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ABSTRACT: In type-2 diabetes (T2D), islet amyloid
polypeptide (IAPP) self-associates into toxic assemblies
causing islet β-cell death. Therefore, preventing IAPP toxicity
is a promising therapeutic strategy for T2D. The molecular
tweezer CLR01 is a supramolecular tool for selective
complexation of K residues in (poly)peptides. Surprisingly, it
inhibits IAPP aggregation at substoichiometric concentrations
even though IAPP has only one K residue at position 1,
whereas efficient inhibition of IAPP toxicity requires excess CLR01. The basis for this peculiar behavior is not clear. Here, a
combination of biochemical, biophysical, spectroscopic, and computational methods reveals a detailed mechanistic picture of the
unique dual inhibition mechanism for CLR01. At low concentrations, CLR01 binds to K1, presumably nucleating
nonamyloidogenic, yet toxic, structures, whereas excess CLR01 binds also to R11, leading to nontoxic structures. Encouragingly,
the CLR01 concentrations needed for inhibition of IAPP toxicity are safe in vivo, supporting its development toward disease-
modifying therapy for T2D.

Type-2 diabetes (T2D) is the most common amyloid-
related disease affecting hundreds of millions of people

worldwide.1 It is an acquired syndrome closely associated with
obesity and elevated blood glucose levels due to progressive
insulin resistance and exhaustion of insulin-producing pancre-
atic islet β-cells. T2D sequelae include ocular, renal,
cardiovascular, and neurologic complications,2 increasing
morbidity and mortality3 and causing a substantial economic
and public health burden.4

Islet amyloid polypeptide (IAPP), a 37-residue polypeptide
hormone,5 is the major component of the pancreatic islet
amyloid associated with T2D and is one of the most
amyloidogenic polypeptides known.6 It is processed and stored
with insulin in the secretory granules of β-cells and is secreted
as a soluble monomer at low pM concentrations.7 In T2D,
IAPP self-assembles into toxic oligomers that cause damage to
β-cell membranes and mitochondria, leading to apoptosis.
Eventually, IAPP precipitates as extracellular pancreatic
amyloid, a pathologic hallmark of T2D. The conversion from
monomer to oligomers and then to amyloid is accompanied by
a conformational transition from structures with substantial α-
helix content to β-sheet-rich fibrils.8−10 The β-sheet-rich core
region of IAPP fibrils initially was believed to comprise only
residues 20−29.11 However, multiple other regions, including

residues 8−20, 10−19, 13−18, 17−29, and 30−37, have been
reported also to be involved in amyloid formation.12 Solid-state
NMR studies have shown that residues 8−17 and 28−37 form
parallel, in-register β-sheets in IAPP fibrils.13

IAPP monomers and monomer dimerization also have been
investigated theoretically.14−19 Replica-Exchange Molecular
Dynamics (REMD) simulations showed that, in solution, the
peptide adopts a variety of conformations ranging from
extended to kinked. Concomitant with these global conforma-
tional changes, the secondary structure also varies and
comprises coil, α-helix, and intramolecular β-sheet as the
most common structural motifs.14−16 REMD simulations of
dimerization suggested that a defined secondary structure in the
monomer favors dimer formation. In this context, Dupuis et al.
have shown that free-energy changes associated with dimer
formation increase in monomers with higher levels of α-helix or
β-strand motifs.17 Using Hamiltonian and temperature (HT)-
REMD simulations, Laghaei et al. found that the IAPP
monomer might adopt a stable α-helix structure spanning
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residues 5 to 16 and that in the dimer, this helix favors
hydrophobic interactions of Leu12 with Phe15 and Leu16.18

To date, two main classes of inhibitors of IAPP
amyloidogenicity and/or cytotoxicity have been described.
The first group consists of small molecules, typically containing
one or more aromatic rings, which suppress fibril forma-
tion.20−24 Some of these compounds have been reported also
to inhibit IAPP cytotoxicity and to prevent amyloidogenicity
and/or cytotoxicity by other amyloidogenic proteins.23,25 The
second class includes synthetic, IAPP-derived peptides based on
the concept of self-recognition. These peptides may be
derivatives of full-length IAPP26,27 or comprise IAPP seg-
ments.28,29 Often these IAPP derivatives contain N-methylated
amino acids and/or amino acid substitutions designed to
decrease amyloidogenicity. Despite the progress made in these
directions, to date, there is no disease-modifying therapy for
T2D.
In search for novel means of modulating amyloid proteins

self-association and inhibiting their toxicity, we identified

“molecular tweezers” (MTs) that operate by a novel
mechanism.30 These compounds are artificial receptors that
bind selectively to K residues, typically with Kd ≈ 10 μM,
although submicromolar affinity can be achieved in certain
cases.31 MTs bind with 5−10 times lower affinity to R, and with
little, if any affinity to most other cationic biomolecules.30,32−34

IAPP has only one K residue at position 1, and therefore, we
did not expect our lead MT, CLR01 (Figure 1A), to inhibit its
assembly or toxicity. However, in initial experiments, we found
that aggregation of 10 μM IAPP was inhibited completely by 1
μM CLR01.30 Interestingly, in contrast to other amyloidogenic
proteins, for which inhibition of aggregation and inhibition of
toxicity were observed at similar protein/CLR01 concentration
ratios, inhibition of IAPP-induced toxicity required excess
CLR01. This intriguing behavior suggested that binding of
CLR01 to IAPP might lead to different structural consequences
than with other amyloidogenic proteins. To explore further this
unexpected behavior and evaluate the therapeutic potential of
CLR01 for T2D, we employed a combination of biochemical,

Figure 1. CLR01 inhibits IAPP β-sheet and fibril formation. (A) Schematic structure of CLR01. (B) Schematic structure of CLR03. The compounds
are slightly basic in aqueous solution, and the phosphate groups are partially protonated at pH 7.4. (C) IAPP (10 μM) was incubated in the absence
or presence of CLR01 or CLR03 at 25 °C with constant agitation, and formation of β-sheet was measured using the ThT fluorescence assay. The
data are presented as mean ± SEM of six independent experiments. (D−K) Aliquots were taken at t = 0 or 24 h and examined by EM. The images
are representative of three independent experiments. Scale bars denote 100 nm.
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biophysical, and computational methods to elucidate the
mechanism by which CLR01 binds to IAPP and inhibits its
assembly and toxicity.

■ RESULTS AND DISCUSSION
CLR01 Inhibits IAPP Amyloid Formation In Vitro at

Low Concentration Ratios. Initially, CLR01 was found to
inhibit the aggregation of IAPP into β-sheet-rich fibrils at an
IAPP/CLR01 concentration ratio of 10:1. We asked whether
inhibitory activity could be observed at even lower concen-
trations. To answer this question, we kept IAPP concentration
constant and studied the effect of decreasing CLR01
concentrations on IAPP aggregation using ThT fluorescence
and electron microscopy (EM).
In the absence of CLR01, 10 μM IAPP displayed a short lag

phase followed by a rapid increase in ThT fluorescence
indicating formation of β-sheet-rich fibrils (Figure 1C). In
contrast, in the presence of an equimolar concentration of
CLR01, ThT fluorescence remained at baseline level
throughout the duration of the experiment, suggesting
complete inhibition of β-sheet formation (Figure 1C), in
agreement with data reported previously.30 As the concen-
tration of CLR01 decreased, a time-dependent increase in ThT
fluorescence was observed with kinetics that did not differ
significantly from that of IAPP aggregated in the absence of
CLR01. However, the final ThT fluorescence levels were
substantially lower than those of IAPP alone suggesting partial
inhibition of β-sheet formation. Remarkably, this partial

inhibition was observed reproducibly at CLR01 concentrations
as low as 10 nM (Figure 1C) and even at lower concentrations
(see additional results in Supporting Information). Thus, the
final ThT fluorescence at IAPP/CLR01 concentration ratio of
1:10−3 was 37 ± 11% that of IAPP alone. In the presence of
equimolar concentration of CLR03, no inhibition was observed,
and the final ThT fluorescence was 107 ± 2% that of IAPP
alone (Figure 1C).
Theoretically, CLR01 might have inhibited ThT binding to

IAPP fibrils or quenched ThT fluorescence without affecting
IAPP aggregation itself.35 Therefore, we examined the effect of
CLR01 on IAPP fibril formation by EM (Figure 1). At t = 0,
IAPP incubated in the absence or presence of MTs was
predominantly amorphous. Following 24 h of incubation in the
absence of MTs or in the presence of CLR03, IAPP showed
abundant fibrils (Figure 1H, K), whereas in the presence of
CLR01 concentrations ranging from 10 μM to 10 nM (Figure
1I,J), the morphology was predominantly amorphous with
occasional observation of thin, thread-like immature fibrils (e.g.,
Figure 1J). These immature fibrils were observed only in some
experiments and their observation did not correlate with
CLR01 concentration. These drastic differences between the
effects of CLR01 and CLR03 supported the idea that inclusion
of K and/or R residues inside the cavity of CLR01 was the basis
of the observed inhibition of aggregation.
Next, we asked whether excess CLR01 could disaggregate

IAPP fibrils, similarly to results obtained previously with
amyloid β-protein30 and α-synuclein.36 IAPP (10 μM) was

Figure 2. CLR01 induces time-dependent conformational changes in IAPP. IAPP (10 μM ) was incubated in the absence or presence of CLR01 or
CLR03 at 25 °C with constant agitation in 1 mm path length quartz cuvettes, and CD spectra were recorded at the indicated time points. The
spectra are representative of four independent experiments.
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allowed to aggregate under similar conditions to those
described above, yet for these experiments, the reaction
mixtures were not shaken in order to slow down the kinetics
so the reaction could be followed more accurately. Under these
conditions, the lag phase was extended to ∼2 h, following
which the ThT fluorescence increased gradually over the next
72 h and then plateaued. CLR01 was added at two different
time points. The first was at 7 h, during the exponential
increase phase, when immature fibrils were expected to exist in
the reaction (D1), and the second was at 170 h, after the fibrils
presumably had sufficient time to mature (D2). All three
reactions were followed up to 500 h.
In the absence of CLR01, following the initial exponential

growth phase, little change was observed in the ThT
fluorescence for the remainder of the experiment (500 h,
Supplementary Figure S2). Morphological examination showed
a mixture of short fibrils (96 ± 51 nm long, 8−9 nm diameter),
and globular oligomer (19 ± 5 nm diameter) at t = 0 h
(Supplementary Figure S2). After 7 h of incubation, the fibrils
appeared to elongate (343 ± 271 nm long, 8−9 nm diameter),
and only a few globular oligomers (22 ± 5 nm diameter) were
still apparent. By 170 h, the IAPP samples showed a dense
mesh of mature, indefinite-length fibrils (Supplementary Figure
S2).
Addition of CLR01 at t = 7 h, during the exponential-growth

phase, halted the sharp increase in ThT fluorescence in reaction
D1 at ∼30% of the final value of IAPP alone. During the next 3
weeks, the fluorescence increased slowly up to ∼40% by 500 h.
EM examination showed fibrils that were shorter and less
abundant than those in the control reaction in the absence of
CLR01 (Supplementary Figure S2).
Addition of CLR01 to mature fibrils at t = 170 h in reaction

D2 caused a rapid decline of the fluorescence to ∼55% within
the next 24 h, following which the fluorescence slowly increased
to ∼70% by 500 h. Similarly to reaction D1, the fibrils in
reaction D2 were shorter and their density was substantially
lower than in the control reaction (Supplementary Figure S2).
These data suggest that CLR01 may disaggregate a relatively
loose component of the mature fibrils, whereas a presumably
more tightly arranged core of the amyloid fibrils remains and
does not disaggregate.
CLR01 Modulates the Secondary-Structure Transition

of IAPP. To explore further the effect of CLR01 on the self-
assembly process of IAPP, we studied its impact on
conformational changes during this process using far-UV
circular dichroism (CD) spectroscopy. IAPP was incubated in
the absence or presence of MTs, and CD spectra were recorded
for up to 24 h (Figure 2). To keep the data consistent with the
ThT and EM experiments, IAPP concentration was kept at 10
μM. Under these conditions, the signal-to-noise ratio was
suboptimal. Consequently, multiple attempts to deconvolute
the spectra using several deconvolution programs and protein
data sets did not yield meaningful data. Therefore, the analysis
presented here is qualitative.
In the absence of MTs, the initial spectrum of IAPP was

characterized by a minimum at 201 nm and an inflection at 222
nm, suggesting that IAPP was primarily in a statistical coil
conformation, possibly with a minor contribution of α-helix.
This conformational state reflects the fact that IAPP was
disaggregated by treatment with hexafluoroisopropanol (HFIP)
prior to its incubation in buffer, a necessary step for
reproducible measurement. However, this state likely does
not reflect the physiologic conformation of IAPP monomers,

which have been reported to have a higher α-helical content.9,37

Following 1 h of incubation, the minimum at 201 nm decreased
in intensity, a local maximum developed at 208 nm, and a
minimum developed at 220 nm, suggesting formation of a
mixture containing both α-helix and β-sheet structures.38 With
continued incubation, the maximum at 208 nm increased in
intensity and shifted slightly toward shorter wavelengths. By 24
h, this maximum was a prominent feature at 203 nm.
Concomitantly, the minimum at 222 increased in (negative)
intensity. Correlation between the CD (Figure 2A) and EM
(Figure 1H) data showed that by 24 h, the IAPP preparation
still contained a mixture of α-helical and β-sheet conformations
despite formation of abundant fibrils. The spectra had an
isodichroic point at 217 nm, suggesting that although both the
initial and final spectra were characterized by high content of
more than one structural feature, the conformational transition
occurred between two predominant states without significant
accumulation of intermediates. In agreement with formation of
large aggregates, we observed particulate material in these
samples at 24 h by the naked eye.
In the presence of equimolar concentration of CLR01, the

initial spectrum was similar to that of IAPP alone. Within 1 h of
incubation, two minima developed at 203 and 222 nm,
suggesting high α-helix content. The intensity of the entire
spectrum decreased gradually with incubation. In contrast to
IAPP alone, the solutions of these reactions remained clear for
the entire duration of the experiment, suggesting that the
decrease in intensity reflected bona f ide conformational changes
rather than loss of material. By 24 h, the spectrum had a global
minimum at 217 nm, possibly a local minimum at 222 nm, and
a maximum at 191 nm, suggesting an increased portion of β-
sheet character in the α/β-structure mixture (Figure 2B).
Interestingly, at the IAPP/CLR01 concentration ratio of

1:10−3, respectively (Figure 2C), though qualitatively the initial
spectrum was similar to that of IAPP in the absence of CLR01,
the minimum at 201 nm had ∼1.6 times higher intensity than
in the spectrum of IAPP alone or of IAPP in the presence of
equimolar CLR01 concentration. This increase in signal
intensity suggests rapid induction of a conformational change
in IAPP by low concentrations of CLR01. Upon incubation, the
intensity of this minimum decreased, and by 24 h, a global
minimum was observed at 220 nm. Concomitantly, the portion
of the spectrum between 190−206 nm shifted toward positive
molar ellipticity, suggesting an increase in β-sheet character. No
isodichroic point was observed in the presence of CLR01 at any
concentration, suggesting that the conformational transition
involved accumulation of intermediates, likely characterized by
increased α-helical character. In contrast to IAPP alone, no
particulate material or precipitate was observed in any of the
IAPP/CLR01 mixtures.
Because CLR01 appeared to facilitate formation of α-helical

structures at [CLR01] ≤ [IAPP], we asked whether excess
CLR01 would further stabilize such structures. In the presence
of 10-fold excess CLR01 (Figure 2D), the initial IAPP spectrum
was similar to the one in the absence of CLR01 (Figure 2A).
Within 1 h, the spectrum changed to one characterized by
minima at 208, 218, and 222 nm, suggesting a conformational
mixture dominated by α-helices. The spectrum appeared to be
stable, except for a small decrease in intensity up to 24 h,
suggesting that CLR01 indeed stabilized α-helical structures.
In the presence of an equimolar concentration of CLR03, the

initial spectrum was characterized by a minimum at 201 nm
with intensity ∼1.6 times higher than that of IAPP alone,
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similar to the spectra observed in the presence of 10 nM
CLR01. However, in contrast to the low concentrations of
CLR01, the spectrum changed within 4 h to one characterized
by an intense maximum at 202 nm and a minimum at 222 nm,
suggesting a mixture dominated by β-sheet (note the different
scale in Figure 2E compared to Figures 2A−D). This spectrum
remained unchanged by 24 h. These data are in agreement with
the moderately higher intensity of ThT (Figure 1C) and fibril
abundance (Figure 1K) of IAPP in the presence of CLR03
compared to IAPP alone and with recent data suggesting that
CLR03 moderately accelerates Aβ aggregation.39

CLR01 Protects RIN5fm β-Cells against IAPP-Induced
Apoptosis. Previously, we found that CLR01 protected
RIN5fm cells from IAPP-induced toxicity using the MTT
reduction assay with half-maximal inhibition (IC50) = 6 ± 3
μM.30 MTT reduction is a common cell viability assay, which
measures mitochondrial activity rather than cell death per se.40

IAPP is known to cause β-cell death predominantly by inducing
apoptosis.21,41 To test whether CLR01 protected cells against

IAPP-induced apoptosis, we incubated RIN5fm cells with IAPP
in the absence or presence of CLR01 and measured
cytoplasmic histone-associated nucleosomes, which are early
indicators of apoptotic cell death.42 As shown in Supplementary
Figure S3A, IAPP induced apoptosis in RIN5fm cells dose-
dependently, increasing apoptosis above baseline level by 18 ±
4% at 0.3 μM and by 64 ± 2% at 1.0 μM, following 16 h of
treatment. Similar to the results observed previously using the
MTT assay,30 CLR01 inhibited IAPP-induced apoptosis in
RIN5fm cells completely at IAPP/CLR01 concentration ratio
of 1:100, respectively (Supplementary Figure S3B).

CLR01 Inhibits IAPP Aggregation and Toxicity in the
Absence of K1. The surprising capability of CLR01 to
modulate IAPP aggregation at concentration ratios ≤1:1000
and the observation that much higher concentrations were
needed for inhibiting IAPP-mediated cytotoxicity led us to
explore further the mode of interaction of CLR01 with IAPP.
Specifically, we wondered if contacts other than the predicted
binding to K1, which we did not expect to have a strong impact

Figure 3. K1 is not necessary for inhibition of IAPP aggregation and toxicity by CLR01. For aggregation assays, 10 μM IAPP2−37 was incubated in
the absence of presence of equimolar concentration of CLR01 at 25 °C with constant agitation. (A) Formation of β-sheet was monitored by the ThT
fluorescence assay. IAPP1−37 is shown for comparison. The data are mean ± SEM of six independent experiments. (B−D) The morphology of 10
μM IAPP2−37 incubated in the absence (B) or presence of 10 μM (C) or 1 μM (D) of CLR01 was examined by EM. The images are representative of
three independent experiments. Scale bars denote 100 nm. (E) RIN5fm cells were incubated with increasing concentrations of IAPP1−37 or IAPP2−37
for 24 h, and cell viability was measured using the MTT assay. The data are presented as mean ± SEM of six experiments with four wells per data
point (n = 24). (F) IAPP2−37 (100 nM) in the presence of increasing CLR01 concentrations was incubated with cultured RIN5fm β-cells for 16 h,
and cell death was measured using the MTT assay. CLR03 was used as a negative control. The results are an average of three to six experiments with
three wells per data point (n = 9−18) and are represented as mean ± SEM.
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on IAPP aggregation, might be involved in the unexpected
behavior we observed. First, we asked whether binding to K1
was at all important for CLR01 inhibition of IAPP aggregation
and/or toxicity. To answer this question, we investigated the
effect of CLR01 on IAPP2−37. We incubated the N-terminally
truncated IAPP analogue under the same conditions used for
full-length IAPP and measured temporal changes in ThT
fluorescence, morphology, and cell viability.
A time-dependent increase in ThT fluorescence suggested

that in the absence of MTs, IAPP2−37 formed β-sheet-rich
aggregates, though the kinetics of aggregation was slower, and
the final ThT fluorescence intensity was approximately half that
of IAPP1−37 (Figure 3A). Following 24 h of incubation,
IAPP2−37 formed abundant thin, thread-like curvilinear
structures (Figure 3B). These results demonstrated that
interactions involving K1 play an important role in IAPP self-
assembly. Intriguingly, despite the removal of the putative

binding site at K1, CLR01 was found to completely abolish the
β-sheet and thread-like structure formation of IAPP2−37 at
IAPP2−37/CLR01−1:1 or 10:1 concentration ratios (Figure 3A,
C, D). Thus, in the presence of CLR01, no increase in ThT
fluorescence was observed, and only amorphous structures were
detected following 24 h of incubation.
Using the MTT assay in RIN5fm β-cells, IAPP2−37 was found

to be ∼7 times less toxic than IAPP1−37 (EC50 = 5 ± 5 nM)
decreasing cell viability in a dose-dependent manner with an
EC50 of 37 ± 52 nM (Figure 3E). Consistent with the ThT and
EM data, CLR01, but not CLR03, protected the cells against
IAPP2−37-induced toxicity (Figure 3F) despite the absence of
the K1 binding site. Surprisingly, the IC50 for CLR01-mediated
inhibition of toxicity induced by 100 nM IAPP2−37 was 16 ± 4
nM. This finding supports a direct role for K1 in IAPP toxicity
because it demonstrates that whereas the toxicity of IAPP1−37
requires a large excess of CLR01 for inhibition, substoichio-

Figure 4. Substoichiometric amounts of CLR01 induce a global conformational rearrangement in IAPP. IAPP (100 μM) was incubated at 4 °C in 50
mM potassium phosphate, 100 mM potassium chloride, pH = 5.5. CLR01 was prepared as a 24.5 mM stock solution and titrated in at the indicated
concentration ratios. (A) Color key: IAPP alone − red; IAPP/CLR01 = 1:0.1 − blue; IAPP/CLR01 = 1:0.2 − yellow; IAPP/CLR01 = 1:0.5 − green.
(B) Percent peak intensity decrease in IAPP 1H−15N HSQC spectra upon the addition of increasing concentrations of CLR01. Not all the
concentrations shown in panel B were included in panel A for clarity.
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metric CLR01 concentrations are sufficient for inhibition of the
weaker toxicity of IAPP2−37. Taken together, the data obtained
with IAPP2−37 strongly supported the existence of an additional
binding site on IAPP for CLR01.
Investigation of CLR01’s Binding Sites on IAPP.

Investigating the binding site(s) of CLR01 on IAPP was
important not only because of the inhibition of aggregation and
toxicity of IAPP2−37 but also because a previous study showed
that CLR01 might have two different binding modes. When the
complex of CLR01 with the small adapter protein, 14−3−3,
was investigated by X-ray crystallography,43 two binding modes
were found at different positions. The expected binding mode
in which the K side chain threaded through the tweezer’s cavity,

and weaker binding involving only formation of ion-pairs
between a phosphate group in CLR01 and the ε-NH3 group of
the K side chain. Here, we attempted first to identify the
binding site(s) of CLR01 on IAPP, by examining mixtures of
uniformly 15N-labeled IAPP and CLR01 by solution-state
NMR. For simplicity, these experiments used a non-native
IAPP analogue in which the C-terminal group was a carboxyl
rather than a carboxamide. This modification is known to affect
the conformation and aggregation of IAPP,37,44 yet the
conformational difference at the relevant residues, K1 and
R11, is minor relative to the structure of the native peptide.45

Our study focused only on a search for a binding site, as was
done previously with Aβ.30 Because binding of CLR01 was

Figure 5. CLR01 includes K1 and R11 inside its cavity. (A) IAPP1−7, CLR01, and their 1:1 or 1:3 complexes in 10 mM phosphate-buffered D2O, pH
7.2. The K1 side-chain methylene signals are assigned as α, β, γ, δ and ε. All the methylene resonances, most notably the δ- and ε-protons, are shifted
upfield by 4.4 and 4.5 ppm, respectively, indicating strong binding of CLR01 to K1. (B) 1H NMR of IAPP2−14, CLR01, and their 1:3 complex in 10
mM phosphate-buffered D2O, pH 7.2. The R11 side-chain methylene signals are assigned as α, β, γ, and δ. The δ-protons are shifted upfield by ∼4
ppm, indicating strong binding of CLR01 to R11.
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predicted to be at K1 and to a lower extent at R11, the nature
of the C-terminal group was not expected to affect the binding
substantially.
Under the conditions used for the NMR experiments, the

HSQC signal of full-length IAPP was stable for at least 12 h
(Supplementary Figure S4). Already upon addition of CLR01
at an IAPP/CLR01 concentration ratio as low as 100:1,
substantial perturbation of IAPP resonances was observed
(Figure 4). The magnitude of change in chemical shift and peak
intensity increased with CLR01 concentration (Figure 4). The
decrease in peak intensity likely occurred due to chemical
exchange broadening caused by the binding of CLR01. This
behavior was consistent with the CD and EM data, which
suggested that even at low concentration ratios, CLR01
induced substantial global conformational rearrangement
likely reflecting oligomerization rather than just local
perturbation. Consequently, however, the 1H−15N HSQC
data could not reveal specific binding sites for CLR01 on
IAPP. This is likely because terminal residues, such as K1, are
difficult to observe in HSQC experiments due to high exchange
rates of the N-terminal amino group protons, and the relatively
low affinity binding of CLR01 for R11.
To further elucidate whether CLR01 bound to K1 or R11, in

subsequent solution-state NMR experiments, we investigated
the binding of CLR01 to unlabeled N-terminal fragments of
IAPP. Binding of CLR01 to K1 was probed by adding CLR01
to IAPP1−7 and monitoring the mixture using 1D- and 2D-
NMR (COSY). At an IAPP1−7/CLR01−1:1 concentration
ratio, all the K side chain methylene signals shifted drastically

upfield into the negative-ppm range (Figure 5A), as shown
previously,33 indicating inclusion of the K1 side chain inside the
MT cavity. No further change, except slightly higher peak
amplitude, occurred at 3-fold CLR01 excess (Figure 5A and
Supplementary Figure S5). Fluorescence titration yielded Kd =
8.69 μM (Supplementary Figure S6), similar to values reported
previously for N-terminal K residues.46 In contrast, no change
was observed in the spectrum of IAPP2−7 even in the presence
of 3-fold excess CLR01 (Supplementary Figure S7), indicating
that the presence of K1 was essential for CLR01 binding to
IAPP1−7.
Binding to R residues has been reported previously to be

substantially weaker than to K.30,33,47 Therefore, we predicted
that CLR01 would bind predominantly to K1 rather than to
R11 in IAPP. To test whether CLR01 also bound to R11,
similar experiments were performed with IAPP1−14. In the
presence of 3-fold excess CLR01, the side-chain protons of
both K1 and R11 showed an upfield shift (Supplementary
Figure S8), indicating binding at both sites. As expected, the
shift of R11 proton resonances appeared weaker than that of
K1 protons in the spectrum of IAPP1−14, yet peak overlap made
analysis of the spectrum difficult. Therefore, we examined
CLR01’s affinity for R11 in IAPP2−14, where unambiguous
binding of CLR01 to R11 was observed (Figure 5B and
Supplementary Figure S9). Fluorescence titration revealed that
CLR01 complexation at R11 occurred with Kd = 104 μM
(Supplementary Figure S10), an order of magnitude weaker
than at K1. Taken together, the NMR and fluorescence data
strongly supported predominant CLR01 binding to K1 and the

Figure 6. IAPP wraps around one or two molecules of CLR01 on K1 and/or R11. (A) IAPP1−37 adopts an extended conformation with no kink
between residues 9 to 25. In both (B) IAPP1−37CLR01K1 and (C) IAPP1−37CLR01R11, the presence of CLR01 confers preference for a kinked
conformation. (D) Two molecules of CLR01 can be accommodated by the kinked IAPP1−37CLR01K1+R11.
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existence of a second binding site at R11. The latter observation
provided a plausible explanation for the inhibition of IAPP2−37
aggregation and toxicity by CLR01 (Figure 3), yet did not
reveal how CLR01 might have affected IAPP assembly at low
concentration ratios. To investigate further the impact of
CLR01 binding on the structure of IAPP, we used REMD
simulations.
REMD Simulations of the Interactions between CLR01

and IAPP. Simulations were carried out on two systems
differing in the α-helical content of the starting conformation of
IAPP.
System I (IAPP1−37

α64% . In System I, the structure of micelle-
bound IAPP1−37 in its native amidated form, as reported by
Nanga et al.45 (α-helix content of 51%), was used as a starting
point for REMD simulations of IAPP1−37 in explicit water. We
selected this monomer structure on the basis of the availability
of reliable structural data in the protein data bank. Though this
structure is of micelle-bound IAPP, which was not used in the
experiments described above, to the best of our knowledge, due
to its high tendency to aggregate, there are no coordinates
reported for monomeric human IAPP in aqueous buffer that
could be used as a starting point for the simulations. In
addition, due to the well-documented role of α-helical
structures in IAPP aggregation,9,48−51 we thought it was
important to investigate the effect of CLR01 on IAPP
monomers with this secondary structure present.
The simulations indicated that, unlike in the initial, micelle-

bound structure, in water, the central α-helix in IAPP1−37
(residues 6−28) adopted an extended conformation (Figure
6A) and that the α-helix content of this IAPP1−37 conformer
was 64%. The population of structures with fully extended α-
helix represented 96% of the resulting ensemble, whereas only
4% of the structures contained a kink at H18 (cluster
population analysis is given in Supplementary Table S1).
Throughout the simulations, the central α-helix and the shorter,
C-terminal α-helical region (shown in white in Figure 6) were
conserved, while the C-terminal region 30−37 got closer to
residues 17−28. In contrast, R11 and N14 moved away from
the C-terminal region, and no interactions were found between
the N- and C-terminal regions in the extended structure
(Figure 6A).
The REMD simulations of IAPPx−37 (x = 1,2) in the

presence of one or two CLR01 molecules are labeled
I A P P x − 3 7 C L R 0 1 K 1 , I A P P x − 3 7 C L R 0 1 R 1 1 , o r
IAPPx−37CLR01K1+R11 for trajectories in which CLR01 was
placed initially on K1, on R11, or on both residues, respectively.
In all cases, throughout the simulations, the side chains of K1
and/or R11 remained inside the tweezer’s cavity, in agreement
with the NMR experiments (Supplementary Table S2). The
introduction of CLR01 resulted in important conformational
changes in IAPP1−37. In all cases, the kinked structure was
favored representing 100%, 95%, and 100% of the ensembles
obtained for IAPP1−37CLR01K1, IAPP1−37CLR01R11, and
IAPP1−37CLR01K1+R11, respectively (Figures 6B−D, Supple-
mentary Table S1).
Although in REMD simulations the system can escape from

local minima52 and we achieved convergence of the
populations, we asked whether CLR01 binding would not
only stabilize the initial kink at H18 in IAPP but also might
induce formation of this kink if the simulations started from the
extended α-helix conformation. REMD simulations of
IAPP1−37CLR01K1 starting from the extended conformation
showed a slow conversion to the kinked form. After 60 ns, the

kinked conformation represented 12% of the entire population
with a tendency to increase. This value was 3 times higher than
in simulations of IAPP1−37 alone, suggesting that with
sufficiently long simulation time, CLR01 binding would have
converted IAPP from the extended conformation to predom-
inantly the kinked one.
The contact maps in Figure 6B,C reveal subtle differences

between the simulations in which CLR01 was placed initially on
K1 or on R11. When placed initially on K1, CLR01 interacted
mainly with residues 1 to 15 and did not interact with the C-
terminal region. IAPP appeared to wrap around itself while
CLR01 was positioned on the plane above the peptide. In
contrast, when initially placed on R11, close to the middle of
the α-helix, CLR01 interacted with the entire peptide.
Positioning of CLR01 on R11 effectively hindered the
interactions between the C- and N-terminal regions. Only
R11 and N14 remain somewhat close to the C-terminus.
Simulations of IAPP with two tweezers showed a very similar
behavior to the simulations with single CLR01 molecules: IAPP
was wrapped around the tweezer bound to R11, whereas the
CLR01 bound to K1 remained in the plane above the
CLR01R11−IAPP1−37 complex (Figure 6D and Supplementary
Movies 1A−C).
The simulations of IAPP1−37 in explicit water in the absence

or presence of CLR01 thus indicate that at both 1:1 and 2:1
CLR01/IAPP ratio, respectively, CLR01 forms stable com-
plexes with IAPP1−37, in which K1 and/or R11 are included
inside the tweezer’s cavity, resulting in important conforma-
tional changes in the peptide. In the absence of CLR01,
IAPP1−37 adopts an extended conformation, whereas, when
CLR01 is added, the kinked conformation dominates. This is
especially interesting in view of the NMR work of Lazo and co-
workers, who reported that IAPP11−25 structures with an
induced kink in the central region were not aggregation
prone.51 Thus, stabilization of the kink in IAPP1−37 by CLR01
provides a plausible structural explanation for the inhibition of
aggregation by the molecular tweezer.
In IAPP2−37, REMD simulation showed that structures with

at least one kink between residues 5 and 29 were the most
populated (Supplementary Figure S10), in agreement with the
lower aggregation propensity of truncated IAPP2−37 compared
to IAPP1−37. The central and C- terminal α-helices were less
structured than in IAPP1−37 (cf. Figure 6A and Supplementary
Figure S10). IAPP2−37 formed more compact structures than
IAPP1−37, in which Y37 was found closer to residues R11 and
N14, whereas the interaction between the C-terminal region
and residues 17 to 25 was lost (Supplementary Figure S10). No
significant interactions between the N- and the C-terminal
regions were found.
The simulations of IAPP2−37CLR01R11 showed a very similar

behavior to IAPP1−37CLR01R11. An interesting difference was
that in IAPP2−37, the terminal regions became closer upon
addition of CLR01 as shown by the increased number of
contacts between Y37 and residues 3−15 and between R11 and
N14 and residues 25−37 (Supplementary Figure S10).

System II (IAPP1−37
α27% . To further investigate the effect of the

tweezers on IAPP1−37 conformers with less helical content than
System I, we also studied System II (IAPP1−37

α27% ). This IAPP1−37
conformer was chosen from preliminary REMD simulations
performed on an IAPP1−37 dimer, in which a monomer had an
initial 27% α-helical content (Supplementary Figure S11).
We found that, similarly to System I, two kinds of

conformat ions were observed for IAPP1− 3 7 and
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IAPP1−37CLR01K1 in System II: a kinked conformation
interrupting the central α-helix, and a fully extended α-helical
conformation. Initially, structures with at least one kink
between residues 5 and 29 (Figure 7) were the most populated
in both cases, in the absence or presence of CLR01, which
would be expected considering that the initial geometry
contained a kink (Supplementary Figure S11B). However, in
agreement with the results obtained for System I, the
population of kinked structures rapidly decreased in IAPP1−37,
while the population of extended conformers increased (Figure
7). After 160 ns, in the absence of CLR01, the preferred
structure of IAPP1−37 was the extended conformation. As in
System I, when the tweezer was placed around K1, the kinked
structure dominated with respect to the extended conformation
and both populations tended to stabilize at ∼140 ns. The side
chain of K1 remained inside the tweezer’s cavity during the
entire REMD simulations (Supplementary Table S2).
Comparison of the REMD simulations in System I, in which

the structure of IAPP1−37 in water had 64% α-helical content
and System II, in which the α-helical content was only 27%,
clearly showed that in both cases IAPP preferentially formed an
extended conformation on its own, whereas binding of CLR01
stabilized a kinked conformation. These data suggest that
CLR01 prevents IAPP aggregation by stabilizing a kinked
conformation that has been reported previously to be less
prone to aggregation.51

Evaluation of Plasma Levels of CLR01 In Vivo. In both
the MTT assay30 and apoptosis assay described above
(Supplementary Figure S2), CLR01 protected the cells at an
IAPP/CLR01 concentration ratio of ∼1:100. IAPP normally is
found in the blood circulation at 3−5 pM in humans.53,54

Elevation of plasma glucose leads to an immediate rise in
endogenous plasma IAPP levels to 15−20 pM55 with ∼15 min
half-life.56 Based on these numbers, to inhibit IAPP-induced
toxicity, CLR01 might need to achieve plasma concentrations
in the low nM range (though in vitro stoichiometry does not
always accurately predict efficacious in vivo doses, see
Discussion). To evaluate whether CLR01 could reach the
estimated concentration ratio in vivo without causing overt
toxicity, we administered CLR01 continuously at 1 mg/kg/day
to wild-type C57Bl/6 mice for 21 days using subcutaneously
implanted osmotic minipumps. The plasma concentration of

CLR01 was measured at 7, 14, and 21 day (Figure 8) and was
found to be ∼140 nM at steady-state. During the entire period

of the experiment, the mice appeared and behaved completely
normally and did not show any side effects, such as lethargy,
weight loss, appetite loss, morbidity, or mortality, in agreement
with a recently reported efficacy study using a similar dose57

and a toxicity study in which CLR01 was administered daily at
10 mg/kg/day and was found to have a high safety margin.58

These results suggest that CLR01 can be administered to mice
and achieve sufficient plasma concentrations for inhibition of
IAPP toxicity in vivo without causing safety concerns.
CLR01 is an artificial receptor for K residues found to be an

effective inhibitor of assembly and toxicity of multiple
amyloidogenic proteins in vitro30,31,59 and in vivo.36,57,60 The
mechanism of action of CLR01 involves micromolar-affinity
binding to K residues and interfering with hydrophobic and
electrostatic interactions that are important for the initial self-

Figure 7. CLR01 stabilizes a kinked conformation in structures with lower α-helical content. Time-dependent conformational change in the kinked
(blue) and extended (red) structures found in System II, REMD simulations of IAPP1−37 (left) and IAPP1−37CLR01K1 (right) at 300 K.

Figure 8. CLR01 maintains sufficient plasma level in mice without
apparent toxicity. CLR01 was administered subcutaneously to 7−10-
wk old, male WT mice for 7−21 d (3 mice per time point) using
osmotic minipumps. At each time point, plasma was collected and
CLR01 concentration was quantified by HPLC-MS/MS by
interpolation into a standard curve.
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assembly of amyloidogenic proteins and/or their interaction
with cellular targets.30,58,61,62

Initially, we found that CLR01 inhibited formation of β-
sheet-rich IAPP fibrils and IAPP-induced toxicity. However,
although we observed complete inhibition of aggregation at
IAPP/CLR01 concentration ratio 10:1, inhibition of toxicity
required a ratio of ∼1:100, suggesting that blocking the
formation of β-sheet-rich aggregates was not sufficient for
inhibition of IAPP toxicity.30 Intrigued by these findings, we
investigated further the binding sites for CLR01 in IAPP and
the effect of CLR01 binding on IAPP conformation and
assembly.
Our ThT and EM data (Figure 1) showed that CLR01

inhibited IAPP β-sheet and fibril formation at unexpectedly low
concentrations. Partial inhibition was observed at 10 nM
CLR01, 3 orders of magnitude lower than the IAPP
concentration used (10 μM), and potentially at even lower
concentrations (See Supplementary Results and Supplementary
Figure S1). These findings were highly surprising and suggested
strong modulation of the nucleation step in IAPP aggregation
by CLR01. One explanation of these findings is that the
interaction of CLR01 with IAPP leads to formation of an
alternative nucleus, which rapidly recruits additional monomers
into nonfibrillar assemblies. Though proving the existence of
such nuclei is difficultdue to the very low abundance of these
hypothetical structures on the background of IAPP monomers
and oligomers as well the inability of current experimental
methods to provide high-resolution information on IAPP
oligomersseveral lines of evidence support this hypothesis.
The CD spectra of IAPP in the presence of low,

substoichiometric concentrations of CLR01 were distinct
from the spectrum of IAPP alone even at the earliest time
points measured (Figure 2 and Supplementary Figure S1).
Major perturbations in the HSQC spectra of 15N-labeled IAPP
occurred already in the presence of 1 mol % of CLR01 (Figure
4), indicating a global conformational change of the peptide.
Complexation was confirmed independently by NMR (Figure
5) and fluorescence (Supplementary Figures S6, S10) titrations
of IAPP fragments with CLR01, in which the resulting Kd value
corresponded well with those of isolated K derivatives, and
concomitant drastic upfield shifts of K methylene resonances
documented the insertion of the K side chain inside the
tweezer’s cavity. Finally, modeling the conformation of IAPP
clearly shows that distinct structures form in the absence of
CLR01 than in its presence.
The combination of the modeling with structural (Figures

1,2) and cell toxicity data (Supplementary Figure S3 and ref
30) suggests existence of at least three distinct, putative
assembly processes of IAPP: In the absence of CLR01, IAPP
monomers adopt an extended structure, possibly rich in α-helix
(Figure 6A), though enrichment of this secondary structure
requires lipid membranes, which were not used here. The
extended structure is capable of associating with other
monomers and serving as a nucleus for aggregation. Upon
interaction with other monomers, first toxic oligomers form,
which subsequently transform into β-sheet-rich fibrils. In the
presence of substoichiometric CLR01 concentrations, CLR01
binds to K1 on IAPP leading to stabilization of a kink at H18
(Figure 6B). Presumably, this conformation also serves as a
nucleus for self-assembly. The assemblies formed in this case
are toxic, yet they do not convert into amyloid fibrils. In the
presence of excess CLR01, binding occurs to both K1 and R11
(Figure 6D) leading to a conformation in which IAPP wraps

itself around the central CLR01 molecule. This structure
appears to be nucleation-incompetent and nontoxic.
One of the common mechanisms proposed for amyloid

formation is nucleation-dependent polymerization,63 which
means that a monomer or a small oligomer of an amyloidogenic
protein serves as a nucleus that can induce its own
conformation and propagate this conformation in oncoming
monomers. A similar mechanism has been implicated in prion
infectivity, whereby monomeric, normally folded cytosolic PrPC

is recruited by the abnormally folded scrapie form, PrPSc, and
upon joining the aggregate, each PrPC monomer changes its
conformation to that of PrPSc. Recently, formation of toxic
aggregates by several amyloidogenic proteins has been reported
to be transmissible, similar to prion proteins.64 We suggest that
a similar mechanism may explain the data observed here.
Ostensibly, upon binding of CLR01 to an IAPP monomer, the
conformation of the peptide changes to one that can recruit
additional monomers into a growing assembly. However, this
assembly appears to be distinct from typical amyloid. It does
not have fibrillar morphology, and its β-sheet content is lower
than in amyloid, with a concomitant higher α-helix content.
Nonetheless, our data suggest that at [CLR01] ≤ [IAPP], the
IAPP/CLR01 complexes that form serve as nuclei, propagating
their conformation in recruited monomers.
Interestingly, although the structure of the IAPP/CLR01

complexes at [CLR01] ≤ [IAPP] is not that of typical amyloid
and actually prevents amyloid formation, it is still a toxic
structure, highlighting the fact that diverse amyloidogenic
protein oligomers, including those of IAPP, are toxic, and
toxicity is not limited to one particular structure. Our data also
demonstrate that at [CLR01] > [IAPP], when two CLR01
molecules bind IAPP, CLR01 effectively inhibits IAPP-induced
toxicity. The high molar ratio required, 100:1, respectively, is
likely due to the relatively low Kd of CLR01 to R11
(Supplementary Figure S10) and the need for the two binding
sites at K1 and R11 to be occupied simultaneously for efficient
toxicity inhibition.
In this context, it is important to note that the stoichiometry

needed for inhibition of toxicity in cell culture may not
accurately reflect the stoichiometry in vivo. This was
demonstrated recently in a study of the therapeutic effect of
CLR01 in a mouse model of familial amyloidotic polyneurop-
athy,57 in which mutant transthyretin (TTR) aggregates and
forms amyloid deposits, predominantly in the gastrointestinal
tract and the peripheral nervous system. Similarly to the IAPP
case, a relatively high CLR01/TTR concentration ratio, 54:1,
was needed for half-maximal inhibition of toxicity in cell
culture, even though inhibition of TTR aggregation (measured
by ThT fluorescence and EM) was achieved at a 1:1
concentration ratio.30 Nevertheless, in the mouse model,
significant reduction of TTR deposition, apoptosis, ER stress,
and protein oxidation was achieved at plasma CLR01/TTR
concentration ratio ≈1:200. These data suggest that in vivo,
where multiple mechanisms exist for clearance of misfolded
proteins, CLR01 binding even at substoichiometric concen-
tration ratios maintains amyloidogenic proteins in a form that is
amenable to degradation and clearance.
In summary, a dual mechanism was found for efficient

inhibition of IAPP aggregation and toxicity by the molecular
tweezer CLR01. Due to the well-known supramolecular
recognition profile of molecular tweezers, a combination of
various biophysical, spectroscopic, and biochemical data with
both full-length and truncated IAPP analogues could be
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supported by REMD simulations. The simulations produced a
detailed mechanistic picture of the underlying molecular
interactions between peptide and inhibitor. Finally, it is
important to note that the data presented here suggest that
because physiologic IAPP concentrations are in the pM range,
effective plasma concentration of CLR01 can be maintained in
mice without apparent toxicity, supporting further development
of CLR01 as a potential disease-modifying therapy for T2D.

■ METHODS
Reagents and Materials. Human, full-length IAPP

(IAPP1−37) was purchased from PolyPeptide Laboratories.
IAPP2−37 was custom-synthesized by AnaSpec or the UCLA
Biopolymers Laboratory. Thioflavin T (ThT) and other
reagents were from Sigma. Roswell Park Memorial Institute
(RPMI) medium and all other cell culture reagents were from
Fisher Scientific unless otherwise specified. Water (18.2 MΩ)
was filtered and deionized using a Milli-Q purification system
(Millipore). CLR01 and a negative control MT derivative,
CLR03 (Figure 1B), were prepared as described previously.30

Peptide Preparation. IAPP1−37 and IAPP2−37 were
prepared for all experiments by dissolution in 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) as described previously.65 Dried,
HFIP-treated peptide films were stored at −20 °C until use.
For biophysical experiments, films were dissolved in a minimal
volume of 60 mM NaOH followed by dilution with deionized
water to half the final volume and then sonicated for 1 min
using a Branson model 1510 bath sonicator. Samples then were
diluted to the final volume with 20 mM phosphate buffer (PB:
sodium phosphate, pH 7.4) in the absence or presence of MTs.
For cell culture experiments, peptide films were solubilized in a
minimal volume of 60 mM NaOH, diluted in RPMI 1640 cell
culture medium in the absence or presence of MTs, and added
to the cells. Medium containing the same NaOH concentration
was used as a negative control. MT stock solutions were
prepared at 10 mM in deionized water and diluted into the
peptide solutions at the required concentration.
ThT Fluorescence Assay. For aggregation assays, IAPP1−37

or IAPP2−37 solutions (10 μM) in the absence or presence of
MTs were incubated at RT with mechanical agitation. At
different time points, 30 μL aliquots of the aggregating solution
were mixed with 300 μL of 40 μM ThT in 10 mM PB. The
fluorescence was measured following a 5 min incubation at λex
= 452 nm and λem = 485 nm, using a Hitachi Instruments F-
4500 spectrofluorometer. Nonspecific background fluorescence
was subtracted by using appropriate blanks with no protein and
the fluorescence values were normalized to the highest value
obtained. Data are presented as mean ± SEM of at least six
independent experiments.
For disaggregation experiments, IAPP was prepared in PB as

described above and aliquoted into 96-well plates at 10 μM
final concentration. Each well also contained 30 μM ThT. The
final volume in each well was 200 μL. The reactions were
incubated at 25 °C without shaking, and fluorescence was
monitored with λex = 420 nm and λem = 485. CLR01 (10-fold)
was added at 7 or 170 h, and the reactions were monitored up
to 500 h. Aliquots (10 μL) of the reaction mixtures were
removed periodically for morphological examination by EM.
The data are presented as means ± SEM of 1−3 independent
experiments with at 3−10 replicates each.
Electron Microscopy (EM). Peptide samples were

incubated in the absence or presence of MTs as described for
the ThT fluorescence measurements. Aliquots were spotted on

glow-discharged, carbon-coated Formvar grids (Electron
Microscopy Science), fixed with 2.5% glutaraldehyde, and
stained with uranyl acetate as described previously.66 The
samples were analyzed using a JEOL CX 100 transmission
electron microscope.

Circular Dichroism (CD) Spectroscopy. Peptides were
incubated in the absence or presence of MTs, as described for
the ThT fluorescence measurements, but in Hellma 1 mm path-
length quartz cuvettes. CD measurements were performed
using a JASCO J-810 spectropolarimeter as described
previously.67 Briefly, spectra were collected over the wavelength
range of 190−260 nm at 0.2 nm intervals with a spectral
bandwidth of 0.8 nm and 1 s integration time. Experiments
were performed at least four times, and the spectra of
representative experiments are shown after subtracting the
spectra of buffer alone using OriginLab’s Origin 7.

Apoptosis Assay. RIN5fm cells were cultured in RPMI
media supplemented with 10% fetal bovine serum (FBS), 2
mM L-glutamine, 1 mg mL−1 D-glucose, 0.1 mM nonessential
amino acids, and antibiotics. Cells were plated in 12-well plates
at a density of 375 000 cells per well and incubated for 24 h.
IAPP in the absence or presence of CLR01 was applied to the
cells and incubated for 16 h. Then, cells were detached by
treatment with a trypsin-EDTA solution and counted.
Apoptosis was assessed using a Roche Diagnostics Cell Death
Detection ELISA kit, which measures cytoplasmic histone-
associated nucleosomes as early indicators of apoptotic cell
death.42,68

Solution-State NMR of Full-Length IAPP. Uniformly
15N-labeled IAPP-COOH was obtained from rPeptide. The
peptide was dissolved in 1% acetic acid at 2 mg mL−1, as
suggested by the manufacturer, and then diluted in 50 mM
potassium phosphate, 100 mM potassium chloride, pH 5.8, to a
final concentration of 100 μM. The pH was adjusted to 5.5.
Then, IAPP and CLR01 were mixed slowly to yield
concentration ratios ranging from 100:1 to 1:1, respectively.
2D 15N−1H HSQC NMR spectra of freshly prepared 15N-
labeled IAPP samples in the absence or presence of CLR01
were collected at 4 °C using an 800-MHz Bruker Avance II
spectrometer equipped with a cryoprobe. The acquisition time
was ∼37 min for each HSQC spectrum. Assignments were
based on resonances reported previously.9

Replica Exchange Molecular Dynamics (REMD) Simu-
lations. The initial set of coordinates of micelle-bound
IAPP1−37 in its native amidated form was taken from Nanga
et al.45 (PDB entry 2L86, here called System I). Nanga at al.’s
structure was used as a starting point for REMD simulations
that allowed exploring the conformations of native IAPP in
explicit water. To investigate the effect of CLR01 on IAPP1−37
with lower α-helix content than System I, an additional
conformation of IAPP1−37 was also used as a starting point for
REMD simulations (Supplementary Figure S11): a structure
with ∼27% α-helical content (System II) chosen from
preliminary REMD simulations performed by us on an
IAPP1−37 dimer. As in System I, extended REMD simulations
were performed for System II in the absence or presence of
CLR01 bound to K1.
The CHARMM27 force field69 (CMAP corrections

included) was used for protein and tweezers. The parameters
of CLR01 were obtained with the SwissParam70 server and
tested in a previous study.71 All the simulations and the analysis
of the results were done using GROMACS 4.6.1.72 Periodic
boundary conditions were set and the system was solvated in a

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.5b00146
ACS Chem. Biol. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acschembio.5b00146


box of TIP3P water73 and neutralized. The Coulomb
interactions were treated by the reaction field approach,74

and a cutoff of 14 Å was used for both Coulomb and van der
Waals interactions. The temperature for the preliminary
equilibration MD was set to 290 K. The LINCS algorithm
was used for constraining bonds75 and the Particle Mesh Ewald
method, to handle the electrostatic interactions.76,77

The temperature range for the REMD simulations was set
between 290 and 340 K. The temperature distribution was
obtained as described previously by Patriksson and van der
Spoel78 to yield 33−34 replicas, depending of the system.
Starting with the equilibrated structure at 290 K, each replica of
the system was submitted to 10 ns NVT simulations. After each
replica was equilibrated at each temperature, 60 ns NPT REMD
simulations79,80 were performed for System I and 180 ns for
System II.
For the cluster analysis of the trajectories at 300 K, the

GROMOS method was used81 with the backbone of residues 5
to 29 as reference. The resulting clusters were classified
according to the presence or absence of a kink in the central α-
helix.
Measurement of Steady-State CLR01 Concentration

in Mouse Plasma. Experiments were compliant with the
National Research Council Guide for the Care and Use of
Laboratory Animals and were approved by the UCLA Animal
Research Council and the Ethics Committee. C57Bl/6 mice
were obtained through the UCLA Surplus Experimental Animal
Resource Sharing program. Three, 7−10-week old, male mice
were used per time point. CLR01 was administered to the mice
continuously, subcutaneously at 1 mg kg−1 day−1 via Alzet
osmotic minipumps. At 7, 14, and 21 days, the mice were
anesthetized with pentobarbital, and the chest cavity was
exposed to reveal the heart. A 21-gauge needle connected to a
1-cc syringe was inserted into the right ventricle of the heart,
and the blood was slowly withdrawn and immediately
transferred to Capiject Li-Heparin gel-barrier tubes as described
previously.60 Plasma was obtained by centrifugation (1250g, 4
°C for 10 min), frozen immediately, and stored at −20 °C.
Samples were analyzed using standard HPLC-MS/MS
techniques by Wolfe Laboratories Inc., and CLR01 concen-
tration was determined by comparison with duplicate plasma
matrix calibration curves over a linear range from 5−5000 ng
mL−1 by interpolation of sample peak area data into the
calibration curve.
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