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ABSTRACT: Amyloid formation, a complex process involv-
ing many intermediate states, is proposed to be the driving
force for amyloid-related toxicity in common degenerative
diseases. Unfortunately, the details of this process have been
obscured by the limitations in the methods that can follow this
reaction in real time. We show that alternative pathways of
aggregation can be distinguished by using 19F nuclear magnetic
resonance (NMR) to monitor monomer consumption along
with complementary measurements of fibrillogenesis. The
utility of this technique is demonstrated by tracking amyloid
formation in the diabetes-related islet amyloid polypeptide (IAPP). Using this technique, we show IAPP fibrillizes without an
appreciable buildup of nonfibrillar intermediates, in contrast to the well-studied Aβ and α-synuclein proteins. To further develop
the usage of 19F NMR, we have tracked the influence of the polyphenolic amyloid inhibitor epigallocatechin gallate (EGCG) on
the aggregation pathway. Polyphenols have been shown to strongly inhibit amyloid formation in many systems. However,
spectroscopic measurements of amyloid inhibition by these compounds can be severely compromised by background signals and
competitive binding with extrinsic probes. Using 19F NMR, we show that thioflavin T strongly competes with EGCG for binding
sites on IAPP fibers. By comparing the rates of monomer consumption and fiber formation, we are able to show that EGCG
stabilizes nonfibrillar large aggregates during fibrillogenesis.

The formation of amyloid fibers is associated with a wide
range of pathologies, including Alzheimer’s disease,

Parkinson’s disease, and type II diabetes.1 Under pathological
conditions, amyloidogenic proteins self-assemble into long
fibrillar structures with a characteristic β-sheet core.2−4

Although a detailed mechanism is lacking for most amyloido-
genic proteins, amyloidogenesis is believed to be a complex,
multistep process, typically involving the formation of energeti-
cally unfavorable intermediates before the formation of the final
amyloid product.5−8

Because amyloid formation is such a complex process, a full
understanding of the pathology caused by amyloid formation
requires establishing both the identity of intermediates along
the amyloid pathway and the kinetics of their formation. The
actual identity of the species responsible for toxicity is elusive
and has been the subject of much debate since the discovery of
amyloid plaques more than a century ago.7−9 A current
hypothesis holds that small to intermediate size (∼5−6 nm in
diameter) oligomers may be responsible for much of the
toxicity of amyloid proteins.6,8 For the Aβ protein, probably the
best studied amyloidogenic protein, oligomers of this type have
been isolated both in vitro and in situ from tissue samples of
Alzheimer’s patients. While a large body of literature linking
small oligomers of this type to the pathological action of other

amyloidogenic proteins besides Aβ exists, their actual existence
in many other amyloidogenic proteins has largely been inferred
rather than directly tested.7 For islet amyloid polypeptide
(IAPP) in particular, the existence of small oligomeric species
of this type is controversial.7,8 Most attempts to detect them
have used the conformation-specific antibody A11, whose
specificity toward non-Aβ oligomers has been called into
question,7 as it appears to give both false positive and false
negative results under some conditions.7,10−13 Attempts to
detect these oligomers directly have largely been negative,
although these experiments have used an equilibrium approach
that may not detect transient oligomers.14,15 In the absence of
well-defined targets, research attempting to attenuate amyloid-
linked toxicity has been substantially impeded.
Toward this end, various methods have recently been

exploited to monitor the kinetics of amyloid fibril formation,
including fluorescence,16−19 nuclear magnetic resonance
(NMR),20,21 two-dimensional infrared,22,23 and mass spectros-
copy.24,25 The most common method for measuring amyloid
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formation exploits the increase in fluorescence when the dye
thioflavin T (ThT) binds to the fibers. Although the ThT assay
is simple and relatively sensitive, it does not accurately
distinguish between oligomeric species.26 Therefore, it is not
particularly useful by itself for the investigation of amyloido-
genic intermediates. Similarly, reporters of secondary structures
such as circular dichroism (CD), Fourier transform infrared,
and multidimensional NMR spectroscopy have difficulty in
detecting the underlying spectral signature of the intermediate
species, which may be transient and not form a majority of the
total population.
On the other hand, real-time 1H NMR measurements, in

theory, allow the signal from each species to be resolved and
analyzed independently. Unfortunately, 1H NMR is relatively
insensitive to changes in structure caused by small chemical
shift dispersions associated with the 1H nucleus. Whereas 13C
and 15N experiments are more sensitive to environmental
changes, the low sensitivity of these nuclei makes it difficult to
acquire data sufficiently rapidly to track intermediates during
aggregation. In contrast, 19F combines both excellent sensitivity
and large chemical shift dispersion, making it an excellent
reporter for changes in the chemical environment.27,28 Thus 19F
NMR has been broadly applied to investigate protein
conformational changes and dynamics as well as protein−
ligand and protein−membrane interactions in biological
systems.29−43 Whereas the properties of 19F NMR spectroscopy
are attractive for amyloid research, applications to amyloid
proteins have been relatively limited.44,45 In particular, detailed
time-resolved studies of protein aggregation or inhibition assays
using 19F NMR have not been performed.
In this report, we demonstrate the utility of 19F NMR to

provide a direct, sensitive, and real-time measurement of
amyloid formation by the highly amyloidogenic peptide, IAPP,
which is achieved by monitoring the consumption of
monomeric protein rather than the formation of fibrils by dye
binding. IAPP is a 37-residue peptide hormone secreted from
pancreatic β-cells along with insulin to contribute glycemic
control.46 However, an insoluble fibril form of IAPP is found in
the pancreas of up to 90% of patients with type II diabetes that
may contribute to the pathology of the disease.7,8,47,48 Using
real-time 19F NMR in combination with other techniques to
measure conformational changes during the aggregation
pathway, we show IAPP forms fibers from monomeric IAPP
at pH 7.3 without an appreciable buildup of nonfibrillar
intermediates during aggregation, in contrast to most
amyloidogenic proteins.6 However, this pathway can be altered
toward the formation of nonfibrillar intermediates using
inhibitors such as epigallocatechin gallate (EGCG).

■ MATERIALS AND METHODS
Peptide Synthesis. Peptide (IAPP-tfmF23) was synthesized

manually in the free acid form by solid-phase 9-fluorenylme-
thoxycarbonyl (Fmoc)-based chemistry using pseudoproline
dipeptides to disrupt aggregation during synthesis, as described
previously.49 4-Trifluoromethylphenylalanine (tfmF) was used
to replace Phe at position 23. The disulfide bridge between
Cys2 and Cys7 in IAPP was formed on the resin using
thallium(III) trifluoroacetate as a mild oxidant and cleaved from
resin using 95% trifluoroacetic acid.49 Crude peptides were
dissolved in 35% (v/v) acetic acid and purified on a reversed-
phase high-performance liquid chromatography system using a
Waters semipreparative C18 column equilibrated in 0.045%
HCl. The peptides were eluted with a linear gradient from 0 to

80% acetonitrile at a flow rate of 10 mL/min. Peptide identity
was confirmed using matrix-assisted laser desorption ionization
mass spectroscopy.

Sample Preparation. To remove preformed aggregates, we
dissolved the purified peptide in hexafluoro-2-propanol
followed by the removal of the solvent by lyophilization. An
850 μM stock solution was made before each set of
experiments by first dissolving the lyophilized peptide in 0.1
mM HCl (pH 4.0). The stock solution was then passed though
a 0.22 μm filter before dilution into the final buffer solution
immediately before the start of each experiment. The
concentrations of peptide stock solutions were determined by
the absorbance of Y37 (ε = 1215 L mol−1 cm−1 at 280 nm).50

All experiments were performed at a constant peptide
concentration of 85 μM. The final solutions contained 20
mM sodium phosphate, 50 mM NaCl (pH 7.3), 10% D2O, and
various concentrations of EGCG, ThT, and EDC/sulfo-NHS as
indicated in the figure captions. For NMR measurements, 19F
chemical shifts were referenced to an internal standard of
trifluoroethanol (100 μM TFE, at 0 ppm).

Kinetic Studies Using 19F NMR Spectroscopy. All 19F
NMR experiments were performed using a Varian VNMRS 500
MHz NMR spectrometer equipped with a double-tuned
1H−19F probe. After the addition of peptide to the NMR
solution, a series of 19F spectra were recorded without spinning.
Each 19F spectrum takes 116 s using 64 transients (25 and 37
°C) or 232 s using 128 transients (10 °C) with a 1.0 s pulse
delay between each transient. Line broadening of 3.0 Hz was
used to process the final spectra. All of the samples were pre-
equilibrated at the indicated temperatures before being mixed
with the peptide stock solution. Origin 8.5 was used for plotting
and fitting the data.51

Kinetic Studies Using Thioflavin Fluorescence. The
kinetics of IAPP amyloid formation was measured using the
increase in fluorescence intensity observed when the amyloid-
specific dye ThT binds to the amyloid fibrils. The samples were
prepared as described above for the NMR solution except that
100 μM ThT was premixed with buffer solution before the
addition of peptide. Time traces were recorded with a
FluoroMax-2 spectrofluorometer using a 440 nm excitation
filter and a 485 nm emission filter at a constant temperature
without shaking.

Circular Dichroism. CD measurements were performed
with an Aviv 62DS spectropolarimeter using a 0.1 cm path
length cell. The samples were prepared as described above for
the NMR solution. Mean residue ellipticities, [θ], were
calculated using the relationship [θ] = θobsd/(10lcn), where
θobsd is the ellipticity measured in millidegrees, c is the molar
concentration, l is the cell path length in centimeters, and n is
the number of residues in the peptide. Full spectra were
smoothed by Savitzky−Golay smoothing (five-point window).

Electron Microscopy. Aliquots were taken directly from
the NMR samples at the time points indicated. Aliquots (6 μL)
were incubated onto Formvar-coated copper grids (Ernest F.
Fullam, Inc., Latham, NY) for 2 min, washed five times with 6
μL of deionized water, and then negatively stained for 1 min
with 2% uranyl acetate. Samples were imaged using a Philips
CM10 transmission electron microscope.

■ RESULTS AND DISCUSSION
19F NMR Sensitively Measures Monomer Consump-

tion during Aggregation. To study fibril formation using 19F
NMR, we synthesized a 19F-labeled IAPP (IAPP-tfmF23) in
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which Phe23 is substituted with 4-trifluoromethylphenylalanine
(tfmF). Phe23 is solvent-exposed in the unstructured
monomeric peptide19,52 but is believed to be become buried
when the peptide forms aggregates.2,19,53,54 The 19F chemical
shifts and line widths of the trifluoromethyl groups should
change significantly as the peptide undergoes changes in its
secondary structure and oligomerization state, as has been
observed for other fluorinated peptides and proteins.38−40 In
particular, if oligomeric intermediates on the amyloid forming
pathway accumulate to an appreciable extent, they should be
detectable by NMR, provided they are not so large that their
line widths are broadened excessively, as is the case for amyloid
fibers.20 Furthermore, the 19F signal is sufficiently sensitive to
monitor peptide aggregation at low concentrations that allows a
direct comparison with other methods for following aggrega-
tion such as CD or fluorescence spectroscopy.
We first checked the sensitivity of the 19F chemical shift of

the tfmF23 group to changes in environment (Figure S1 of the
Supporting Information) by examining the 19F spectra in
different environments. A detectable change was noticed for
almost all changes in environment, including a substantial
change in the chemical shift in urea, even though IAPP is
considered to be natively unfolded.52 The consumption of
monomeric IAPP-tfmF23 [initial concentration of 85 μM in 20
mM sodium phosphate and 50 mM NaCl (pH 7.3)] during
amyloid fibrillogenesis was monitored by 19F NMR (Figure 1).
The monomeric peptide exhibits a single sharp peak near 14.7
ppm in the NMR spectrum. As expected, the signal intensity
due to the monomeric peptide decreased in intensity over time
in the characteristic sigmoidal manner observed in many studies
of amyloid fiber formation.55−57 No signal was observed from
the large amyloid fibers as the peaks are broadened beyond
detection. To determine the sensitivity of this method, the rate
of monomer consumption was detected by measuring 19F
NMR signal intensity changes at three different temperatures:
10, 25, and 37 °C (Figure 1). As expected, both the lag time

and elongation rate of fibril formation were temperature-
dependent.14,15,58 Even at higher temperatures (37 °C) and
accelerated aggregation rates, we were able to monitor
monomer consumption during aggregation efficiently using
this technique.

IAPP-tfmF23 Forms Fibers from Monomers without
the Accumulation of Nonfibrillar Intermediates. No
additional peaks were observed in the 19F spectrum of the
peptide during the time course of the experiment, even at 10 °C
where fibril formation is slowest (Figure 1). The position of the
main resonance also did not change over the course of the
experiment (Figure 1c), consistent with fluorescence studies
that show Phe23 remains exposed during the lag phase of
aggregation.19 We also confirmed that tfmF23 is actually
sensitive to the formation of small oligomers, were they to be
formed in significant concentrations by cross-linking IAPP-
tfmF23 with EDC/sulfo-NHS.59 In contrast to IAPP-tfmF23
alone, additional peaks can clearly be seen downfield of the
main peak when IAPP-tfmF23 is incubated with 40 mM EDC/
sulfo-NHS (Figure S2 of the Supporting Information). The
intensity of the additional peaks increases with time as the
magnitude of the main peak decreases (Figure S3 of the
Supporting Information), confirming its presence is the result
of the cross-linking reaction.
It is also important to note that even if an oligomer

population cannot be directly detected by 19F NMR because it
is structurally inhomogeneous (which would broaden the
signal), is too large to be detected by NMR, or the IAPP-
tfmF23 19F NMR shift is unaffected by oligomerization, it still
may be indirectly detected by a comparison of the monomer
loss curves observed by 19F NMR and the ThT and CD
measurements of amyloid formation. If large oligomers or
undetectable oligomers accumulate to a significant extent, a
delay between the disappearance of the monomer (as measured
by NMR) and the appearance of fibrils (as measured by ThT
fluorescence and CD) would be observed.21,60

Figure 1. Kinetics of the disappearance the IAPP-tfmF23 monomer followed by 19F NMR. (a) Stacked plots of 19F NMR spectra (TFE = 0.0 ppm).
The experiment was conducted at 10 °C (left), 25 °C (center), and 37 °C (right) at pH 7.3. (b) Plots of peak intensity of the main resonance from
panel A as a function of time. Solid lines represent sigmoidal fits to the 19F data. (c) Contour plot of the 19F NMR spectra at 37 °C showing the
absence of new peaks.
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To test this possibility, we followed the aggregation of
similarly prepared samples of IAPP-tfmF23 by ThT fluo-
rescence, CD spectroscopy, and 19F NMR (Figure 2,

parameters from the sigmoidal fit can be found in Table S1
of the Supporting Information). The rate of monomer
consumption of IAPP-tfmF23 closely matches the rate of
amyloid formation when experiments are performed at identical
buffer and peptide concentrations at 25 and 37 °C (Figure 2
and Figure S4 of the Supporting Information). The ThT and
NMR curves match well at 37 °C (t1/2 = 18.8 ± 0.8 and 16.8 ±
1.6, respectively; p = 0.30), and the CD and NMR curves match
very closely at 25 °C (t1/2 = 91.8 ± 6.3 and 91.9 ± 3.1,
respectively; p = 0.99). A relatively small in this context but
statistically significant (p = 0.02) difference was observed
between the ThT and NMR curves at 25 °C (t1/2 = 64.3 ± 6.9
and 91.9 ± 3.1, respectively). This small difference in the
kinetics between the two measurements may be caused by
differences between the shape and size of the NMR tube and
fluorescence cuvette, as interactions between the sample and
container surfaces are known to nucleate amyloid forma-
tion.61−63 This difference is magnified at the slower nucleation
rates occurring at lower temperatures.61

The fact that the NMR, CD, and ThT curves closely track
each other suggests the monomeric peptide is converted into a
large, mostly β-sheet, ThT-reactive species without the
accumulation of nonfibrillar intermediates. The absence of a

substantial population of nonfibrillar oligomeric species along
the aggregation pathway is notably different from what has
been observed for many other amyloidogenic proteins.16,64,65

For example, many intermediate species are formed during the
aggregation of Aβ, including a distinct α-helical intermedi-
ate.11,16,64−66 Systems that are known to have nonfibrillar
oligomeric intermediates typically show a much larger differ-
ence in rates of monomer depletion and fiber formation. For
example, the midpoints of the monomer consumption and fiber
formation curves of Aβ can differ by 1 order of magnitude.16

Similarly, monomer consumption and fiber formation curves of
CsgA differ by a factor of 2.21 The correspondence between the
curves suggests any transient oligomers that are formed by
IAPP-tfmF23 comprise only a minor population of the total at
any given point in time.
The close coincidence of the midpoints of aggregation

determined by the 19F NMR and the ThT and CD
measurements impose fairly stringent requirements on the
type of nonfibrillar oligomers that can be formed. However, the
data do not distinguish between certain kinetic mechanisms.
For example, our data cannot exclude the presence of large, off-
pathway oligomers whose concentration does not change
appreciably in the lag phase of aggregation.14,15 In addition,
very transient oligomers that do not accumulate to a significant
extent will not be observed in the experiment.15

TEM images acquired at the midpoints and end points of
aggregation also support this conclusion (Figure 2c,d and
Figure S5 of the Supporting Information). Images taken at the
midpoint of aggregation show fibers that are similar in
morphology to those found in at the end point but with a
smaller density of fibers on the grid (Figure 2c and Figure S5a
of the Supporting Information). Nonfibrillar aggregates large
enough to be resolved in the TEM image, such as the spherical
and annular intermediates frequently detected for α-synuclein
and Aβ and implicated in toxicity, are noticeably absent.6,66

19F NMR Measurement of the Interaction of Poly-
phenolic Inhibitors with IAPP without Interference from
External Probes. Having demonstrated the utility of 19F
NMR to follow the kinetics of amyloid formation, we used it to
investigate the mechanism by which EGCG (Figure 3a) inhibits
IAPP-tfmF23 amyloid formation. EGCG is the most abundant
catechin found in tea and is a potent antioxidant, making it a
potential therapeutic for many disorders. It has been reported
that EGCG inhibits fiber formation in vitro for many
amyloidogenic proteins, including Aβ, α-synuclein, and
polyglutamine peptides.67−72 Meng et al. recently showed
that EGCG not only inhibits IAPP amyloid formation
effectively but also is one of the few small molecule compounds
that also disaggregates IAPP amyloid fibrils in vitro.69 However,
the mechanism of inhibition by EGCG is not known for
IAPP.69 Optical measurements of fiber inhibition by EGCG and
other polyphenols are complicated by the background signal
from these compounds and, potentially, by competitive binding
with extrinsic probes like ThT.68,73−76 In contrast, measure-
ments of the rate of monomer consumption by 19F NMR are
easily quantified and are not affected by the nature of the
inhibitor.
The kinetics of IAPP-tfmF23 aggregation were studied in the

presence of 0.2, 0.5, 1.0, and 5.0 molar equiv of EGCG by 19F
NMR and ThT fluorescence (Figure 3b,c). It is apparent from
both the 19F and ThT measurements that EGCG inhibits fiber
formation in a dose-dependent manner. However, a compar-
ison of the data in panels b and c of Figure 3 reveals some

Figure 2. Comparison of the rates of monomer consumption and fiber
formation. (a) Overlay of kinetic traces obtained via 19F NMR (black),
ThT fluorescence (red), and CD (blue). Solid lines represent
sigmoidal fits to the 19F and CD data. Error bars indicate the standard
error of measurement (n = 4 for NMR and CD, and n = 5 for ThT).
The close correspondence between the curves suggests fiber formation
closely follows monomer consumption. (b) CD spectra showing the
time evolution of secondary structure. (c and d) TEM images of IAPP-
tfmF23 after half-depletion (c) and complete depletion (d) of the 19F
signal intensity at 25 °C. Scale bars represent 500 nm. (e) Cartoon
showing the sensitivities of each method.
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important differences between the ThT and 19F NMR
measurements of the apparent effects of EGCG. When IAPP
is incubated with an excess of EGCG (green lines in panels b
and c of Figure 3), the ThT assay shows a complete inhibition
of fiber formation while the 19F NMR measurement shows a
slow but steady decrease at longer time periods. This delay
between the disappearance of the monomer and the appearance
of fibrils is consistent with the production of large nonfibrillar
aggregates that are not fluorescent when incubated with ThT.67

This interpretation is supported by the analysis of TEM
images taken at the end points of aggregation, which show the
appearance of large nonfibrillar aggregates at higher concen-
trations of EGCG but with a greatly reduced density of fibers
(Figure 3d and Figure S6 of the Supporting Information).
However, the TEM images are not definitive by themselves as
EGCG by itself polymerizes over time to form aggregates with
a morphology similar to that of the aggregates seen in Figure S6
(Figure S7 of the Supporting Information).16 While the delay
between the disappearance of the monomer and the appearance
of fibrils is indicative of the formation of large nonfibrillar
aggregates, substoichiometric amounts of EGCG shift the 19F
NMR curve to later times relative to ThT measurements (blue
and pink curves in panels b and c of Figure 3, 0.5 and 1 equiv of
EGCG, respectively). This result seems to imply that the
monomer disappears after the appearance of fibrils at low
EGCG concentrations. We believe that this apparent contra-
diction is due to interfence by EGCG with the ThT binding
assay as discussed below.
Thioflavin T and EGCG Competitively Bind to IAPP

Fibers. In Figure 3, 100 μM ThT is present during the ThT
assay but not during the NMR measurements. To determine
more accurately the effect of ThT on EGCG inhibition, we first
determined if ThT by itself has any effect on amyloid
aggregation. The rate of disappearance of the monomer was
not significantly changed by the presence of ThT (Figure 4a),

indicating that ThT by itself does not affect the kinetics of fiber
formation.

However, although ThT has little effect on the rate of
monomer depletion on its own, it may indirectly influence the
rate of aggregation by significantly attenuating the inhibitory
effect of EGCG. If ThT competes for the same binding site as
EGCG on the amyloid fiber, the decrease in the amount of
bound EGCG in the ThT assay would be reflected in lower
levels of inhibition. This effect would not be observable when
EGCG is in great excess of ThT (green lines panels b and c of
Figure 3).
To check for this possibility, we performed the 19F

measurements using the same concentration of ThT as in the
ThT assay [100 μM (Figure 4b and Figure S8 of the
Supporting Information)]. In samples with EGCG, the addition
of ThT causes a substantial shift of the NMR curves to earlier
times, indicating monomer depletion happens at a faster rate in
samples with EGCG when ThT is present (Figure 4b and
Figure S8 of the Supporting Information). This shift is not
observed in samples without EGCG (Figure 4a). This finding
indicates that while ThT has little effect on the rate of
aggregation by itself, it significantly attenuates the inhibitory

Figure 3. EGCG inhibits IAPP-tfmF23 amyloid fibrillogenesis. (a)
Structure of EGCG. (b and c) Time courses for peptide aggregation
followed by 19F NMR (b) and ThT fluorescence (c) of IAPP-tfmF23
alone (85 μM, black) and at 1:5 (red) 1:2 (blue), 1:1 (magenta), and
5:1 (green) EGCG:IAPP molar ratios at pH 7.3 and 37 °C. Solid lines
represent sigmoidal fits to the 19F data; 100 μM ThT is present in the
ThT samples (c) but is absent from the NMR samples (b). (d) TEM
images of a 1:5 IAPP/EGCG mixture after the complete depletion of
the 19F signal intensity. The scale bar represents 500 nm.

Figure 4. Competition for amyloid binding between ThT and EGCG.
(a) Overlay of kinetic traces from 19F NMR (black for 0 μM ThT and
red for 100 μM ThT) and ThT fluorescence (blue for 100 μM ThT)
without EGCG. Solid lines represent sigmoidal fits to the 19F data. (b)
Kinetic traces obtained under the same conditions but performed in
the presence of 1 equiv of EGCG to peptide. Kinetic traces in the
presence of 0.5 equiv of EGCG can be found in Figure S8 of the
Supporting Information. (c) Cartoon schematic of the competitive
binding effect.
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effect of EGCG, consistent with ThT effectively competing
with EGCG for binding to IAPP fibrils. Similarly, the
observation that high concentrations of EGCG prevent amyloid
fiber formation (Figure 3c) may be attributed to the effective
competition of EGCG for ThT binding sites when it is in
sufficient excess over ThT.
EGCG Diverts Amyloid Aggregation to Nonfibrillar

Aggregates. Given the many proposed modes of action of
polyphenolic compounds against amyloidogenic proteins, it is
difficult to determine the precise mechanism by which EGCG
inhibits IAPP amyloid formation. The chemical shift of IAPP-
tfmF23 was unchanged by the presence of either EGCG or
ThT, indicating neither compound binds to the monomeric
peptide, as has been proposed to happen for some
amyloidogenic proteins (Figure S9 of the Supporting
Information).68,72,77,78

As shown in Figure 4, competition between EGCG and ThT
introduces significant artifacts when the ThT concentration is
close to the peptide concentration. This is an important
observation, because ThT is commonly used at relatively high
concentrations in aggregation studies. However, when the
concentration of ThT was lowered to 10 μM, competition
between ThT and EGCG was weakened and it was possible to
obtain accurate results for both the rate of fiber formation and
monomer consumption (Figure 5). From the 19F NMR results,

it is apparent that the monomer is almost completely consumed
in the presence of EGCG during the lag time before the
formation of fibers (Figure 5). This result is striking contrast to
the kinetics observed in the absence of EGCG, where fiber
formation and monomer consumption occur simultaneously.
The delay between monomer consumption and fiber

formation suggests that EGCG stabilizes the formation of
nonfibrillar aggregates that are too large to be detected by
NMR.67 To test this possibility, we examined the reverse
reaction by testing the ability of EGCG to disaggregate IAPP-
tfmF23 amyloid fibrils using 19F NMR and ThT fluorescence.
As Figure 6a shows, the addition of a 5-fold molar excess of
EGCG after the formation of IAPP amyloid fibrils caused a
significant decrease in ThT fluorescence suggestive of the
breakup of fibrils. However, no signals due to IAPP-tfmF23 were
observed by 19F NMR after the addition of EGCG (Figure 6c),
as would be expected if the fibers were completely broken up
by EGCG to the monomeric peptide or small oligomers. An
examination of the TEM images of supports this conclusion

(Figure 6b and Figure S10 of the Supporting Information).
TEM images taken at the end point of aggregation show small
aggregates that are much shorter in length (Figure 6b and
Figure S6 of the Supporting Information) than the regular
fibers formed by IAPP (Figure 2 and Figure S5 of the
Supporting Information) that are similar to those found with
Aβ and α-synuclein incubated with EGCG. Instead of
stabilizing the monomeric state, EGCG apparently diverts
aggregation of IAPP toward large oligomers with a morphology
different from that of the amyloid fiber. In this respect, the
interaction of EGCG with IAPP is similar to many but not all of
those of amyloidogenic proteins.67,79,80

■ CONCLUSIONS
These studies demonstrate the utility of using 19F NMR to
follow fibrillogenesis in real time by observing the rate of
monomer consumption. Most of the methods typically used for
monitoring the kinetics of aggregation measure the rate of
appearance of the final product. By providing an additional
independent measurement of the starting material, 19F NMR
can help distinguish between alternative pathways of
aggregation, a task that is difficult to accomplish by other
methods. Because fluorine is not found in most biological
systems, there is no competition from background signals, a
problem that often afflicts measurements using 1H, 13C, and
15N NMR. The absence of a fluorophore simplifies detection
and analysis of amyloid formation by other techniques.
Therefore, the use of 19F NMR should be applicable for
automated screening of amyloid inhibitors without the false
negative and positive results that might be present with other
techniques.

Figure 5. Competition between ThT and EGCG is weakened at lower
ThT concentrations. Overlay of kinetic traces from 19F NMR (black
for 0 μM ThT and red for 10 μM ThT) and ThT fluorescence (blue
for 10 μM ThT) with 1equiv of EGCG. Solid lines represent sigmoidal
fits to the 19F data.

Figure 6. Disaggregation of amyloid fibrils due to the addition of
EGCG. (a) Kinetic traces from 19F NMR (black) and ThT
fluorescence (red) measurements at 37 °C. Disaggregation of amyloid
fibril formation was complete by the addition of 5 equiv of EGCG at
the indicated time point. Solid lines represent sigmoidal fits to the 19F
data. (b) TEM image just before the addition of EGCG. (c) TEM
image after the complete depletion of ThT fluorescence intensity (100
min). Scale bars represent 500 nm.
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