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and Aphrodite Kapurniotu*

Protein aggregation into cytotoxic aggregates and amyloid
fibrils is associated with cell degeneration and the patho-
genesis of numerous incurable diseases, including Alzheim-
er’s disease (AD) and type 2 diabetes (T2D).I"? The 40- and
42-residue B-amyloid peptides AP40 and AP42 and the 37-
residue islet amyloid polypeptide (IAPP) are key amyloid
polypeptides in AD and in T2D, respectively.:?

Emerging evidence supports the suggestion that, in
addition to the self-interactions mediating pathogenic self-
association, cross-amyloid interactions may also a play a
critical role in protein aggregation.*'!! Examples of such
interactions include the Ap-tau, the AfB-a-synuclein, the Ap-
transthyretin, and the IAPP-insulin interaction.>!M12 A
recently uncovered cross-amyloid interaction is the AP40-
IAPP interaction (Figure 1).’) This low-nanomolar-affinity
interaction between early nonfibrillar and nontoxic AB40 and
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Figure 1. Primary structures of A} and IAPP. Identical residues
between sequences are indicated in blue and similar residues in
green.?'% The shortest sequences with highest degrees of identity and
similarity are underlined in yellow. Domains previously suggested to
be involved in self-association are underlined in pink 5%
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IAPP species, which was identified in vitro, has been shown to
suppress cytotoxic self-association and amyloidogenesis by
both AP40 and TAPPP! These results have led to the
hypothesis that the AB40-IAPP hetero-association might be
a molecular link between AD and T2D, which is consistent
with clinical and epidemiological evidence linking the two
diseases.”>"l As AP and IAPP are present in serum and
cerebrospinal fluid at similar concentrations, an in-vivo
interaction might be possible. In fact, very recent immuno-
histochemical studies showed that AP co-localizes with IAPP
in pancreatic islet amyloid aggregates of T2D patients.!™
Understanding the molecular determinants of the AB-IAPP
hetero- versus self-association is thus of high biomedical
importance in shedding light into both their links to disease
pathogenesis and in designing compounds to modulate these
processes.

AP and IAPP are intrinsically disordered but highly
amyloidogenic polypeptides.'*!” These peptides have a circa
25% degree of shared sequence identity and about 50 %
similarity with highest degrees of identity and similarity being
observed between sequences of critical importance for
amyloid self-assembly of both AP and IAPP (overlapping
yellow and pink areas in Figure 1).[%*?2l Herein we present a
systematic study of the cross- and self-interaction interface of
AP and TAPP. We identify short AP and IAPP peptide
sequences as hot regions of the AB-IAPP cross-interaction
interface; that is, as the shortest sequences that are able to
cross-interact with IAPP or Af with affinities in the nano- to
low micromolar range. Moreover, the identified peptides are
shown to be high affinity ligands of both AP and IAPP
suggesting common molecular recognition features in amy-
loid self- and cross-amyloid hetero-assembly.

We first addressed the question as to what regions of A340
bind TAPP by using membrane-bound peptide arrays of
10-residue AP40 sequences covering full-length AB40 and
positionally shifted by one residue (Figure 2).?*l Membranes
were incubated with synthetic N“-amino-terminal biotin-
labeled TAPP-GI (biotin-TAPP-GI).™ Of note, the double
N-methylated TAPP mimic [(N-Me)G24, (N-Me)I26]-IAPP
(IAPP-GI) was applied as a substitute for the highly insoluble
and aggregation-prone IAPP owing to its excellent solubility
and non-amyloidogenic character.” In fact, IAPP-GI has
been shown to bind AB40 with the same affinity as non-
aggregated IAPPF! AB40 decamers that bound biotin-IAPP-
GI were identified by incubation with streptavidin-conju-
gated peroxidase (POD) (Figure2). Two clusters of 3-4
consequtive sequences were identified: the first in AB(12-24)
and the second one in AP(26-37).
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Figure 2. |dentification of AB40 regions that bind IAPP (IAPP-GI) (left)
or AP40 (right). The AB40 decamers shown in bold and underlined
were incubated with biotin—IAPP-GI (left) or biotin—AB340 (right).
Bound biotin-IAPP-GI or biotin—-A340 were detected following incuba-
tion with streptavidin—-POD and development by ECL. Membranes
represent 2-3 assays.

The identified IAPP binding AP40 segments comprise
sequences that are major parts of the [} strands of AP40
amyloid (pink in Figure 1).1*2¢2 Our results thus indicate
that AP40 regions involved in hetero-association with IAPP
might also be involved in AB40 self-association. To test this
hypothesis, membranes containing AP40 decamers were
incubated with synthetic N“-amino terminal biotinylated
AP40 (biotin—-Ap40) and sequences that bound biotin-Ap40
were revealed after incubation with streptavidin-POD
(Figure 2). In fact, AP40 regions that bound biotin-Af40
were localized within A(11-21) and AB(23-37), which are
very similar regions to those involved in hetero-association
(Figure 2).

To identify the IAPP regions that interact with A340, we
applied membrane-bound peptide arrays with 10-residue
IAPP peptide sequences covering full-length IAPP and
positionally shifted by one residue (Figure 3). Following
incubation with AB40, AB40 binding sequences were revealed
with anti-Ap40 antibody. All peptides within the N-terminal
region IAPP(1-20) bound AP40 (Figure 3). As weak AB40
binding was also observed in some of the sequences within
IAPP(21-37), and to exclude the possibility that the high
hydrophobicity and self-association propensity of these
membrane-bound peptides might have hindered their binding
to AP40, a membrane containing twelve non-amyloidogenic
decapeptides N-methylated at G24 and 126 and spanning
IAPP-GI(15-35) was also tested. In fact, most of these
peptides bound AB40 (Figure 3). These results were consis-
tent with two AP40 binding sites in IAPP, the first being
localized within IAPP(8-20) and the second within TAPP(23-
35).
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Figure 3. ldentification of IAPP regions that bind AB40 (left mem-
brane) or IAPP (IAPP-GI) (right membrane) using peptide arrays.
Decamers corresponding to overlapping IAPP sequences (bold and
underlined) were incubated with AB40 (left) or biotin—IAPP-GI (right).
Bound APB40 or biotin—IAPP-GI were detected following incubation
with anti-AB40 or streptavidin-POD and ECL. Membranes at the lower
left or right sides consist of the decamers spanning IAPP-GI(15-35)
which were also probed for binding to AB40 (lower left) or to IAPP-GI
(lower right), as above. Membranes are representative from 2-3
assays.

The identified IAPP regions that bound AP40 contained
sequences suggested to mediate IAPP self-association into
amyloid fibrils.®1#-20222] We therefore probed binding of the
IAPP peptide membrane with biotin—-IAPP-GI. In fact, all
strong biotin-IAPP binders localized within TAPP(1-20)
while a weaker interaction was observed for sequences
within the C-terminal IAPP part (Figure 3).”"! Thus, IAPP
regions which are important for its hetero-association with
AP40 appear to mediate its self-association as well.

To confirm the above results and to characterize the
interaction interface of AB40 and IAPP more precisely, a
number of partial AB40 and IAPP sequences and their
fluorescently labeled analogues were synthesized, and their
interactions with TAPP and AP40 were characterized by
fluorescence titration binding assays (Tables 1 and 2).%! To
determine the AP40 sequences that bind IAPP, N“-amino-
terminal fluorescein-labeled IAPP (Fluos-IAPP) was first
titrated with the two major AP40 segments, AB(1-28) and
AB(29-40), corresponding to the extracellular hydrophilic
and the transmembrane hydrophobic APB40 parts; each of
these parts contribute one strand to the [} sheet of AB40
amyloid (Figure 1). Both segments bound IAPP, with
AP(29-40) being the stronger ligand (K, ,,, =200 nm) and
AP(1-28) the weaker (K ,,, =2.5 um; Table 1). These results

Angew. Chem. Int. Ed. 2010, 49, 3081-3085
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Table 1: |dentification of AB40 hot regions (in bold) that bind full-length
IAPP and AB40 and determination of apparent binding affinities (Kj )
by fluorescence titration binding assays.?!

AB40 sequence Kiapp (for IAPP)A Ky app. (for AB40)P

AB40 48.5 nm (£4.2)8 198 nm (£43)
AB(1-28) 2.5 um 711 nm
AB(12-28) 2.8 um n.d.
AB(15-24) 6.4 um (£1.0) 1.0 pm (£0.7)
AB(15-21) 14.0 um 2.9 um
AB(16-21) 13.8 um n.d.
AB(18-21) 2.1 um -

AB(19-21) - n.d.

AB(19-22) 7.0 um (£0.7) 5.5 um (£0.6)
AP (29-40) 200 nm 463 nm
AB(25-35) 282 nm (£29) 326 nm (£61)
AB(27-32) 477 nm (£ 114) 282 nm (+47)
AB(28-32) - -

AB(27-31) - -

AB(35-40) 354 nm (+36) 358 nm (+25)
AB(35-39) 3.1 um 4.1 um
AB(35-38) - -

AB(36-40) - 28.6 um

[a] Titrations were performed in 10 mm sodium phosphate buffer,
pH 7.4, containing 1% HFIP. N“amino-terminal fluorescently labeled
IAPP or AB40 were titrated with AB40 segments.*! [b] K; ,,,, values were
determined from one or three binding curves; numbers in parentheses
indicate the standard error (£) from three binding curves. [c]-no
binding at concentrations <20 um; n.d.=not determined. [d] Ky, of
AB(27-32)-IAPP-GlI interaction.

suggested that the hydrophobic C-terminal part Af(29-40)
plays a crucial role in the AB40-IAPP interaction.

To identify the shortest AB40 sequences that are still able
to bind TAPP, peptides devised by systematic shortening of
AB(1-28) and AB(29-40) at both the C-terminal and the N-
terminal ends or based on structural models of AB40 were
then synthesized and tested for binding to IAPP (Table 1;
Supporting Information, Figure S1)."%3 Of note, very
similar affinities were obtained when IAPP-GI was used
instead of IAPP (data not shown). AB(27-32) (NKGAII) and
AP(35-40) (MVGGVYV) were identified as the shortest
sequences that were able to bind IAPP with nanomolar
affinity. Within AB(1-28), the sequences APB(18-21) (VFFA)
and AP(19-22) (FFAE) were the shortest that bound IAPP.
The affinities of their interactions with IAPP were in the low
uM range, similar to the AB(1-28)-IAPP interaction.

The interactions of the identified IAPP binding Af40
sequences with AB40 were then studied (Table 1; Supporting
Information, Figure S1). Both AP(27-32) and Ap(35-40)
bound AB40 with K, ,,, values that were nearly identical to
the Kg,,, values of their interaction with IAPP. Peptides
shorter than AB(27-32) or AP(35-40) did not bind or only
weakly bound Ap40. Finally, AB(19-22) proved to be the
shortest sequence within AB(1-28), which bound both IAPP
and AP, albeit with low uM affinities. The results of the
fluorescence titration assays were consistent with the results
of the peptide arrays and, furthermore, they identified the two
hexapeptides AP(27-32) and AP(35-40) and the tetrapeptide
AP(19-22) as the shortest AP40 sequences that bind both
IAPP and AB40 with nanomolar or low-micromolar affinities

Angew. Chem. Int. Ed. 2010, 49, 30813085
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(Table 1). The results of both assays are summarized in
Figure 4.

To identify the shortest IAPP sequences which bind Ap40,
TIAPP was first dissected in IAPP(1-18) and IAPP(19-37),

1 19 22 27 32 35 40
— Aj4D DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGWVV
40 / AR
1 19 22 27 32 35 40
—= AB40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
Ap40 | |1APP
1 8 18 22 28 37
== |APP KCNTATC ATQRLANFLVHSSNNFGAILSS TNVGSNTY
IAPP | IAPP 1 8 18 22 28 37
~— IAPP KCNTATC ATQRLANFLVHSSNNFGAILSS TNVGSNTY

Figure 4. Cross- and self-interacting domains of AB40 and IAPP as
indicated by binding studies with peptide arrays (gray bars; light gray:

weak interaction) and hot regions (blue letters) of the AB40—IAPP, AB40—
AP40, and IAPP—IAPP interaction interfaces as determined by fluorescence

titration binding assays. Underlined sequences indicate the shortest
peptide segments that are still able to bind AB40 and IAPP, albeit with
weaker affinities than the hot regions.

and their interactions with AB40 were studied.'’ IAPP(1-18)
is the N-terminal, less-amyloidogenic IAPP part that contains
the short amyloidogenic segment IAPP(14-18).2 IAPP(19-
37) is the hydrophobic and strongly amyloidogenic C-terminal
part containing the amyloidogenic sequences IAPP(22-27)
and IAPP(30-37).2%3!! Both IAPP(1-18) and IAPP(19-37)
bound AP40 with nanomolar affinities (Table 2, Supporting
Information, Figure S2). Systematic sequence shortening and
fluorescence binding assays followed. IAPP(8-18) and IAPP-
(22-28) were identified as the shortest sequences that are still
able to bind AP40 with affinities in the nanomolar range
(Table 2; Supporting Information, Figure S2). Of note, IAPP-
(10-18) was found to be the shortest recognition element
within IAPP(1-18) necessary for the AB40-IAPP interaction,
but it bound AP40 with a significantly weaker affinity than
TIAPP(8-18). This result may be due to the fact that the AB40
hot region APB(27-32) bound TAPP(8-18) but was unable to
bind IAPP(10-18), as revealed by cross-interaction studies
(Table 3).

Because IAPP(8-18) and TAPP(22-28) have been sug-
gested to mediate IAPP self-assembly, our results indicated
that the same IAPP regions might also be involved in its
hetero-association pathways.*?*) We therefore studied
binding of the above IAPP sequences to IAPP (Table 2;
Supporting Information, Figure2). In fact, the binding
affinities of all IAPP sequences to IAPP were very similar
to their AP40 affinities. The results, summarized in Figure 4,
suggest that IAPP(8-18) and IAPP(22-28) are hot regions of
both the IAPP-Ap40 and the IAPP-IAPP interaction inter-
face.

To determine the binding site(s) of the identified hot
regions within AP40 and IAPP, we then studied cross-
interactions between them or slightly elongated sequences
by using fluorescence titration assays (Table 3; Supporting
Information, Tables S1, S2). As summarized in Figure 5, a
broad network of nanomolar to low-micromolar self- and
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Table 2: |dentification of IAPP hot regions (in bold) that bind full-length
AB40 or IAPP and determination of Ky, by fluorescence titration
assays.

IAPP sequences Kiapp (for AB40)P K opp. (for IAPP)P4

IAPP 48.5 nm (£4.2)8 9.7 (£0.9)%!
IAPP(1-18) 183 nm (4 56) 125 nm (+18)
IAPP(8-18) 275 nm (+28) 233 nm (+59)
IAPP(9-18) 1.0 pm (£0.1) 535 nm (£6)
IAPP(10-18) 1.3 um (£0.7) 569 nm (£12)
IAPP(11-18) - -

IAPP(10-17) - -

IAPP(1-7) - -

IAPP(19-37) 281 nm (£ 20) 374 nm (£10)
IAPP(20-29) 322 nm (£25) 293 nm (£23)
IAPP(21-28) 587 nm 316 nm
IAPP(22-28) 363 nm (+36) 398 nm (+70)
IAPP(23-28) - 795 nm
IAPP(24-28) n.d. -

IAPP(22-27) - 1.2 pm
IAPP(23-27) n.d. -

IAPP(22-26) n.d. -

IAPP(30-37) - -

[a] Titrations were performed in 10 mm sodium phosphate buffer,
pH 7.4, containing 1% HFIP. N“amino-terminal fluorescently labeled
IAPP and IAPP segments were titrated with AB40 or IAPP.P%1 [b] K, .
values were determined from one or three binding curves; numbers in
parentheses indicate the (+) standard error from three binding curves.
[c] - no binding at concentrations <3 um; n.d.=not determined.

Table 3: K,,,, values as determined by fluorescence titration assays for
cross-interactions between the identified AB40-IAPP hot regions within
AB40 and IAPP (in bold), or slightly elongated sequences thereof.l**!

AP40 sequence K zpp.

with IAPP(8-18) with IAPP(22-28) with IAPP(20-29)

AB(19-22) 2.9 um L —

AB(15-24)9 4.2 um 6.7 um 6.4 um
AB(27-32) 1.4 um 566 nm!” 305 nm
AB(25-35) 902 nm 426 nm 698 nm
AB(35-40) 1.1 pum ~ 869 nm

[a] Titrations were performed in 10 mm sodium phosphate buffer, pH 7.4
containing 1% HFIP. [b] Ky ,,,, values were determined from one binding
curve. [c] N*-amino-terminal fluorescein-labeled AB40 segments were
titrated with IAPP segments.®®! [d] N“amino-terminal fluorescein-
labeled IAPP segments were titrated with AB40 segments.®*! [e] — no
binding was observed at peptide concentrations <20 pm. [f] Ky ,,, values
of the AP(27-32)-IAPP(21-28) interaction (no binding with IAPP(22—
28)).

cross-interactions was found. These data suggest that strong
cooperative interactions between the same binding sites are
involved in both the hetero- and the self-association pathways
of AP40 and TAPP. Of note, the validity of the results of our
studies was confirmed by a number of control studies
(Supporting Information, Figure S3).

The self-assembly process of AB42 is believed to play an
utmost important role in AD pathogenesis.*” Therefore, we
also addressed the question whether Af42 interacts with
IAPP and IAPP-GI in a similar manner as AB40.5 In fact, our
results suggested that AB42 interacts with TAPP and IAPP-GI
in a similar manner as previously shown for AB40, that the

www.angewandte.org
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Figure 5. Summary of the determined cross- and self-interactions
between the hot (solid arrows) or slightly longer sequences (dashed
arrows) of the AB40-1APP interaction interface (hot regions in blue,
red, and green; see also Table 3 and the Supporting Information,
Tables S1, S2). For interactions involving longer regions, the following
sequences were used: AB(15-24) instead of AB(19-22), AB(25-35)
instead of A3 (27-32), and IAPP(20-29) instead of IAPP(22-28).

AP42-TIAPP interaction suppresses cytotoxic oligomerization
and amyloidogenesis by both polypeptides, and that this
interaction is mediated by the same hot regions as the Ap40-
IAPP interaction (Supporting Information, Figures S4-S6
and Tables S3, S4).P Of note, the AB42-IAPP-GI interaction
inhibited formation of cytotoxic species and amyloid fibrils by
AP42, as recently shown for the AB40-IAPP-GI interaction
(Supporting Information, Figures S4-S6).F!

Taken together, our results provide evidence that hetero-
association underlying high-affinity cross-amyloid interac-
tions between AP and IAPP proceed by their amyloid self-
recognition domains. Our results also suggest that hetero- and
self-association of AP and IAPP most likely occur in a
competitive manner by a flexible and broad network of high
affinity, multiple, and cooperative intra- and intermolecular
self- and cross-interactions between the identified hot regions.
In fact, the high conformational flexibility of both AP and
IAPP monomers would enable such interactions."® The
identified broad cross-interaction network could account for
the high affinities of the self- and the cross-interactions of A
and IAPP, and it would also allow for formation of poly-
morphic supramolecular structures including both hetero-
and homo-assemblies. This interaction network is consistent
with structural models of Ap and IAPP amyloid fibrils and
their polymorphism, although detailed structural information
on the AP-IAPP hetero-assemblies is not yet avail-
able [6:18.19.22.23,33,34]

Previous studies have identified short peptide sequences
with high p-sheet-forming and amyloidogenic poten-
tials.”?*?*3% Such sequences may confer amyloidogenicity to
a polypeptide chain.® Our results, and recent results by
others, support the hypothesis that, in addition to such
amyloid motifs, cross-amyloid recognition patterns may also
exist that may be very similar or identical to the amyloid
ones.” 7 In fact, the two segments IAPP(8-18) and IAPP(22-
28), which mediate IAPP hetero-association with Ap, also
drive self-association of IAPP into amyloid fibrils. Further-
more, these two IAPP segments have been suggested to
mediate TAPP binding to insulin,>%2"%?! while the TAPP-
binding AP sequences identified herein, AB(27-32) and
AP(35-40(42)), have been shown to be core regions of the
Ap-tau interaction as well.”
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In conclusion, our studies identify five short peptide
segments of AP and IAPP as hot regions of the AB-IAPP
cross-interaction interface and show that these peptides are
able to self- and to cross-interact and that they are high-
affinity ligands of both A} and IAPP. Our results suggest that
molecular recognition features underlying amyloid self-
assembly of Af, IAPP, and most likely other amyloidogenic
polypeptides also mediate cross-amyloid hetero-assembly.
Our results offer thus a novel molecular basis for under-
standing interactions involved in amyloidogenic and cytotoxic
protein self-assembly in AD and T2D and possibly other
protein aggregation diseases and should assist in designing
compounds to block these processes.
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