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Thioflavin T (ThT) is a fluorescent dye commonly used to stain amyloid
plaques, but the binding sites of this dye onto fibrils are poorly
characterized. We present molecular dynamics simulations of the binding
of ThT and its neutral analog BTA-1 [2-(4′-methylaminophenyl)benzothia-
zole] to model protofibrils of the Alzheimer's disease Aβ16–22 (amyloid β)
peptide. Our simulations reveal two binding modes located at the grooves
of the β-sheet surfaces and at the ends of the β-sheet. These simulations
provide new insight into recent experimental work and allow us to
characterize the high-capacity, micromolar-affinity site seen in experiment
as binding to the β-sheet surface grooves and the low-capacity, nanomolar-
affinity site seen as binding to the β-sheet extremities of the fibril. The
structure–activity relationship uponmutating charged ThT to neutral BTA-1
in terms of increased lipophilicity and binding affinity was studied, with
calculated solvation free energies and binding energies found to be in
qualitative agreement with the experimental measurements.
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Introduction

Amyloidoses are a class of diseases characterized
by the pathological deposition of protein aggregates
in the form of amyloid plaques on organs and tissues
in the body. Huntington's disease, Parkinson's
disease, type II diabetes, and Alzheimer's disease
are all examples of amyloid diseases.1,2 While the
precise causative agent of these diseases remains a
matter of debate, it is well established that amyloi-
doses involve either the incorrect folding of proteins
d.



Fig. 1. Structures of two amyloid dyes. (a) ThT. (b)
Neutral analog BTA-1.

719Binding of ThT and BTA-1 to Ah16–22 Protofibrils
or the structuring of natively disordered peptides,
followed by their self-assembly to protein/peptide
aggregates. The aggregation process involves the
formation of small soluble oligomers, protofibrils,
and fibrils and, finally, their deposition as amyloid
plaques. Fibrillar aggregates, regardless of the
peptide or protein involved, have a generic structure,
involving cross β-sheets in which cross-strand main-
chain hydrogen bonds lay parallel with the fibril
axis. From a biomedical standpoint, it is critical to
have a means of identifying amyloid aggregates in
order to diagnose amyloid diseases in patients and
for the development of therapeutics. To date, one of
the most common and powerful means of character-
izing amyloid fibrils is through the use of fluorescent
dyes, which include, among others, derivatives of
Congo red (CR) and thioflavin T (ThT).3 CR under-
goes a metachromatic shift in its absorbance spec-
trum and ThT undergoes a change in its excitation
spectrum in the presence of amyloid fibrils but not in
the presence of amyloidogenic peptide or protein
monomers. The spectrum change is believed to be
due to the resulting change in chemical environment
upon binding of the dye to the β-sheets of the fibril.
While these dyes offer a reliable means of visualizing
aggregates through staining, the current lack of
available high-resolution structural information has
left several open questions, including the nature of
the molecular form in which the dye binds the fibril,
the binding locations on the fibril, and the mechan-
ism of fluorescence enhancement upon binding.
Experiments by Krebs et al.4 suggest that ThT binds
in a monomeric form along the fibril axis in the
regular grooves formed by the side chains of
residues n and n+2 of the registered β-strands on
the surface of the β-sheet of the fibril. In this model,
steric interactions between dye molecules and the
side chains of the fibril would be responsible for the
fluorescence enhancement. Groenning et al.,5,6 on the
other hand, proposed that ThT binds as a dimer in
the central pore of the fibril, along the fibril, or at the
interface between the protofilaments composing the
mature fibril. In this case, formation of an excimer
would account for the fluorescence increase upon
ThT binding. Finally, Khurana et al.7 proposed that
ThT binds to amyloid fibrils as a preformed micelle
of about 3 nm in diameter and that the fluorescence
enhancement is due to the hydrogen bonding of the
micelle to the amyloid fibril. This latter model has
recently been challenged by Sabate et al.,8 who
showed that the critical micelle concentration of ThT
(∼35 μM) is 1 order of magnitude greater than the
concentrations used in typical staining experiments
(b5 μM), intimating that ThT cannot bind as a pre-
formed micelle. It is clear that obtaining a molecular
level of understanding of binding is essential in order
to interpret binding experiments as well as for the
design of better dyes for clinical purposes.
The primary aim of this study was to theoretically

investigate the binding of ThT and one of its neutral
derivatives [BTA-1 (2-(4′-methylaminophenyl)ben-
zothiazole)] to amyloid fibrils. We wished to
determine where these dyes bind on the fibril and
how mutating ThT to BTA-1 affects solubility and
binding affinity. We focused on aggregates of the
Alzheimer's disease Aβ (amyloid β) peptide impli-
cated in the said disease for two reasons: (1) this
system serves as a model case for the general class of
amyloid aggregation and (2) much of the experi-
mental work on amyloid imaging agents has
involved this peptide. The Aβ peptide is a proteo-
lytic byproduct of the enzymatic cleavage of the
amyloid precursor protein and typically ranges
from 39 to 42 residues in length, although shorter
fragments have also been shown to aggregate into
amyloid fibrils.9–12 ThT (cationic benzothiazole ani-
line/C17H19ClN2S), shown in Fig. 1, undergoes a
characteristic 115-nm red shift of its excitation
spectrum upon binding to Aβ (and other) amyloid
fibrils.13 To improve the ability of this dye to cross
the brain–blood barrier, a necessity for in vivo
studies, the lipophilicity of the dye was more than
600-fold by removing the positively charged qua-
ternary heterocyclic nitrogen. Among the deriva-
tives resulting from this substitution, the BTA-1 dye
emerged as one of the more promising dyes, capable
of binding to Aβ40 fibrils with much higher affinity
(Ki =20.2 nM) compared with ThT (Ki=890 nM).14

A further variant (PIB) of BTA-1, a hydroxylated
BTA-1 derivative, had brain clearance properties
comparable with those of PET radiotracers15 and
was shown to be capable of detecting amyloid
fibrils in humans.16–23 Experimental binding stu-
dies of ThT and its derivatives onto Aβ fibrils have
identified at least three sites, with different binding
stoichiometries and affinities (Table 1).25 These
three sites can be grouped into two main types/
modes based on their binding ratios and affinities:
a high-capacity, micromolar-affinity site (type I)
and a low-capacity, nanomolar-affinity site (type
II). The two sites of type I appear to be located
near each other and, based on fluorescence studies,
to correspond to hydrophobic pockets on the Aβ
fibril.25 Detailed structural information of ThT
binding at the atomic level is not available, and
this hinders not only our understanding of binding
mechanisms but also the design of better dyes for
clinical purposes.
Here, we used molecular dynamics simulations to

study the binding of ThT and BTA-1 to model fibrils
of the Aβ16–22 (sequence KLVFFAE) peptide. This
7-residue fragment encompasses the central hyd-
rophobic core of the full-length Aβ peptide22 and



Table 1. Summary of the three binding sites for the ThT
class of amyloid dyes onto Aβ40 fibrils seen in fluorescent
experiments and in this simulation study

Type Ia Type Ib Type II

OverallProposed locationa
Grooves on

β-sheet surface
Ends of
β-sheet

Ratio (ligand/peptide) 1:4 1:35 1:300
ThT (Kd) (nM) 6000b 750 1610 580c

BTA-1 (Kd) (nM) NDd 200 19.5 10c

Enhancement (ratio) NDd 4 80 58

For fluorescent experiments, see Ref. 25.
a See Fig. 4.
b Ref. 24.
c Ref. 15.
d ND indicates not determined.
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has been shown by solid-state NMR, electron
microscopy, X-ray powder diffraction, and optical
birefringence measurements with amyloid dyes
(including ThT) to form highly ordered amyloid
fibrils, consisting of β-sheets with in-register anti-
parallel β-strands in each β-sheet. Furthermore, in
both Aβ40

26,27 and Aβ16–22
11,12 fibrils, the 16–22

KLVFFAE segment is in a β-strand configuration,
with the requisite hydrophobic sites on the β-sheet
surface available for type I binding. The small size of
the Aβ16–22 peptide makes it an ideal model system
for theoretical studies of early oligomerization,28–31

fibril formation,32 and inhibition,33 as well as the
binding of dyes to amyloid aggregates. Our simula-
tions enabled us to identify at an atomic level the
binding sites for the dyes as well as the binding form
of the dyes and to explain the binding stoichiome-
tries from experiments. Our solvation free energy
and binding energy analyses also shed light on the
enhancement of lipophilicity and binding affinity
arising from modifying ThT to BTA-1.
Results

We constructed a protofibril consisting of two
parallel β-sheets, each composed of eight in-register
antiparallel β-strands, as described in Materials and
Methods. This Aβ16–22 protofibril, shown in Fig. 2a,
retained its two-layered β-sheet structure and was
stable at 320 K over the course of all eight 20-ns
ThT/protofibril and BTA-1/protofibril simulations,
as indicated by the small root mean square deviation
(RMSD=1.7±0.2 Å) from the starting structure.
Reversible binding of dye to the protofibril was
observed in trajectories (See Fig. S1 for a typical
trajectory). At the end of the simulations (each
simulation involved one protofibril and four dye
molecules; see Materials and Methods), on average,
three of four ThT dye molecules and all four BTA-1
dye molecules were stably bound to the protofibril
(data not shown). While ThT bound the fibril as a
monomer in all trajectories, BTA-1 formed a dimer in
one trajectory through the stacking of a BTA-1
monomer on top of an already β-sheet surface-
bound BTA-1 monomer. In the three other trajec-
tories, BTA-1 bound as a monomer. The neutral
BTA-1 molecule would appear to have a higher
tendency to form oligomers than the positively
charged ThT dyes. We note that the absence of
dimers of ThT in our simulations does not preclude
their existence: we may not see dimer formation
because of the system size (i.e., a limited number of
dye molecules present in our periodic box). We do
not expect to see micelles in our simulation because
the effective concentration in the simulations is in
the range used in staining experiments (b5 μM), well
below the critical micellar concentration (∼35 μM).
To identify the binding sites of the dye, we

superimposed the protofibril structure of the
bound complexes identified from the trajectories
(see Fig. 3). For ThT, four populated ligand clusters
were identified: one cluster along the central straight
groove [F4–; –F4] formed by the Phe rings on the
surface of the lower sheet layer (Fig. 3a1), another
cluster along the central kink groove [V3–F5; F5–V3]
between the side chains of Val and Phe (this groove
is due to the antiparallel arrangement of the β-
strands in the upper sheet layer), and, finally, two
clusters at two ends of the β-sheet. Because the two
ends of the β-sheet are chemically equivalent, the
last two clusters correspond to the same binding
site. Thus, three binding sites are identified from the
four clusters: two clusters parallel with the β-sheet
extension (main-chain hydrogen bond) direction
and one cluster parallel with the β-strand direction.
The binding patterns for BTA-1 are shown in Fig.

3b1 and 2. All three binding sites seen for ThT (Fig.
3a) were also observed for BTA-1. This is consistent
Fig. 2. Aβ16–22 protofibril con-
sisting of two β-sheets with eight
in-register antiparallel β-strands in
each β-sheet. (a) Two β-sheets
stacked in parallel. (b) The grooves
along the β-sheet extension direc-
tion, between the surface side
chains on the surface of the lower
sheet layer. (c) The grooves on the
surface of the upper sheet layer.
The positively charged, negatively
charged, and hydrophobic side
chains are shown in blue, red, and
black, respectively.



Fig. 3. Distribution of the bound
dyes around the protofibril. Panels
(a1) and (a2) show the binding of
ThT, while panels (b1) and (b2)
show the binding of BTA-1. In (a1)
and (b1), binding is shown on the
lower sheet layer. In (a2) and (b2),
binding is shown on the upper
sheet layer. Dyes are represented
by lines; the positively charged,
negatively charged, and hydropho-
bic side chains of the peptide are
shown in blue, red, and black,
respectively.
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with the fact that the positively charged ThT
molecules did not bind to the negatively charged
E22, indicating that charge–charge interaction may
not play a dominant role in recognizing the proto-
fibril. Hence, removing the charge on ThT (as was
done to create the neutral analog BTA-1) should not
alter the binding at the three binding sites. However,
the following differences emerged: (1) binding at the
two ends of the β-sheet was reduced and (2) two
additional bindings in the side grooves were
observed on the surface of the two sheet layers
([L2–; A6–] of the lower sheet layer and [K1–V3; E7–
F5] of the upper sheet layer). The latter may indicate
that charge removal enhances the hydrophobic
interaction between the dye and the protofibril,
leading to additional binding in the side grooves.
A two-level clustering analysis was carried out, as

described in Materials and Methods. For ThT, the
top 15 clusters of the bound complex could be
grouped into the three binding sites described
earlier: binding in the central grooves of the lower
sheet layer, binding in the central grooves of the
upper sheet layer, and binding at the end of the β-
sheet. For BTA-1, two more binding sites were again
identified: the first involves binding in the side
grooves of the lower sheet layer, and the second
involves binding in the side grooves of the upper
sheet layer. A representative complex structure at
each site and its abundance are shown in Fig. 4.
For both ThT and BTA-1, binding in the grooves

(including the side grooves for BTA-1) of the sheet
layers appears to be more favorable than binding at
the two ends, as indicated by the larger abundance
seen in the clustering studies shown in Fig. 4 (i.e.,
14% versus 2.8% for ThT and 26.1% versus 1.4% for
BTA-1). The fact that there are more binding sites
available in the grooves on the β-sheet surface than
at the two ends of the β-sheet further suggests that
binding in the grooves rather than at the fibril ends
is the primary recognition mode of amyloid fibrils
by ThT and BTA-1. This binding scheme was also
observed in the study of another amyloid dye—
CR34 binding to fibrils of the amylin fragment
(NFGAIL). In the case of ThT, the left double ring
with the positively charged nitrogen tends to lay
parallel with the β-sheet surface, exposing the
positively charged nitrogen to the solvent (ThT_a
and ThT_b in Fig. 4). This arrangement avoids a



Fig. 4. Binding sites of ThT and BTA-1 to the protofibril. (a) Binding in the central groove of the lower sheet layer. (b)
Binding in the central groove of the upper sheet layer. (c) Binding at the ends of the two-layer β-sheet. (d) Binding in the
side grooves of the lower sheet layer. (e) Binding in the side grooves of the upper sheet layer. The aggregated abundance
of the supercluster over the total population (bound+unbound) shown in parentheses is the sum over the clusters in each
binding mode (e.g., ThT_a: A1–A3 in Fig. S1). (f) Dimer formation by lateral stacking. For a protofibril, only the surface
side chains (blue, positively charged; red, negatively charged; and black, hydrophobic) are shown in (a), (b), (d), and (e),
and only the side chains in contact with a ThT/BTA-1 molecule are shown in (c) and (f). Atoms C, N, S, and H of the dye
are shown in cyan, blue, yellow, and white, respectively.
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desolvation penalty upon binding and enhances Phe
ring–ring interactions. In contrast, when this charge
is removed in BTA-1, the left double ring becomes
capable of inserting into the side groove (BTA-1_d in
Fig. 4). In sum, hydrophobic interactions and Van
der Waals interactions that help improve the fit of
the dye into the protofibril grooves contribute to the
enhanced fibril recognition by BTA-1 over ThT.
To gain a more quantitative understanding of the
binding differences between ThT and BTA-1, we
evaluated the binding energies at each binding site
using the molecular mechanics generalized Born/
surface area (MM-GBSA) method as described in
Materials and Methods. These energies, averaged
from the representative structures shown in Figs. S1
and S2, are listed in Table 2. Each binding site is



Table 2. MM-GBSA binding energies (in kilocalories per
mole) at the different sites for each dye

Ligand Site Aa Site Bb Site Cc Site Dd Site Ee

ThT −8.5±3.5 −2.2±3.1 −4.9±0.9 – –
BTA-1 −24.3±3.5 −14.1±4.8 −16.2 −7.6±3.3 −29.2

See Fig. 4.
a Central grooves of the lower sheet layer.
b Central grooves of the upper sheet layer.
c Two ends of the β-sheet.
d Side grooves of the lower sheet layer.
e Side grooves of the upper sheet layer.

Table 4. Calculated solvation free energies (in kilocalories
per mole) of the dyes

Ligand

ΔGsolv

Electrostatics Van der Waals Totala

ThT++Cl− −84.6 −6.3 −78.3±0.3
BTA-1 −5.8 −0.5 −5.3±0.2
Change (ΔΔG) – – −73.0

a Errors were calculated by using three blocks of trajectories (3–
4, 4–5, and 5–6 ns).
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seen to have different binding energies/enthalpies.
Assuming that the binding entropies are similar in
each case, these energies correspond to different
binding free energies. The three binding sites for ThT
have binding energies ranging from approximately
−2.2 kcal/mol to approximately −8.5 kcal/mol. The
lowest binding energy (−8.5 kcal/mol) corresponds
to binding in the central grooves [F4–; –F4] formed
by the Phe rings of the lower sheet layer. In the case of
BTA-1, the binding energies of the five binding sites
range from approximately −7.6 to −29.2 kcal/mol.
Interestingly, BTA-1 and ThT do not share the same
strongest binding site. The site with the highest
binding affinity for BTA-1 is in the side grooves
formed by [K1–V3; E7–F5] of the upper sheet layer,
while that for ThT is located at [F4–; –F4]. This
observation may explain why BTA-1 interacts non-
competitively with fibril-induced ThT fluorescence
when the two dyes are tested in a competitive
binding experiment to Aβ40 fibrils.

14,24

To compare the experimentally determined overall
dissociation constants of ThT and BTA-1 to the
protofibril (Table 1), we averaged the binding energy
over all sites (Table 3). The binding energy of ThT to
the protofibril is approximately −4.3 kcal/mol, as
compared with the more favorable binding of
−16.3 kcal/mol in the case of BTA-1. The relative
binding free energy difference between BTA-1 and
ThT is approximately −12.0 kcal/mol (assuming
similar binding entropy), which is qualitatively
consistent with the experimental number of approxi-
mately −3 kcal/mol.17,20,24 The overestimation of
this number seen in simulation is likely a result of
approximations used in the MM-GBSA approach.
Decomposition of the binding free energy into
different components reveals that the solvation part
Table 3. Averaged binding energies (in kilocalories per
mole) of ThT and its neutral analog BTA-1

Ligand ΔEgas
a ΔEsur

b ΔEGB
c ΔEtot

d

ThT −23.2±10.0 −1.7±0.2 20.7±9.8 −4.3±3.6
BTA-1 −16.5±7.2 −1.6±0.6 1.9±5.4 −16.3±8.1
Change (ΔΔE) 6.7 0.1 −18.8 −12.0

a Change of potential energy in gas phase upon complex
formation.

b Change of energy due to SA change upon complex formation.
c Change of GB reaction field energy upon complex formation.
d Change of potential energy in water upon complex formation

(ΔEgas+ΔEGB+ΔEsur).
(GB energy) contributes the most (approximately
−18.8 kcal/mol) to the binding energy difference
between BTA-1 and ThT. Hence, removing the
charge from ThT to form BTA-1 significantly favors
binding by decreasing the desolvation penalty upon
binding (i.e., increasing hydrophobicity).
The absolute solvation free energies of ThT+Cl−

and its neutral derivative BTA-1 were calculated by
thermodynamic integration (TI) as described in
Materials and Methods. The lipophilicity/hydro-
phobicity of BTA-1 is seen to be significantly
improved in comparison with ThT, as indicated by
the change in solvation free energy in water from
−78.3 kcal/mol for ThT+Cl− to −5.3 kcal/mol for
BTA-1 (Table 4). This is consistent with the experi-
mental observation that BTA-1 is 600-fold more
lipophilic than ThT.14
Discussion and Conclusions

Fluorescent dyes (ThT, CR, and their derivatives)
are agents commonly used to identify the presence
of amyloid aggregates in vitro and in vivo.13,35–37

These dyes undergo a shift in their excitation spec-
trumwhen bound to protein and peptide aggregates
but not when bound to monomers. This shift is
associated with binding to the β-sheets of the
aggregates, but the precise location of the binding
sites on the aggregates is not experimentally known.
The objectives of this work were to elucidate the

binding sites of ThT and its neutral analogy BTA-1
on amyloid protofibrils and fibrils and to determine
the structure–activity relationship, in terms of
solubility and binding affinity, upon mutating ThT
to BTA-1. We considered a model system consisting
of a protofibril of the Aβ16–22 (KLVFFAE) peptide,
the smallest aggregating fragment of the Alzhei-
mer's disease Aβ peptide. Fibrils of this peptide
exhibit all the signatures of amyloid fibrils, includ-
ing a cross-β structure and staining by ThT.
Our simulations revealed multiple binding sites

for the two dyes at two types of locations (two
binding modes): (1) type I, in the (side and central)
grooves of the β-sheet surface along the β-sheet
extension direction, and (2) type II, at the ends of the
β-sheet. These two types of binding sites are generic
for any amyloid fibril. For the first type, the grooves
arise from the repetition, along the β-sheet exten-
sion direction, of the small regular concave and
convex surfaces of an extended β-strand. The sur-
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face pattern of an extended β-strand is due to the
alternation of side-chain directions along the back-
bone of an extended β-strand. The density of this
type of binding sites is high, because it is propor-
tional to the SA of exposed β-sheet in the protofibril
(which typically contains one to four layers of β-
sheets). This type of binding mode (type I) is
consistent with the one first proposed by Krebs et
al.4 and subsequently by other groups.6,8 In contrast,
the site density of the second type of binding mode
is low, because although the β-sheet is made of a
very large number of β-strands (∼100–10,000), it
clearly has two ends only. The larger site density in
the first type of binding site is suggestive that
binding on the β-sheet surface is the dominant
binding mode for the amyloid dyes. This mode
explains why such linear amyloid dyes as ThT, CR,
and their derivatives can bind to any amyloid fibril.
Amyloid fibrils all possess a cross-β structure,
regardless of the primary sequence of the protein
or peptide constituting the fibrils. The linear grooves
seen in amyloid fibrils are cross-β sheet specific and
are rarely seen in normal ordered proteins and
nonamyloid protein aggregates.
For the type I mode, multiple subtypes of binding

sites can occur, as the grooves are not identical
(Fig. 4). Their local chemical environment in the
context of an amyloid fibril depends on the exposed
side-chain types of the β-strands, on the registry
(parallel, antiparallel, or mixed) between the neigh-
boring β-strands, on the stacking between the β-
sheets for forming a protofilament, and on the asso-
ciation of protofilaments for forming a fibril. Hence,
the local chemical environment determines the
binding specificity of a type of amyloid dye for a
particular type of amyloid fibril. A given type of
amyloid dye could only have access to a subset of all
the possible grooves of a particular fibril,8 while a
different type of amyloid dye could have access to a
different subset of the grooves of this same fibril
type. In the case of the simple antiparallel β-sheet of
the Aβ16–22 peptide protofibril studied here, ThT is
seen to bind to two types of central grooves with a
large binding affinity difference (−6.3 kcal/mol
between site A and site B in Fig. 4). With a small
chemicalmodification to formBTA-1 fromThT, BTA-
1 binds to two additional types of side grooves (sites
D and E in Fig. 4).We note that some regular grooves
could be modulated by docked irregular peptides
and/or defects in the β-sheet, as suggested by
experimental38,39 andmolecular dynamics40 studies.
A recent experimental study25 provides evidence

for three distinct binding sites for the ThT class of
amyloid dyes on the Aβ40 fibrils, with stoichio-
metries of these sites to the Aβ peptide of 1:300, 1:4,
and 1:35, respectively (Table 1). The experimental
binding affinities of ThT on the three sites are
∼1610 nM, ∼6000 nM (1:6),24 and ∼750 nM, res-
pectively, while those of BTA-1 are ∼19.5 nM, ND
(not determined), and ∼200 nM, respectively. While
the details of the protofibril structures are different
for Aβ40 and Aβ16–22 [there is an additional β-strand
(A30–V39) and the two β-strands form a “U” shape
with parallel registry in Aβ40, as opposed to the
antiparallel registry in Aβ16–22 fibrils], the binding
modes seen in our simulations are generic to the β-
sheets found in all amyloid structures. In both Aβ40
andAβ16–22 fibrils, the 16–22 KLVFFAE segment is in
a β-strand configuration as part of a β-sheet. Our
simulations hence allowed us to identify the experi-
mentally determined binding sites. Based on stoi-
chiometry and the fact that we saw a large
enhancement (approximately −10 kcal/mol) of the
binding energy upon changing ThT to BTA-1 in our
simulations (the same trend as the experimental
∼80-fold increase in binding affinity change), we
assigned binding at the ends of the β-sheet (mode C
in Fig. 4) to the low-density site (1:300) (type II
binding mode). Similarly, we assigned the grooves
(side grooves and central grooves) on the same sheet
layer to the high-density sites (1:4 or 1:35) (type I
binding mode). These grooves correspond to hydro-
phobic pockets located in close proximity. This is
consistent with the inference (based on the increase
of intrinsic fluorescence of the dyes upon binding
and additional fluorescence energy transfer studies)
that the two high-density sites seen in experiment
correspond to adjacent or partially overlapped sites
in hydrophobic pockets.25 Solid-state NMR studies
by Petkova et al.27 indicated that the Aβ fibrils
possess two such hydrophobic β-sheet regions, with
the first located between residue 17 and residue 21
(as in the Aβ16–22 fibril) and the second located
between residue 30 and residue 40. It is hence likely
that in the context of the full-length Aβ peptide, the
type I binding mode corresponds to binding at the
hydrophobic grooves of sheets 17–21 and 30–40.
(Our unpublished preliminary results of the binding
of ThT to the full Aβ protofibril confirm this binding
mode).
Our simulations were performed at an effective

concentration below the critical micellar concentra-
tion of ThT. Our simulations show that ThT can bind
in a monomeric form, in agreement with the work of
Krebs et al.4 In one of our simulations, BTA-1 bound
to the fibril as a dimer (Fig. 4f), a scenario consistent
with the work of Groenning et al.,5,6 with a
mechanism involving the initial binding of the
monomer followed by the binding of a second
BTA-1 monomer. Khurana et al.7 reported atomic
force microscopy (AFM) measurements in which 3-
nm micelles of ThT were seen bound to amyloid
fibrils. Because their experiments were performed at
∼4 μM,7 well below the critical micellar concentra-
tion of ∼35 μM,8 it is unlikely that the micelles
bound in a preformed manner to the fibril. Our
simulations rather suggest that the AFM experi-
ments may be explained as follows: Binding to the
fibrils would occur with ThT in a monomeric form.
This would be followed by lateral stacking of
additional ThT molecules to the bound ThT to
form an oligomer with a height of 3 nm containing
up to seven monomers (the thickness of a ThT is
∼4.3 Ǻ). The rotation of the ThT molecules along the
lateral axis (Fig. 4f) leads to a circular shape con-
sistent with the circular two-dimensional projections
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observed in AFM experiments. The formation of
such a bound aggregate would occur for a lower
concentration of ThT than in the bulk and more
rapidly, due to the reduction in mobility of ThT
upon binding to the β-sheet surface (i.e., reducing
the entropic barrier for further association). Our
proposed mechanism, in which initial monomer
binding can be followed by stacking of other ThT
molecules, offers an alternative explanation for the
fluorescence enhancement of ThT. This new picture
unifies previously proposed mechanisms (namely,
enhanced fluorescence via reduction of the internal
motion of monomeric ThT by binding to the
grooves4 of the fibril, excimer formation by ThT
dimerization,5,6 and hydrogen bonding of a ThT
micelle7 to the fibril).
Our simulation results might also shed light on the

structural feature of early Aβ oligomers. These
oligomers are increasingly believed to play a critical
role in the pathology of Alzheimer's disease, but
little is known about the structure of these early
aggregates. Recent studies41,42 show that ThT and
CR analogs detect Aβ oligomers in vitro and in vivo
and, based on binding ratio and affinity, that these
oligomers may have the same two types of binding
sites as the Aβ40 fibrils.41 Since our simulations
indicate that the two binding modes correspond to
binding to the β-sheets of the fibrils, they implicitly
suggest that the oligomers also have a certain degree
of β-sheet structure. In other words, the conforma-
tional transition from a random coil to an extended
β-sheet might already be partially completed in the
oligomers. Further study on oligomerization is
required to clarify this issue.
Finally, the structure–activity relationship upon

mutating ThT to BTA-1 in terms of solubility and
binding affinity was studied. With removal of the
charge on ThT, BTA-1 remained quite soluble in
water as indicated by the favorable solvation free
energy of −5.3 kcal/mol, but its hydrophobicity was
nonetheless significantly increased by 73.0 kcal/mol
(Table 4), leading to a higher tendency to form small
oligomers (such as the dimer seen in our simula-
tions). In terms of binding, it is interesting to note
that the positively charged ThT bound to hydro-
phobic and aromatic residues rather than to nega-
tively charged residues, indicating that the ring–ring
and hydrophobic interactions, rather than the salt
Table 5. Simulated systems

ID Content
No. of water
molecules

Box dimen
(Å3)

1 ThT++Cl− – –
2 ThT++Cl− 771 33×33×
3 BTA-1 – –
4 BTA-1 597 31×31×
5 Protofibrilb+4ThT++4Cl− 9106 97×75×
6 Protofibrilb+4BTA-1 9096 99×75×

a The TI simulations were conductedwith 12 λwindows for Gaussia
interaction; set 2, LJ interaction; λ={0.00922 0.99078 0.04794 0.95206 0

b The protofibril consists of two β-sheets stacked in parallel, each co
16 peptides.
bridges, are the stabilizing forces for ligand binding.
Indeed, with removal of the charge and a methyl
group of ThT, the overall binding energy of BTA-1
increased by approximately −16 kcal/mol in the
MM-GBSA calculation, which is in qualitative agree-
ment with experimental measurements (approxi-
mately −3 kcal/mol). In addition, shape comple-
mentarity (ligand+groove) is an additional factor
contributing to stabilizing binding as evidenced by
the fact that BTA-1 has stronger binding affinity
(20 nM) than neutral BTA-2 and BTA-0 (140 and
30 nM, respectively), which have twomethyl groups
and no methyl group, respectively, connecting to the
aniline nitrogen14 (Fig. 1, left side of ligand). In other
words, two methyl groups might block the insertion
of the dye into the shallow grooves, but the complete
absence of methyl groups would in turn weaken the
hydrophobic interaction—with both scenarios
resulting in weaker binding affinities than in the
case of BTA-1. As a general rule, amyloid dyes have
a linear structure, and our simulations are consistent
with a mechanism in which this linear structure
facilitates their fit in the linear grooves of amyloid
fibrils.
In conclusion, the simulations presented here have

provided detailed information about the properties
of amyloid dyes and their binding to β-sheet-
enriched amyloid aggregates, augmenting our
knowledge from experimental studies.
Materials and Methods

System preparation

Our binding simulation system consisted of a 16-peptide
oligomer (representing a protofibril), four ligand mole-
cules, and ∼9100 water molecules, with an additional four
chloride ions in the case of the positively charged ThT (IDs
5 and 6 in Table 5). The 16-peptide oligomer was
constructed from the 7-residue Aβ16–22 peptide fragment
(N-acetyl-KLVFFAE-NH2) arranged in a double-layered β-
sheet structure. Each layer consists of eight in-register
antiparallel β-strands, the arrangement suggested by solid
NMR experiments.11,12 The two layers could be stacked in
parallel or antiparallel fashion, with the interlayer hydro-
phobic core formed between the hydrophobic residues
from the upper layer and the lower layer, respectively, in
three ways: [–V–F–; –V–F–], [–L–F–A–; –L–F–A–], and
sions Ligand concentration
(mM)

No. of
simulations

Length of
each (ns)

– 2×12 λa 6
33 – 2×12 λa 6

– 2×12 λa 6
31 – 2×12 λa 6
58 15.7 4 20
57 15.7 4 20

n integration to obtain the solvation free energy. Set 1, electrostatic
.11505 0.88495 0.20634 0.79366 0.31608 0.68392 0.43738 0.56262}.
mposed of 8 Aβ16–22 peptides in antiparallel registry, for a total of
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[–V–F–; –L–F–A–].43 The parallel arrangement with the
mixed interface pattern [–V–F–; –L–F–A–] was shown to
form stable and well-aligned aggregates in a previous
simulation study43 and was used in this study (Fig. 2a).
This construct has the additional advantage of enabling the
simultaneous study of binding of the amyloid dyes to the
two types of β-sheet surfaces (Fig. 2b and c). The
dimensions of the peptide oligomer were ∼70×25×20 Å3

in the directions of β-sheet extension (main-chain hydro-
gen bond), β-sheet stacking (perpendicular to the β-sheet
surface), and β-strand, respectively. Four dye molecules
were initially placed ∼10 Å away from the 16-peptide
oligomer along two directions: the β-sheet extension and
β-sheet stacking directions (two molecules for each
direction). In the case of ThT, four negative chloride ions
(Cl−) were added to neutralize the four negative charges
carried by the four ThT molecules. The solute molecules
were immersed into a rectangular box of ∼9100 water
molecules with dimensions of 97×75×58 Å3. The periodic
water box was constructed in such a way that the solute
was at least ∼8 Å away from the box surface and the
minimum distance between the solute and the image was
∼16 Å. The apparent concentrations of dye molecule and
the peptide oligomer were ∼15.7 and ∼3.9 mM, respec-
tively, but the effective concentrations were much lower
due to the small number ofmolecules in the periodic box in
the simulations. We estimate the effective concentration of
ThT to be below the critical micelle concentration of 35 μM,
which is likely why no ThT oligomer was formed in the
simulations. The advantage of using four dye molecules in
each simulation system is that it allows sampling of four
conformations in a single trajectory and thus enhances
sampling in comparison with systems with a single dye
molecule (i.e., 4 simulations on a system with four dye
molecules are equivalent to 16 simulations a system with
one dye molecule).44

Duan et al.'s all-atom point-charge force field45 (AMBER
ff03) was chosen to represent the peptide. The solvent was
explicitly represented by the TIP3P46 water model. The
parameters for ThT were obtained from a previous
study.34 Following the same protocol, we developed the
parameters for BTA-1 as follows: after geometry optimiza-
tion at the HF/6-31G⁎ level, the partial charges were
derived by fitting to the gas-phase electrostatic potential
calculated at the HF/6-31G⁎ level of quantum mechanical
theory using the RESP (restrained electrostatic potential)
method47 and other force parameters of BTA-1 molecule
were taken from the AMBER GAFF48 parameter set. The
parameter files in AMBER format are available upon
request.
Fig. 5. Thermocycle used to calculate the absolute
solvation free energy.
Binding simulations

The AMBER 8 simulation package48 was used in both
molecular dynamics simulations and data processing. The
ligand–protofibril–water system was subjected to periodic
boundary conditions via both minimum image and
discrete Fourier transform as part of the particle-mesh
Ewald method.9 After the initial energy minimization, a
total of eight simulations (four runs for each dye) was
performed with different initial random velocities. The
initial velocities were generated according to the Max-
well–Boltzmann distribution at 500 K. The simulations
started after a 10.0-ps run at 500 K to randomize the
orientations and positions of the four dye molecules. A
short 1.0-ns molecular dynamics simulation at 320 K in the
NPT ensemble (constant pressure and temperature) was
performed to adjust system size and density and to
equilibrate the solvent. The simulations were continued at
320 K for 19 ns in the NVTensemble (constant volume and
temperature). The elevated temperature (10 K higher than
37 °C) was used in the simulations to enhance the hydro-
phobic effect. Particle-mesh Ewald method9 was used to
treat the long-range electrostatic interactions. SHAKE49

was applied to constrain all bonds connecting hydrogen
atoms, and a time step of 2.0 fs was used. In order to
reduce the computation, we calculated nonbonded forces
using a two-stage RESPA (reversible reference system
propagator algorithm) approach50 in which the forces
within a 10-Å radius were updated every step and those
beyond 10 Å were updated every two steps. Temperature
was controlled at 320 K using Berendsen et al.'s algo-
rithm51 with a coupling constant of 2.0 ps. The center-of-
mass translation and rotation were removed every 500
steps. Studies have shown that this removes the “block of
ice” problem.52,53 The trajectories were saved at 2.0-ps
intervals for further analysis. The strategy of using higher-
solute concentration and elevated temperature (320 K) as
in this study has successfully been exploited previously to
reduce the computational cost associated with simulating
peptide association54–56 and ligand binding.44 The com-
bined reduction in the computational cost due to the
elevation of concentration of ligand and protein is
expected to be close to 6 orders of magnitude (103×103).
Nonetheless, 32 Opteron (2.2 GHz) CPUs were used for
∼40 days to complete the eight binding simulations.

Solvation free energy calculation

The calculation of the solvation free energy of a ligand
was broken down into the two steps shown in Fig. 5: (1)
mutation of a ligand in gas phase into a dummy molecule
by turning off nonbonded interactions [electrostatic and
Lennard–Jones (LJ) interactions] within the ligand and (2)
mutation of the ligand in water into a dummymolecule by
turning off the nonbonded interactions between the water
molecules and the ligand, as well as within the ligand. For
each step, two sets of parallel calculations were done to get
the electrostatic and LJ parts of the free energy. The
electrostatic interactions were turned off by removing the
partial charges on the ligand, and the LJ interactions were
turned off by using the λ-dependent soft-core (SC)
potential implemented in AMBER 10,57

VSC = 4ε 1� Eð Þ 1

aE + r=jð Þ6
h i2 � 1

aE + r=jð Þ6

8><
>:

9>=
>; ð1Þ

in which ε is well depth, σ is interatomic distance at zero
LJ potential, r is the interatomic distance, and α is an
adjustable constant set to 0.5 in this study. The pertur-



727Binding of ThT and BTA-1 to Ah16–22 Protofibrils
bation (λ=0→1) started from full nonbonded interactions
(λ=0) and ended at null nonbonded interactions (λ=1),
and each set of calculations consisted of 12 λ windows
(Table 5). The free energy change was obtained by TI with
Gaussian integration scheme over 12 λ windows.58 The
free energy change is given by the expression:

DGTI =
Z 1

0
hAV Eð Þ

AE
i

E
dE =

X12

i = 1
WihAV Eð Þ

AE
i

E

ð2Þ

where the angular brackets denote an ensemble average,
using V(λ) as the potential, and Wi is the weight in
Gaussian integration. The simulation protocol is the same
as the one in the binding simulation except for a few
differences: the solvated simulations were done in an NPT
ensemble; a Langevin thermostat59 with a collision
frequency of 2 ps−1 was employed to keep the system
temperature at 310 K. To keep the system neutral in the
perturbation, we calculated the solvation free energy of
ThT plus its counter ion (Cl−) instead.

Clustering analysis

To gain a clearer understanding of the binding interac-
tions, we grouped the bound complexes into different
structural clusters based on the RMSD of the dye molecule
(cutoff of 5 Å) after aligning the protofibril.44 A repre-
sentative structure (the centroid) of the top 15 abundant
clusters from the combined four simulation runs for each
dye is shown in Figs. S2 and S3. In the second level of
clustering, the clusters having the same binding site
regardless of dye pose are further merged into a super-
cluster (Fig. 4).

Binding energy calculation

A binding site is identified from the abovementioned
two-level clustering analysis. The binding energy of a dye
molecule to the protofibril in each site (Fig. 4) was
evaluated on the centroids of the multiple structural
clusters contained in a supercluster using the MM-GBSA
module60 in AMBER package in which the solvation free
energy is represented by the GB term (the polar part of the
solvation) and an SA term (the apolar part of the solvation
free energy). Although the MM-GBSA calculations may
overestimate the absolute binding free energy due to
missing entropic terms (e.g., translation, rotation, and
conformational entropy change of the solute upon bind-
ing), they usually give a reasonable estimate of the relative
binding free energy when the entropic changes of two
binding sites are comparable.60,61 We attempted to
calculate the binding free energies using the more accurate
TI method, but this method showed significant conver-
gence problems associated with the large size of the
complex systems studied.
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