-
terized at high resolution,’®” but oligomers are dynamic,
heterogeneous, and transient, thus presenting a challenge for
traditional structure determination approaches. Several
research groups have studied these oligomeric states,®? but
fundamental questions about their topology and stoichiom-
etry remain.

We approached this problem by using intermolecular
single-pair Forster resonance energy transfer (spFRET)
measurements to selectively study membrane-bound IAPP
oligomers from a predominantly monomeric population. To
avoid experimental complications arising from fiber forma-
tion, we used the rat isoform of IAPP (rIAPP), which differs
from the human isoform (hIAPP) in six residues. Similar to
hIAPP, rTIAPP can cause membranes to become permeable!'”
and causes cell toxicity,"" but it does not form amyloid.'” The
rTAPP was labeled with either a single donor (Alexa 488) at
one of five residues, or an acceptor (Atto 610) at residue 1
(Figure 1). Measurements were made in a dilute mixture of
labeled rTAPP and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DOPG) nanodiscs!™® as the particles diffused
through a focused laser beam. The energy-transfer efficiency
(ET,) was calculated for each transit of a fluorescent particle
through the focal volume. Energy transfer only occurs when
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Figure 1. A—E) spFRET histograms collected from a mixture of rlAPP,
separately labeled with donor (d) or acceptor (a) at the positions
indicated, and nanodiscs. A small fraction of rIAPP forms membrane-
bound dimers, and the minor species ET. peak reports on the dimer
structure. F) SpFRET of rIAPP, double-labeled at residues 1 and 36, in
solution (light gray) and on membranes (dark gray). If IAPP formed a
parallel membrane-bound dimer, the intermolecular ET. value for the
1-36 residue pair (panel E) would more closely match the latter
intramolecular value (ca. 0.6).

at least one donor-labeled and one acceptor-labeled rIAPP
are bound to the same nanodisc (see Figure Slc in the
Supporting Information). Intramolecular spFRET using
double-labeled rIAPP served to verify the expected conver-
sion from a compact disordered state in solution to a helical
state in the presence of membranes (Figure 1F).

Under our experimental conditions, we expected rIAPP
to be largely monomeric (free in solution or membrane-
bound) as reflected by the major peak centered at ET,; =0 in
all histograms (Figure 1A-E). A minor but significant
population of events with ET,;>0.25 (ca.0.5%) results
from nanodiscs containing at least one donor—acceptor
rIAPP pair. Residue pairs 1-36 and 1-1 displayed the highest
peak ET., followed by 1-22, 1-30, and 1-17. As an

SWILEY i

ONLINE LIBRARY

10859


http://dx.doi.org/10.1002/anie.201102887

10860 www.angewandte.org

Communications

orthogonal probe of inter-rTAPP contacts, chemical cross-
linking showed approximately the same reactivity as the
spFRET data (see Figure S1b in the Supporting Information).
However, this ensemble assay required much higher protein
and lipid concentrations than spFRET, and consequently
reports on a more heterogeneous population of oligomers. In
the absence of nanodiscs, the high ET.; population is not
observed, consistent with the expectation that rIAPP is
monomeric in solution at low concentrations (see Figure S1d
in the Supporting Information). Importantly, bacterially
expressed IAPP provides a similarly high ET,; population
to the synthesized peptide (see Figure Sle in the Supporting
Information), which indicated that these events do not
represent a contaminating sub-population from the peptide
synthesis. Data obtained by using several techniques, includ-
ing fluorescence, gel filtration chromatography, and cross-
linking, suggest that an IAPP dimer is a favorable oligomeric
state in solution and on membranes, where it is the dominant
oligomer at low protein/lipid ratios."'* Doubling the amount
of donor-labeled rIAPP increased the high ET,; population
by a factor of two, as expected for a dimer rather than a
higher-order oligomer (see Figure S1f in the Supporting
Information). The fraction of high ET,; events (ca. 0.5%) is
significantly higher than would be expected if rTIAPP were to
bind nanodiscs without self-association (ca.0.02%; see the
Supporting Information for details). Thus, while another
highly favored complex may exist, a dimer is statistically the
most probable oligomer at the low concentrations used for
spFRET and the simplest model which is consistent with the
data.

Assuming that high ET,;; peak positions report on a dimer
structure, the peaks obtained show that residue 1 of one
monomer is relatively close to residues 1 and 36 of the other
and far from residues 17 and 30. These data rule out a parallel,
in-register, coiled coil. Given that the dyes and linker moieties
are large relative to systems such as IAPP dimers, a solely
qualitative analysis of these data is inadequate. Therefore, we
used Rosettal™™ to generate stable models of rTAPP dimers
which were consistent with the spFRET data (see the
Supporting Information for details). The flexible linkers for
attaching dyes to proteins can add up to 15.7 A (Alexa 488)
and 10.1 A (Atto 610) to ET,;derived distances (see Fig-
ure S2 in the Supporting Information). Therefore, each
spFRET constraint was considered satisfied if the difference
between the inter-dye distance (calculated from ET,; and the
Forster equation) and the C,—C, distance was less than the
sum of these average dye-C, distances. Harmonic potentials
were applied to distances outside of these broad boundaries.

While unconstrained refinement produced both parallel
and antiparallel topologies of comparable energy, spFRET
constraints strongly biased the search towards three similar
conformations. The favored conformations were dimers
interacting through a short (ca. 5 turns) antiparallel coiled-
coil motif, with the flexible tails oriented so that the N and
Ctermini of a given monomer were approximately equi-
distant from the N-terminus of the other monomer (Figure 2).
The low-energy models obtained by the constrained search
are also compatible with NMR-derived secondary structure
assignments of membrane-bound, monomeric rIAPP'® The
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Figure 2. A) rIAPP dimer models generated by constrained (left) and
unconstrained (right) docking. These are plotted in terms of distance
between the N-terminal ends of the two helices r vs. interhelical angle,
0. B) Detailed views of representatives from each cluster, perpendicular
to (top) and in the plane of (middle, bottom) the membrane. Side
chains proposed to participate in dimerization and membrane binding
are shown as sticks.

spFRET constraints were self-consistent and narrowed the
search space progressively as additional constraints were
applied. Importantly, randomized constraints failed to gen-
erate a stable structure (see Figure S3 in the Supporting
Information).

Constrained dimer models had a dimer interface involving
residues 112, F15, and L16. These displayed a very plausible
lipid-binding interface, even though the simulations did not
include a membrane: residues A5, A8, L12, F15, and L23
form a central hydrophobic patch; charged residues K1, R11,
and R18 are free to interact with anionic head groups; and
flexible C-terminal tails are exposed to solution. The resulting
orientation in the plane of the membrane resembles the
orientation predicted by MCPep!'”! as the expected binding
mode of an amphipathic helical peptide like IAPP (see
Figure S4 in the Supporting Information). The dimer inter-
face corresponds well to self-assembly sequences suggested
by others." Compared with proposed models of hIAPP and
rIAPP dimers in the gas phase (in the absence of solvent or a
membrane),l'”” our results indicate an increase in helical
structure and a stronger preference for antiparallel arrange-
ments. An antiparallel dimer also differs from the crystal
structure of IAPP fused to the 370-residue maltose-binding
protein (MBP),” again in the absence of a membrane, which
shows a helix-helix dimer with a similar hydrophobic inter-
face, but a 55° interhelix angle. The differences between these
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various dimer models might reflect the crucial role that
environment and, in particular, membranes, can play in
controlling IAPP conformation. We note that if IAPP has
both a preferred membrane-binding face and a symmetric
dimer interface, then purely geometric considerations require
an antiparallel topology for a membrane-bound dimer. The
spFRET-constrained models satisfy this requirement,
whereas a parallel dimer would imply either an asymmetric
dimer interface or different membrane-binding orientations
for the two monomers.

The peptide sequences of hIAPP and rTAPP differ at six
residues, one (position 18) located in the membrane-binding
region and the other five in the flexible C terminus. The
structures of both membrane-bound monomers are known to
be broadly similar,>* and none of these residues form part of
the dimer interface in the low-energy antiparallel models. All
of the favorable interactions involved in maintaining the
rTAPP dimer are also available for similar self-association
with hIAPP, which suggests that hIAPP may also form an
antiparallel helix-helix dimer. This possibility is especially
intriguing given that fibrils show a parallel arrangement.”-* If
this is the case for hIAPP, then either the analogous
antiparallel hJAPP dimer would represent a low-energy, off-
pathway species, or the amyloidogenic pathway must include
a transition from a previously unanticipated antiparallel
arrangement to a parallel one. Stabilization of an antiparallel
dimer could, in either case, inhibit further oligomerization
and subsequent pathology, building on previous small-mole-
cule designs that deliberately target the a-helical surface of
IAPP!

The spFRET technique proved uniquely well-suited to
dissecting the heterogeneity inherent in cooperative mem-
brane binding by rIAPP, by distinguishing membrane-bound
dimers from the predominant monomeric species. The
spFRET-constrained Rosetta calculations (to our knowledge,
the first combined application of these powerful techniques)
found a population of low-energy, antiparallel helix-helix
dimers that satisfy all the spFRET restraints. These dimers
appear competent for membrane binding and agree with
other reports on homodimeric interaction interface of IAPP.
The models presented here are the most detailed yet
proposed for a membrane-bound rIAPP oligomer. Future
studies will extend this method to hIAPP and focus on
subsequent states in the oligomerization pathway, including
those which disrupt membrane integrity.'”) We will also study
the possible effects of more physiological, heterogeneous
membrane compositions in modulating IAPP conformation.
More generally, the combination of spFRET and high-
resolution refinement may prove useful in the study of
other unstructured, toxic, amyloid-forming peptides and
proteins, including amyloid-f3, a-synuclein, tau, and prion
protein.>%

Experimental Section

Donor (Alexa 488) and acceptor (Atto 610) dyes were attached to
mutant peptides that were synthesized with an alkyne group at
residues 17, 22, 30, or 36, by using click chemistry, or by an amine
coupling to residue 1. Nanodiscs were prepared as previously
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described.™ Confocal spFRET was performed on mixtures of
donor-labeled peptide (100 pm), acceptor-labeled peptide (500 pwm),
and DOPG nanodiscs (40 nm) as previously described.®! Cross-
linking was performed between azide-labeled rIAPP at residue 1 and
the four alkyne-bearing mutants by using click chemistry. Constrained
dimer model refinement was implemented in Rosetta as detailed in
the Supporting Information.
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