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ABSTRACT: The misfolding and aggregation of amyloid-3 (Af) peptides into amyloid
fibrils is regarded as one of the causative events in the pathogenesis of Alzheimer’s disease
(AD). Tanshinones extracted from Chinese herb Danshen (Salvia Miltiorrhiza Bunge) were
traditionally used as anti-inflammation and cerebrovascular drugs due to their antioxidation
and antiacetylcholinesterase effects. A number of studies have suggested that tanshinones
could protect neuronal cells. In this work, we examine the inhibitory activity of tanshinone I
(TS1) and tanshinone IIA (TS2), the two major components in the Danshen herb, on the
aggregation and toxicity of Af;_, using atomic force microscopy (AFM), thioflavin-T (ThT)
fluorescence assay, cell viability assay, and molecular dynamics (MD) simulations. AFM and
ThT results show that both TS1 and TS2 exhibit different inhibitory abilities to prevent
unseeded amyloid fibril formation and to disaggregate preformed amyloid fibrils, in which TS1
shows better inhibitory potency than TS2. Live/dead assay further confirms that introduction
of a very small amount of tanshinones enables protection of cultured SH-SYSY cells against

Ap-induced cell toxicity. Comparative MD simulation results reveal a general tanshinone binding mode to prevent Af peptide
association, showing that both TS1 and TS2 preferentially bind to a hydrophobic S-sheet groove formed by the C-terminal
residues of 131-M35 and M35-V39 and several aromatic residues. Meanwhile, the differences in binding distribution, residues,
sites, population, and affinity between TS1-Af and TS2-Af systems also interpret different inhibitory effects on Af aggregation as
observed by in vitro experiments. More importantly, due to nonspecific binding mode of tanshinones, it is expected that
tanshinones would have a general inhibitory efficacy of a wide range of amyloid peptides. These findings suggest that
tanshinones, particularly TS1 compound, offer promising lead compounds with dual protective role in anti-inflammation and
antiaggregation for further development of Af inhibitors to prevent and disaggregate amyloid formation.
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Izheimer’s disease (AD) is a progressive, age-related
neurodegenerative disorder, which has affected over 26
million people worldwide. This number is predicted to increase
to 106 million by 2050." The pathological hallmarks in AD are
characterized by the coexistence of the extracellular senile
plaques of amyloid-f (Af}) and the intracellular neurofibrillary
tangles of tau protein in the brain of AD patients. The
formation of senile plaques is a multiple and complex self-
assembly process of Af peptides, involving (i) in vivo
production of Af peptides by proteolytic cleavage of the
amyloid precursor protein (APP) by f-secretase at Asp672 and
by y-secretase at Ala713” and (ii) abnormal aggregation of Af
peptides from their soluble unstructured monomers to S-sheet-
rich oligomers to protofibrils to insoluble amyloid fibrils.*~>
In principle, any step along the process of A production,
aggregation, and clearance can be considered as a potential
therapeutic target to treat AD. The common inhibition
strate§ies include interference with ' the expression of the
APP, * the proteolytic cleavage of APP into A3 peptides, > the
clearance of Af3 peptides from the system, and * the aggregation
of Ap into soluble oligomers and insoluble amyloid fibrils.
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Although significant efforts and progress have been made to
block the expression, cleavage, or clearance of Af peptides in
these upstream processes,® ® these strategies have not
produced any effective pharmaceutical agents to date. On the
other hand, since neurotoxicity is mainly associated with the
formation of Af aggregates with p-sheet-rich structure, the
search for antiaggregation compounds and p-sheet-disrupting
compounds provides an alternative therapeutic approach to
reduce, inhibit, and even reverse Af aggregation.g’10 More
importantly, since the misfolding and self-aggregation of
amyloid peptides into S-sheet-rich amyloid fibrils is a general
and characteristic process for all amyloid peptides, antiag-
gregation and anti-f-sheet inhibitors against Af aggregation
could potentially have a general inhibitory ability for other
amyloid peptides.

Since no cure has been found to treat AD to date, extensive
efforts have been made to develop a broad range of Ap
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inhibitors including peptides and peptide mimetics,"' ™"

polymers,'®"” nanoparticles,"®'® and small organic com-
pounds”®*' to prevent amyloid formation. Particular attention
has been paid to small chemical compounds derived from
natural products, due to the ease of accessibility and structural
modification and a broad inhibitory activity. For instance,
theaflavins from black tea,”* EGCG from green tea,”> and coffee
compounds®* have been reported to inhibit in vitro amyloid
formation of a range of amyloid peptides of Ap, IAPP, and a-
synuclein, as well as to reduce cell toxicity in vitro and in vivo.
Although the exact mechanisms of amyloid inhibitors still
remain unclear, intermolecular interactions between amyloid
peptides and inhibitors are thought to induce disruptive
structural perturbation and association of amyloid peptides
during amyloid formation process. Such inhibitor—amyloid
interactions could result in different, but not mutually exclusive
inhibition mechanisms, including (i) retaining native or non-$-
structure conformation of amyloid peptides, (ii) trapping the
most toxic amyloid oligomers and stabilize nontoxic amyloid
aggregates, (jii) redirecting aggregation pathways toward off-
pathway nontoxic oligomers, (iv) altering aggregation kinetics
to bypass transit oligomer states by slowing down more-toxic
oligomer formation or accelerating less-toxic fibril formation,
and (v) arresting the disruptive interactions of inhibitor-peptide
complex with cell membrane.”® Despite the promising
inhibitory activity of all Af inhibitors as reported above, none
of them has been used for the clinical treatment of AD.

For clinical applications, Af inhibitors must resist premature
enzymatic degradation, target specific tissues, cross the blood-
brain barrier (BBB), and facilitate nucleus uptake, while not
inducing inflammation, toxicity, and other adverse immune
responses. Additionally, it is well-known that the cerebral
vessels, especially capillary blood vessels, are the common
places to clear Af by transporting Af from brain tissue to
circulation system. Accumulation of Af on the inner wall of
capillary blood vessels has been shown to cause vessel
damage,%’27 resulting in the failure of Af clearance, which in
turn promotes neuroinflammation and dementia in AD.*®
Thus, search for Af inhibitors with a vessel protective ability,
despite being often neglected, could lead to a promising
therapy for AD treatment. Such inhibitors not only prevent A
aggregation in the extracellular fluid and around the cerebral
vessels, but also protect vessels from Af-induced damage.

Here, we for the first time report the discovery of novel
tanshinone compounds that possess antiaggregation ability to
Af,_4, peptide. Tanshinones are lipophilic compounds
extracted from the roots of Salvia miltiorrhiza Bunge (SMB)
(SMB is also named as a traditional Chinese herbal medicine of
“Danshen”). Tanshinone I (TS1) and tanshinone IIA (TS2) are
the two most abundant components in the SMB herb (Figure
1). Due to the well-known antioxidation effect’® and
acetylcholinesterase inhibition effect,®® tanshinones have been
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Figure 1. Chemical structures of (a) tanshinone I (TS1) and (b)
tanshinone IIA (TS2).
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widely used for treating cardiovascular disease in China since
the 1970s.>'7>> As the commercialized drugs to treat
cardiovascular diseases, tanshinones readily cross the BBB.
More importantly, a number of studies have also shown that
tanshinones display a promising protective effect on neuron
cells.**™® The dual protective roles of tanshinones in neuronal
cells and blood vessels may also provide the inhibitory effect on
Ap aggregation and cytotoxicity. In this work, we have
examined the inhibitory activity of TS1 and TS2 compounds
on the aggregation and toxicity of Af, ,, using atomic force
microscopy (AFM), thioflavin-T fluorescence (ThT), cell
viability assay, and molecular dynamics (MD) simulation.
Experimental results show that both TS1 and TS2 inhibit in
vitro amyloid formation by Ap, disaggregate preformed ApS
fibrils, and protect cells from Af-induced toxicity, but TS1
shows higher inhibitory potency than TS2. The tanshinone
compounds are one of a very small set of molecules, which have
been shown to disaggregate A amyloid fibrils to date. MD
simulations further reveal different binding information (bind-
ing sites, affinities, and populations) between TS1-Aff and TS2-
Ap, which provides atomic insights into the underlying
inhibition mechanisms. This work indicates that tanshinone
and its derivatives could be very promising therapeutic
inhibitors with both antiaggregation and antioxidant activities
to protect neurons from Af damage.

B RESULTS AND DISCUSSION

Tanshinones Inhibit Amyloid Formation by Af in
Vitro. To examine the inhibitory effect of TS1 and TS2 on Af
aggregation, the kinetics and morphological changes of Af;_4,
amyloid formation in the presence of different molar ratios
(AB:TS) of two tanshinone compounds were monitored by
ThT fluorescence assay and AFM. An Af|_, solution of 20 M
(with or without tanshinone) was incubated at 37 °C for 48 h.
ThT fluorescence assay has been widely used to detect the
formation of amyloid fibrils because the binding of thioflavin
dyes to amyloid fibrils enables reduction of self-quenching by
restricting the rotation of the benzothiozole and benzaminic
rings, leading to a significant increase in fluorescence quantum
yield>*~*' For A aggregation only, the ThT-binding assay
(Figure 2) and the following AFM images (Figure 3) showed
that, within 4 h, fluorescence signals slightly increased,
accompanying with the formation of very few short and
unbranched protofibrils of 7—8 nm in height (Figure 3Al).
After 24 h reaction, a strong ThT emission was observed and
remained almost unchanged within statistic errors between 24
and 48 h incubation. AFM images of pure Aff samples without
inhibitors revealed extensive long and branched fibrils with
average height of 12—15 nm and average length of 1.5 um
(Figure 3A2).

In the presence of equimolar ratios of tanshinone-derived
compounds (i.e., AB:TS = 1:1), both TS1 and TS2 showed an
increased lag time at the lag phase and a reduced maximum
fluorescence intensity at the following growth phase.
Specifically, within the first 4 h, no fluorescence change and
no protofibrils were observed by ThT and AFM, respectively.
AFM images showed some small spherical particles of 1—3 nm
in the AB-TS1 samples (Figure 3B1) and of 1—6 nm in the Af-
TS2 samples (Figure 3C1), suggesting that TSI has stronger
inhibitory potency than TS2 at the early lag phase. As reaction
time increased, the ThT intensity relative to Af samples
without inhibitors was decreased by 78.2% at 24 h and 65.8% at
48 h for TS1-Ap systems, as well as by 44.8% at 24 h and 34.6%
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Figure 2. Time-dependent ThT fluorescence changes for Af 4
incubated with tanshinones at the mole ratio of (A) AB:TS = 1:1
and (B) AB:TS = 1:2, as compared to Af alone. Error bars represent
the average of three replicate experiments.

at 48 h for TS2-Ap systems. To confirm the ThT results, the
AFM images also revealed that TS1 generated very few and thin
fiberlike materials (Figure 3B2), while TS2 produced more
short thicker structures and some amorphous materials (Figure
3C2).

When the molar ratio of AB:TS increased to 1:2, the
inhibition effect of both compounds became even more
pronounced. The lag phase times were prolonged. The final
ThT fluorescence intensity at 24 h was reduced by 88.5% for
TS1 and by 83.4% for TS2, and no significant fluorescence
change was observed between 24 and 48 h (Figure 2).
Consistently, the AFM images showed that with TSI treatment,
neither amorphous aggregates nor detectable amyloid fibrils
were observed upon 48 h incubation (Figure 3D1 and 3D2).
For the AB-TS2 samples, unlike the formation of arrays of fibril-
like materials at 1:1 molar ratio, the presence of TS2 with a
higher concentration led to some small spherical species and
few thin protofibrils (Figure 3E1 and E2). Taken together, ThT
and AFM data clearly demonstrates that both TS1 and TS2
enable to inhibit amyloid formation by Af at the early lag phase
and at the later growth phase, in which TSI exhibits stronger
inhibition effect on Ap aggregation than TS2. This finding
suggests that both compounds are able to bind to monomers,
intermediates, and mature fibrils to interfere with structural
conversion from random coils to f-structures or the association
of additional monomers with the existing amyloid species to
form large aggregates. Since TS1 and TS2 contain an aromatic
ring structure similar to other typical organic Af inhibitors,*>*
it is likely that tanshinone interacts with aromatic residues of
Ap to form m—rn stacking arrangement between tanshinone and
Ap. Moreover, the planar conformation of tanshinones also
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Figure 3. AFM images of Aff amyloids at 4 and 48 h (A) in bulk
solution and when incubating with (B) TSI at a molar ratio of AB:TS1
= 1:1, (C) TS2 at a molar ratio of AB:TS2 = 1:1, (D) TS1 at a molar
ratio of AB:TS1 = 1:2, and (E) TS2 at a molar ratio of AB:TS2 = 1:2.

provides geometrical preference to align with the hydrophobic
groove of amyloid fibrils, which possess an in-register
organization of side chains in the regular cross-p-sheet
structure. All of these effects could be attributed to the
inhibition of Af aggregation.

Tanshinones Disassemble Ag Fibrils in Vitro. The
alternative potential therapeutic strategy to treat AD is to
reduce the amount of the existing amyloid plaques.**** A very
few molecules have been reported to disaggregate Ap
amyloid.%_48 During the inhibition experiments, we observed
that the ThT fluorescence signal tended to fall after the
addition of tanshinone at the later stages of the fibril formation,
suggesting that tanshinone may also act to reverse the
aggregation process and to disassemble preformed Af fibrils.
To determine the ability of Af fibril dissolution by tanshinone
in vitro, we set up experiments in which tanshinone was
incubated with preformed fibrils. Af fibrils (20 4M) were first
prepared by incubating A monomers in solution for 48 h,
which is sufficiently long enough for Af to grow into mature
fibrils as evidenced by AFM images (Figure 3A2) and ThT
fluorescence (Figure 2). Upon 48 h incubation, Af fibril
solution was then coincubated with TS1 or TS2 with different
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molar ratios of AB:TS (1:1, 1:2, and 1:5) for another 48 h at 37
°C.
Figures 4 and S show a collection of fluorescence intensities

and Ap morphologies of the Af-tanshinone samples at the
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Figure 4. Disaggregation effect of TS1 and TS2 on Af mature fibers at
a molar ratio of AB:TS = 1:0, 1:1, 1:2, and 1:5. Error bars represent the
average of three replicate experiments.

Figure 5. AFM images of preformed Ap fibrils after incubation with
the tanshinone compounds for 48 h at different conditions of (A) TS1
(Aﬂ:TSI = 1:1), (B) TS2 (Aﬂ:TSZ = 1:1), (C) TS1 (Aﬂ:TSl = 1:2),
(D) TS2 (AS:TS2 = 1:2), (E) TS1 (AB:TS1 = 1:5), (F) TS2 (AB:TS2
= 1:5), and (G) TS2 (AB:TS2 = 1:2).

same time point of 48 h, respectively. At an equimolar ratio of
AB-TS (1:1), TS1 or TS2 only induced a subtle decrease in
fluorescence (~0.8%) as compared to the untreated control of
Ap sample (Figure 4). The corresponding AFM images also
confirmed the still existence of dense and branched fibrils
(Figure SA, B) with a similar morphology to control fibrils
(Figure 3A2). This finding suggests that, at the equimolar ratio
of TS:Ap, the dissolution process is very slow and probably
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only a very small fraction of A dissociates from the fibrils. In
contrast, when Af fibrils were treated with a 1:2 molar ratio of
AB.TS, the ThT intensity was decreased by ~30% for both TS1
and TS2, indicating the loss of the preformed amyloid fibrils
that may have converted to much shorter aggregates, which did
not generate an observable ThT fluorescence. Further increase
of TSs concentration to AB:TS = 1:5 showed almost no change
in ThT intensity. Consistent with ThT results, AFM images
also revealed similar A morphologies upon the disaggregation
of the preformed Ap fibrils with 1:2 or 1:5 molar ratios. Most of
the AFM chips were covered with different aggregates ranging
from small spherical particles of 2—6 nm, amorphous
aggregates of 3—15 nm, very few thin and short aggregates
(Figure SC—F), as well as a few large and irregular-shaped
deposits (Figure SG). The disaggregation results showed that
TS1 and TS2 had comparable ability to disassemble the existing
AP fibrils, although TS1 showed a better inhibitory potency to
prevent Af aggregation than TS2. The sigmoidal-like dose-
dependent disaggregation behavior also suggests that the
dissolution of the fibrils will slow down until the formation
of stable AB-TS complexes.

Tanshinones Protect Cultured Cells from Ag-Induced
Toxicity. In order to determine whether tanshinone
compounds are able to protect neuronal cells from toxic Af
species, we conducted cell viability experiments to compare the
toxic effects of Af, TS1, TS2, AS-TS1, and AS-TS2 on SH-
SYSY cells using the SH-SYSY live/dead assay, which is widely
used in studies of Af toxicity. Opti-MEM reduced serum
medium was used to minimize the noise of fluorescence. We
then set the cell death data obtained from Ap-cell control
experiment as a basis of 100% to normalize other data for
comparison. As shown in Figure 6, incubation of SH-SYSY cells
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Figure 6. Inhibition of Af-induced cytotoxicity against SH-SYSY cells.
Cell death was determined using live/dead assay and evaluated by
fluorescence change (AF). Error bars represent the average of three
replicate experiments.

cell+4 pM TS2

with 20 M AP for 24 h led to significant toxicity as expected;
cell death was ~95% higher than untreated cells. When treated
the cells with 8 uM TSI or TS2 alone (AB:TS = 1:0.4), cell
death was 25.3% and 20.5% (Figure 6), respectively.
Considering the physiological concentration of Af is as low
as 10 M,* 8 uM tanshinone may exceed a lethal dose to
induce cell death. We thus reduced the concentation of TS1 or
TS2 to a clinical trial level of 4 yM for cell viability tests. As
expected, the use of 4 uM TS1 or TS2 alone only induced 9.3%
and 5.8% cell death, comparable to native cell apotosis of 4.3%.
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We then performed Ap-tanshione cell toxicity experiments
using a 1:0.2 mixture of A (20 uM) and tanshinones (4 uM).
It can be seen that the presence of a small amount of
tanshinones greatly decreased the percentage of dead cells to
~57.5% for TS1 and ~71.3% for TS2 (Figure 6). TS1 appears
to be less toxic than TS2 by 13.8%. Consistently, fluorescence
microscopy showed that when treating SH-SYSY cells with
pure TS1 or pure TS2, no observable signs of cell death were
observed (Figure 7c, d), indicating the nontoxic effect of

Figure 7. Representative fluorescence microscopy images of SH-SYSY
cells after 24 h incubation with (a) medium only, (b) Af, (c) 4 uM
TS1, (d) 4 uM TS2, (e) 20 uM Ap and 4 uM TSI, and (f) 20 uM Ap
and 4 yM TS2. Live cells were stained by green, while dead cells were
stained by red.

tanshinone compounds on cells at a 4 yM level. However, SH-
SYSY cells treated with a 1:0.2 molar ratio of AS-TS1/TS2
showed a certain degree of cell death as indicated by cell
shrinkage and cell detachment from the culture substratum
(Figure 7e and f), but the quantity of dead cells was still much
less than that of massive dead cells induced by Af only (Figure
7b). Cell-toxicity experiments demonstrate a significant level of
tanshione-induced cell protection, indicating that tanshione is
an effective inhibitor of Af-induced in vitro toxicity.
Molecular Insights into Binding Mode of Tanshinones
to Ap Oligomer. The experimental results from ThT binding
assays, AFM, and live/dead cell assay confirm that TS1 and
TS2 compounds exhibit different inhibitory abilities to prevent
AP aggregation and reduce cell toxicity. However, atomic
details of the interactions between tanshinone compounds and
Ap peptides are not yet well elucidated. To better distinguish
binding modes, sites, and affinity between TS1-Af and TS2-Af
and to correlate binding information with their corresponding
inhibitory ability, we performed all-atom explicit-solvent MD
simulations to study the interactions of Af pentamer with TS1
and TS2 compounds at different molar ratios of Af:tanshinone
from 1:1 to 1:2. For convenience, the Af-tanshinone systems
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are denoted by the type of tanshinones and the number of
tanshinones. For example, TS1-5 indicates that five
tanshinone-I (TS1) molecules interact with A pentamer,
while TS2—10 indicates that ten tanshinone-IIA (TS2)
molecules interact with A pentamer.

Binding Distribution. Figure 8 shows the binding distribu-
tion population of tanshinones around the Af pentamer, where

Figure 8. Binding distribution of tanshinones around Af pentamer for
(a) TS1-S5, (b) TS1-10, (c) TS2—S5, and (d) TS2—10 systems. For
clarity, Af} pentamer is shown as a cartoon with cyan color, while TS1
and TS2 are represented by black and red beads, respectively.

accumulative positions of tanshinones were sampled by every 4
ps snapshots from a total of eight MD trajectories. In the bound
state of TS1, TSI tended to preferentially bind to two highly
populated regions of Af pentamer. The first binding region was
located at the external side of the hydrophobic C-terminal f-
sheet. Three small G33, G37, and G38 residues sitting around
M35 residues formed a kink groove, which allows TS1 to
strongly interact with hydrophobic C-terminal residues. Visual
inspection of MD trajectories also showed that with TS1
nestling in the major groove, the relative movement of TS1
with respect to each other became much more confined. The
second region was interestingly located near the N-termini of
Ap, where was enriched with two aromatic residues of F4 and
H6. Due to the restricted planar geometry of aromatic rings in
both tanshinones and aromatic residues of Af, such ordered
aromatic interactions (i.e, 77—z interactions) between tan-
shinones and Ap peptides could mediate specific recognition
and association process of Af peptides, resulting in the
prevention of the further growth of amyloid aggregates. A
number of studies have also reported that aromatic interactions
play a key role in many cases of amyloid formation,**~>> but
also in the self-assembly of complex supramolecular struc-
tures.>* ™% As the molar ratio of AB:TS1 increased from 1:1 to
1:2, three additional binding regions with initially less binding
probability were intensified, which were located near a U-turn
region, and S8-Y10, K16-P20 residues of the N-terminal f-
sheet. In the case of TS2-Af systems, TS2 displayed a relative
broad range of binding distributions with preferential binding
near the external sides of N-/C-terminal f-sheets and U-turn
region similar to TS1 binding distributions. However, the
binding densities of TS2 around C-terminal region were
apparently lower than those of TSI. Specifically, only limited
interactions between TS2 and residues of Tyrl0, His14, and
Phe20 were observed. Additionally, introduction of tanshinone
molecules did not disturb the structural integrity of Ap
pentamer, that is, Af pentamer still well retained its overall
and secondary structures during 40 ns simulations. As
compared to experimental observation, simulation results
suggest that tanshinone-induced structural disruption of Af
oligomers should occur in a much longer time scale. Simulation
results also suggest alternative Af inhibition pathways. Apart
from that tanshinones can directly inhibit amyloid formation by
breaking the performed Af aggregates, tanshinones also enable
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to bind to f-sheets to prevent lateral association of ApS
aggregates and thus to inhibit fibril growth.>” Simulation results
confirm to the experimental observation that tanshinone can
not only inhibit AS aggregation, but also melt the mature Ap
fibrils.

Binding Residues. To further quantitatively identify whether
TS1 and TS2 have binding preferences to certain Af residues,
we calculated the averaged contact probabilities between each
Ap residue and tanshinones based on their atomic contacts of
tanshinones within 3.5 A of Ap residues (Figure 9).
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Figure 9. Probabilities of atomic contacts between Af residues and
tanshinones for (a) TS1-S5, (b) TS1-10, (c) TS2—S5, and (d) TS2—10
systems.

Inhomogeneous contact probability between tanshinones and
Af residues clearly indicates that tanshinones favored
interactions with several Ap residues over others. Among
them, nonpolar residues, F4, H6, Y10, 131, M35, V39, and 141
generally contributed the greater binding preference to

tanshinones than polar residues. Using 5% of contact
probability as a threshold value, TS1 exhibited strong
preferential interactions with 131 (10.1%), G33 (16.1%), M3S
(23.4%), L34 (5.8%), F4 (9.7%), and H6 (10.3%). Particularly,
the C-terminal residues near M3$ interacted more strongly
with TSI than those N-terminal residues. For the TS2-Af
systems, TS2 favored the interactions with 141 (6.1%), V39
(6.4%), F20 (5.6%), Y10 (9.4%), H6 (10.7%), and F4 (18.5%).
Unlike TS1 showing preferential interactions with the C-
terminal residues, TS2 showed strong binding preference to
two hydrophobic regions of Af: C-terminal residues near M35
and N-terminal residues of F4, H6, and Y10. Since both TS1
and TS2 contained aromatic rings. It is not surprising that that
both TS1 and TS2 had preferential interactions with hydro-
phobic and aromatic amino acids. Particularly, F4—HG6 residues
near the N-termini formed an aromatic groove, while 131-M35
at the middle of C-terminal B-sheet formed a wide hydrophobic
groove. Such twisted f-sheet grooves, a signature of amyloid
fibrils, provide geometrical and chemical structures to
specifically interact with aromatic moieties in TS1 and TS2
via m—n stacking interactions, which enable to prevent and
disrupt Af peptide association. In fact, many of Af inhibitors
(e.g,, Congo red and thioflavin T) that share common chemical
structural features such as aromatic and/or hydrogen-bonding
groups were found to specifically bind to Af with high affinity
and thus to inhibit or delay A misfolding and aggregation,
suggesting the importance of aromatic groups in inhibitory
ability.>*~

Binding Sites. To gain a more quantitative comparison of
binding sites between TS1-Af and TS2-Af complexes, we
clustered Ap-tanshinone complexes into different binding
groups using the root-mean-square deviation (RMSD) of 5 A
as a cutoff. Figure 10 shows different representative binding
sites derived from the top Af-tanshinone clusters with the
highest occurrence probabilities. Structural populations for the
top 5 TSI binding sites were 30.88% at the I31-M35 groove
(Figure 10-Al), 11.06% at the F4-H6 groove (A2), 4.28% at
N27 residues (A3), 3.77% at the M3S lateral side (A4), and
3.40% at the M35-V39 groove (AS). It can be seen clearly that
the first two clusters represented the primary binding sites with
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Figure 10. Representative Af}-tanshinone binding complexes derived from the most populated clusters. (A) TS1 compounds preferentially bind to
(A1) I31-M3S f-sheet groove, (A2) F4-H6 sites, (A3) U turn region around N27, (A4) the lateral side of M35, and (AS) M35-V39 sites. (B) TS2
has the same populated binding sites (B1—BS) as TS1. Two additional binding sites were identified at (B6) Y10 residues and (B7) F20 residues.
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Table 1. Binding Energies (kcal/mol) for Highly Populated Binding Sites of A Pentamer for TS1 and TS2“

site 1 site 2 site 3 site 4 site S site 6 site 7
TS1 —189 + 2.4 —18.7 +£ 32 —172 + 24 -102 + 1.6 -16.7 + 2.8
TS2 —147 + 42 —11.7 + 3.6 —10.1 £ 2.5 —11.0 + 2.2 —16.1 + 2.8 —144 + 23 91+ 1.6
“Binding sites are the same as those displayed in Figure 10.
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Figure 11. Schematic model for the antiaggregation and disassembly effects of tanshinones on A amyloid formation. Details are discussed in the

text.

a total combined binding population of 41.94% of all snapshots,
while the remaining clusters presented rather diverse binding
sites with relative low binding populations. In the primary
binding sites, TS1 was either fitted in the C-terminal S-sheet
groove formed by I31-M35 residues or aligned to aromatic
residues of F4 residues. In the secondary binding sites, the
populations of the remaining clusters of A3, A4, and AS had
small values of less than 5% and were similar to each other,
suggesting that, despite the existence of multiple binding sites,
the primary binding sites are dominant. As compared to the
dominant binding sites for TS1, TS2 displayed rather diverse
binding sites with similar binding populations. The top seven
clustered binding sites for TS2 accounted for a total of 30.80%
of all snapshots, consistent with the binding distribution of TS2
in Figure 8. Among the top seven binding sites, the first five
binding sites were the same as TS1, with binding populations of
7.67% at the 131-M35 groove (Figure 10-B1), 5.06% at the F4-
H6 groove (B2), 4.48% at N27 residues (B3), 2.39% at the
M35 lateral side (B4), 3.13% at the M35-V39 groove (BS),
while two additional binding sites were located at Y10 residues
with binding population of 5.85% (B6), and at F20 residues
with binding population of 2.22% (B7). The existence of
negatively charged residue D22 nearby F20 created a polar
environment, which may help gain more atomic contacts with
TS2. TS2 binding to hydrophobic I31-M35 and M35-V39
grooves had 10.80% population, which was comparable to
13.13% population as TS2 bound to aromatic residues of F4,
Y10, and F20. This fact suggests that although primary
dominant binding mode for TS2 is lacking, both hydrophobic
and aromatic interactions still play important roles.

Binding Affinity. To quantify binding affinities between each
binding site and tanshinones (TS1 and TS2), we used the
GBMYV method with the SASA correction to evaluate binding
free energy between tanshinones and Af binding sites as
summarized in Table 1. Comparison of binding affinities
between different binding sites and between different
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tanshinone compounds reveals some interesting similarities
and differences. First, all of the binding sites provided favorable
binding free energies to both TS1 and TS2. Although TS1 and
TS2 shared the first five common binding sites, TS1 generally
had stronger binding free energies than TS2 at the four
corresponding binding sites of 1, 2, 3, and 5. Second, binding
affinities between different binding sites for both TS1 and TS2
were quantitatively consistent with the results obtained from
binding population analysis (Figure 9). TSl had the most
favorable binding affinities at the primary binding sites of Al
and A2, while TS2 had the relatively comparable binding
affinities at most of binding sites, in which the differences in
binding affinities ranged from 1.4 to 7 kcal/mol. Moreover,
binding to the f-sheet groove near M35 residues (sites 1, 4, 5)
by tanshinones was relatively stronger than binding to the
aromatic residues of phenylalanine and tyrosine at sites 2, 3, 6,
or 7. Taken together, multiple binding sites with different
binding populations and binding affinities suggest different
routes to inhibit amyloid formation. Binding to S-sheet groove
regions formed by I31-M35 and M35-V39 is to prevent the
lateral association between different aggregates, while binding
to turn or tail region is to disturb the local secondary structure
of Ap aggregates. Additionally, we also observed that TS1 and
TS2 were able to stack on the top of each other to form a dimer
or a trimer structure on the groove surface, which would
provide additional steric energy barrier to prevent A peptide
association.

Mechanistic Model for the Inhibitory Action of
Tanshinones. Based on computational and experimental
results, we proposed a possible model to interpret the
inhibitory and disassembling effects of tanshinones on Ap
aggregation in Figure 11. It is generally accepted that Ap
aggregation is a multiple step process, in which unstructured Ap
monomers undergo a complex conformational transition and
reorgnization to form intermediate oligomers and final f-sheet-
rich fibrils (a = b = ¢ = d).*7%" Both ThT and AFM results
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show that TSs can prolong the nucleation process, suggesting
that tanshinone can bind, at least in part, to A monomers to
prevent peptide association (a — e) and/or to slow down
conformational transition to f-structure (e — f — d). TSI
interacts stronger with A monomers than TS2 during the a —
e reaction, because of enhanced binding probability at the
primary binding sites of hydrophobic C-terminal I31-M35
groove (Figure 10A1, B1), which forms a steric energy barrier
to prevent lateral association of Af peptides. Meanwhile,
tanshinone could induce structural disruption to the local -
sheet of Af fibrils via strong binding to the turn or f-sheet
groove regions of Af fibrils, leading to fibril disaggregation (d
— g). It should be noted that, due to the hydrophobic aromatic
nature and plarnar structure of tanshione, tanshiones interact
with Af via relatively nonspecific hydrophobic interactions with
f-sheet-rich side chains. This binding mode implies that
tanshione could have a general inhibition potency to prevent
the aggregaton of a wide range of amyloid peptides, whose
aggregates adopt similar f-sheet-structures.

B CONCLUSIONS

Small heterogeneous products resulted from Af aggregation are
thought to be toxic species pathologically linked to the death of
neurons in AD. Thus, the development of multifunctional
inhibitors against Af aggregates is very critical for AD
treatment. In this work, we report that tanshinones, main
components extracted from Chinese herb Danshen, can inhibit
Ap aggregation, disaggregate Af fibers, and reduce Af-induced
cell toxicity in vitro. ThT fluorescence binding assays and AFM
confirm that both TS1 and TS2 compounds inhibit unseeded
amyloid fibril formation and disaggregate Af amyloids. TS1 has
a stronger inhibition effect than TS2, but comparable
disaggregation ability to TS2, which makes tanshinones as a
very few small molecules that has been shown to disaggregate
preformed Af amyloid fibrils to date. The cell viability data
show that the coincubation of A with a very small amount of
TSs enables protection of cultured cells from Ap-induced
toxicity by ~57.5% for TS1 and ~71.3% for TS2. MD
simulations further reveal atomic details of tanshinones
interacting with Af oligomer, in which both TS1 and TS2
prefer to bind to the C-terminal f-sheet, particularly hydro-
phobic residues 131, M3S, and V39, of the Af pentamer.
Increased molar ratio of Af:tanshinone from 1:1 to 1:2 has
little effect on tanshinone binding sites in Af pentamer,
suggesting that a hydrophobic groove spanning across
consecutive C-terminal f-strands of A pentamer represents
primary tanshinone binding sites to interfere with lateral
association of Ap oligomers into higher-order aggregates.
Irrespective of the details, tanshinone-derived compounds
presented here constitute a new class of amyloid inhibitors
with multiple advantages in amyloid inhibition, fibril disruption,
and cell protection, as well as their well-known anti-
inflammatory activity, which may hold great promise in treating
amyloid diseases. Clearly, more in vivo studies will be required
to demonstrate the pharmaceutical efficacy of tanshinones in
animal tests and clinical trials, as well as other amyloid diseases.

B METHODS

Reagents. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, >99.9%),
dimethyl sulfoxide (DMSO, >99.9%), tanshinone I (TS1, >97%),
tanshinone ITA (TS2, >98%), 10 mM PBS buffer (pH = 7.4), and
thioflavin T (ThT, 98%) were purchased from Sigma Aldrich (St.
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Louis, MO). Af,_, peptide (>95.5%) was purchased from American
Peptide Inc. (Sunnyvale, CA).

Apf;_4, Purification. Af,_,, peptide was obtained in lyophilized
form and stored at —20 °C as arrived. In order to break the preformed
Ap aggregates into monomers, Af,_,, was dissolved in HFIP for 2 h,
sonicated for 30 min to remove any pre-existing aggregates or seeds,
and centrifuged at 14 000 rpm for 30 min at 4 °C. And 75% of the top
Ap solution was subpackaged and frozen with liquid nitrogen and then
dried with a freeze-dryer. The dry Af,_,, powder was lyophilized at
—80 °C and used within 2 weeks.

Inhibition Assay. A homogeneous solution of A monomers was
required for inhibition tests. The purified AfB,_,, powder was aliquoted
in DMSO for 1 min and sonicated for 30 s. The initiation of 20 yuM
Ap|_4, [containing 1% (v/v) DMSO] aggregation in solution was
accomplished by adding an aliquot of the concentrated DMSO-Af;_4,
solution to 10 mM PBS buffer, followed by immediate vortexing to
mix thoroughly. Af;_4, solution was then centrifuged at 14 000 rpm
for 30 min at 4 °C to remove any existing oligomers, and 75% of the
top solution was removed for further incubation or inhibition
experiments. The pure Af,_,, solution was incubated at 37 °C as
control. For Af inhibition experiments, 40 mM tanshinone (in
DMSO) stock solution was dissolved in freshly prepared Af|_,,
monomer solution to a final concentration of 20 and 40 M (with
Ap:tanshinone molar ratios of 1:1 and 1:2). The mixed Af-tanshinone
samples were incubated at 37 °C.

Disruption Assay of Ap Fibrils. Ap,_,, fibrils were prepared by
incubating 20 yM A, _,, monomers for 48 h, which is sufficiently long
enough to enable Af} peptides to grow into mature fibrils at a saturate
state. The fibril solution was then divided into aliquots for the
disruption tests. To examine the effect of Af:tanshinone molar ratios
on the extent of disruption of Af fibrils and to determine the minimal
usage of tanshinone for more effective disruption of Af fibrils, 40 mM
tanshinone (in DMSO) stock solution was dissolved in the Af fibril
solution at different Af:tanshinone molar ratios of 1:1, 1:2, and 1:5. All
the disruption samples were incubated at 37 °C.

Thioflavine T (ThT) Fluorescence Assay. Af,_,, fibrillization
and Ap|_, fibril disruption in the presence and absence of tanshinones
were monitored by ThT fluorescence assay. ThT store solution (2
mM) was prepared by adding 0.0328 g of ThT powder into SO0 mL of
DI water. Then 250 uL of the 2 mM ThT solution was further diluted
into S0 mL of Tris-buffer (pH = 7.4) to reach a final concentration of
10 uM. A volume of 60 uL of 20 uM Ap with or without tanshinone
was put into 3 mL of 10 uM ThT-Tris solution. Fluorescence spectra
were obtained using a LS-S5 fluorescence spectrometer (Perkin-Elmer
Corp., Waltham, MA). All measurements were carried out in aqueous
solution using a 1 cm X 1 cm quartz cuvette. ThT fluorescence
emission intensity of each sample was recorded between 460 and 510
nm with an excitation wavelength of 450 nm. Fluorescence intensity
from solution without Af;_,, was subtracted from solution containing
AP\ _4. Each experiment was repeated in three independent samples,
and each sample was tested in quadruplicate.

Tapping-Mode AFM. The morphology change of Ap fibrillization
and disruption in the presence and absence of tanshinones was
characterized by AFM. A 25 uL sample used in the Af, ,, ThT
fluorescence assay was taken for AFM measurement at different time
points to correlate A morphology change with Af growth kinetics.
Ap_4 solution with/without tanshinones was deposited onto a freshly
cleaved mica substrate for 1 min, rinsed three times with 50 mL of
deionized water to remove salts and loosely bound Af, and dried with
compressed air for 5 min before AFM imaging. Tapping mode AFM
imaging was performed in air using a Nanoscope III multimode
scanning probe microscope (Veeco Corp. Santa Barbara, CA)
equipped with a 15 um E scanner. Commercial Si cantilevers
(NanoScience) with an elastic modulus of ~40 N m™ were used. All
images were acquired as 512 X 512 pixel images at a typical scan rate
of 1.0—2.0 Hz with a vertical tip oscillation frequency of 250—350
kHz. Representative AFM images were obtained by scanning at least
six different locations of different samples.

Cell Culture. All chemicals for cell culture were purchased from
Life Technologies unless otherwise stated. Human neuroblastoma SH-
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SYSY cell line (ATCC, Manassas, VA) was used as model neuron and
cultured in 75 cm? T-flasks (Corning) in sterile-filtered Eagle’s
minimum essential medium and Ham’s F-12 medium mixed at a 1:1
ratio containing 10% fetal bovine serum (EMEM, ATCC, Manassas,
VA,), and 1% penicillin/streptomycin in 37 °C, humidified air with 5%
CO,. Cells were cultured to confluence and harvested using 0.25 mg/
mL Trypsin/EDTA solution (Lonza). Before adding Af and
tanshinone, cells were resuspended in Opti-MEM reduced serum
medium and counted using a hemacytometer. Cells were then plated
in a 24-well tissue culture plate with approximately 150 000 cells per
well in S00 uL of Opti-MEM reduced serum medium and then
allowed to attach for 24 h inside the incubator.

Live/Dead Cell Toxicity Assay. Af oligomers were prepared by
incubating a 1 mM Af-PBS solution at 37 °C for 24 h. Af oligomers
with a molar ratio of Aff:tanshinone of 1:0.2 were added to each well
to reach a final concentration of 20 uM. The cells were then left for 24
h before cell toxicity tests. A live/dead cytotoxicity assay, which
determines live and dead cells with two probes by measuring
intracellular esterase activity and plasma membrane integrity, was
used to obtain cell viability/toxicity data. Cells were stained by adding
2 uM Calcein AM (Life Technologies) to distinguish the presence of
live cells with a fluorescence excitation/emission of 494/517 nm, while
by adding S uM of Ethidium homodimer-1 (Life Technologies) to
distinguish the presence of dead cells with a fluorescence excitation/
emission of 528/617 nm. The cells were incubated for 15 min with the
live/dead assay contents to activate the fluorescent dyes. A Zeiss
Axiovert 40 CFL inverted microscope fitted with filters at 510 and 600
nm was used to obtain fluorescence images of the live and dead cells.
Fluorescence readings at 494/517 nm and 528/617 nm were detected
using a Synergry H1 microplate reader (BioTek, Winooski, VT). Cell
death in each incubation condition was normalized using the equation
of AF = (F,/Fa5) X 100%, where AF is the percentage of cell death in
different incubation conditions compared with the death of cells
coincubate with Af. F; corresponds to the dead/live fluorescence
signal of cells (blank control), cells coincubate with TSI, cells
coincubate with TS2, cells coincubate with Af and TSI, cells
coincubate with Af and TS2, and cells coincubate with Ap,
respectively. Fn; represents the dead/live fluorescence signal of cells
coincubate with Af. The fluorescence signals of blank dyes were
calibrated first and then subtracted from the fluorescence signals of
medium solution.

Ap-Tanshinone Simulation Systems. Initial atomic structure of
Afy_4 monomer was obtained from Dr. Tycko’s lab by averaging
NMR-derived Af 18-mer.®>* Since the residues 1—8 are structurally
disordered and residues 41—42 are missing, the structural coordinates
of residues 1—-8 and 41—42 were constructed as an extend
conformation and then reassembled into the S-hairpin structure of
APy_y, yielding a full-length ApS,_,, monomer with the U-shaped f-
strand-turn-f-strand conformation. The Af,_,, monomer consisted of
two f-strands, 1 (residues V1—S26) and f2 (residues 131-A42),
connected by a U-bent turn spanning four residues N27-A30. D23 and
K28 formed an intrastrand salt bridge to stabilize this U-bent structure.
Since AB,_,, prefers to aggregate into 6pentamer and hexamer at the
early assembly of A, oligomerization, 4SS AL 4 pentamer was used
as a typical and toxic oligomer to interact with TS1 and TS2 to
determine potential binding sites and underlying inhibition mecha-
nism. An Af,_,, pentamer was constructed by longitudinally stacking
Ap_y, monomers on top of each other in a parallel and register
manner, with an initial peptide—peptide separation distance of ~4.7 A,
corresponding to experimental data.>* A peptide was carboxylated
and amidated at the N- and C- terminus, respectively, yielding a total
net negative charge of —15 e for Af pentamer.

Initial geometrical coordinates of TS1 and TS2 were determined
and optimized at the MP2/6-31G* level by Gaussian03.%° After
geometry optimization, the partial charges of TS1 and TS2 were
derived by fitting to the gas-phase electrostatic potential using the
restrained electrostatic potential (RESP) method. Then, atomic
structures of TS1 and TS2 obtained from Gaussian03 were subject
to the ParamChem tool (https:/ /www.paramchem.org/ ) to develop
the force field parameters for TS1 and TS2, which are compatible with
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the CHARMM general force field.®” The partial charges of TS1 and
TS2 were further optimized by fitting the tanshinine-TIP3P water
interaction energy. To validate the force field parameters of TS1 and
TS2, short 2 ns MD simulations of single TS1 or TS2 in a TIP3P
water box were conducted at 310 K. The bond lengths, bond angles,
and torsion angles were well maintained in the MD simulations as
compared to quantum mechanism structure. The topology structure,
charge distribution, bonded and nonbonded parameters of TS1 and
TS2 in CHARMM format are provided in the Supporting Information.

Two different molar ratios of Af:tanshinone (1:1 and 1:2) were
used to examine the concentration effect of tanshinones on Ap-
tanshinone binding interactions and underlying tanshinone inhibition
mechanisms. Five or ten tanshinones were initially and randomly
placed around Af pentamer at a minimum distance of 10 A, which
allows the tanshinones to unbiasedly search and sample binding sites
around Ap. Each Af-tanshinone system was solvated in a rectangular
TIP3P water box. Any water molecule within a radius of 2.4 A from
the non-hydrogen atoms of the solute (Af, TS1, or TS2) was deleted.
Counter ions (Na* and CI7) were added to the simulation box to
achieve electro neutrality and ionic strength of ~100 mM.

MD Simulation Protocol. Simulations of Af-tanshinone in
explicit water molecules and counterions were performed using the
NAMD program® with CHARMM27 force fields.” Each Ap-
tanshinone system was first subject to S000 steps of steepest descent
minimization with position constraints on Af and tanshinones,
followed by additional S000 steps of conjugate gradient minimization
without any position constraint. After energy minimization, the system
was then gradually heated from S0 to 500 K in 200 ps to randomize
the positions of tanshinones. The systems were then equilibrated at
310 K and 1 atm for 1 ns to adjust system size and water density under
NPT ensemble with the heavy-atom coordinates of Af and
tanshinones being constrained. Then, 40 ns MD runs were conducted
to examine the mutual structural dynamics and binding events
between Af and tanshinone. Short-range VDW interactions were
calculated by a switch function with a twin cutoff at 10 and 12 A, while
long-range electrostatic interactions were calculated by the particle-
mesh Ewald method with a grid size of ~1 A and a real-space cutoff of
14 A. The RATTLE algorithm was applied to constrain all covalent
bonds involving hydrogen atoms, so that a time step of 2 fs was used in
velocity verlet integration. Two independent simulations of each
system were run to assess simulation reproducibility using different
starting coordinates and velocities. MD trajectories were saved by
every 2 ps for analysis.

Ap-Tanshinone Binding Free Energy. Binding free energies of
tanshinones to A pentamer were evaluated on the representative
clusters using the MM-GBMV (molecular mechanism-generalized
born with molecular volume) method as implemented in
CHARMM.”® In this method, the total binding free energy in water
is approximately calculated by AE;y = E omplex — Eap — Es- Each energy
term (Emmplex, E,py or Ey) is estimated as the sum of the gas phase
energy (Egas) and the solvation energy (E,,), according to E; =
(AE,,) + (AE,), where brackets (...) indicate an average energy term
sampled from MD trajectories. E,, contains conventional bonded (i.e.,
bond, angle, and torsion) and nonbonded (VDW and electrostatics)
interactions, as shown eq 1.

AEgas = (AEbond + AE + AEiml:)roper + AEdihedral)bond

angle

+ (AEy, + AEy,,) (1)

E,, contains polar solvation energy (E,) and nonpolar solvation
energy (Ex) (e 2).

AE

vdw nonbond

solv — AEPS + AEnps (2)
E, is calculated by solving the linear Poisson—Boltzmann equation
using generalized born method of the CHARMM program. E, is
calculated by E,,; = ySASA, where SASA (solvent-agcessible surface
area) is calculated using a water probe radius of 1.4 A and y is set to
0.00542 kcal/mol.”* The solute and solvent dielectric constants were

set to 1 and 80, respectively.
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