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Abstract
Islet amyloid polypeptide (IAPP) is a 37-residue polypeptide hormone which is responsible for islet
amyloid formation in type II diabetes. Human IAPP is extremely amyloidogenic while rat and mouse
IAPP do not form amyloid in vitro or in vivo. Rat and mouse IAPP have identical primary sequences,
but differ from the human polypeptide at six positions, five of which are localized between residues
20 to 29. The ability of rat IAPP to inhibit amyloid formation by human IAPP was tested and the rat
peptide was found to be an effective inhibitor. Thioflavin-T fluorescence monitored kinetic
experiments, transmission electron microscopy and circular dichroism showed that rat IAPP
lengthened the lag phase for amyloid formation by human IAPP, slowed the growth rate, reduced
the amount of amyloid fibrils produced in a dose dependent manner, and altered the morphology of
the fibrils. The inhibition of human IAPP amyloid formation by rat IAPP can be rationalized by a
model which postulates formation of an early helical intermediate during amyloid formation where
the helical region is localized to the N-terminal region of IAPP. The model predicts that proline
mutations in the putative helical region should lead to ineffective inhibitors as should mutations
which alter the peptide peptide interaction interface. This was confirmed by testing the ability of
A13P and F15D point mutants of rat IAPP to inhibit amyloid formation by human IAPP. Both these
mutants were noticeably less effective inhibitors than wild type rat IAPP. The implications for
inhibitor design are discussed.
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Amyloid formation plays an important role in a broad range of human diseases, including
Alzheimer's disease, Parkinson's disease, and type II diabetes (1-3). Islet amyloid polypeptide
(IAPP), also known as amylin, is a 37-residue polypeptide co-locally produced with insulin
and co-secreted by the pancreatic β-cells as a soluble monomer (4-9). IAPP is the major protein
component of the pancreatic islet amyloid deposits often associated with type II diabetes
(4-5). Formation of islet amyloid is believed to contribute to the pathology of the disease by
promoting β-cell death, and there appears to be some correlation between the level of amyloid
and the severity of the disease (10-15). Islet amyloid formation has also been proposed to be
a potentially important complicating factor in islet cell transplantation (16-18).

The mature form of human IAPP has an amidated C-terminus and a disulfide bridge between
residues Cys-2 and Cys-7 (Figure 1). Not all species form islet amyloid. In particular, human
and nonhuman primates express a form of IAPP which can form amyloid fibrils but rodents
do not (6,19). The primary sequences of rodent and human IAPP are very similar aside from
the 20-29 region. Mouse and rat IAPP have the same sequence, and differ from the human
protein at only six of 37 positions, five of which are located in the 20-29 region. There are three
proline residues in this region of rat IAPP located at positions 25, 28, 29, while human IAPP
has none. Other differences are replacement of His-18 in human IAPP with Arg-18 in the rat
sequence and substitution of Phe at position 23 and Ile at position 26 of the human sequence
with Leu-23 and Val-26 in rat IAPP. The sequence of the human and rat polypeptides are shown
in Figure 1.

The details of amyloid formation are still not well understood despite considerable effort, but
recent experimental studies have led to the interesting suggestion that amyloid formation by
human IAPP may proceed via a helical intermediate (20-23). Monomeric IAPP is a fluxional
molecule which does not adopt a compact structure in isolation, but a rapidly growing body of
experimental evidence clearly shows that certain regions of the polypeptide have a tendency
to transiently sample partial helical conformations. A propensity to preferential populated
helical φ and ψ angles has been detected in NMR studies of both human and rat IAPP. The
different studies reach slightly different conclusions about the exact boundaries of the partially
helical region, but the broad consensus is that the region begins between residues 5 to 7 and
extends to residues 20-22 or even further (24-26). Furthermore, it is well documented that
helical structure can be promoted in the same region in IAPP by interactions with membranes,
or with other proteins or by the addition of low levels of helix inducing cosolvents (22,
27-30).

A model for helix induced amyloid formation proposes that the initial oligomerization step is
driven by the association of amphiphilic helices localized to a region starting between residues
5 to 7 and extending to around the vicinity of residues 20 to 24. (20-23). In this model, initial
self association is driven by the thermodynamic linkage between peptide association and the
formation of the helical structure; a process which is well documented in many protein
association domains (31-32). The association leads to a high local concentration of the C-
terminal region of the polypeptide and this segment is known to be extremely amyloidogenic
(33). The model predicts that rat IAPP should be able to interact with the helical region of
human IAPP but will inhibit amyloid formation since the C-terminal region of rat IAPP,
(residues 22 to 37) contains multiple proline substitutions which will inhibit the conversion to
β-structure. The model further predicts that mutations which destabilize the propensity to form
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helical structure or disrupt the putative hydrophobic peptide peptide interaction interface
should lead to less effective inhibitors.

Here we test if rat IAPP inhibits amyloid formation by human IAPP and examine two mutants
designed to test the proposed model. A13P rat IAPP, in which a single proline is substituted
into the putative helical region, and a second mutant, F15D rat IAPP, designed to alter the
potential peptide peptide interaction interface were tested. Our studies confirm that rat IAPP
is monomeric, and lacks stable well defined structure in aqueous solution. We show that rat
IAPP is a moderate inhibitor of amyloid formation by human IAPP in vitro and its behavior
compares favorably to other reported inhibitors. Rat IAPP lengthens both the lag phase and
the growth phase of the fibril formation pathway and decreases the final amount of amyloid
fibrils in a dose dependent manner. In contrast, the A13P rat IAPP and the F15D rat IAPP point
mutants are noticeably less effective inhibitors.

Experimental Procedures
Peptide Synthesis

Human IAPP, rat IAPP, A13P rat IAPP and F15D rat IAPP were synthesized on a 0.25 mmol
scale using an Applied Biosystems 433A peptide synthesizer, via 9-fluornylmethoxycarbonyl
(Fmoc) chemistry. Solvents used were A.C.S. grade. Fmoc protected pseudoproline
(oxazolidine) dipeptide derivatives were purchased from Novabiochem. All other reagents
were purchased from Advanced Chemtech, PE Biosystems, Sigma, and Fisher Scientific. A 5-
(4′-fmoc-aminomethyl-3′, 5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to form
an amidated C-terminus. Standard Fmoc reaction cycles were used. The first residue attached
to the resin, pseudoproline dipeptide derivatives, all β-branched residues, and all residues
directly following a β-branched residue were double coupled (34). Peptides were cleaved from
the resin using standard TFA methods.

Peptide Purification and Oxidation
Crude peptides were partially dissolved in 20% acetic acid (v/v), frozen in liquid nitrogen and
lyophilized. This procedure was repeated several times prior to purification to increase
solubility. Disulfide bond formation was induced via oxidation by DMSO (35). The peptide
was dissolved in 100% DMSO and allowed to stand at room temperature for a minimum 5
hours. The dry peptides were then re-dissolved in 30% acetic acid (v/v) and purified via
reversed-phase HPLC, using a Vydac C18 preparative column (10 mm × 250mm). A two-
buffer system was used: buffer A consists of 100% H2O and 0.045% HCl (v/v) and buffer B
includes 80% acetonitrile, 20% H2O and 0.045% HCl (v/v). HCl was utilized as the ion pairing
agent instead of TFA since TFA can influence the rate of aggregation. Purity was checked by
HPLC using a Vydac C18 reversed-phase analytic column (4.6mm × 250mm) before each
experiment. This is important because IAPP can undergo spontaneous deamidation. Peptides
were analyzed by mass spectrometry using a Bruker MALDI-TOF MS. Oxidized rat IAPP;
expected 3921.3, observed 3921.6. Human IAPP; expected 3903.6, observed 3903.4. A13P rat
IAPP; expected 3945.4, observed 3945.2. F15D rat IAPP; expected 3887.3, observed 3886.8.

Sample Preparation
A 1.6 mM peptide solution was prepared in 100% hexafluoroisopropanol (HFIP) and stored
at -20°C. Amyloid formation was initiated by dilution of the stock solution as described below.

Thioflavin-T-Binding Kinetic Experiments
Thioflavin-T binding assays were used to measure the development of structurally ordered
fibrils over time. All fluorescence experiments were performed on an Applied Phototechnology
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fluorescence spectrophotometer using an excitation wavelength of 450 nm and an emission
wavelength of 485 nm. The excitation and emission slits were 5 nm. A 1.0 cm cuvette was
used and each point was averaged for 1 minute. Solutions were prepared by diluting filtered
stock peptide solution into 20 mM Tris-HCl buffer and thioflavin-T solution immediately
before the measurement. A GHP Acrodisc 13mm Syringe filter with a 0.45 μm GHP membrane
was used. The conditions were 16 μM human IAPP, 25 μM Thioflavin-T in 2% HFIP, 25°C,
pH 7.4 for all experiments. All solutions were stirred during these experiments in order to
maintain homogeneity. For seeding experiments, a fibril solution was prepared by dilution of
17 μL of filtered stock solution into 20 mM Tris-HCl buffer to give a final concentration 16
μM. The solution was stirred for 80 minutes at 25°C, a time which is longer than that required
to form amyloid fibrils. Aliquots of this solution were used to seed other solutions. The solution
was used within 8 hours to ensure reproducibility of the seeding experiments. The concentration
of the seeds was 1.6 μM in monomer units. The concentration of rat IAPP and rat IAPP mutants
ranged from 16 μM to 160 μM depending upon the experiments.

Circular Dichroism (CD)
CD spectra were measured on an Applied Photophysics Chirascan circular dichroism
spectrometer. For far-UV CD wavelength scans, the peptide solutions were prepared by
diluting the filtered stock peptide into 20 mM Tris-HCl buffer at pH 7.4. The final peptide
concentrations for far-UV CD experiments were 16 μM in 2% HFIP. Spectra were recorded
from 190 to 260 nm at 1 nm intervals in a quartz cuvette of 0.1 cm path length at 25°C. CD
experiments used the same stock solutions as the thioflavin-T fluorescence measurements.

Transmission Electron Microscopy (TEM)
TEM was performed at the Life Science Microscopy Center at the State University of New
York at Stony Brook. TEM samples were prepared from the solutions used for the fluorescence
measurements. 15 μL of the peptide solution was removed at the end of the kinetic runs and
placed on carbon-coated formvar 200 mesh copper grid for 1 min and then negatively stained
with saturated uranyl acetate for 1 min.

Analytical Ultracentrifugation (AUC)
Analytical ultracentrifugation was performed with a Beckman Optima XL-A analytical
ultracentrifuge at 25°C using rotor speeds of 38,000 rpm (24h) and 48,000 rpm (24h). Apparent
molecular masses were determined at initial peptide concentrations of 30, 60, 90 μM rat IAPP
in 20 mM Tris-HCl buffer (pH 7.4). Six channels, 12 mm path length, charcoal-filled Epon
cell with quartz windows were used. The absorbance was measured at 280 nm and ten scans
were averaged. The partial specific volume (0.7278 mL g-1) and solution density (1.003 g
l-1) were calculated from the software program SEDNTERP. The HeteroAnalysis program
from the Analytical Ultracentrifugation Facility at the University of Connecticut was used for
data analysis.

Gel Filtration
Gel filtration measurements were performed using an AKTA purifier 10 FPLC (GE Healthcare)
at 4°C and a superdex 75 10/300 GL column. The flow rate was set to 0.5ml/min. Peptides
were loaded at a concentration of 160 μM in 20 mM pH 7.4 Tris-HCl buffer. 20 mM Tris-HCl
buffer (pH 7.4) with 0.15 M NaCl was used as buffer system. Wild type rat IAPP, which is
monomeric under these conditions, was used as control at the same concentration.
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Results and Discussion
Rat IAPP is monomeric in aqueous solution

Rat IAPP is well known not to form amyloid (19). The association state of rat IAPP was
examined using analytical ultracentrifugation (AUC) because self-association even in the
absence of amyloid formation could lead to apparent effects on the formation of human IAPP
oligomers and fibrils. AUC experiments confirmed that rat IAPP is monomeric under the
conditions of these studies (Supporting Information). The AUC data were fit well by an ideal
single-species model with a molecular weight within 5% of the monomer molecular weight.
The average apparent experimental molecular mass determined from multiple experiments
with rat IAPP over the concentration range of 30 to 90 μM is 4102.0, and the expected mass
is 3921.3. CD experiments confirmed that rat IAPP does not adopt well ordered structure under
the conditions of our studies (Supporting Information).

Rat IAPP inhibits amyloid formation by human IAPP in a dose dependent manner
The ability of human IAPP and rat IAPP to form amyloid fibrils was first tested using thioflavin-
T binding assays. Fluorescence detected thioflavin-T binding assays are the standard method
used to monitor the time course of fibril formation (36). The dye experiences a significant
increase in quantum yield upon binding to amyloid fibrils. The exact mode of binding is not
known but the dye is believed to bind to grooves formed on the surface of amyloid fibrils by
aligned rows of side chains. The data collected for human IAPP shows a typical IAPP
fibrillization process with a lag phase of about 10 minutes followed by a growth phase and a
final plateau in which fibrils are in equilibrium with soluble IAPP (Figure 2). TEM images
recorded at the end point of the reaction display the classic features of human IAPP amyloid
fibrils (Figure 3-A). However, the results of the rat IAPP experiment are strikingly different.
As expected, based on past studies, no significant change in thioflavin-T fluorescence is
observed over the entire time course of the reaction, and TEM images of the end product reveal
that no fibrils was formed (Figure 3-B). CD spectra recorded at the end of the kinetic runs show
that the human IAPP sample is rich in β-structure, while the rat peptide is not (Supporting
Information).

Important early work used thioflavin-T assays to show that rat IAPP lengthened the lag phase
of human IAPP and reduced the final fluorescence intensity, but a quantitative analysis of the
progress curves has not been reported nor was the final morphology of the products examined
(37). The ability of rat IAPP to inhibit amyloid formation by human IAPP was tested at various
ratios of rat to human IAPP. A 1:1 mixture of rat and human IAPP exhibits a lag phase which
is 2.5 times longer than observed for human IAPP alone and a small but reproducible decrease
in the final thioflavin-T fluorescence intensity is detected (Figure 2). More dramatic effects
are observed at higher ratios of rat IAPP to human IAPP. The lag phase is increased by
approximately a factor of 3.3 for the 2:1 mixture of rat to human IAPP relative to the uninhibited
human IAPP control. The lag phase increases monotonically with increasing rat IAPP
concentration and is 10 fold longer for the 5:1 rat to human IAPP sample and 22 fold longer
for the 10:1 rat to human IAPP sample relative to the value observed in the absence of rat IAPP.
The final thioflavin fluorescence is also reduced in a dose dependent manner. The final
fluorescence intensity is often used as a measure of the amount of amyloid formed, however,
the intensity is also affected by a variety of factors and considerable caution should be applied
before interpreting thioflavin-T fluorescence intensity as a direct read out of the amount of
amyloid. The final fluorescence intensity of the human and rat IAPP 5:1 mixture decreased by
67% relative to sample of pure human IAPP and is reduced by 85% in the 10:1 rat to human
IAPP sample. These results are not due to a change in the amount of human IAPP present since
all samples contained the same amount of human IAPP. The rat peptide alone has no effect on
the observable thioflavin-T fluorescence at all concentrations examined (16 to 160 μM).
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Thioflavin-T assays can give false positives in inhibitor assays since a number of factors can
lead to a loss of thioflavin-T fluorescence beside the direct inhibition of amyloid formation
(38). Thus, it is critical to assay any potential inhibitors by an independent method. TEM images
were recorded of aliquots from each reaction mixture which were collected at a time point
when the final fluorescence has reached the steady-state value. Amyloid fibrils were present
in the 1:1 rat human IAPP mixture, but fewer fibrils were detected in the other mixtures and
the morphology was clearly different. In particular, the TEM images recorded for the rat human
IAPP 5:1 and 10:1 mixtures showed significantly thinner fibrils (Figure 3 C-F).

Examination of the kinetic curves displayed in Figure 2 indicates that rat IAPP alters both the
lag time and the growth phase. Figure 4A displays a plot of the length of the lag phase, which
is defined here as the time required to achieve 10% of the final fluorescence intensity, and the
T50 times. T50 is defined as the time needed to reach 50% of the final fluorescence intensity,
and includes contributions from both the lag phase and the growth phase. A more quantitative
measure of the effects upon the growth phase can be obtained by calculating the apparent
maximum rate, which is the apparent rate at T50. The calculation is easily performed by
numerical differentiation of the kinetic progress curve. The kinetic curves were fit to an
empirical function which described a sigmoidal curve and the resulting parameters were used
to calculate a plot of the derivative dF(t)/dt, where F(t) represents the fluorescence intensity,
vs time (Supporting Information). This plot gives T50 and the maximum rate, i.e. dF/dt at t =
T50. As the amount of rat IAPP increases, the rate at T50 decreases (Figure 4-B). These results
quantitatively confirm that rat IAPP inhibits amyloid formation by lengthening both the lag
phase and the growth phase.

Demonstration of an interaction between rat and human IAPP
Surface plasma resonance has been used to demonstrate an interaction between rat IAPP and
surface immobilized biotinylated human IAPP (39). To test for a direct interaction between rat
and human IAPP in solution, far-UV CD spectroscopy was employed. Spectra were taken when
the final fluorescence intensity reached the plateau value at the same time point that the TEM
images were recorded. The CD spectrum of human IAPP indicated significant amounts of β-
sheet structure, while the spectrum of rat IAPP was consistent with a flexible largely
unstructured polypeptide (Supporting Information). Spectra were also recorded for the various
mixtures of human and rat IAPP and were compared to the spectrum expected for a non-
interacting mixture of the two peptides. The expected spectrum is easily calculated as the
appropriately weighted sum of the spectrum of the sample of pure human IAPP and the
spectrum of the sample of pure rat IAPP. Any differences between the observed and calculated
spectra provide direct evidence for an interaction between the two peptides. The experimental
spectra of the mixtures clearly differ from spectra calculated for a non-interacting mixture of
the two peptides (Supporting Information).

Human IAPP fibrils do not seed amyloid formation by rat IAPP
A characteristic feature of amyloid formation is that the reaction can be seeded by adding small
amounts of preformed amyloid fibrils to a soluble sample of protein. The seeds act as templates
for rapid fibril growth and lead to the by passing of the lag phase. Having demonstrated the
interaction of rat IAPP with human IAPP, we next sought to determine if rat IAPP can bind to
seeds made from human IAPP fibrils, thus we are asking the question, can human IAPP
efficiently seed fibril formation by rat IAPP? Human IAPP fibrils formed at the end of a kinetic
run with pure human IAPP were used to seed a solution of rat IAPP at a ratio of 10% seeds.
Kinetic curves presented in Figure 5 demonstrate that mature human IAPP fibrils are not
capable of seeding fibril formation by rat IAPP under these conditions. The fluorescence
intensity of the mixture of rat IAPP with the human IAPP seeds is slightly higher than the rat
IAPP reaction alone, but this is due to the fact that human amyloid fibril seeds bind to thioflavin-
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T. The critical observation is that no significant change in thioflavin-T fluorescence is observed
over the time course of the reaction. In contrast, addition of the human IAPP seeds to the human
IAPP reaction abolished the lag phase as expected (Figure 5).

Point mutations which disrupt the putative helical region of rat IAPP or target its ability to
interact with human IAPP lead to much less effective inhibitors

Our model for the mode of inhibition of human IAPP amyloid formation by rat IAPP proposes
that the polypeptides interact via their respective N-terminal regions, and suggests that these
interactions are mediated by helical association. The model predicts that mutations which
reduce the propensity of rat IAPP to sample helical conformations should lead to a less effective
inhibitor. Consequently, we prepared a point mutant of rat IAPP, A13P-rat IAPP, in which
Ala-13, a residue near the center of the putative helical region is replaced by Pro. The
substitution will significantly reduce the propensity of the polypeptide to sample helical
conformations. As expected, the mutant is monomeric (Supporting Information) and CD
indicates that it does not adopt a well structured conformation.

The mutant is less effective at inhibiting amyloid formation by human IAPP than is the rat
polypeptide. Figure 6 displays the results of a set of thioflavin-T fluorescence monitored kinetic
experiments conducted at various ratios of A13P rat IAPP to human IAPP. The time to reach
50% of the final fluorescence intensity, T50, is 5.3 times longer for the 10:1 mixture of A13P
rat IAPP and human IAPP relative to a sample of pure human IAPP. In contrast, a 10 fold
excess of wild type rat IAPP increase the T50 value by almost 25 fold, thus by this criteria the
mutant is 4.6 times less effective. The A13P rat IAPP mutant has no significant effect on the
final thioflavin-T fluorescence intensity even when added at a 10 fold excess, while a 10 fold
excess of the wild type rat polypeptide reduces the final thioflavin-T fluorescence by 85%. The
mutant is also much less effective at inhibiting the growth rate. The maximum rat in the
presence of a 10 fold excess of the A13P mutant is more than 55 times lager than the maximum
rate observed in the presence of a ten fold excess of wild type rat IAPP. The mutant is also less
effective than the wild type rat polypeptide when added at a 5:1 or 1:1 ratio. The kinetic data
is summarized in table 1. TEM studies confirm the results of the kinetic experiments. TEM
images of samples collected at the end of the respective kinetic runs are included in figure 6.
Amyloid fibers are observed even for experiment conducted with a 10 fold excess of the mutant
polypeptide, although they appear somewhat less numerous than observed in the presence of
lower amounts of the A13P rat IAPP mutant. Both the 1:1 and 5:1 samples exhibit dense matts
of fibrils.

The proline mutant will reduce the ability of the rat peptide to adopt helical structure
(Supporting Information). A more subtle mutation might target the putative interaction
interface while not completely disrupting helical structure. We choose to target Phe-15. This
residue has been proposed to play an important role in the initial events of human IAPP self
association and in insulin IAPP interactions (22, 40). The latter is particularly interesting in
the context of inhibitor design since insulin is one of the most potent inhibitors of IAPP amyloid
formation known (39-42). We replace Phe-15 by Asp. An Asp substitution was chosen because
the mutation replaces a large residue with a small one and introduces a charge into what would
be a hydrophobic interface. Thioflavin-T fluorescence assays demonstrate that the F15D rat
IAPP is a much less effective inhibitor than wild type rat IAPP (Figure 7). When added in a
10 fold excess, the F15D rat IAPP mutant increases the T50 value relative to pure human IAPP
by a little more than a factor of two compared to 25 fold effect observed with the wild type rat
IAPP. The mutant has a modest effect on the final thioflavin-T fluorescence intensity with a
10 fold excess of mutant inhibitor leading to only a 15% decrease relative to the uninhibited
value. The effect on the growth rate is also modest and a 10 fold excess of mutant inhibitor
reduces the maximum rate by a factor of three relative to the value measured in the absence of
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the inhibitor, while a 10 fold excess of the wild type rat polypeptide decrease the maximum
rate by more than a factor of 55. The mutant is also less effective than the wild type inhibitor
when added at a 5 fold excess or at 1:1 ratio (table 1). TEM images of the final reaction products
are included in figure 7. Dense collections of amyloid fibers are observed for all samples
including the one in which mutant inhibitor is present in 10 fold excess relative to human IAPP.

Both the A13P and F15D mutants have a significant effect on the ability of rat IAPP. It is
formally possible that the effects could be indirect in the sense that the mutants might have the
unanticipated effect of promoting self association of the inhibitor, thereby reducing the amount
of inhibitor actually available to interact with human IAPP. This is an unlikely scenario but it
is important to test for. Consequently, we examined the properties of the mutants at the highest
concentration used, 160 μM. Gel filtration (Supporting Information) confirms that both
peptides are monomeric while CD indicates that they do not adopt well ordered structure.
Neither mutant binds thioflavin even at the highest concentration.

Conclusions
The data presented here demonstrates that rat IAPP inhibits amyloid formation by human IAPP,
lengthening both the lag phase and the growth phase in a dose dependent manner and altering
the morphology of the fibrils which are formed as well as reducing the final thioflavin-T
fluorescence intensity. The rat peptide is a less effective inhibitor than some other variants of
full length human IAPP which contain fewer substitutions (43-44). The potential mode of
action of those peptides has not been discussed in the literature, but interestingly, they contain
either a single proline mutation in the 20-29 region or double N-methyl substitutions in the
same region. Thus they likely act in a very similar fashion to rat IAPP. The simplest possible
rationalization of the reduced potency of rat IAPP relative to these variants is that the multiple
substitutions in rat IAPP lead to a weaker interaction with human IAPP. Irrespective of the
mechanistic details, the combination of a motif which can recognize pre-β-sheet species formed
by human IAPP together with a segment which prevents β-sheet formation is likely to be a
broadly applicable approach to the development of inhibitors of human IAPP amyloid
formation. Although rat IAPP is less effective than some full length variants of human IAPP,
it is as effective at inhibiting amyloid formation as a number of small molecules and peptide
based inhibitors (45-48).

The behavior of the mutant rat peptides is consistent with our proposed model of rat IAPP's
ability to inhibit amyloid formation. The model postulates that rat IAPP takes part in early
oligomerization involving residues in the putative helical region. The proline substitution is
located in the middle of that segment and proline is the most helix destabilizing of the coded
amino acids. Thus the A13P substitution should lead to less effective protein protein
interactions. Of course, the proline mutant might also exert some of its effects by directly
disrupting protein protein interaction surfaces as well as by reducing helical propensity. The
F15D mutant is far more conservative in terms of helical propensity, but is nonconservative in
that it replaces large hydrophobic residue with a small charged residue. F15 has been proposed
to be involved in the early oligomerization steps of amyloid formation (22,40) by participating
in peptide peptide interactions. Our conceptual model proposes that rat IAPP inhibits amyloid
formation by human IAPP because it substitutes for human IAPP in these initial steps. The
model predicts that mutations which drastically alter the interaction interface should affect the
ability of rat IAPP to act as an inhibitor. This is precisely what is observed with the F15D rat
IAPP mutant. Interestingly, the F15D mutant appears to have a somewhat more pronounced
affect on the ability of rat IAPP to act as an amyloid inhibitor. This may indicate that alteration
of the hydrophobic nature of the putative peptide peptide interface is more important than
reducing the helical propensity. Irrespective of the mechanistic details, the behavior of the two
mutants is consistent with the proposed model.
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The ability of rat IAPP has interesting implications for transgenic mouse models of islet
amyloid as has been previously noted (37,49). A number of mouse and rat models have been
developed which express human IAPP in order to investigate the adverse effects of human
IAPP amyloid formation (14,37,50-58). However, if mouse IAPP inhibits amyloid formation
by human IAPP in vivo as well as in vitro, then the results of transgenic mouse experiments
which involve mouse models that are heterozygous for mouse and human IAPP may be
misleading.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AUC Analytical Ultracentrifugation

CD Circular Dichroism

IAPP islet amyloid polypeptide

A13P-rIAPP an Ala-13 to Pro mutant of rat IAPP

F15D-rIAPP a Phe-15 to Asp mutant of rat IAPP

TEM Transmission Electron Microscopy

TFA trifluoroacetic acid

T50 the time required to achieve 50% of the final thioflavin intensity in a kinetic
experiment
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Figure 1.
Comparison of human and rat IAPP. (A) Primary sequence of human IAPP, rat IAPP and the
A13P and F15D mutants of rat IAPP. All peptides have a disulfide bridge between Cys-2 and
Cys-7 and have an amidated C-terminus. Residues which differ from the human peptide are
colored in pink. Residues in the mutants which differ from wild type rat IAPP are colored in
light green. (B) Helical wheel representation of residues 5 to 22 of human and rat IAPP. Red:
nonpolar groups; green: polar, uncharged groups; blue: basic groups.
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Figure 2.
Rat IAPP inhibits amyloid formation by human IAPP. (A) Fluorescence monitored thioflavin-
T kinetic experiments are shown. Red, human IAPP; black, rat IAPP; green, rat IAPP : human
IAPP at a 1:1 ratio; dark red, rat IAPP : human IAPP at a 2:1 ratio; blue, rat IAPP : human
IAPP at a 5:1 ratio; pink, rat IAPP : human IAPP at a 10:1 ratio. (B) An expansion of the first
5000 sec of panel A for the pure human IAPP sample and the 1:1 and 2:1 mixtures of rat IAPP
and human IAPP. All experiments were performed at 25°C, pH 7.4, 16 μM IAPP, 20 mM Tris-
HCl, 25 μM thioflavin-T in 2% HFIP (v/v) with constant stirring. The concentration of rat
IAPP ranged from 16 μM for the sample of pure rat IAPP and for the 1:1 ratio to 160 μM for
the 10:1 ratio.

Cao et al. Page 15

Biochemistry. Author manuscript; available in PMC 2011 February 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Transmission electron microscopy confirms that rat IAPP inhibits amyloid formation by human
IAPP. Samples were removed at the end of the kinetic reactions shown in figure-2 and TEM
images recorded. (A) human IAPP; (B) rat IAPP; (C) 1:1 mixture of rat IAPP and human IAPP;
(D) 2:1 mixture of rat IAPP and human IAPP; (E) 5:1 mixture of rat IAPP and human IAPP;
(F) 10:1 mixture of rat IAPP and human IAPP. The scale bar represents 100 nm.
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Figure 4.
The effect of rat IAPP on the lag phase and growth rate of human IAPP amyloid formation.
(A) Rat IAPP lengthens the lag time for amyloid formation by human IAPP. The bar graph
compares the experimental T50 time and lag time, for different ratios of rat to human IAPP
ranging from 0 (pure human IAPP), to a 10 fold excess of rat IAPP (16 μM human IAPP and
160 μM rat IAPP). The lag time is defined as the time required to reach 10% of the final
thioflavin-T fluorescence intensity. (B) Rat IAPP decreases the maximum rate of growth. The
bar graph compares the maximum growth rate dF/dt, for different ratios of rat to human IAPP
ranging from 0 (pure human IAPP), to a 10 fold excess of rat IAPP. The insert shows an
expansion of the data for the 5:1 and 10:1 ratios.
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Figure 5.
Human IAPP amyloid fibrils do not seed amyloid formation by rat IAPP. Fluorescence
monitored thioflavin-T kinetic experiments are shown. Red, unseeded human IAPP; black,
unseeded rat IAPP; blue, human IAPP seeded by human IAPP fibrils; green, rat IAPP seeded
by human IAPP fibrils. Experiments were performed at 25°C, pH 7.4, 20 mM Tris-HCl, 25
μM thioflavin-T in 2% HFIP (v/v) with constant stirring. The peptide concentration was 16
μM for human IAPP and 16 μM for rat IAPP. Human IAPP seeds, when added, were present
at a monomer concentration of 1.6 μM.
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Figure 6.
The A13P mutant of rat IAPP is a less effective inhibitor of amyloid formation than wild type
rat IAPP. (A) Fluorescence monitored thioflavin-T kinetic experiments are shown. Red, human
IAPP; black, A13P rat IAPP; green, A13P rat IAPP : human IAPP at a 1:1 ratio; blue, A13P
rat IAPP : human IAPP at a 5:1 ratio; pink, A13P rat IAPP : human IAPP at a 10:1 ratio. All
experiments were performed at 25°C, pH 7.4, 16 μM IAPP, 20 mM Tris-HCl, 25 μM thioflavin-
T in 2% HFIP (v/v) with constant stirring. The concentration of A13P rat IAPP ranged from
16 μM for the sample of pure A13P rat IAPP and for the 1:1 ratio to 160 μM for the 10:1 ratio.
(B-F) Transmission electron microscopy confirms that A13P rat IAPP is a less effective
inhibitor. Samples were removed at the end of the kinetic reactions and TEM images were
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recorded. (B) human IAPP; (C) A13P rat IAPP; (D) 1:1 A13P rat IAPP : human IAPP; (E) 5:1
A13P rat IAPP : human IAPP; (F) 10:1 A13P rat IAPP : human IAPP.
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Figure 7.
The F15D mutant of rat IAPP is a less effective inhibitor of amyloid formation than wild type
rat IAPP. (A) Fluorescence monitored thioflavin-T kinetic experiments are shown. Red, human
IAPP; black, F15D rat IAPP; green, F15D rat IAPP : human IAPP at a 1:1 ratio; blue, F15D
rat IAPP : human IAPP at a 5:1 ratio; pink, F15D rat IAPP : human IAPP at a 10:1 ratio. All
experiments were performed at 25°C, pH 7.4, 16 μM IAPP, 20 mM Tris-HCl, 25 μM thioflavin-
T in 2% HFIP (v/v) with constant stirring. The concentration of F15D rat IAPP ranged from
16 μM for the sample of pure F15D rat IAPP and for the 1:1 ratio to 160 μM for the 10:1 ratio.
(B-F) Transmission electron microscopy confirms that F15D rat IAPP is a less effective
inhibitor. Samples were removed at the end of the kinetic reactions and TEM images were
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recorded. (B) human IAPP; (C) F15D rat IAPP; (D) 1:1 F15D rat IAPP : human IAPP; (E) 5:1
F15D rat IAPP : human IAPP; (F) 10:1 F15D rat IAPP : human IAPP.
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Table 1
Comparison of kinetic parameters for human IAPP amyloid formation in the presence and
in the absence of rat IAPP, and mutants of rat IAPP

Ratio of rat IAPP to human IAPP Lag time (S) T50 (S) Maximum rate (Fluorescence units/sec)

pure human IAPP 470 670 11,000

1:1 1,180 1,870 3,000

2:1 1,530 2,480 2,600

5:1 4,590 6,140 340

10:1 10,410 16,600 22.0

Ratio of A13P rat IAPP to human IAPP Lag time (S) T50 (S) Maximum rate (Fluorescence units/sec)

pure human IAPP 470 670 11,000

1:1 1,010 1,090 10,642

5:1 2,180 2,400 2,084

10:1 3,130 3,600 1,260

Ratio of F15D rat IAPP to human IAPP Lag time (S) T50 (S) Maximum rate (Fluorescence units/sec)

pure human IAPP 470 670 11,000

1:1 700 830 6,773

5:1 880 1,010 6,319

10:1 1,200 1,400 3,402
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