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ABSTRACT: Amyloid fiber formation is a key event in many
misfolding disorders. The ability to monitor the kinetics of
fiber formation and other prefibrillar assemblies is therefore
crucial for understanding these diseases. Here we compare
three fluorescent probes for their ability to monitor fiber
formation, ANS (1-anilinonaphthalene-8-sulfonic acid) and
bis-ANS (4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic acid)
along with the more widely used thioflavin T (ThT). For
this, we have used two highly amyloidogenic peptides:
amyloid-β (Aβ) from Alzheimer’s disease and islet amyloid
polypeptide (IAPP) associated with type II diabetes. Using a
well-plate reader, we show all three fluorophores can report
the kinetics of fiber formation. Indeed, bis-ANS is markedly
more sensitive to fiber detection than ThT and has a submicromolar affinity for Aβ fibers. Furthermore, we show that
fluorescence detection is very sensitive to the presence of excess fluorophore. In particular, beyond a 1:1 stoichiometry these
probes demonstrate marked fluorescence quenching, for both Aβ and IAPP. Indeed, the fiber-associated fluorescence signal is
almost completely quenched in the presence of excess ThT. There is also intense interest in the detection of prefibrillar amyloid
assemblies, as oligomers and protofibrils are believed to be highly cytotoxic. We generate stable, fiber-free, prefibrillar assemblies
of Aβ and survey their fluorescence with ANS and bis-ANS. Fluorescence from ANS has often been used as a marker for
oligomers; however, we show ANS can fluoresce more strongly in the presence of fibers and should therefore be used as a probe
for oligomers with caution.

The self-assembly of various proteins into ordered
oligomers and amyloid fibers is central to several protein

misfolding disorders such as Alzheimer’s and Parkinson’s
diseases and also transmissible spongiform encephalopathies
and amyloid accumulation related to type II diabetes.1 The
amyloidogenicity or rate of fibril formation in vitro can often be
related to the rate of disease onset. Furthermore, smaller
cytotoxic oligomeric assemblies are thought to be the dominant
toxic form in a number of misfolding diseases.2,3 For this
reason, the formation of oligomers and amyloid fibers, and their
relationship, is the subject of much attention. The ability to
detect amyloid fiber or oligomeric assemblies both ex vivo and
in vitro is thought to be crucial to understanding the etiology of
these diseases.
The most common technique for the detection of amyloid

assemblies is to measure the fluorescence from noncovalently
bound extrinsic fluorophores (reviewed in refs 4−7). Ex vivo
tissue samples are commonly stained for amyloid deposits with
thioflavin S (ThS) or Congo red,8 while the thioflavin T (ThT)
fluorophore is by far the most popular fluorescent probe used
to detect fiber formation and growth kinetics in vitro.9,10 The

use of ThT as a fluorescent probe was first described in 1959
for the detection of amyloid rich tissue.11,12 Key characteristics
include the specificity of amyloid detection and an intense
fluorescence signal and micromolar or submicromolar affinity
for amyloid fibers.
It is generally believed the ThT molecules bind in the

grooves along the surface of the amyloid fiber, running parallel
to the long axis, created by the repeating arrangement of side
chains on the surface of the cross-β structure.7,13−16 The
benzylamine and the benzathiole rings of ThT, when free in
solution, will readily rotate about their central C−C bond
(Figure 1). The low-energy nature of this rotation is thought to
result in the quenching of the excited state of ThT’s aromatic
rings, which results in a minimal fluorescence signal. However,
when ThT is bound to amyloid fibers, its freely rotating
aromatic rings become fixed, leading to a marked increase in
fluorescence.13,17,18 ThT has some degree of specificity to
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amyloid fibers; however, other hydrophobic patches can also
give rise to ThT fluorescence; for example, the hydrophobic
pockets within the all α-helical human serum albumin (HSA)
cause some ThT fluorescence.19 The dissociation constant of
ThT for amyloid fibers is dependent on the pH and ionic
strength and the protein amyloid investigated, leading to
affinities for various amyloids ranging between dissociation
constants of <0.1−64 μM (reviewed in refs 7 and 20).
Although they are much less commonly used and less well

characterized, there have been some reports that have made use
of other small fluorescent molecules to detect amyloid fibers
and other prefibrillar states. It has been known for some time21

that both 1-anilinonaphthalene-8-sulfonic acid (ANS)22−27 and
4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic acid (bis-ANS)
(Figure 1)4,24,28−35 fluoresce in the presence of fibers.
However, the use of these dyes has not been directly compared
with the use of ThT. Furthermore, their fluorescence properties
when bound to fibers or their influence on fiber formation and
structure have not been characterized in detail.
Prefibrillar oligomers and protofibrils are typically transient

and heterogeneous structures that are often on the pathway to
forming fibers.30 Oligomers and protofibrils are thought to be
the most cytotoxic for a number of protein misfolding diseases
and are therefore of particular interest. However, a specific
extrinsic fluorescent probe for these prefibrillar structures is less
well established. ThT does not tend to fluoresce in the
presence of prefibrillar assemblies; however, there are a few
studies to suggest ANS is able to detect oligomers28,29,36−38 and
protofibrils.39 We are not aware of any studies with bis-ANS
and prefibrillar assemblies. If ANS or the related bis-ANS is to
be a reliable probe for oligomer and protofibril assemblies,
ideally they should give a fluorescent signal very distinct from
that of amyloid fibers, as oligomeric assemblies are often a
heterogeneous mixture with some fiber content.
Here we systematically compare the use of ANS and bis-ANS

fluorescent dyes with the use of the commonly used ThT
fluorophore for the measurement of the in vitro kinetics of

amyloid fiber formation of Aβ, responsible for Alzheimer’s
disease, and islet amyloid polypeptide (IAPP), associated with
type II diabetes. Furthermore, we compare the application of
these three fluorophores for the detection of prefibrillar
oligomeric and protofibril forms of Aβ by generating relatively
stable, fiber-free assemblies. We aim to determine if bis-ANS
and ANS are appropriate dyes for detection of oligomers and
protofibers.

■ EXPERIMENTAL PROCEDURES
Peptide Production. All peptides were purchased from

Generon or Cambridge Research Biochemicals, synthesized
using Fmoc chemistry, purified as a single peak via high-
performance liquid chromatography, and characterized by mass
spectrometry. The purchased peptides included human
amyloid-β peptide, residues 1−40 and 1−42 (designated Aβ40
and Aβ42, respectively), and islet amyloid poly peptide (IAPP).

Peptide Sequences. Human Aβ(1−42): DAEFRHDSGY
EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV IA. Human
IAPP(1−37): KCNTATCATQ RLANFLVHSS NNFGAILSST
NVGSNTY.

Aβ Solubilization. Aβ40 or Aβ42 was solubilized at 0.7 mg/
mL in water at pH 10.5 while being gently rocked at 4 °C for
48 h, and the pH was maintained at 10.5 using NaOH. This
protocol has been found to be as effective or more effective
than other solubilization protocols.40,41 This process generated
largely monomeric and seed-free Aβ40 stocks, based on
nucleation times of many weeks, TEM images, and a lack of
ThT fluorescence. After solubilization, the absorbance at 280
nm was used to calculate the concentration of Aβ, with an
extinction coefficient of 1280 M−1 cm−1.42 The lyophilized
peptide typically contains 10% water by weight.

IAPP Solubilization. IAPP was solubilized at a concen-
tration of 3.56 mg/mL in 100% dimethyl sulfoxide (DMSO),
and the peptide dissolved almost instantly. This method
generates an essentially monomeric and seed-free IAPP stock.
The absorbance signal at 280 nm was used to calculate the
concentration of IAPP, with an extinction coefficient of 1400
M−1 cm−1.42 The final concentration of DMSO in the IAPP
fiber growth assays did not exceed 2%.

Fiber Growth Kinetics. A solubilized stock of Aβ40 or Aβ42
and IAPP were typically diluted to 10 μM in 30 mM HEPES
buffer (pH 7.4) with 160 mM NaCl and incubated at 30 °C.
When the pH is lowered to 7.4, fiber formation will commence.
The pH of a sample was monitored before and after each
experiment, with a variation of ±0.05 pH unit or less observed
over the course of the experiment. A fresh stock solution of
ANS, bis-ANS, and ThT (Sigma-Aldrich) was dissolved in
buffer. Typically, the fluorescent dye concentration ratio was
1:1 (dye:peptide) for ThT and bis-ANS or 2:1 (ANS:peptide).
The growth of fibers was monitored using a 96-well

microplate plate BMG Omega FLUOstar fluorescence reader,
with an excitation filter at 440 nm and an emission filter at 490
nm used to detect ThT, while an excitation filter at 355 nm and
an emission filter at 520 nm were used for bis-ANS and ANS.
Prior to each reading, the plate was agitated for 10−30 s via
orbital (3 mm) shaking every 10−30 min. Sterile flat-bottom
plates were used and sealed with Starseal polyolefin sealing film.
The optimal well volume is 200 μL; these were used to their
full capacity. Fluorescence detection was conducted using an
orbital averaging sample reading (4 mm diameter).
Sigmoidal fibril growth curves are fitted to the following

equation as previously described.43

Figure 1. Chemical structures of the three fluorescent probes:
thioflavin T (ThT), 8-anilinonaphthalene-1-sulfonate (ANS), and 4,4′-
dianilino-1,1′-binaphthyl-5,5′-disulfonic acid (bis-ANS). The free
rotation between the aromatic rings of ThT causes quenching of the
fluorescence signal.
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where Y is the fluorescence intensity, X is the time in hours, and
Xo is the time at which the fluorescence has reached half-
maximal intensity, also termed t50. The apparent fiber growth
rate (kapp) is calculated from the equation kapp = 1/τ. The
nucleation or lag time (tlag) is taken from the equation tlag = Xo
− 2τ.
Aβ42 Cu2+-Induced Protofibrils and/or Oligomers.

Cu2+-induced protofibrils were prepared as previously
described.44 Essentially monomeric Aβ42 (10 μM) with 0.5
molar equiv of CuCl2 was incubated at 30 °C in 160 mM NaCl
with 30 mM HEPES (pH 7.5). Incubation for 5 days generates
a stable oligomeric profibril; no fibrils were observed using
TEM and ThT fluorescence.44

Aβ40 HFIP-Generated Oligomers. Aβ40 oligomers were
prepared by dissolving 2.5 mg of peptide in 1 mL of 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) and left at room temperature for
15 min as previously described.45 A 10-fold dilution in water
was then conducted, and the solution was incubated for a
further 15 min at room temperature. The final solution was
then centrifuged at 14000g for 15 min to remove any large
aggregates.45

Transmission Electron Microscopy (TEM). Carbon-
coated 300-mesh grids (SPI Supplies) were glow-discharged
at the start of each experiment. An aliquot (5 μL) of the 10 μM
Aβ sample was allowed to absorb onto a grid for 1 min before
being blotted off. This step was then followed by a 5 μL aliquot
of 2% (w/v) phosphotungstic acid (PTA), at pH 7.4, to be
absorbed for 1 min, before blotting off to produce a negatively
stained protein-loaded grid. Images of the grids were recorded
on a JEOL JEM 1230 electron microscope operated at 80 kV.
Single-Cell Fluorescence Spectroscopy. Fluorescence

emission spectra were recorded using a Hitachi F-2500

fluorescence spectrophotometer, in a 1 cm quartz cuvette
(Hellma), using an excitation wavelength of 380 nm for ANS,
365 nm for bis-ANS, and 440 nm for ThT. Fluorescence
emission was recorded between 400 and 600 nm.

■ RESULTS

Amyloid Fiber Detection and Fiber Growth Kinetics.
We wanted to determine if bis-ANS and ANS, like ThT, could
be used to monitor the kinetics of fiber formation. For this, we
have used two peptides that readily form amyloid fibers: Aβ and
IAPP. Using a fluorescent microplate reader, we directly
compared the kinetics of fiber formation in the presence of the
three fluorescent dyes. Bis-ANS and ANS readily detect
amyloid fiber formation as is evident from the appearance of
the sigmodal fiber growth curves that are similar to those
observed for ThT fluorescence, shown in Figure 2, with
characteristic nucleation, elongation, and equilibrium stages.
We considered the possibility that the fiber-detecting

fluorophores might influence the rate of fibril formation. To
investigate this, we monitored the kinetics by adding the
fluorophores at different time points, as fibers were generated in
the presence of bis-ANS and the widely used amyloid detection
fluorophore, ThT. The nucleation time and the elongation rates
were directly compared. If the fluorescent dye accelerates or
inhibits fiber formation, the influence on the kinetics of fibril
formation will be different when the dye is added at different
time points. Figure 2 shows bis-ANS and ThT have little
influence on the kinetics. The bis-ANS and ThT traces from
three different time points (0, 8, and 21 h) all overlap; this is an
indication that the nucleation phase and rate of Aβ42 fiber
elongation are not significantly affected (Figure 2A,B).
Importantly, this is irrespective of the time at which the
fluorophore is added (Figure 2C−E).

Figure 2. Comparison of Aβ42 fiber formation monitored by ThT and bis-ANS. The kinetics of Aβ42 fiber growth kinetics was monitored using two
different fluorophores added at three different time points. Comparison of fiber kinetics in the presence of a fluorescent dye when added at 0 h
(black), 8 h (blue), and 24 h (red): (A) 1 molar equiv of ThT and (B) 0.2 molar equiv of bis-ANS. Also, the effect of ThT (black) on fiber kinetics
compared to that of bis-ANS (blue) at (C) 0 h, (D) 8 h, and (E) 24 h. The Aβ42 monomer (10 μM) was incubated at pH 7.4 in HEPES buffer (30
mM) and NaCl (160 mM) at 30 °C with intermittent agitation. The addition of fluorophores at different time points has little or no effect on the
Aβ42 fiber formation kinetics.
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It is possible that the fluorescent dyes might detect different
Aβ assemblies; however, there is no evidence of either of the
fluorophores, bis-ANS or ThT, detecting a transient prefibrillar
species. For example, oligomers and protofibrills are thought to
form before fibers but then become depleted as fibers are
generated. It is clear that like in the case of ThT the bis-ANS is
not selective for these transient species as there is no increase in
fluorescence as protofibrils form, followed by a reduction or
inflection in signal as fibers form.
Next, we investigated the effect of ANS on Aβ40 fiber growth

kinetics. Here, the increasing concentrations of ThT and ANS
did not affect the lag phase or the rate of fiber elongation
(shown in Figure 3). A 10-fold increase in the amount of dye
used did not affect the nucleation time.

We also used a second amyloid-forming system, IAPP, to
probe the effect of the three fluorophores on fiber formation
kinetics, in the presence of ThT, bis-ANS, and ANS (panels A−

C of Figure 4, respectively). In the case of IAPP, there does
appear to be a small but significant difference in the nucleation
times depending on which fluorophore is used. Using the same
stock solution of IAPP, nucleation times are 26 ± 5 min in the
presences of ThT, and a similar lag time, 39 ± 4 min, for ANS
is observed; however, for bis-ANS, the nucleation time is
slower, 108 ± 2 min. Although the lag phase of IAPP fiber
growth is affected depending on which dye is used, the
elongation rates at which fibers grow are similar for all
fluorophores, as shown Table 1.

We wanted to determine if the amyloid fiber-detecting
fluorophore had an appreciable influence on fibril morphology,
as imaged by transmission electron microscopy (TEM). Figure
5 shows TEM images of Aβ42 fibers generated in the absence
and presence of the three fluorophores, ThT, ANS, and bis-
ANS. The presence of the dyes does not markedly affect the
morphology of the Aβ42 fibers, according to the TEM images.
The morphologies of Aβ42 fibers have the typical long
unbranched appearance, ∼10 nm thick, with twists in the
fibers of regular periodicity.

Fluorescence Quenching at Higher Dye:Fiber Stoi-
chiometries. With few studies using ANS and almost none
using bis-ANS to detect fibers, we wanted to determine the
most appropriate dye:amyloid protein stoichiometric ratio.
Using preformed Aβ40 fibers, we loaded increasing levels of the
dye onto the amyloid samples (Figure 6). With an Aβ40
concentration of 10 μM, increasing amounts of ThT, bis-

Figure 3. Comparison of Aβ40 fiber growth detection using ANS and
ThT. Fiber growth kinetics of Aβ40 were studied using (A) ANS and
(B) ThT. Aβ40 fiber growth was monitored at 0.25, 0.75, and 2 molar
equiv to Aβ40 monomer (10 μM), incubated at pH 7.4 in HEPES
buffer (30 mM) and NaCl (160 mM) at 30 °C with intermittent
agitation. A 10-fold increase in dye concentration does not affect the
fiber nucleation time.

Figure 4. Influence of dyes on IAPP fiber growth kinetics. IAPP fibril growth was also monitored using ThT, ANS, and bis-ANS at two different
concentrations. IAPP fiber formation was detected at 1 molar equiv (black) and 2 molar equiv (gray) of (A) ThT and (B) bis-ANS and 2 molar
equiv (black) and 4 molar equiv (gray) of (C) ANS. The IAPP monomer (10 μM) was incubated at pH 7.4 in HEPES buffer (30 mM) and NaCl
(160 mM) at 30 °C with intermittent agitation. ANS and ThT appear to accelerate fiber nucleation relative to bis-ANS.

Table 1. Fibril Growth Kinetics of IAPP in the Presence of
Different Fluorophoresa

t50 (min) tlag (min) kapp (min−1) n

10 μM IAPP and 10 μM
ThT

54 ± 4 26 ± 5 0.07 ± 0.01 10

10 μM IAPP and 20 μM
ThT

45 ± 2 19 ± 4 0.08 ± 0.01 9

10 μM IAPP and 10 μM
bis-ANS

132 ± 4 108 ± 2 0.1 ± 0.02 10

10 μM IAPP and 20 μM
bis-ANS

115 ± 2 77 ± 3 0.06 ± 0.001 10

10 μM IAPP and 20 μM
ANS

63 ± 4 39 ± 4 0.08 ± 0.002 10

10 μM IAPP and 40 μM
ANS

56 ± 3 37 ± 4 0.11 ± 0.01 10

an is the number of traces used in the analysis. Errors are shown as the
mean standard error.
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ANS, and ANS (up to 10 molar equiv) were added. The ThT
titration (Figure 6A) indicated that the fluorescence signal
intensity increases linearly with increasing additions of ThT, up
to 1 molar equiv. The fluorescence signal reaches a maximum at
approximately 1 molar equiv, interestingly; concentrations of
ThT beyond 1.5 molar equiv displayed a marked decrease in

the intensity of the fluorescence signal. For example, by just 2
molar equiv, the intensity of ThT fluorescence was halved
compared to its maximum, and by 10 molar equiv, there is only
a tenth of the fluorescence signal left. It is clear that overly high
suprastoichiometric levels of ThT, >2 molar equiv, will
appreciably quench the fluorescence signal.
A very similar behavior is observed for bis-ANS (Figure 6C).

As with ThT, excess bis-ANS also resulted in self-quenching;
this is observed after 2 molar equiv of bis-ANS is added. This is
highlighted in the bis-ANS titration (Figure 6D). At 4 molar
equiv of bis-ANS, only half of the signal intensity, compared to
the maximal signal, is observed. A similar titration with ANS
was conducted (Figure 6E). Unlike those of the other two
fluorophores, the ANS fluorescence intensity continues to grow
beyond 1 molar equiv, although not linearly. Unlike bis-ANS
and ThT, ANS exhibits little self-quenching up to 10 molar
equiv (Figure 6F). Addition beyond 1 molar equiv of all three
of the fluorophores causes a small shift in the maximal position
of the fluorescence signal by 10 nm to longer wavelengths. We
were surprised that excess ThT and bis-ANS caused such a
marked quenching, so we repeated the experiment with Aβ40
fibers with very similar results.
We were interested in whether the quenching effect of excess

ThT was dependent on the stoichiometric ratio of ThT to Aβ
(fiber) or the absolute concentration of ThT. We therefore
repeated the experiment, but at 20 μM preformed Aβ fibers.
The fluorescence behavior was very similar. The ThT
fluorescence signal reaches a maximum close to 1 molar
equiv (20 μM ThT) shown in Figure 7. Indeed, at 2 molar
equiv (40 μM of ThT) the signal remains intense. With the
lower Aβ fiber concentration 40 μM of ThT completely
quenches the signal. The dominant factor in quenching is the
ratio of dye to Aβ fiber rather than the total dye concentration.

Sensitivity and Affinity of the Fluorophore for Fiber
Detection. In vitro detection of fiber formation can typically be
achieved only at concentrations a number of orders of
magnitude higher than physiological levels. It would be

Figure 5. Effects of three different fluorophores on fiber morphology.
The Aβ42 fiber morphology was examined using negative stain
transmission electron microscopy. Aβ42 fibers grown (A) in the
absence of a fluorescent probe and in the presence of (B) 1 molar
equiv of ThT, (C) 0.2 molar equiv of bis-ANS, and (D) 2 molar equiv
of ANS. Aβ42 (10 μM) samples were incubated at pH 7.4 in 30 mM
HEPES and 160 mM NaCl at 30 °C with intermittent agitation for
170 h.

Figure 6. Excess fluorescent dye quenches the amyloid fiber-induced fluorescence. Using preformed Aβ40 amyloid fibers, the titration of (A) ThT,
(C) bis-ANS, and (E) ANS into a preformed Aβ40 fiber sample. The increase in fluorescence (black) is represented by a solid upward-facing arrow,
and the fluorescence self-quenching (gray) is represented by a dashed downward-facing arrow. The fluorescence intensity with increasing molar
equivalents of dye is shown at (B) 489 nm for ThT, (D) 498 nm for bis-ANS, and (F) 480 nm for ANS. Aβ40 fibers (10 μM) were preformed in 160
mM NaCl in the presence of 30 mM HEPES at pH 7.5.
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beneficial to have a fluorophore that can monitor fibers at lower
concentrations. The ability to detect amyloid fibers by a
fluorescent dye is dependent on the intensity of the
fluorescence emitted, but also at the concentration at which
the fluorescent probe has sufficient affinity to remain bound to
the amyloid fiber. We wanted to compare the sensitivity of
ThT, ANS, and bis-ANS to detect fibers. We took Aβ40 and also
IAPP fibers and recorded the fluorescence signal in the
presence of each dye, over a large range of concentrations
(Figure 8). We monitored a serial dilution of a starting stock of
Aβ40 fibers, 4.6 μM, in the presence of 1 molar equiv of ThT
(Figure 7A). There is a linear relationship between the decrease
in fluorescence and the reduction in Aβ40 fiber concentration.
In addition, there is no shift in the wavelength of the
fluorescence maxima. The behavior indicates that even at a low
(0.3 μM) Aβ40 fiber concentration ThT is still tightly (fully)
bound to the amyloid fiber. A lower concentration could not be
measured because the signal fell below the fluorescence
detection limit, defined here as 3 times the intensity of the
background signal. The detection limit for which Aβ40 fibers
will still produce a detectable fluorescence signal in the
presence of 1 molar equiv of ThT is 0.3 μM. The bis-ANS
fluorophore was also studied at a 1:1 ratio to Aβ40 fiber (Figure
8B). Much like ThT, bis-ANS remains fully bound to Aβ40
fibers even at low protein concentrations. The detection limit of
bis-ANS is considerably lower, at 80 nM. These data indicate

the affinity of bis-ANS for Aβ fibers has a dissociation constant
tighter than ∼80 nM.
To confirm the bis-ANS was still bound to Aβ40 at 100 nM,

at equilibrium, we performed an additional experiment in which
we added bis-ANS to a 100 nM fiber preparation, rather than
dilute fibers with bis-ANS bound. As predicted for the data in
Figure 8, bis-ANS can detect fibers at 100 nM Aβ (see Figure
S1 of the Supporting Information).
The same dilution was performed for ANS bound to Aβ40

fibers. For ANS, 2 molar equiv of dye to Aβ40 fibers was used
(the optimal ratio obtained from data shown in Figure 6). All
three fluorophores show a close to linear relationship between
fluorescence intensity and protein fiber concentration. As with
the other fluorophores, ANS remains bound to Aβ40 fibers even
at the lower concentrations, which is also indicated by the lack
of a shift in the wavelength of the fluorescence maxima. ANS
gives the weakest fluorescent signal; the detection limit for the
ANS is 0.7 μM, which makes it considerably less sensitive than
bis-ANS and ThT.

Fluorescent Probes for the Detection of Oligomeric
and Protofibril Assemblies. Next we wanted to investigate
the ability of ThT, bis-ANS, and ANS to detect other misfolded
protein assemblies. To assess the fluorescent probes for the
detection of prefibrillar assemblies, we generated stable
homogeneous oligomers/protofibrils. These were generated
for Aβ using two protocols. The first method involves Aβ42 in
the presence of 0.5 molar equiv of Cu2+ ions,44 and in the
second method, the Aβ40 oligomers are generated using the
solvent HFIP45 (see Experimental Procedures). We chose these
protocols to generate oligomers because assemblies are well-
characterized and produce stable oligomers with no fibers
present. HPIF-generated oligomers have been shown to disrupt
long-term potentiation (LTP),45 while Cu-Aβ42 has heightened
cytotoxic activity46 and disrupts the lipid bilayer.44

Stable Aβ oligomers/protofibrils generated in this way are
visualized using TEM (Figure 9A,B). Figure 9 also shows the
fluorescence spectra directly comparing all three fluorophores
studied, for Aβ fibers and stable oligomers/protofibrils
generated under the two different conditions (Cu2+ ions or
HFIP). These fluorescence spectra were obtained with a 1:1
Aβ:fluorophore stoichiometry (or 1:2 for ANS) (Figure 9C−
E). We compare fluorescence in the presence of the following:
10 μM Aβ40 fibers (represented by the orange trace), HFIP-
prepared Aβ40 oligomers (green), and oligomers of 10 μM Aβ42
with 0.5 molar equiv of Cu2+ ions (purple). It is clear from

Figure 7. ThT fluorescence with increasing concentrations, in the
presence of preformed Aβ40 fibers, at 10 μM Aβ40 fibers (blue) and 20
μM Aβ40 fibers (red). The maximal fluorescence is dependent on the
stoichiometric ratio, not the total concentration of ThT. Aβ40 fibers
were generated in 160 mM NaCl in the presence of 30 mM HEPES at
pH 7.5 and 30 °C.

Figure 8. Detection limit for Aβ40 fibers using fluorescent probes. A serial dilution of Aβ40 in the presence of (A) 1 molar equiv of ThT, (B) 1 molar
equiv of bis-ANS, and (C) 2 molar equiv of ANS was used to evaluate the detection limit. Aβ40 fibers (5 μM) were preformed in 160 mM NaCl in
the presence of 30 mM HEPES at pH 7.5. The detection limit of the measurements was a fluorescence signal of 5 AFU represented as a gray dashed
area.
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panels C and D of Figure 9 that only fibers are detected by a
1:1 level of ThT or bis-ANS. Indeed, these two dyes are very
specific for fibers, and the fluorescent signal for both these
oligomer/protofibrils is negligible and comparable to the signal
generated in water alone (see Figure S2 of the Supporting
Information). In contrast, ANS does generate some fluo-
rescence signal for copper-Aβ42 oligomers/protofibrils,
although it is not as intense as the signal observed for fibers.
There have been previous reports of ANS fluorescing in the

presence of oligomers; typically, these experiments have been
conducted with relatively large amounts of ANS (10:1).29 We
wondered if the high concentration of the fluorophore might
detect oligomers and at the same concentration suppress the
fluorescence signal from fibers. We therefore obtained
fluorescence spectra for fibers and oligomers in the presence
of 10 molar equiv of ANS, bis-ANS, and ThT. As expected, the
fluorescence signal for fibers is markedly attenuated (by 75%)
for both ThT and bis-ANS. Under conditions of excess ThT,
the fluorescence signal for HFIP-generated oligomers is
considerably more intense than that of background water. We

note that for 10 molar equiv of bis-ANS and ANS the
background fluorescence of the dye in water is more
pronounced, especially relative to the substantially quenched
fiber-induced fluorescence. Although fluorescence signals for
the Aβ oligomers are observed, these signals are not
substantially more intense than the background water signal
for the dyes at 50 μM concentrations in water; furthermore, the
wavelength maximum is also more indicative of the dye in
water, as shown in Figure S2 of the Supporting Information.
The fluorophore 9-(2,2-dicyanovinyl) julolidine (DCVJ) has

been proposed as a probe for prefibrillar oligomers;4 however,
our preliminary studies have shown no appreciable fluorescence
for the prefibrillar oligomers and protofibrils described here.

■ DISCUSSION

Although there have been some reports of ANS and bis-ANS
fl uo r e s c e n c e i n t h e p r e s e n c e o f amy l o i d fi -
bers,4,21,23−28,30−35,47,48 often this fluorescence behavior with
fibers is only briefly described. To the best of our knowledge,
this is the first time bis-ANS and ANS have been used to

Figure 9. Comparison of ThT, bis-ANS, and ANS fluorescent signals in the presence of fibers and two oligomeric forms. TEM images of (A) HFIP-
prepared Aβ40 oligomers and (B) Cu2+-stabilized Aβ42 oligomers. Different structural assemblies of Aβ were used to test the specificity of the three
fluorophores for fibers and oligomers at two different concentrations. Fluorescence signals of (C) 5 μM ThT, (D) 5 μM bis-ANS, (E) 10 μM ANS,
(F) 50 μM ThT, (G) 50 μM bis-ANS, and (H) 50 μM ANS. Aβ40 fibers (orange), HFIP-generated Aβ40 oligomers (green), and Cu

2+-stabilized Aβ42
oligomers (purple) are all at a peptide concentration of 5 μM. All spectra have had the fluorescent signal for the dyes in water alone subtracted.
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monitor the kinetics of amyloid fiber formation using a
fluorescence well-plate reader together with direct comparison
to ThT. It is clear that these fluorophores represent an excellent
alternative to ThT when using well-plate fluorescence
detection. ANS and bis-ANS are well-known for their
significantly heightened fluorescence in the presence of molten
globule protein conformations.49 The mechanism by which bis-
ANS and ANS fluorescence occurs in the presence of amyloid
fibers presumably involves the binding of the dye to
hydrophobic patches on the fiber, which results in a strong
fluorescence signal.
Here we demonstrate that the lag and elongation phases of

Aβ fiber formation are largely uninfluenced by bis-ANS or ANS.
This is in line with other studies that have shown little effect on
fiber growth rates in the presence of ThT.5,50−52 However, this
should not be assumed for all amyloid proteins. Fiber growth
kinetics of IAPP indicate that bis-ANS binding and fluorescence
are delayed relative to those of ThT and ANS. It appears bis-
ANS can slow IAPP fiber nucleation.
The three dyes do not significantly affect fiber structure

according to the TEM images. This might be expected as the
amyloid fibers have to form before the fluorescent dye can bind
with an appreciable affinity.
It is clear that amyloid fiber detection by ThT and bis-ANS is

very sensitive to the ratio of dye to amyloid used. A small excess
of dye can potentially drastically attenuate the fluorescent signal
observed. Experimentalists should be aware of this when
choosing the concentration of ThT or bis-ANS to detect fibers.
The molar ratio that is optimal will depend on the structure of
the particular amyloidogenic protein and the binding surface
presented to the dye. It is evident that the use of excess ThT or
bis-ANS dye can completely suppress the amyloid-dependent
signal. An interesting consequence of these observations is that
during the initial stages of fiber formation, when the total fiber
content is low, the fluorescent signal may be quenched to an
extent, delaying the appearance of the fiber-related fluores-
cence.
Previous studies have recommended that a 2:1 (ThT:Aβ)

ratio should be used.20 However, we suggest that for both Aβ
and IAPP using ThT and bis-ANS at a 1:1 stoichiometry is
more advisable. Excess ThT or bis-ANS, for example, 10 equiv,
will significantly attenuate and quench the fluorescence signal,
reducing the total fluorescence by 90% for Aβ. This effect was
investigated at 10 and 20 μM Aβ (fibers). The stoichiometric
ratio of ThT to Aβ fibers is the strongest determinant of the
maximal fluorescent signal. It appears the reduction in the
signal is not due to a simple internal filter effect. We speculate
the quenching of ThT and bis-ANS fluorescence is due to
weaker secondary binding of the fluorophore to the fiber−
fluorophore complex, which induces static quenching. For ANS,
a higher concentration of ANS versus that of Aβ is optimal.
Two molar equivalents of ANS are required for efficient Aβ
fiber detection.
In particular, if high sensitivity is important, bis-ANS

represents an excellent alternative to ThT for monitoring
fibers. When using a similar experimental protocol, the
fluorescent signal (quantum yield) for bis-ANS is twice as
intense as that of ThT and almost 20 times more sensitive than
that of ANS. The linear relationship between Aβ40 fiber
concentration and fluorescent signal intensity (for all three
dyes), particularly at the dilute concentrations, indicates that
the dye has an affinity for the Aβ40 fibers, which is sufficiently
tight that the dye does not dissociate from the fiber even at the

lower concentrations. This means the affinity of the dye for the
fibers is tighter than the detection limit for these experiments.
Bis-ANS therefore has a dissociation constant tighter than 80
nM, much tighter than the dissociation constant reported for
ThT with a Kd of 2 μM at pH 6 reported for Aβ40,

20 although
we note our data suggest the dissociation constant for ThT for
Aβ40 is tighter than 500 nM at pH 7.4.

Oligomers and Protofibrils. Detection of prefibril
oligomers and protofibrils is a vital objective for those wanting
to characterize the role in toxicity for these assemblies.30 A
specific noncovalent fluorescent dye would have wide
applications. There have been some studies reporting elevated
fluorescence in the presence of ANS for prefibrillar
oligomers.28,29,37−39 Prefibrillar assemblies of Sup35 have
been detected using Nile Red.53 We are not aware of any
studies with the related bis-ANS that characterize prefibrillar
assemblies.
Thioflavin T is typically not thought to fluoresce in the

presence of prefibrillar oligomers and protofibrils, and this is
supported by our data for Cu2+-generated protofibrils of Aβ42.
ThT does exhibit some fluorescence in the presence of HIPF-
generated oligomers of Aβ40; however, this is weak compared to
the fluorescence observed for amyloid fibers and is observed
with only 10 equiv of ThT present. Others have reported ThT
fluorescence for oligomers of Aβ generated with the aid of
prefoldin, a molecular chaperone.38

Bis-ANS appears to be the most selective of the three dyes
for fibers only, as almost no fluorescence for both types of
oligomers/profibrils studied here is detected. It is clear that
unlike fibers, Aβ oligomers/profibrils generated here do not
have a sufficiently large hydrophobic patch within them for bis-
ANS to bind at micromolar concentrations.
On the other hand, ANS does give a fluorescence for the

stable Aβ42 protofibrils generated in the presence of Cu2+ ions.
These preparations are stable and contain minimal fiber
content; indeed, the same sample gives no fluorescence in
the presence of ThT or bis-ANS. This suggests that the ANS in
contrast to the larger bis-ANS is able to bind to exposed
hydrophobic patches within these protofibrils. However, it
should not be assumed that the observation of ANS
fluorescence is always an indication of oligomer formation, as
ANS fluorescence may be considerable in the presence of a
small subpopulation of fibers; therefore, the ANS fluorescence
signal should be interpreted with caution. Indeed, ANS in water
will give a small but detectable fluorescence, so when ANS is
used at high concentrations, some of the fluorescence can be
due to unbound background ANS fluorescence.
Bis-ANS and ANS give very strong fluorescence in partially

folded molten globule structures. However, the oligomers/
protofibrils described here do not exhibit similar fluorescence.
It appears that any exposed hydrophobic patches on these
oligomers do not provide a sufficiently large or tight binding
site to induce applicable fluorescence and do not exhibit
properties similar to those of molten globule structures. It is
clear that a reliable alternative fluorescent probe to ANS for
oligomer detection needs to be found.
In conclusion, bis-ANS is an excellent alternative to ThT for

monitoring fiber formation kinetics in vitro. It produces a
considerably more intense fluorescence signal in the presence
of fibers than ThT and has a submicromolar affinity for Aβ
amyloid fibers. In the case of Aβ or IAPP fibers, ThT and bis-
ANS concentrations should not exceed a 1:1 molar
stoichiometry to the monomer equivalent fiber concentration,

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00309
Biochemistry 2015, 54, 4297−4306

4304

http://dx.doi.org/10.1021/acs.biochem.5b00309


because both ThT and bis-ANS exhibit self-quenching of their
fluorescence signal, and this will cause a considerable
attenuation of the fluorescence signal. The use of stable,
fiber-free, Aβ prefibrillar oligomeric preparations indicates that
ANS can generate some fluorescence for Cu2+-induced
protofibrils of Aβ42. We suggest the use of ANS to detect
oligomers could be used in conjunction with bis-ANS to
confirm the fluorescence signal is not from a subpopulation of
fibers in the sample, as bis-ANS appears to be quite specific to
fibers alone. The use of ANS as an extrinsic dye for oligomer
detection is not ideal as ANS is also fluorescent in the presence
of fibers. The identification of an oligomer specific dye is yet to
be developed, although the combination of two fluorescence
dyes with a FRET between them might be an approach to
develop.54
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