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Abstract

The hormone human islet amyloid polypeptide (hIAPP or amylin) plays a role in glucose
metabolism, but forms amyloid in the pancreas in type 2 diabetes (T2D) and is associated with -
cell death and dysfunction in the disease. Inhibitors of islet amyloid have therapeutic potential,
however there are no clinically approved inhibitors and the mode of action of existing inhibitors is
not well understood. Rat IAPP (rlAPP), differs from h1APP at six positions, does not form
amyloid and is an inhibitor of amyloid formation by hIAPP. Five of the six differences are located
within residues 20-29, and three of them are Pro residues, which are well known disruptors of -
sheet structure. rlAPP is thus a natural example of a “B-breaker inhibitor”; a molecule which
combines a recognition element with an entity that inhibits f-sheet formation. Pramlintide (PM) is
a peptide drug approved for use as an adjunct to insulin therapy for treatment of diabetes. PM was
developed by introducing the three Pro substitutions found in rlAPP into hIAPP. Thus, it more
closely resembles the human peptide than does rlAPP. Here we examine and compare the ability
of rlIAPP, PM and a set of designed analogs of hlAPP to inhibit amyloid formation by hIAPP, in
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order to elucidate the factors which lead to effective peptide based inhibitors. Our results reveal,
for this class of molecules, a balance between the reduced amyloidogenicity of the inhibitory
sequence on the one hand and its ability to recognize hlAPP on the other.
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Introduction

Amyloid formation plays a role in over 25 different human diseases including Alzheimer's
disease, Parkinson's disease and type 2 diabetes (T2D).1: 2 Islet amyloid polypeptide (IAPP
or amylin) is a neuropancreatic hormone that plays a role in metabolism and energy
homeostasis, but forms fibrillar amyloid deposits in the pancreatic islets of Langerhans in
T2D by an unknown mechanism.3 4 The process of amyloid formation is associated with
reduced p-cell mass, and is believed to contribute to T2D,>" and to the failure of islet
transplantation.® ° There are no clinically approved inhibitors of islet amyloid formation,
despite its importance and the mode of action of existing inhibitors is not well understood.
Most of the work on IAPP inhibitors has focused on the effects of polyphenols or on
polypeptide based inhibitors.19-18 A popular approach for the design of inhibitors of amyloid
formation relies on the concept of B-breaker inhibitors, in which a recognition element that
targets the polypeptide of interest, is combined with a moiety that prevents the formation or
propagation of 3-sheet structure. Here we examine the ability of a set of rationally designed
and clinically relevant mutants of human IAPP (hl1APP) to inhibit amyloid by wild type
hIAPP. This study reveals that for this class of peptide based inhibitors, optimum design
involves a balance between the ability to recognize hlAPP and the reduced amyloidogenicity
of the inhibitory sequence.

Mature hIAPP is a 37 residue hormone with a disulfide bond between Cys-2 and Cys-7 and
an amidated C-terminus (Figure 1). It aggressively forms amyloid in vitro and is toxic to
cultured pancreatic islet p-cells and to islets.1® Rat IAPP (rIAPP) differs from hIAPP at six
positions, does not form amyloid, is not toxic and is a moderately effective inhibitor of
hIAPP amyloid formation in vitro.20 Five of the six differences relative to hIAPP are located
in the region of residues 23-29, which is believed to be an important amyloidgenic
segment.21 rlAPP contains three prolines in this region (Pro-25, Pro-28 and Pro-29), which
are well known disruptors of B-sheet structures. The other differences between rlAPP and
hIAPP involve the replacement of His-18, Phe-23 and Ile-26 in hIAPP with Arg-18, Leu-23
and Val-26 in rIAPP respectively (Figure 1). Thus rlIAPP can be thought of as a natural
example of a B-breaker inhibitor. In this case, the first 22 residues and /or the C-terminal 7
residues act as recognition elements, while the segment containing the multiple proline
residues acts as the f-breaker motif.

hIAPP complements insulin in maintaining glucose homeostasis by suppressing postprandial
glucagon secretion, helping regulate gastric emptying and suppressing food intake.22-26
hIAPP is thus an attractive adjunct to insulin therapy, however, hlAPP aggressively forms
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toxic aggregates in solution, leading to difficulty in its formulation and storage. A soluble
analog of hIAPP, pramlintide (PM), is approved by the FDA as an adjunct to insulin therapy
for both type 1 diabetes and T2D. PM was designed by substituting the proline residues
found in rlAPP into the human peptide to render it non-amyloidgenic, but to retain its
activity (Figure 1).27

rlIAPP has been proposed to inhibit hIAPP amyloid formation by binding to early,
potentially partially helical intermediates, through the N-terminal half to two thirds of the
peptide and then preventing propagation of intermolecular B-sheet structure.20 Peptide
mapping studies have provided evidence that important interactions between hIAPP
monomers occur in this region, centered near residue 15, during the early stages of
aggregation. This region may also be critical for hIAPP-rlAPP interactions as well, given the
extremely high sequence identity from residues 1 through 22.28 Structural studies indirectly
support a helical model for initial steps of aggregation with helical structure localized
between residues 8 to 22 and with inter peptide interactions in this region, although other
experiments suggest different initial modes of oligomerization of hIAPP.29-31 pM is
expected to be a better inhibitor of hIAPP than rlAPP if recognition involves this region
since hIAPP and PM are identical over the first 24 residues, and PM contains the same
proline residues as rlIAPP. Limited biophysical studies have been performed with PM.
Nonoyama et al have reported that PM is disordered as a monomer and that its aggregation
is sensitive to pH.32 There are no reported studies of the potential inhibitory effects of PM
on amyloid formation by hIAPP. Here, we compare the ability of PM and rlAPP as well as
two mutants of PM, His18Arg pramlintide (H18R PM) and Phe23Leu pramlintide (F23L
PM) to inhibit amyloid formation by the human peptide. The latter two mutations are chosen
because they are the least conservative, non-proline substitutions between rlIAPP and h1APP.
Our results provide clues to the optimization of peptide based hlAPP amyloid inhibitors,
which should be useful for future rational inhibitor design.

Materials and Methods

Peptide Synthesis and Purification

All peptides were synthesized using a CEM microwave peptide synthesizer on a 0.25 mmol
scale utilizing 9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were ACS-
grade. 5-(4’-Fmoc-aminomethyl-3’,5-dimethoxyphenol) valeric acid (PAL-PEG) resin was
used to afford an amidated c-terminus. Fmoc-protected pseudoproline (oxazolidine)
dipeptide derivatives were incorporated to improve the yield as previously described.33
Standard Fmoc reaction cycles were used.34 The first residue attached to the resin, all p-
branched residues, all pseudoproline dipeptide derivatives and the residues directly
following pseudoproline dipeptide derivatives were double-coupled. The peptides were
cleaved from the resin through the use of standard trifluoroacetic acid (TFA) methods. After
cleavage, the crude peptides were dissolved into 20% (v/v) acetic acid and then lyophilized.
This was repeated several times prior to disulfide bond formation and purification to
improve their solubility. The peptides were oxidized to form the disulfide bond using 100%
dimethyl sulfoxide at room temperature and were purified via reverse-phase high-
performance liquid chromatography (RP-HPLC) using a Viydac C18 preparative column.3°
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Analytical HPLC was used to check the purity of the peptides before each experiment. The
masses of the pure peptides were confirmed by MALDI time-of-flight mass spectrometry.
hIAPP, expected 3903.6, observed 3904.6; rlAPP, expected 3921.3, observed 3921.6; PM,
expected 3949.4, observed 3949.2; H18R PM, expected 3969.4, observed 3967.1; F23L PM,
expected 3916.4, observed 3915.4. G24P, 126P-1APP expected 3927.3, observed 3926.7.

Sample Preparation

1.6mM Stock solutions of each peptide were prepared in 100% hexafluoroisopropanol
(HFIP). Stock solutions were filtered using 0.45 pM Acrodisc syringe filter with a GHP
membrane and the required amount was lyophilized overnight to remove HFIP. Dry peptide
was then dissolved into Tris-buffer for the fluorescence assays.

Fluorescence Assays

The kinetics of amyloid formation were monitored using thioflavin-T binding assays
conducted with no cosolvent and no stirring at 25°C. Fluorescence measurements were
performed using a Beckman Coulter DTX 880 plate reader with a multimode detector using
an excitation wavelength of 430 nm and an emission wavelength of 485 nm. Solutions were
prepared by dissolving dry peptide into Tris-HCI buffer and thioflavin-T solution
immediately before the measurement. The final concentrations were 16 uM hl1APP, 32 pM
thioflavin-T in 20 mM Tris-HCI (pH 7.4) with various amounts of the inhibitors.

Transmission Electron Microscopy (TEM)

TEM images were collected at the Life Science Microscopy Center at the State University of
New York at Stony Brook. 15 L aliquots of the samples used for the kinetic studies were
removed at the end of each experiment, blotted on a carbon-coated 300-mesh copper grid for
1 min and then negatively stained with saturated uranyl acetate for 1 min.

Mass Spectroscopy Experiments

Peptides were incubated in 20 mM Tris-HCI buffer at pH 7.4. Samples of 1 to 1 mixtures
were incubated for 7 days. Samples of 1 to 10 mixtures and controls were incubated for 15
days. Samples were then centrifuged at 17,500¢ for 45 min. Pellets were collected and
rinsed with DDI water twice. After each rinse, samples in DDI water were centrifuged at
175009 for 30 min. The final pellets were depolymerized in 100% (v/v) HFIP and then
lyophilized for 20 hours. The peptide samples were analyzed by LC-MS-UV using an
Agilent 1260 HPLC and an Agilent G6224A TOF mass spectrometer. The HPLC method
uses a Kinetex C18 column; 100A, 2.6um, 100x2.1mm, (Phenomenex) at 35°C and 0.55m¢/
min. The HPLC solvents were A: H,O (0.05% Acetic Acid, 0.05% TFA) and B: CH3CN
(0.05% Acetic Acid, 0.05% TFA). The HPLC solvent gradient method consisted of the
following: t=0-1/, B=10%); t=1-5/, B=10-30%); t=5-45’, B=30-50%; t=45-52’, B=50-95%.
The ionization source was electrospray ionization in the positive mode. Mass spectra were
acquired in the range m/z = 300-3200 with internal calibration using 4 standards. UV
chromatograms were acquired at 220and 280nm with a diode array detector.

The ESI positive mass chromatograms were integrated and averaged mass spectra were
acquired from the integrated peaks with background subtraction. The mass spectra of the
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target peptides were observed in predominantly the +3 and +4 charge states. The resolution
of the mass spectrometer in these experiments and in this m/z range is ~13,000. This
resolution allows the isotopic distribution of the peptide m/z peaks in these charge states to
be fully resolved. These mass spectra were deconvoluted using the Agilent resolved isotope
deconvolution algorithm, and monoisotopic neutral masses of the peptides were determined
with an accuracy of 20 ppm.

Results and Discussion

Pramlintide has a larger effect on the time course of amyloid formation than rlIAPP, but co-
aggregates with hIAPP

The ability of rIAPP and PM to inhibit amyloid formation by hIAPP were compared using
thioflavin-T fluorescence assays and transmission electron microscopy (TEM). Thioflavin-T
is a dye whose quantum yield increases upon binding to amyloid fibrils, and it provides a
convenient probe of amyloid formation. Thioflavin-T is an extrinsic probe of amyloid
formation and the assay can lead to both false positives and negatives, however the dye does
not perturb the kinetics of hlAPP amyloid formation under the conditions used here. We first
tested mixtures of hIAPP and rlAPP. The kinetic curves measured at different ratios of the
two peptides are shown in figure 2. The X-axis is presented as reduced time; time divided by
Tso of hIAPP, where Tgg is the time required to reach half of the maximum fluorescence
intensity in the assay. No increase in fluorescence intensity of a sample of pure rlIAPP was
detected during the time course of the experiment, in agreement with a large body of work
that has shown that r-1APP is not amyloidogenic. rIAPP inhibits amyloid formation by
hIAPP in a dose dependent manner, consistent with prior studies that made use of a mixed
(98%) water, (2%) HFIP solvent system.20 At low ratios of rlAPP to hIAPP, rlAPP shows a
slight inhibitory effect on amyloid formation by hIAPP in buffer, in agreement with the
earlier studies.20 In the present case, Ts was increased by a factor of only 1.2 fora 1 to 1
ratio and by a factor of 1.4 for a 1 to 2 ratio (rlAPP is in 2 fold excess). When the
concentration of rIAPP was increased to a 5 fold excess, a larger effect was observed as
indicated by a 2.2 fold longer Tsq. This parameter increased by a factor of 3.5 when rlIAPP
was in 10 fold excess relative to hIAPP. A decrease in the final fluorescence was observed
as the concentration of rlAPP was increased. Changes in thioflavin-T intensity are hard to
interpret because they can arise from fewer fibrils being formed, or because of the formation
of fibrils with reduced capacity to bind thioflavin-T, a change in the degree of association of
fibrils, or due to a lower quantum yield of the bound thioflavin-T. Since the fluorescence
signal comes from fibril bound thioflavin-T, instead of an intrinsic probe of the fibrils, the
values are dependent on how much dye binds and its quantum yield when bound, and this
can sometimes give misleading results. Therefore, we collected TEM images at the end of
each kinetic experiment. As shown in Figure 3 and Figure S1, TEM confirmed that rIAPP
does not aggregate during the time course of the experiment. Images of mixtures of hlAPP
and rlAPP showed changes in the amount of fibrils detected on the TEM grid as the
concentration of rIAPP increased. At a 1 to 1 ratio, fibrils with typical hlAPP amyloid
morphology were observed, and there were no obvious differences in the amount of fibrils
detected on the TEM grids of the pure hIAPP sample and the 1:1 sample of hIAPP and
rlIAPP (figure 3A-B). The 1:2 mixture of hIAPP and rlAPP look similar to the 1:1 samples
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and to the sample of pure h1APP (figure 3D). When the ratio of rIAPP is increased to a 5-
fold excess, less extensive mats of fibrils are observed on the TEM grids (figure 3F). The
amount of detectable fibrils is noticeably less when the ratio of rlAPP is further increased to
a 10-fold excess (figure 3H). It is difficult to detect small differences in fibril morphology
by TEM, given the resolution of the method and the negative stains which are employed, but
examination of the TEM grids argues that the addition of rlAPP does not perturb the
morphology of the individual fibrils.

Two dimensional infrared studies (2DIR) studies conducted at much higher concentrations
of rlAPP and hIAPP have shown that rlAPP leads to changes in the structure of hIAPP
fibrils.36 The data presented here shows that rIAPP increases the Tsq of hIAPP amyloid
formation in a dose dependent manner, and also reduces the amount of amyloid fibrils. Our
results are consistent with the earlier studies that were conducted in buffers which contained
2% HFIP, and confirm that the behavior of rIAPP is not a consequence of the presence of
the organic cosolvent.20

We next tested the effect of PM using this assay. PM did not form amyloid during the time
course of the study under the conditions used, as indicated by a flat fluorescence curve
(figure 2) and TEM (figure S1). Inhibition of hIAPP amyloid formation was observed at all
ratios of PM and hlAPP tested and the inhibition effects were dose dependent. PM is more
effective at inhibiting the aggregation of hIAPP than rlIAPP. An equimolar amount of PM
increased Tsq of hIAPP amyloid formation by a factor of 1.9, compared to the more modest
factor of 1.2 observed for rlAPP. Tsq was further increased to a factor of 2.7 when PM was
in 2 fold excess and to 3.9 when PM was in 5 fold excess. When the ratio of hIAPP to PM
was 1 to 10, the Tgg of hIAPP amyloid formation was increased by 5.6 fold. For comparison,
rlIAPP increased Tsq by a factor of 3.5 at this ratio.

The final fluorescence intensity of the PM hIAPP mixtures did not change significantly,
even in the presence of 10 fold excess of PM. In contrast, a 10-fold excess of rIAPP lead to a
decrease in final fluorescence intensity. The fibrils formed at all ratios of PM to hIAPP
showed typical IAPP amyloid fibril structure, and there was no detectable reduction in the
amount of fibrils on the TEM grid, in contrast to the significant effects on fibril production
detected upon the addition of rIAPP (Figure 3). The fibrils formed in the presence of PM
appeared to be somewhat thicker than those formed in the presence of rIAPP by visual
inspection. Whether this is due to a change in fibril morphology or a difference in the lateral
association of fibrils, or simply reflects the staining effects is difficult to judge. However, we
believe the key observation is that fewer fibrils are detected in the presence of rlIAPP
compared to PM, and that PM co-aggregates with hlAP. These results demonstrate that PM
is more efficient than rlIAPP at inhibiting amyloid formation by hlAPP in terms of the
kinetics, but, in contrast to rlAPP, does not cause any detectable change in the amount of
fibrils on the TEM grids.

hIAPP induces aggregation of pramlintide

To test if rIAPP or PM were incorporated into the fibrils formed by mixtures of rlAPP or
PM with hIAPP under these conditions, we used mass spectrometry. We centrifuged the
aggregates formed by mixtures of rlAPP or PM with hIAPP and identified the peptides in
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the pellets by redissolving them and conducting LC-MS studies. Control experiments were
conducted, in which samples of pure hIAPP, pure rIAPP and pure PM were incubated. A
much stronger peak was observed from the pellet formed in the hIAPP control experiments
than from the PM or rlAPP control studies, consistent with the fact that hIAPP forms
amyloid during the time course of the experiments while the other two peptides do not
(Figure S2). Weak peaks were detected for PM and rlAPP which are probably due to
residual supernatant in the “pelleted” samples. For the 1 to 1 mixtures of hlAPP with the
peptides, we observed only weak peaks due to PM and rlIAPP from the pellets, and these had
intensities similar to that observed in the control experiments, indicating that neither PM nor
rlAPP were significantly incorporated into the fibrils and that the observed fibrils were
mainly made up of hIAPP. Similar effects were observed when rlIAPP was in 10-fold excess,
only a weak peak due to rIAPP was detected from the pellet formed by the mixture of rlIAPP
and h1APP, indicating that rlAPP was not incorporated into the pellet under these
conditions. Very different results were obtained when PM was added in 10-fold excess. In
this case, a strong peak was observed for PM in the pellet formed by the hIAPP PM mixture.
The PM peak had a similar intensity to the hIAPP peak in this case (figure 4). There are
several possible explanations for this result. hIAPP and PM might co-aggregate into mixed
fibrils and thus both be found in the pellet. Alternatively, the two might independently
aggregate (either as amyloid or other aggregates) and be sedimented into a pellet. The fact
that samples of pure PM do not show appreciable pelletable material argues against this
scenario, but does not formally rule out situations where human fibrils promote aggregation
of PM into deposits that are largely composed of PM. However, seeding experiments show
that hIAPP fibrils do not seed amyloid formation by PM under the conditions of these
studies, arguing that it is unlikely that h1APP fibrils directly promote formation of
independent PM fibrils under these conditions (Figure S3).

Mutations of pramlintide make its behavior more like rIAPP

We next examined two point mutants of PM, chosen to make their sequences more rlIAPP-
like, in order to study the contribution of these sites to the difference in the ability of rIAPP
and PM to inhibit hIAPP amyloid formation. There are three differences between rlAPP and
hIAPP, in addition to the three prolines. His-18 and Phe-23 in hIAPP are replaced by Arg
and Leu respectively in rlAPP (Figure 1). These are less conservative changes than the third
substitution which is an lle-26 to Val mutation. We focused on the least conservative
replacements, H18R and F23L. Arg is protonated and charged at pH 7.4 while His is largely
deprotonated, thus a H18R replacement changes the charge distribution of the peptide.
Electrostatic interactions play an important role in amyloid formation,3” and hIAPP amyloid
formation is pH dependent due to H18 and the free N-terminus.38-40 The F23L substitution
replaces an aromatic residue with an aliphatic side chain and this substitution has been
shown to increase the lag time of hIAPP by a factor of two.*! In contrast, the lle to Val
substitution is more conservative, replacing one B-branched hydrophobic amino acid with
another. This substitution leads to a small reduction in hydrophobicity, but maintains a high
intrinsic p-sheet propensity at this site. The effect of these point mutations on PM has not
been considered, although Green et al have studied the effect of substituting residues from
hIAPP into rlIAPP using variants with a free C-termini. The derivative of PM with a free c-
terminus, denoted here as PM*, was reported to be more amyloidogenic than F23L or H18R
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PM* mutants .42 The naturally occurring polypeptide has an amidated c-terminus and
variants without this modification have been shown to behave differently than the
physiologically relevant amidated form and to have altered amyloidogenicity, none-the-less
the results are consistent with the notion that a higher sequence similarity to the human
peptide leads to higher amyloidogenic potential.39: 43

The kinetics of amyloid formation by mixtures of hIAPP with each of these mutants are
depicted in figure 5. Pure samples of H18R PM and F23L PM did not form amyloid during
the time course of the study, as indicated by their flat fluorescence time courses and by TEM
(Figure 5, Figure 6 and Figure 7). Dose dependent inhibition effects were observed for both
mutants. Both of the mutants behaved more like rIAPP than PM, in the sense that they were
less effective inhibitors than PM. The inhibitory effects of HI8R PM and F23L PM were
almost the same in terms of their effects on the value of Tsg (Figure 8). As the concentration
of peptide was increased, H18R PM showed a more obvious effect on the final thioflavin-T
fluorescence intensity than did F23L PM (Figure 5). However, all of the TEM images
collected of mixtures of either mutant with hIAPP at different ratios showed typical amyloid
fibril structure. Extensive mats of fibrils were observed, and in this sense they behaved more
like PM than like rlIAPP (Figure 6, Figure 7).

Conclusions

The effect of the four peptide inhibitors on the value of Tsg for hIAPP amyloid formation
are summarized in figure 8. Our results show that PM is more efficient than rlAPP in
inhibiting amyloid formation by hIAPP, however, in contrast to rlAPP, it does not affect the
amount of fibrils detectable by TEM. The mass spectroscopy analysis of the amyloid fibrils
formed by mixtures of PM with hIAPP and rlIAPP with hIAPP argue that PM interacts more
strongly with h1APP than rlAPP does under the condition of these experiments, and is either
incorporated into the amyloid fibers or induced to co-aggregate.

These results argue that, all else being equal, a higher sequence similarity to hIAPP leads to
a non-amyloidgenic mutant being a better inhibitor of hlAPP amyloid formation provided a
strong p-breaker element is retained, likely due to more efficient sequence recognition.
rlAPP and the two mutants of PM, H18R PM and F23L PM, are less effective inhibitors
than PM, consistent with this hypothesis, however, the correlation is not perfect since the
two PM single mutants do not outperform rlAPP even though they have a higher sequence
identity to hIAPP. The helical recognition models argues that residue-18 plays a role in
initial contacts and more recent work implicates residues near position 23 in the early stages
of hIAPP amyloid formation.3! It may be that converting just one of these positions from the
human residue is enough to induce a significant effect and to render the PM peptide more
“rat-like” in its behavior.

Based on a set of elegant experiments, Middleton et al have constructed a detailed model of
how rlAPP inhibits hIAPP amyloid formation. Isotope edited two-dimensional infrared and
TEM studies were conducted under different conditions than employed here. In those
studies, both peptides were present at much higher concentrations, required to ensure
sufficient signal to noise in the IR studies. Under these conditions rlAPP first blocks the
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formation of the C-terminal B-sheet, thereby explaining the increased lag time. rIAPP then
loses this effect and the recognition sequence in rIAPP forms its own B-sheet rich
aggregates.3® The resolution of the methods employed here do not allow one to determine if
PM forms its own fibrils or is incorporated into the hIAPP fibrils, but the LC-MS studies
indicate that rlAPP is not incorporated into the fibrils under the conditions of our studies,
where it is present at much lower concentrations than in the IR experiments. It is important
to note that there is no inconsistency between this study and the earlier work since they were
conducted under significantly different conditions and aggregation is expected to be much
more facile at higher peptide concentrations.

The comparison of rlAPP and PM argues that peptide based inhibitor design involves a
trade-off between more efficient recognition of the target protein and the higher
amyloidogenicity attributed to higher sequence similarity. An optimum balance should lead
to the best inhibition efficiency, for a given set of peptides. Having too low a sequence
identity may prevent the peptide from effectively interacting with the target peptide, while
having too high a similarity may lead to mixed aggregates formed by the designed inhibitor
and the target peptide. PM appears to be balanced between these effects. This does not mean
that PM is the optimum peptide based inhibitor. Other variants of hlAPP, that use fewer
proline residues and target different sites, have larger effects on hIAPP amyloid formation,
likely because the other sites are more important for -sheet formation and because the use
of fewer proline substitutions can lead to better recognition.1?- 18

Data sets from a G24P, 126P double proline mutant of hlAPP (DM-1APP) support the
notation of a trade-off between recognition and p-sheet inhibition. We have previously
shown that each of the single mutants is an inhibitor of amyloid formation by wild type
hIAPP.17. 44 Each is more effective than rIAPP or PM. Here we show that the double mutant
is also an inhibitor, but is much less effective than the single mutant. (Figure S4). In this
case, the single site mutations are sufficient to reduce amyloidogenicity, and the higher
sequence identity presumably leads to better recognition of the human sequence and more
effective inhibitors. The fact that the double proline mutant is a less effective inhibitor of
hIAPP amyloid formation than either of the single mutants suggests that they interact with
hIAPP in a more complicated manner than simply through the region with the major helical
propensity since they are identical in this segment.#> Along these lines, the two substitutions
are located within a region of hIAPP that has been identified by 2DIR spectroscopy as being
of importance in the early steps in hIAPP amyloid formation.3! The 2DIR studies indicate
that transient 3-sheet structure is formed in this region during amyloid formation by h1APP.
It is also interesting to note that the double proline mutant is a noticeably less effective
inhibitor than a variant of hlAPP that contain N-methylated residues at positions 24 and
26.18 A double Gly, Ile to Pro mutation is a much larger change than replacing Gly and Ile
with N-methyl Gly and N-methy! Leu and should be more perturbing to inhibitor hIAPP
interactions. In this case, it appears that the N-methylated variant is close to optimal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
hlAPP human islet amyloid polypeptide
riIAPP rat islet amyloid polypeptide
DM-1APP double mutant islet amyloid polypeptide
PM pramlintide
PM* pramlintide with free C-terminus
T2D type Il dibates
TFA trifluoroacetic acid
HFIP hexafluoroisopropanol
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(0]
+ Il
H;N— KCNTATCATQ RLANFLVHSS NNFGAILSS TNVGSNTY—C—NH,

+ Il
H;N— KCNTATCATQ RLANFLVRSS NNLGPVLPP TNVGSNTY—C—NH,

(0}
+ 1 [
H3;N— KCNTATCATQ RLANFLVHSS NNFGPILPP TNVGSNTY—C—NH,

+ Il
H;N—KCNTATCATQ RLANFLVRSS NNFGPILPP TNVGSNTY—C—NH,

0
+ Il
H;N— KCNTATCATQ RLANFLVHSS NNLGPILPP TNVGSNTY—C—NH,

Sequence of hIAPP, rlIAPP, PM, H18R PM and F23L PM. Each peptide contains a disulfide
bond connecting Cys 2 and Cys 7 and has an amidated C-terminus. Residues which differ
from hl1APP are colored red.
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Pramlintide (PM) is a more effective inhibitor of amyloid formation by wild type hIAPP
than is rlAPP. (A) The kinetics of hIAPP amyloid formation in the presence of rIAPP
monitored by thioflavin-T fluorescence assays. Black, hlAPP; red, a 1:1 mixture of hIAPP
and rlAPP; green, a mixture of hIAPP and rlIAPP at a 1 to 2 ratio; blue, a mixture of hIAPP
and rlAPP at a 1 to 5 ratio; pink, a mixture of hlAPP and rlIAPP at a 1 to 10 ratio; grey, 160
UM rlAPP. (B) The kinetics of hIAPP amyloid formation in the presence of PM monitored
by thioflavin-T fluorescence essays. The same color coding is used as in panel A.
Experiments were conducted in 20 mM Tris-HCI (pH 7.4), without stirring at 25 °C. The

concentration of hIAPP was 16 pM.
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Figure 3.
Comparison of the final products of the experiments shown in Figure 2. (A) TEM image of

hIAPP. (B) TEM image of a 1:1 mixture of hIAPP and rlAPP. (C) TEM image of a 1:1
mixture of hlAPP and PM. (D) TEM image of a 1:2 mixture of hlAPP and rlAPP. (E) TEM
image of a 1:2 mixture of hIAPP and PM. (F) TEM image of a 1:5 mixture of hlAPP and
rlIAPP. (G) TEM image of a 1:5 mixture of hlAPP and PM. (H) TEM image of a 1:10
mixture of hlAPP and rlAPP. (I) TEM image of a 1:10 mixture of hIAPP and PM. All
images were collected at the end of the kinetic experiments shown in figure 2. Scale bars
represent 100 nm.
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Figure4.
Results of co-incubation experiments. Samples of a 1 to 1 mixture were incubated for 7

days, and samples of a 1 to 10 mixture were incubated for 15 days in 20 mM Tris-HCI (pH
7.4), without stirring at 25 °C. Each sample was then pelleted, depolymerized, and analyzed
by LC-MS. (A) Results of a 1 to 1 mixture of hIAPP and PM. Black, hlAPP; red, PM. (B)
Results of a 1 to 1 mixture of hIAPP and rlAPP. Black, hlAPP; blue, rIAPP. The inset is an
expansion of the region from 3917 to 3925, and shows the peak due to rlAPP. (C) Results of
a 1 to 10 mixture of hIAPP and PM. PM was in 10 fold excess. Black, hlAPP; red, PM. (D)
Results of a 1 to 10 mixture of hIAPP and rlAPP. rlAPP was in 10 fold excess. Black,
hIAPP; blue, rlAPP. Data shown in this figure are deconvoluted apparent neutral mass.
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Effects of replacing His-18 and Phe-23 in PM by the corresponding residues of rIAPP. (A)

The kinetics of hIAPP amyloid formation in the presence of H18R PM monitored by

thioflavin-T fluorescence assays. Black, hlAPP; red, a 1:1 mixture of hlIAPP and H18R PM,;
green, a mixture of hIAPP and H18R PM at a 1 to 2 ratio; blue, a mixture of hIAPP and
H18R PM at a 1 to 5 ratio; pink, a mixture of hlAPP and H18R PM at a 1 to 10 ratio; grey,
160 pM H18R PM. (B) The kinetics of hlAPP amyloid formation in the presence of F23L
PM monitored by thioflavin-T fluorescence essays. The same color coding is used here as in
panel A. The kinetic experiments were conducted in 20 mM Tris-HCI (pH 7.4), without
stirring at 25 °C. The concentration of hlAPP was 16 pM.
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Figure6.
TEM images of mixtures of hIAPP and H18R PM at different ratios of the two peptides. (A)

TEM image of a 1:1 mixture of hIAPP and H18R PM. (B) TEM image of a 1:2 mixture of
hIAPP and H18R PM. (C) TEM image of a 1:5 mixture of hlAPP and H18R PM. (D) TEM
image of a 1:10 mixture of hlAPP and H18R PM. (E) TEM image of pure H18R PM at 160
UM. Images were collected at the end of the kinetic experiments shown in figure 5A. Scale
bars represent 100 nm.
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Figure7.
TEM images of mixtures of hIAPP and F23L PM. (A) TEM image of a 1:1 mixture of

hIAPP and F23L PM. (C) TEM image of a 1:2 mixture of hIAPP and F23L PM. (D) TEM
image of a 1:5 mixture of hIAPP and F23L PM. (E) TEM image of a 1:10 mixture of hlAPP
and F23L PM. (F) TEM image of pure F23L PM at 160 uM. Images were collected at the
end of the kinetic experiments shown in figure 5B. Scale bars represent 100 nm.
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Figure8.
Summary of the effect of the different inhibitors on amyloid formation by hIAPP. The

factors by which the Tsq for wild type hIAPP amyloid formation was increased are plotted
as; grey, hIAPP alone; black, mixtures of hIAPP and PM at different ratios; red, mixtures of
hIAPP and rlAPP at different ratios; green, mixtures of hlAPP and H18R PM at different
ratios; yellow, mixtures of hIAPP and F23L PM at different ratios. Values were determined
from the kinetic curves shown in figure 2 and figure 5.
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