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Abstract
Islet amyloid polypeptide (IAPP, also known as amylin) is responsible for pancreatic amyloid
deposits in type 2 diabetes. The deposits, as well as intermediates in their assembly, are cytotoxic to
pancreatic β-cells and contribute to the loss of β-cell mass associated with type 2 diabetes. The factors
which trigger islet amyloid deposition in vivo are not well understood but peptide membrane
interactions have been postulated to play an important role in islet amyloid formation. To better
understand the role of membrane interactions in amyloid formation two-dimensional infrared
spectroscopy was used to compare the kinetics of amyloid formation for human IAPP both in the
presence and in the absence of negatively charged lipid vesicles. Comparison of spectral features
and kinetic traces from the two sets of experiments provides evidence for the formation of an ordered
intermediate during the membrane-mediated assembly of IAPP amyloid. A characteristic transient
spectral feature is detected during amyloid formation in the presence of vesicles which is not observed
in the absence of vesicles. The spectral feature associated with the intermediate raises in intensity
during the self assembly process and subsequently decays in intensity in the classic manner of a
kinetic intermediate. Studies with rat IAPP, a variant which is known to interact with membranes
but does not form amyloid, confirm the presence of an intermediate. The analysis of 2D IR spectra
in terms of specific structural features is discussed. The unique combination of time and secondary
structure resolution of 2D IR spectroscopy has enabled the time-evolution of a hIAPP intermediate
to be directly monitored for the first time. The data presented here demonstrates the utility of 2D IR
spectroscopy for studying membrane-catalyzed amyloid formation.
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INTRODUCTION
The aggregation of proteins into amyloid plaques plays a role in more than 20 different human
diseases, including type 2 diabetes, Alzheimer’s and Parkinson’s diseases. Each disease is
associated with a different protein, although the plaques have many characteristics in common.
1, 2 They consist of a dense meshwork of rigid fibrils typically 50 to 100 Å in diameter and of
varying lengths. The fibrils are formed by proteins adopting a cross-β configuration3, 4 in
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which the individual β-strands are oriented perpendicular to the long axis of the fibrils.4, 7
Amyloid deposits can be destructive through direct obstruction of tissue, as for example in
light chain deposition disease, or by disrupting normal islet architecture in type 2 diabetes,8
or by causing cell dysfunction and death,9-12 leading to decreased production of insulin.
However, the mechanism by which amyloid plaques cause cell death is poorly understood and
it is not clear that the deposits themselves are the major cause of the insulin loss. Increasing
evidences highlight a potential role for intermediates in the assembly of amyloid as the key
toxic species.13-16 Thus, while the presence of amyloid deposits is diagnostic, the plaques
themselves are only one part of the disease mechanism since the symptoms of these diseases
can occur with little or no amyloid formation.

Cell dysfunction might be caused by unfolded or partially aggregated proteins interacting with
the cell membranes before amyloid deposits develop. In vitro studies have found that the
polypeptide associated with type 2 diabetes, the human islet amyloid polypeptide (hIAPP also
known as amylin), which is the focus of the present work, forms cation-permeable pores in
membranes.17 Furthermore, amyloid formation causes vesicles to leak by extracting
lipids15 and forming porous holes.13 In addition, prefibrillar assemblies of undefined hIAPP
structure degrade vesicles.14 In vivo studies have found that transgenic mice expressing hIAPP
require a high fat diet or altered lipid metabolism in order for amyloid formation to occur.12
Finally, amyloid fibrils form much faster in the presence of model membranes.18-20 Thus,
there is strong evidence, at least for some amyloid diseases, that plaques are not the central
feature of the pathogenic process and that the cytotoxic species may be a transient structure
that somehow interacts with cellular membranes, according to the in vitro biophysical studies.

The realization that the cytotoxic species are likely to be intermediates in the aggregation
processes has spurred many kinetic studies to follow fiber formation and elucidate the
structures of intermediate species. However, most standard structural tools (such as NMR) are
difficult or impossible to apply to studies of the kinetics of amyloid. As a result, the most
commonly used techniques are fluorescence, using dyes such as thioflavin T (ThT) that bind
to amyloid deposits and circular dichroism (CD) spectroscopy. ThT fluorescence is a good
marker for fibril formation and can be used to monitor fibril growth kinetics, but it provides
no information on intermediates since it does not generally bind to pre-fibril species.18, 19 CD
can also be used to follow the kinetics of fibril assembly as well as provide information on
secondary structure, although there can be technical and interpretive difficulties in membrane
peptide studies because of light scattering artifacts and the fact that the CD spectra of amyloid
fibrils are not well understood.19, 20 Indeed, our understanding of the CD spectra of β-sheets
is, in general, much less developed than our understanding of the CD spectra of α-helical
proteins and peptides. Nonetheless, CD is an important tool and there is evidence from CD
studies that the formation of fibrils associated with type 2 diabetes proceeds through α-helical
intermediate.21 Similar evidence of α-helical transients from CD spectra is also observed for
hIAPP when the aggregation pathway is catalyzed by lipid vesicles.19, 20 Very recently,
electron spin-resonance (ESR) studies of spin-labeled peptides found that residues 9 to 22 near
the N-terminal do indeed form a helix upon binding to membranes.22 ESR studies have yielded
important information however they necessarily involve perturbing the system by introducing
a Cys mutation and then attaching a relatively large and fairly polar nitroxide spin label.
Membranes appear to act as catalysts for fiber formation because the rate of fiber formation
increases when vesicles are present and the final fiber structure is the same when grown with
or without membranes,1, 18 although there is evidence that fiber formation disrupts the
membranes themselves.15

In this paper, we use automated two dimensional infrared spectroscopy (2D IR) spectroscopy
to probe the folding pathway of hIAPP in dilute solution and when catalyzed by membranes.
We aim to address the differences in the aggregation pathway in the presence and absence of
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lipid vesicles. In addition, we wish to demonstrate the broad utility of automated 2D IR for
these types of investigations. 2D IR is a relatively new spectroscopic technique but is beginning
to be applied to a number of biophysical questions. Unfortunately problems associated with
light scattering, a key difficulty in studies of membrane proteins and amyloid, plus other
technical issues can make the method difficult to apply to heterogeneous systems. Automated
2D IR spectroscopy utilizes a new technology for generating mid-IR pulse trains that allows
spectra to be collected in a rapid-scan mode.23 In this mode, 2D IR spectra are collected in a
continuous fashion, about one spectrum per 0.5 second, and then post-processed to achieve the
necessary signal-to-noise ratio. Importantly, the methodology also allows the use of phase
cycling to reduce artifacts caused by scattering; a feature which is particularly important for
studying heterogeneous systems such as peptide membrane samples. This rapid-scan version
of 2D IR spectroscopy is very different from standard methods that take many minutes or hours
for a single spectrum and often require repeated sample preparations for signal-to-noise
averaging.24 Precisely repeating an experiment is problematic for aggregating systems like
amyloids in which the aggregation process typically follows slightly different kinetics from
experiment to experiment due to small differences in nucleation times. Thus, on-the-fly
measurements are necessary. A significant advantage of this technique is that it gives
unprecedented time resolution when compared to any other spectroscopic technique that has
been applied to study the kinetics of amyloid formation. In addition, IR spectra are well known
to be sensitive to secondary structure. We have used this new technology to monitor the folding
kinetics of hIAPP aggregation in dilute solution.25, 26 In this paper, we compare the
aggregation pathways in the presence and absence of membranes. We find significant
differences in the spectra and kinetics, which provide evidence for the population of an
intermediate during the membrane-catalyzed reaction.

EXPERIMENTAL METHODS
Peptide Preparation

hIAPP and rat IAPP (rIAPP) were purchased from Bachem and dissolved in deuterated
hexafluoroisopropanol (d-HFIP) at a concentration of 0.5 mM. An aliquot of the d-HFIP stock
solution was made into D2O solution after evaporating d-HFIP. The hIAPP or rIAPP D2O
solution was lyophilized in 0.1 mM DCl multiple times and then one time in D2O to remove
residual TFA. The sample was then redissolved in d-HFIP. The denaturant HFIP was then
removed by evaporation under a stream of nitrogen. This protocol is similar to others in the
literature and is commonly used in studies of IAPP.18-20

Large Unilamellar Vesicle (LUV) Preparation
1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1, 2-dioleoyl-sn-glycero-3-phosphate
(DOPA) chloroform solutions were obtained from Avanti. Appropriate amounts of the two
lipid solutions were mixed at a molar ratio of 7: 3. The chloroform was evaporated under
nitrogen gas flow and the samples were dried in a vacuum desiccator overnight. The dry lipid
film was rehydrated in D2O at pH 6, subjected to five freeze-thaw cycles, and extruded with
a mini-extruder fitted with a 100 nm polycarbonate membrane (Avanti) to produce LUVs with
a diameter of 100 nm.

Sample Preparation
To initiate the control experiment of folding without vesicles, the peptide sample (hIAPP or
rIAPP) was redissolved in 5 μL 4% dimethyl sulfoxide (DMSO) D2O at pH 6 to give a final
peptide concentration of 0.5 mM. For vesicle catalysis experiments, 0.5 μL lipid D2O solution
(about 80 mM lipid concentration) was added to the hIAPP or rIAPP sample at pH 6. The final
concentration of peptide was approximately 0.45 mM and the final concentration of lipid was
approximately 7 mM. The partition coefficient of IAPP between negatively charged vesicles
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and water is about 50000, so that only a tiny fraction of hIAPP does not associate with the
membrane under these conditions.20 For the control experiment, no lipid was added to the
peptide sample. The aggregation process was monitored in IR cell which consisted of two
CaF2 windows separated by a 100 um Teflon spacer. Residual concentrations of DMSO (< 5%
v/v) have no measurable effect on membrane integrity.18 This method of sample preparation
leads to a dead time of about 2 minutes.

Automated 2D IR Spectroscopy
The aggregation was monitored using our rapid-scan 2D IR spectrometer in a pump-probe
beam geometry.27 The pump has two pulses whose delays are set by a Ge acousto-optic
modulator (AOM) based pulse shaper, as has been reported previously.23, 28 Briefly,
femtosecond mid-IR pulses were initially generated by difference frequency mixing (DFM) of
two femtosecond near-IR outputs of a β-barium borate (BBO)-based optical parametric
amplifier (OPA). A ruled grating (150 g/mm) was then used to disperse the mid-IR pulses into
the frequency domain. The Ge AOM was used to modulate the phase and intensity of the
frequency profile so as to create the desired phase cycled pulse sequence. Rather than
implementing a pump-probe experiment in the most traditional sense, so that

(1)

we instead implemented a phase-cycling scheme to improve the signal-to-noise and remove
scatter from pump pulses. In this phase cycling scheme, we took the difference in transmission
generated from four pump pulse trains with absolute phase shifted by π so that

(2)

The waveform generator for the pulse shaper can continuously cycle 426 pulse shapes at a
time, which amounts to 106 time delays when using four phase cycles. To scan over >2 ps of
the first coherence time with the 106 time delays, the relative phase of the pump pulse pair was
cycled with a rotating frame frequency of 1225 cm-1, which enables regular sampling with a
22 fs step. It took 0.43 seconds to scan a single 2D IR spectrum at a 1 kHz repetition rate. The
2D IR spectra reported in this manuscript were generated by averaging 500 consecutive scans.
For the kinetic traces, each data point is calculated from a running average over 300 scans.
Thus each spectrum represents a running average over a time period of 5 minutes and each
data point in the kinetic traces defines a time resolution of 3 min.

RESULTS
Shown in Fig. 1a-c are representative series of 2D IR spectra collected during the aggregation
process of hIAPP in the absence of membranes. The data are comparable to previously
published spectra. The first 2D IR spectrum shown in Fig. 1a is at t = 5 minutes. The most
prominent features in these spectra are a pair of out-of-phase peaks at ωpump = 1642 cm-1. In
2D IR spectra, vibrational modes create doublets in which the negative peak is located on the
diagonal and includes transitions between the vibrational ground state and its first excited state
(e.g. ν=0→1).27 A diagonal slice through this peak can be interpreted much like a traditional
infrared absorption peak, albeit with improved frequency resolution. The positive peak is
created by pulse orderings that include transitions up to the overtone (e.g. ν=1→2) so that it is
shifted along ωprobe by the anharmonic shift, which is about 17 cm-1. The large diagonal widths
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of these peaks and the anharmonic shift are typical of random coil peptide structures with large
structural distributions, which is consistent with the unfolded nature of hIAPP. While this
region is traditionally assigned to random coil structures, the so-called “random coil” region
also contains well-defined secondary structures such as α-helix and small β-sheets.29 Thus,
when referring to this spectral region, we use quotes to remind the reader that this region is not
purely random coil, which is a topic we discuss in more depth below (see Discussion: Possible
structural intermediates). As aggregation proceeds, a doublet appears near ωpump = 1617
cm-1. This feature is indicative of β-sheet formation and the doublet is caused by the anti-
symmetric stretch motion of the amide I bands. The normal mode is caused by strong coupling
between the amide I (carbonyl) vibrational modes to create exciton states. The anharmonic
shift of this transition is smaller, which is another consequence of exciton coupling.30, 37 Thus,
the doublet at 1617 cm-1 can be used to monitor the kinetics of β-sheet growth, while the doublet
at 1642 cm-1 monitors the disappearance of “random coil” and the appearance of other
secondary structures including α-helix.

Shown in Fig. 1d-f are a set of spectra recorded for hIAPP aggregation under identical
conditions, except that hIAPP fibril formation was catalyzed by lipid vesicles made up of a
mixture of 7: 3 DOPC: DOPA in D2O. This composition of lipids was chosen based on previous
biophysical studies which characterized hIAPP fiber formation kinetics using Thioflavin T
fluorescence and circular dichroism (CD) spectroscopy.19 The vesicles were added at 14
minutes into the folding kinetics. Fig. 1d shows the hIAPP spectrum immediately after lipid
was added. Fig. 1e and 1f are spectra of hIAPP with lipid vesicles at later times. At first glance,
the comparisons between the catalyzed and uncatalyzed reactions look superficially similar:
the β-sheet features increase with time as amyloid fibrils are formed and the final 2D IR spectra
have very similar features. These generic observations are consistent with what is already
known about fibril formation: vesicles catalyze fibrils and that the fibrils have close to the
same, if not identical structures, according to transmission electron microcopy (TEM) data.1,
18 However, closer inspection of the data reveals several interesting differences that can only
be caused by large differences in the respective self-assembly pathways. In what follows, we
illustrate the main three differences we found between experiments performed with and without
vesicles, which are differences in (1) kinetics, (2) anharmonic shifts, and (3) line widths.

A comparison of the kinetics for the uncatalyzed and catalyzed processes is shown in Fig. 2a
and 2b, respectively. The kinetics of β-sheet and “random coil” secondary structures are
followed by monitoring their diagonal peak frequencies at 1617 and 1642 cm-1, respectively.
For the uncatalyzed processes, we see the same trend in the kinetics that was reported
previously.25, 26 Following a lag time of about 10 minutes, the β-sheet intensity increases
while the random coil intensity decreases. Although the exponential-like changes in intensity
of the random coil and β-sheet features are slightly different, which suggests a possible
intermediate, the differences are subtle and there are no distinguishable spectroscopic
signatures of intermediates found in the 2D IR spectra.25 However, when fibril formation is
catalyzed by membranes, the differences are striking, which is the focus of this paper. One
important difference is that β-sheet formation occurs more quickly, as expected for a catalyzed
folding event, with a time-to-half-maximum (t50) of 60 minutes as compared to the uncatalyzed
reaction which has t50 = 110 minutes. Fluorescence studies have demonstrated that when the
time-axes are scaled, the kinetics of fibril formation with and without membrane catalysis
exhibit identical progress curves,18 which is also the case here. Shown in Fig. 2c are the β-
sheet kinetics with the x-axis scaled so that the time-to-half-maximum intensity (t50) is
normalized to unity. In this plot, the two kinetics traces are nearly identical, which would
suggest that the aggregation pathways are identical. Thus, other than by the difference in
timescales, the aggregation pathway with and without vesicles cannot be differentiated by β-
sheet kinetics alone.

Ling et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2010 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While the kinetics of β-sheet formation is similar when scaled, there are striking differences
in the kinetics of the “random coil” frequency range, shown in Fig. 2d. In the uncatalyzed
reaction, the loss of “random coil” is well-fit to a single exponential.25 In the catalyzed
reaction, the “random coil” intensity instead increases, coming to a maximum at t = 60 minutes
(which corresponds closely to the t50 time of the β-sheet), before exponentially decreasing, as
shown in Fig. 2b. This maximum is never observed without lipid vesicles present in the
solution. A rise and fall in intensity is observed at all frequencies between 1635 and 1655
cm-1. Regardless of the precise structural origins of these intensities, the rise and fall of the
catalyzed reaction proves that the aggregation process is occurring through an intermediate
structure or structures that absorbs near the random coil frequency.

To investigate this intermediate further, we also measured the kinetics of rat IAPP (rIAPP)
with vesicles. rIAPP is particularly useful in this regard since it is known to associate with
membranes but does not form amyloid even in the presence of lipid vesicles.19, 20 The intensity
of rat IAPP at 1642 cm-1 is plotted in Fig. 2d after addition of lipid vesicles (following the
same protocols as for hIAPP. See Materials and Methods). A clear rise in intensity is observed
which then levels off. Since it only takes a few hundred microseconds for rIAPP to diffuse to
the vesicle surface, the rise in intensity at the beginning part of the rIAPP kinetics trace
correlates with the formation of rIAPP membrane bound structure. Thus, by comparison to
hIAPP, we conclude that the rise and fall of the catalyzed kinetics in hIAPP is created by a
structural intermediate bound to the membrane.

Membrane catalysis also narrows the structural distribution of hIAPP, which is observed in
the diagonal line widths of the 2D IR spectra. Shown in Fig. 3a and 3c are slices along the
diagonal for several 2D IR spectra. In the uncatalyzed case, the “random coil” feature exhibits
a main peak at 1642 cm-1, as well as two shoulders that appear at 1636 and 1648 cm-1. Together,
they have a full-width-at-half maximum (FWHM) of 30 cm-1. We cannot resolve the relative
intensities of these three features, although they all disappear in tandem during the aggregation
process, suggesting that they all arise from the same structural assembly. What is interesting
is that the addition of lipids changes the relative intensity of these three features by significantly
reducing the contribution from the highest frequency feature. The effect serves to decrease the
FWHM of the “random coil” feature by 10 cm-1. The overtone states also narrow upon addition
of lipids (Fig. 3b and 3d). Since the diagonal widths are a measure of the inhomogeneous
distribution of the amide I modes in the peptide backbone, narrowing of the diagonal widths
of the fundamental and overtone states indicates that there is a smaller structural distribution
of peptides when folding occurs through a lipid catalyzed mechanism. Narrowing cannot be
attributed to dehydration of the peptide by the membrane because dehydration causes a higher
frequency shift. Rather, it is consistent with adoption of a secondary structure such as an α-
helix, which has a lower amide I frequency and a narrower line width (see Discussion below).

The final piece of evidence for the existence of an intermediate comes from the diagonal
anharmonicity. Shown in Fig. 4a and 4b are slices along ωprobe for ωpump = 1642 cm-1. These
slices cut through the “random coil” doublet as well as the tail of the β-sheet, so that both the
disappearance of the “random coil” features and the appearance of the β-sheet can be monitored
on the same graph. For the uncatalyzed case, these spectra can be fit to two components, one
of which represents the “random coil” features and the other the β-sheet rich amyloid structure.
25 This two-component fit describes the data remarkably well, which is consistent with the
presence of an isobestic point at 1620 cm-1 (marked with an arrow in Fig. 4a). Isobestic points
are often indicative of a two-state process and are a necessary but not a sufficient condition for
a two state transition. In contrast; the membrane-catalyzed aggregation slices cannot be fit to
two components and does not have a well-defined isobestic point. This proves that the reaction
must involve more than two states. To better compare the two reactions, we overlap in Fig. 4c
a slice from the catalyzed reaction at t = 60 minutes, which is at the maximum of the “random
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coil” absorption when the intermediate is most intense, and the uncatalyzed reaction at t = 110
minutes. On the scaled time-axis, these two time points are equivalent. At this point, the
“random coil” feature, which exhibits a bleach at 1642 cm-1, has a narrower anti-diagonal
linewidth, indicating that its homogeneous lifetime is longer. It also has a larger (negative)
intensity. Also present is a shoulder near 1629 cm-1 (marked with arrow in Fig. 4c), that does
not appear in the uncatalyzed reaction. In contrast it is present in all slices from 1635 cm-1 to
1648 cm-1 along ωpump in the catalyzed reaction at this time point. This shoulder scales with
the intensity of the transient observed in the 1642 cm-1 kinetics (Fig. 2b); it is absent at t=0,
maximum at t = 60 minutes and disappears again around t = 120 minutes. Since the shoulder
appears at a higher frequency than the random coil overtone absorption, it must be created by
a peptide structure with a smaller anharmonic shift. The only way that the anharmonic shift
can be smaller than the random coil is if it derives from a strongly excitonically coupled peptide
with an ordered structure.30 Secondary structures such as α-helices and β-sheets have
anharmonic shifts smaller than random coils for these reasons. Thus, based on the observed
kinetics, the lack of an isobestic point and a small anharmonic shift, we attribute this feature
to a transiently populated intermediate structure as well.

DISCUSSION
We have presented three pieces of evidence that the assembly mechanism of hIAPP amyloid
differs when catalyzed by lipid vesicles. This includes a difference in the kinetics whereby the
“random coil” spectral features increases and then decreases in intensity while the fibrils grow
in the presence of lipid vesicles rather than monotonically decreasing. A narrowing of the
diagonal lineshape is also observed in the membrane catalyzed experiments indicating a smaller
structural (inhomogeneous) distribution. Finally an isobestic point is observed in the
uncatalyzed reaction, but in the catalyzed reaction a shoulder appears instead whose intensity
scales with the kinetics of the intermediate. Together, these three features demonstrate that
lipid catalyzed fiber formation occurs through a membrane-bound intermediate structure
whose spectral features overlap with the “random coil” features and has a maximum population
that occurs at the t50 of the β-sheet kinetics. Our data indicate that this intermediate has
significant non-random secondary structure, which we discuss after first quantifying the kinetic
timescales of the intermediate.

Modeling the kinetic traces
The simplest kinetic scheme that describes our observations is that the initial distribution of
peptides (RC) converts to the amyloid fiber (AF) after passing through a membrane bound
intermediate (I) via

(S1)

In this reaction, k1, k-1 and k2 are the time constants for each step. Using this reaction scheme,
we then fit our data to extract these time constants. (Rate equations are given in the Supporting
Information.) For the “random coil” region intensity, we fitted it with three components
(random coil intensity, intermediate intensity and β-sheet intensity) because it contains
contributions from all three. The fits are shown in Fig. 5a and 5b, for 2D IR data sets with
scaled x-axes. The data could be fit with a range of k1 and k2, but the reverse rate k 1 was
always at least 8 times smaller than k1. A small reverse reaction rate is consistent with the large
binding constant (50000) of the peptide to the membrane20 and the fact that the reaction
strongly favors the fibril products. Thus, in the final fits, we neglected k-1, which gave a unique
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fit with rate constants of  and . By fixing one time constant while letting the
other vary, we tested the covariance of k1 and k2, which we have used to estimate the error to

our fits, which are  for k1, and  for k2. We report rate
constants from scaled kinetics so that the results can be compared to other kinetic experiments,
since the exact folding time depends on experimental conditions such as sample concentrations
and the presence of small amounts of organic solvents, as well as hard-to-control parameters
such as turbulence of mixing (which we suspect is the primary reason for different kinetics
from run to run).30

Peptides that associate with the membrane are predicted to follow the above reaction scheme,
but peptides that remain in the solution can aggregate into fibers via an uncatalyzed mechanism

(S2)

This simple kinetic scheme does not fully describe the nucleation kinetics of an aggregation
mechanism, but because the lag time in these experiments is small, the rate constant adequately
describes the time scale. Fits to the uncatalyzed kinetics (Fig. 5c) put the scaled reaction

constant at  with an error bar of . Thus, in principle, a portion of
the ensemble that is not associated with the membrane will be folding on a timescale that
competes with the catalyzed reaction pathway. However, the flux through the uncatalyzed
pathway is negligible, because the partition coefficient of hIAPP between negatively charged
vesicles and water is about 50000 and the nucleation rate constant is 25 times larger in lipid
phase than in water phase, so that only a tiny amount of the peptide is unbound.20 Furthermore,
the association of peptide with the membrane occurs within the first millisecond upon mixing,
due to the rapid diffusion time of the peptides and the currents created upon stirring the sample.
Thus, we can safely neglect the contribution of uncatalyzed peptide aggregation in our analysis
of the catalyzed aggregation.

We also tested whether the data can be used to determine if the intermediate is on-pathway or
off-pathway to forming the final fibril structure by fitting the data to the reaction scheme:

(S3)

The data can also be reasonably fit with this reaction scheme as well, which gives rate constants

of  with an error bar of ,  with an error bar of

 and . Thus it is formally not possible to distinguish between an
on- or an off-pathway model. In fact this is not surprising and a similar situation is consistently
encountered in kinetic studies of the folding of soluble globular proteins. Evidence for well-
structured intermediates in amyloid aggregation is scarce, although many studies have
suggested that the cytotoxic nature of amyloids arises from partially folded intermediates that
permeabilize the cell membrane.15, 17 Whether or not the intermediate is on- or off-pathway
may have little bearing on the cytotoxic properties of amyloid.
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Possible structural features of the intermediates
What is the structure of the intermediate? At this time, we do not know the structure of the
intermediate, but it appears to be linked to the two shoulders observed in the spectra of hIAPP
at early times. Interpretation of spectral features in the ‘random coil’ region is complicated
because random coil as well as helical feature and small β-sheets can all give signals in the
same region. At early times in the folding process, three peaks appear in the “random coil”
region, at 1636, 1642, and 1648 cm-1, regardless of whether folding is catalyzed or not. The
1642 cm-1 is traditionally assigned to random coil structures.29 We do not know what
secondary structures the two shoulders correspond to, but the presence of vesicles changes
their relative populations (Fig. 3a and 3c).

Infrared spectroscopy is sensitive to the secondary structures of peptides because of hydrogen
bonding, environmental electrostatics, solvation, and vibrational coupling.32-34 Of these,
couplings are the strongest indicator of structure because they alter the vibrational eigenstates
frequencies, intensities, and anharmonicities. The reason that random coil structures typically
absorb near 1642 cm-1 and are very broad is because the couplings between the local amide I
modes of the residues are irregular due to structural disorder. As a result, the eigenstates are
broadly distributed in frequency and intensity. However, for a β-sheet, the couplings between
the local modes give rise to a periodic Hamiltonian. As a result, there is a well-defined
frequency distribution of the eigenstates.35-37 Furthermore, due to the symmetry of the 2D
sheet, only two of these eigenstates carry oscillator strength and appear in the infrared spectra
(in the limit of a perfectly ordered and infinitely large β-sheet), which is the origin of the anti-
symmetric and symmetric stretches around 1620 and 1670 cm-1, respectively. Shown in Fig.
6a is a linear absorption spectrum calculated for a β-sheet of 10 strands, each composed of 10
residues, assuming that the coupling between amide I local modes is described by transition
dipole coupling.38 Each local mode is assigned a frequency of 1642 cm-1 except those amide
groups at the edges which are assigned frequency of 1652 cm-1 to account for difference in
hydrogen bonding.36 The strongest mode of the calculated β-sheet is the anti-symmetric
stretch, which appears at 1619 cm-1, while the symmetric stretch is weaker at 1665 cm-1. The
other weaker modes are caused by end-effects, which arise for finite sized β-sheets. Simulations
by Hahn et al. show that the frequency of the anti-symmetric stretch mode is very sensitive to
the number of strands in the β-sheet.36 To demonstrate this effect, we also show in Fig. 6b, a
simulated absorption spectrum of a 3 stranded β-sheets, which we find has a strong absorption
at 1635 cm-1. α-helices also absorb in this frequency range. Shown in Fig. 6c is the infrared
spectrum predicted for a 14 residue α-helix. An α-helix also has two allowed modes, but
because the amide I transition dipoles are oriented nearly parallel to the helix axis, almost all
of the oscillator strength lies in a single eigenstate.39 α-helices in water absorb around 1635
cm-1 due to the strong positive coupling between neighboring amide I local modes. Trans-
membrane helices absorb near 1655 cm-1, due to desolvation of the peptide backbone.24, 33
Thus, a structure like the membrane bound α-helix observed using ESR,22 could explain one
of the three features in the 2D IR spectra, but it appears that other secondary structures are also
present such as smaller β-sheet aggregates.

Another signature which indicates that the intermediate is structurally ordered comes from the
anharmonic shift. Coupled vibrational modes exhibit a decrease in the anharmonic shift (e.g.
the frequency separation between the fundamental (blue) and overtone (red) transitions). For
instance, this effect causes the anharmonic shift of the β-sheet at 1617 cm-1 to be smaller than
the random coil at 1642 cm-1 (8 vs. 17 cm-1). A similar effect is seen for the intermediate. In
Fig. 3c we pointed out the presence of a shoulder in slices through the catalyzed “random coil”
peak that we assigned to the presence of an intermediate. This shoulder appears about 4 cm-1

higher in frequency, a smaller anharmonic shift than the random coil (the exact frequency is
hard to determine because fits to the slices are not unique without knowing the spectral shape
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of the features in more detail). This smaller anharmonic shift is consistent with the vibrational
coupling in a periodic secondary structure.

We present these simulations and the anharmonic shift data to make the point that the broad
“random coil” frequency range also reports on a variety of secondary structures, including α-
helices and small β-sheets. Thus, the presence of shoulders on the 1642 cm-1 random coil peaks
is highly suggestive of peptide structures with periodic coupling constants e.g. well-defined
secondary structures. Moreover, the distribution of these secondary structures must change
when in contact with lipid membranes, since the relative contribution of the high frequency
shoulder decreases. These secondary structures form immediately after dissolving the peptides,
since they are present in both the catalyzed and uncatalyzed spectra at the earliest times we
can monitor. These shoulders also appear in the spectra of samples that have long lag times
before the onset of folding.26 Similar features (1642 cm-1 random coil peak with two shoulders)
and changes in the distribution (intensity decrease of the higher frequency shoulder) were also
seen in rIAPP spectra after lipid vesicles were added. At this time we do not attempt a more
precise structural characterization. Possible structures might be tested with more precise
coupling models or from isotope labeling studies. Both of these approaches are underway.

Comment on simplicity of the kinetic schemes
We conclude with a comment about the simplicity of the kinetic schemes used to model the
2D IR kinetics in this paper. The kinetic scheme proposed here is the simplest scheme that
describes the observed data. However, we know that this scheme is too crude. We have recently
published an analysis of the uncatalyzed aggregation kinetics of isotope labeled samples of
hIAPP using 2D IR spectroscopy.26 Isotope labeling allowed us to resolve the aggregation
kinetics of individual residues, in addition to the eigenstates of the coupled amide I local modes
monitored in this article. With isotope labeling, we found the kinetics on a residue-by-residue
basis differ dramatically from one other, indicating that aggregation does not proceed in a two-
step reaction as suggested here, but evolves through a series of primarily β-sheet intermediates.
The series of intermediates is obscured in unlabeled peptide kinetics, because the unlabeled
eigenstates, while sensitive to global secondary structures, are insensitive to specific details.
For instance, if a β-sheet forms near the C-terminus, it has a spectroscopic feature nearly
identical to a β-sheet forming near the N-terminus, since unlabeled residues are
indistinguishable. With regards to the data in this paper, the simple observation that membrane-
catalyzed folding is obviously different than uncatalyzed folding, even for unlabeled peptides,
indicates that the folding pathways are dramatically different. We expect that when
experiments have been performed using isotopically labeled peptides, the differences will be
even more pronounced and give rise to a much more detailed mechanism as to how lipid
membranes catalyze fibril formation.

CONCLUSIONS
In conclusion, we have used automated 2D IR spectroscopy to monitor the secondary structures
and aggregation kinetics of the polypeptide associated with type 2 diabetes, hIAPP, in the
presence and absence of lipid membranes. We find that the kinetics of aggregation differ
dramatically when catalyzed by lipid membranes and we have identified several spectral
features that point to the presence of excitonically coupled membrane bound secondary
structure(s). Membranes shift the relative populations of these structures. A very simple kinetic
scheme involving an intermediate has been postulated. The fact that the spectral features and
kinetics measured by 2D IR spectroscopy differs when membrane catalyzed, points to a
significantly different pathway. Whether this pathway differs in relative energies (and hence
lifetimes) of intermediates or whether structurally different intermediates are populated is a
topic left for the future. Intermediates have been postulated as being responsible for the
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cytotoxic nature of partially formed amyloids.13-16 This is the first study which has directly
probed the nature of intermediates in real time. We anticipate that isotope labeling studies will
provide more detailed informative about the aggregation pathway for catalyzed reactions, so
that a step-by-step mechanism can be obtained with residue-specific structural resolution. The
studies presented here pave the way for future isotope labeling studies.

We end with a note about the advantages of using 2D IR spectroscopy over FTIR to follow
amyloid kinetics. Some, but not all, of the information reported here could potentially have
been obtained using FTIR spectroscopy. However, the non-linear nature of 2D IR spectroscopy
has the clear advantage that it enhances strong absorbers over weaker ones, which reduces the
background from solvent modes. Another major advantage is that the anharmonic shifts
measured by off-diagonal peaks in 2D IR spectroscopy provides strong evidence for
excitonically coupled secondary structures, which cannot be determined by FTIR. A third
advantage of 2D IR spectroscopy when implemented with our pulse shaping technology is that
it can remove scattered light from the spectra using phase cycling.40 Heterogeneous samples
like amyloids and membranes also strongly scatter light, which is a major problem in FTIR
and 2D IR spectroscopy. But the real advantages of 2D IR spectroscopy will be utilized in
future experiments that focus on 2D lineshapes and cross peaks, which have the potential to
detect in a time-resolved fashion solvent expulsion and identify the secondary structures of
intermediates, among other properties. The work presented here sets the stage for such future
studies and demonstrates the utility of 2D IR methods for the study of amyloid formation in
challenging heterogeneous environments.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a-c) Representative 2D IR spectra at folding time t = 5 minutes, 60 minutes and 650 minutes
during uncatalyzed aggregation and (d-f) three spectra at folding times t = 15, 35 and 305
minutes during lipid vesicle (7: 3 DOPC/DOPA) catalyzed aggregation. Lipid vesicles were
added at t = 14 min. Red contours are positive and correspond to the same intensity interval in
all spectra.
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Figure 2.
Intensities in anti-symmetric β-sheet and “random coil” regions versus aggregation time for
(a) uncatalyzed and (b) membrane-catalyzed hIAPP folding. The dashed line indicates at t=14
minutes lipid vesicles were added. Intensities are normalized to minimum and maximum of
individual kinetic traces. (c) Normalized intensities of anti-symmetric β-sheet feature for
uncatalyzed (green) and catalyzed (blue). (d) Intensities in “random coil” region (1642 cm-1),
for the (green) uncatalyzed, (blue) catalyzed hIAPP experiment and (red) rIAPP experiment.
Intensities are normalized to starting values at t= 0.
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Figure 3.
Diagonal slices along (a) fundamental peaks and (b) overtone peaks for uncatalyzed
aggregation. Diagonal slices along (a) fundamental and (b) overtone peaks for catalyzed
aggregation.

Ling et al. Page 16

J Phys Chem B. Author manuscript; available in PMC 2010 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Slices along ωprobe for ωpump = 1642 cm-1 in the (a) uncatalyzed and (b) catalyzed spectra. (c)
Comparison of slices at ωpump = 1642 cm-1 at t = t50 during uncatalyzed (green) and catalyzed
(blue) aggregations.
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Figure 5.
Kinetics and fits for lipid vesicle catalyzed aggregation, (a) β-sheet and (b) ‘random coil ’. (c)
β-sheet kinetics and fit for aggregation without catalyzation.
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Figure 6.
(a) Linear absorption spectrum calculated for a β-sheet of 10 strands, each composed of 10
residues. (b) Simulated absorption spectrum of 3 stranded β-sheet with each strand consisting
10 residues. (c) Infrared spectrum predicted for α-helix with 14 residues.
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