ACS Chemical .

Research Article

Neuroscience

pubs.acs.org/chemneuro

Tabersonine Inhibits Amyloid Fibril Formation and Cytotoxicity of

Ap(1-42)

Tianhan Kai,” Lin Zhang," Xiaoying Wang,* Aihua Jing, " Bingqing Zhao,” Xiang Yu,! Jie Zheng,*’”

and Feimeng Zhou**

TCollege of Chemistry and Chemical Engineering, Central South University, Changsha, Hunan 410083, P. R. China
J:Department of Chemistry and Biochemistry, California State University, Los Angeles, Los Angeles, California 90032, United States
§College of Medical Technology and Engineering, Henan University of Science and Technology, Luoyang, Henan 471003, P. R.

China

“Department of Chemical and Biomolecular Engineering, The University of Akron, Akron, Ohio 44325, United States

© Supporting Information

ABSTRACT: The misfolding and aggregation of amyloid beta (Aff) peptides into
amyloid fibrils are key events in the amyloid cascade hypothesis for the etiology of
Alzheimer’s disease (AD). Using thioflavin-T (ThT) fluorescence assay, atomic
force microscopy, circular dichroism, size exclusion chromatography, surface
plasmon resonance (SPR), and cytotoxicity tests, we demonstrate that tabersonine,
an ingredient extracted from the bean of Voacanga africana, disrupts Af(1—42)
aggregation and ameliorates Af aggregate-induced cytotoxicity. A small amount of
tabersonine (e.g, 10 uM) can effectively inhibit the formation of AB(1—42) (e.g, 80
uM) fibrils or convert mature fibrils into largely innocuous amorphous aggregates.
SPR results indicate that tabersonine binds to Af(1—42) oligomers in a dose-
dependent way. Molecular dynamics (MD) simulations further confirm that
tabersonine can bind to oligomers such as the pentamer of Af(1—42). Tabersonine
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preferentially interact with the f3-sheet grooves of Aff(1—42) containing aromatic and hydrophobic residues. The various binding
sites and modes explain the diverse inhibitory effects of tabersonine on Af aggregation. Given that tabersonine is a natural
product and a precursor for vincristine used in cancer chemotherapy, the biocompatibility and small size essential for permeating
the blood—brain barrier make it a potential therapeutic drug candidate for treating AD.
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Izheimer’s disease (AD) is the most prevalent form of

dementia. Post-mortem analyses of AD patients have
revealed that senile plaques, a hallmark of AD, contain fibrillar
aggregates of amyloid-f (Af) peptides of 39—43 amino
acids."™* The amyloid cascade hypothesis® presumes that
amyloid aggregates, self-assembled from misfolded Af peptides,
affect the structure and functions of neuronal cells and
stimulate cell apoptosis,”” leading to synaptic dysfunction
and neurodegeneration.

The complexity associated with amyloidogenesis has
rendered challenges to studies of biochemical and physiological
aspects of AD and the development of effective drugs against
amyloid diseases. Current strategies to reduce Af production
include (i) decreasing the expression of the amyloid precursor
protein (APP),'® (ii) inhibiting the activities of # and y
secretases,"' ™" and (iii) dissociating toxic Af aggl‘(=.ge1tes.14’15
As APP and secretases have biological functions needed by the
brain, searching for aggregation inhibitors might be an
approach with fewer side effects. Short peptides'®™"? (fB-sheet
breaker peptides) and small organic molecules'***™** have
been explored for their inhibitory ability. Most peptide-based
inhibitors are derived from the Af sequence, particularly from
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the central hydrophobic segment, Af17—-21 (LVFFA),'*™'8
and C-terminal fragment, A$39—42 (VVIA).** These peptides
as f-sheet breakers have been shown to reduce Af aggregation
and to alleviate Apf-induced neurotoxicity. However, the
vulnerability of peptides to enzymatic degradation and poor
permeability through the blood—brain barrier (BBB)> are
limitations. Recently, low-molecular-weight and lipophilic
compounds derived from recombinatory libraries or extracted
from natural products have shown great promise in inhibiting
Ap aggregation.14 Owing to their small size and high
permeability through the BBB, they are attractive pharmaceut-
ical drug candidates for treating AD. Several compounds, such
as LY450139,26 simvastatin'® and scyllo—inostol,zo’21 are
currently undergoing clinical trials. Scyllo-inostol is particularly
effective in inhibiting A fibril assembly, converting toxic Af
aggregates into nontoxic f-structured micelle conformers, and
protecting primary neurons from Af oligomer-induced toxicity.
Hexadecyl-N-methylpiperidinium bromide, nitrophenols, and
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tricyclic pyrone have also been reported as synthetic
compounds to inhibit the formation of Af fibrils, and curcumin,
a major curcumoid in the popular South Asian spice tumeric, as
a natural product to disaggregate performed Af fibrils.*>>”~>°
However, the inhibition mechanisms of many of such
compounds are not clearly understood or have not been
thoroughly investigated with biophysical and biochemical
methods.

Computational methods have assisted drug development by
shedding light on the interactions between small molecules and
Ap oligomers. In particular, molecular dynamics (MD)
simulations can provide detailed structural and energetical
information at the atomic level about Af unfolding and
aggregation and can helsp to determine binding affinity and sites
of small molecules.’* > For example, morin can penetrate into
the hydrophobic core of fibrils to disrupt the Asp23—Lys28 salt
bridge and backbone hydrogen bonding between neighboring
Ap peptides.*® Combining MD simulation with different
biophysical and cellular assays, one of us has reported that
tanshinones, ingredients from the Chinese herb Danshen
(Salvia miltiorrhiza Bunge), preferentially bind to a hydrophobic
P-sheet groove formed by the C-terminal residues 131—M35
and M35-V39 and several aromatic residues.’” Such
structurally based binding information helps to interpret the
prevention of Af fibril formation and dissociation of preformed
Ap fibrils observed experimentally.

Herein, we report on tabersonine (cf. structure in Figure 1),
an indole alkaloid extracted from the beans of Voacanga, as a

(B)

Figure 1. Structure of tabersonine (A). Two overlapping stick models
of tabersonine (B) deduced from molecular dynamics (blue) and
quantum mechanics (red).

potent inhibitor against A(1—42) aggregation and toxicity. As
a traditional medicine in Africa, Voacanga is used to treat a wide
range of diseases, including leprosy, convulsions in children,
and infant tonic seizures.*® The decoction of the stem bark and
root can also effectively treat mental disorders. Tabersonine
itself is a type of Catharanthus (or Vinca) herbacea and has been
widely used as the precursor of vincristine for cancer
chemotherapy.**** We envision that the planar portion of
tabersonine and its aromatic ring structure should be able to
interfere with the ordered S-sheet stacking and aggregation of
AB(1—42) through intercalation and 7z—7 interaction. More-
over, if tabersonine can attach to f-sheet-containing oligomers
and fibrils, then the side chains and the carboxylic acid group
could introduce steric hindrance and some hydrophilicity to
disorganize f-sheet-containing AB(1—42) assemblies. Indeed,
thioflavin-T (ThT) fluorescence, atomic force microscopy
(AFM), circular dichroism (CD), size exclusion chromatog-
raphy (SEC), surface plasmon resonance (SPR), and cell
viability assays all indicate that tabersonine can effectively
reduce toxic Af(1—42) aggregates by inhibiting the fibrillation
process and changing the fibrillogenesis pathway, leading to the
formation of largely innocuous amorphous aggregates. More
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importantly, tabersonine is capable of disassembling preformed
Ap(1—42) fibrils. MD simulations further confirm that
tabersonine can strongly bind to aromatic and hydrophobic
residues of the A(1—42) in oligomers to disrupt the Af—AfS

interactions, thereby changing the overall aggregation behavior

of AB(1-42).

B RESULTS AND DISCUSSION

Tabersonine Inhibits Af(1—42) Fibril Formation and
Disintegrates Preformed Fibrils. Amyloid fibril formation
or disintegration can be verified by the thioflavin-T (ThT)

assay.*"** In Figure 2, a characteristic sigmoidal curve (black
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Figure 2. ThT fluorescence changes during incubation of 80 uM
AB(1—42) at 37 °C in the absence (black curve) and presence of 10
UM tabersonine (red curve). The blue curve was obtained when
tabersonine was added into a 80 uM Af(1—42) solution that had been
preincubated for 24 h. Error bars are the standard deviations of three
replicates. The inset is an enlarged view of the lag phase indicated.

curve) was observed for the AB(1—42) aggregation process,
with a lag phase for ca. 3 h (inset) and a plateau appearing at ca.
24 h. The lag phase is indicative of the nucleation phase
necessary for A(1—42) aggregation, whereas the ThT plateau
corresponds to the formation of well-ordered, p-sheet-rich
AB(1—42) fibrils.*> When 10 uM tabersonine was coincubated
with 80 uM Af(1—42), the lag phase remained essentially
unchanged (red curve), but no plateau (ie, no fibrillation)
appeared. Instead, the ThT fluorescence gradually decreased
after ~9 h and eventually vanished at 120 h. Moreover, the
highest fluorescence signal (maximum of ca. 800) is
substantially lower than the ThT plateau (~1400) recorded
from an AB(1—42)-only solution. The lower, yet observable,
ThT signal in the presence of tabersonine indicates that a low
dose of tabersonine (10 M) cannot completely inhibit AB(1—
42) aggregation in the early hours of the incubation. It is also
possible that disruption of the smaller amounts of fibrils occurs
at a later stage of the incubation. Also, tabersonine does not
appear to lengthen the nucleation phase. These observations
are similar to those for curcumin* and resveratrol* In
addition, it also does not enhance the ThT signal by itself. In a
separate experiment, we added tabersonine into a solution
containing Af(1—42) fibrils (produced by incubation of the
monomer solution for 24 h). The fluorescence signal dropped
precipitously from the plateau value (blue curve) to the same
end point shown by the red curve. This result suggests that
tabersonine is capable of dissociating preformed AS(1—42)
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Figure 3. AFM images of samples taken from a 80 uM Af(1—42) solution at different incubation times (A) and a 80 yM Af(1—42) solution
coincubated with 10 M tabersonine (B). Images displayed in (C) correspond to samples from a fibril-populated solution incubated with 10 uM
tabersonine for different amounts of time. The scale is 2 X 2 gm® The cross-sectional contours of representative aggregates denoted by green bars in

(C) are also shown.
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Figure 4. CD spectra of 80 uM Af(1—42) solutions incubated in the absence (A) and presence of tabersonine (B) for 0 (black), 3 (red), 6 (blue),
12 (magenta), and 24 h (green curve). (C) Overlay of CD spectra of solutions populated with A(1—42) fibrils upon incubation with 10 yM
tabersonine for 0 (black), 24 (red), 48 (blue), 72 (magenta), and 96 h (green curve). The arrows indicate the direction of changes in spectra with the

incubation time.

fibrils. Thus, tabersonine does not affect the misfolding of
Ap(1—42) and the formation of metastable oligomers, and it
likely binds to f-sheet structures (i.e, oligomeric nuclei and
fibrils) to prevent the elongation of the nuclei/oligomers via the
attachment of additional Af(1—42) monomers early in the
incubation and to disrupt preformed fibrils on a longer time
scale. This point is supported by the surface plasmon resonance
(SPR) measurements described below.

We used AFM to identify the end products from the
disaggregation of Af(1—42) fibrils by tabersonine. In the
control experiment, large, globular aggregates and short
protofibrils were observed in an Af(1—42) solution after 3 h
of incubation (cf. images juxtaposed in row A of Figure 3),
consistent with the lag phase in Figure 2. After 6 h, more
protofibrils were produced, and after 24 h, mature AB(1—42)
fibrils dominated. The fibrils formed at 24 and 120 h exhibit
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similar morphology and density, suggesting that the fibrillation
process had reached equilibrium with the oligomers and
monomers after 24 h. However, in the presence of tabersonine,
the morphology of the AB(1—42) aggregates (Figure 3, row B)
was dramatically different from those shown in row A. After 3
h, AB(1—42) aggregates with heights exceeding 20 nm are
substantially larger, denser, and more irregular. As the
incubation progresses, these irregular aggregates appear to
have agglomerated into bulky amorphous aggregates with sizes
ranging from 50 to 200 nm (cf. images taken after 3 h). After
120 h, amorphous aggregates became predominate. Recall that
in Figure 2 the ThT fluorescence decreased after 6 h in the
presence of tabersonine. This observation suggests that the
relatively large oligomers have incorporated tabersonine
molecules, preventing AS(1—42) oligomers from further
growing into mature fibrils. That more than 90% of the
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Figure S. Size exclusion chromatograms of (A) 80 uM Af(1—42) incubated for different times at 37 °C. (B) Same as (A) but with 10 yM
tabersonine present at the beginning of the incubation. (C) Chromatogram of a 80 uM Af3(1—42) solution incubated alone for 6 h (black) overlaid
with that coincubated with 10 M tabersonine (red), with the putative monomer, dimer, pentamer, and large soluble oligomers identified. The inset
shows that the A(1—42) monomer and dimer have retention times of 42.42 and 40.78 min, respectively. (D) Overlaid chromatograms of a solution
containing 10 M tabersonine coincubated with preformed fibrils for 24 (black) and 96 h (red).

induced ThT fluorescence was annihilated at 120 h in Figure 2
suggests that the amorphous aggregates have rather disordered
structures.

Formation of AB(1—42) fibrils after 24 h of incubation was
confirmed by the leftmost image in row C of Figure 3.
Interestingly, after incubating these Af(1—42) fibrils with 10
UM tabersonine for 24 h, the preformed fibrils were either
significantly truncated into shorter and thinner fibrils or
completely disintegrated into amorphous aggregates. The effect
is more pronounced after 48 h, as evidenced by the formation
of irregular, amorphous aggregates. After 120 h, fibrils were
replaced by amorphous aggregates. Morphological changes can
be visualized from the cross-sectional contours of the
representative aggregates. It is worth mentioning that the
AFM tip diameter we used (~20 nm) is larger than the width of
AB(1-42) fibrils. As a result, the width of AS(1—42) fibrils
appears to be larger than the actual size (10 nm) due to the tip-
broadening effect.*® The aggregates shown in row C have
similar morphologies to those in row B, although the sizes are
generally smaller.

Next, we employed circular dichroism (CD) spectroscopy to
monitor conformational changes in Af(1—42) solution
incubated without (Figure 4A) and with tabersonine (Figure
4B). In both solutions, at the beginning of the incubation, the
natively unstructured conformation of A(1—42), signified by
the peak at 197 nm, was observed. This peak disappeared after
3 h, and the peak at 217 nm, which corresponds to f-sheets,
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appeared. The continuous increase in the peak height indicates
that as the incubation prolongs, f-sheet-rich oligomers and
fibrils are produced. This is consistent with our AFM results. In
the presence of tabersonine, this peak is much attenuated (less
than 50% of those in Figure 4A), suggesting that less fibrils are
produced, again in agreement with our AFM observation. To
ensure that the decrease in the CD signal is not due to the
precipitation of amorphous aggregates, we shook vigorously or
sonicated the solution in the cuvette but did not find any
change in the resultant spectra. Because our AFM imaging
revealed that the effect of tabersonine is to divert the AB(1—42)
fibrillation pathway to the formation of or disrupt existing fibrils
into amorphous aggregates, the existence of the 217 nm peak
after 24 h incubation (green curve in Figure 4B) implies that
amorphous aggregates also contain some f-sheets. In our
previous studies on Cu**-accelerated AB(1—42) aggregation,47
we posited that, unlike fibrils produced from ordered stacking
of oligomers, amorphous aggregates are formed from random
agglomeration of Af(1—42) oligomers and monomers. Owing
to the disordered intermingling of oligomers and monomers,
less monomers are converted into oligomers or fibrils, and the
amount of f-sheets present in the Af(1—42) solution
coincubated with tabersonine is therefore smaller. When
preformed fibrils were incubated with tabersonine (Figure
4C), they were disintegrated into amorphous aggregates of
various sizes. It is also likely that in both cases the smaller
aggregates dislodged from fibrils have their fS-sheets disrupted
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due to the interaction between Af(1—42) oligomers/fibrils and
tabersonine (vide infra).

Size exclusion chromatography (SEC) has been used to
separate Aff monomers from soluble oligomers formed under
different experimental conditions.** ™' We resorted to SEC to
correlate the species that might be targeted by tabersonine at
different incubation times. Assignments of the peaks to
different oligomeric species, as shown in Figure 5C, were
made by using a calibration curve (Figure S2). The Af(1—42)
chromatogram at 0 h incubation (Figure SA) has all of the
essential features and relative positions reported by Smith and
co-workers.*’ Note that a typical chromatographic experiment
(including sample injection and separation) requires about 50—
60 min. During this period, Af(1—42) monomers (retention
time t; = 42.42 min) have largely oligomerized into pentamers
and possibly hexamers (retention time fz = 35.45 min). The
inability to clearly resolve pentamers from hexamers® is the
result of the influence of a variety of factors, such as hydration
and dependence (or lack of) of shape on the size of the
aggregates, on the elution time. The putative pentamer/
hexamer peak decreased with incubation time, whereas the
large soluble oligomers (f = 20.50 min, with an overall
molecular weight greater than 300 kDa) increased in the first 6
h and then decreased thereafter. This is in contrast to Figure
5B, which was recorded from Af(1—42) solutions coincubated
with tabersonine. The putative pentamer/hexamer peak is
lower at 0 h, which can be rationalized by the formation of
some insoluble aggregates due to the interaction between
tabersonine and Af}(1—42) pentamer (Figure SA, 0 h or, more
accurately, detected 50—60 min after fresh preparation of the
solution).’”>* Notice that these insoluble aggregates, which are
not separable by SEC, were not observed by AFM. This
inconsistency can be explained by the difference between AFM
sample preparation and SEC separation. For AFM sample
preparation, the freshly prepared mixture of Af(1—42) and
tabersonine was cast onto the mica sheet, and the solution was
dried under N, in a few minutes (instead of 50—60 min). In
such a short time frame, few insoluble aggregates were
produced. Also noteworthy is that the peak corresponding to
the large, soluble oligomers is substantially smaller. Such a
phenomenon has also been noted by us’' and others.*® The
significant reduction in the amount of oligomers is due to their
conversion into amorphous aggregates. Such a conversion
decreases the number of f-sheets in solution, which explains
why the CD peaks in Figure 4B are much smaller. The nearly
complete disappearance of the oligomer peaks after 9 h of
incubation is consistent with the AFM findings on the
formation of large, insoluble aggregates (cf. Figure 3). We
also carried out an SEC separation of soluble Af3(1—42) species
disintegrated from preformed Af(1—42) fibrils by tabersonine.
After 24 h incubation, few Af(1—42) soluble oligomers and
monomers existed in solution (cf. black curve in Figure SD;
note that the scale is 40 times smaller than those of Figure SA—
C). Extension of the coincubation time to 96 h (red curve) did
not increase the monomer and oligomer concentrations. Taken
together with our AFM results (vide supra), it is evident that
tabersonine dissociates AB(1—42) fibrils into insoluble
amorphous aggregates.

We conducted SPR measurements to verify that tabersonine
binds directly to Af(1—42) monomers and oligomers (Figure
S3A,B). When freshly prepared Af(1—42) samples were
injected, the sensor surface was largely covered with monomers,
with a small amount of oligomers readily formed in solution
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immobilized. On the other hand, incubated samples produced
sensors covered with oligomers of different sizes and a small
number of monomers. Both types of surfaces were found to be
stable, suggesting that the immobilized A(1—42) molecules
are covalently linked and do not undergo further aggregation.
Tabersonine was found not to adsorb onto sensors without
AB(1—42) immobilized. Owing to the surface inhomogeneity,
our kinetic analysis under the assumption of 1:1 binding
stoichiometry yields only the apparent dissociation constant,
Kp'. Moreover, the approximately linear dose—response curve
over a range of tabersonine concentrations (Figure S3C)
suggests that the binding stoichiometry could vary with the
tabersonine concentration.> The stoichiometry was deter-
mined by

S= (Req/RL) (MW, /MW,)

where S is the number of tabersonine molecules bound per
immobilized Af(1—42) oligomer. R; is the number of
immobilized AS(1—42) oligomers, and MW, and MW, are
the molecular weights of pentamer and tabersonine, respec-
tively. We chose the pentamer because it is the predominant
oligomeric species under the experimental conditions (cf.
Figure S). The increase in stoichiometry from 0.2:1 to 1.3:1
between 12.5 and 200 yM tabersonine implies that tabersonine
interacts with multiple binding sites on the AS(1-42)
oligomers, instead of binding to a single pocket.>> Despite
the complexity encountered in our SPR analysis, the Ky, value
corresponding to Af(1—42) oligomers, 69 + 7 uM, is almost
an order of magnitude smaller than that to the monomer, 535
+ 66 uM. Thus, tabersonine binds to Af(1—42) oligomers
more strongly than to Af(1—42) monomers.

Tabersonine Reduces Af(1—42)-Inflicted Cytotoxicity.
To investigate whether the amorphous aggregates are
innocuous, SH-SYSY human neuroblasoma cells were used
for cell viability assays (Figure 6). In this experiment,

100

80

604

40

% Cell Viability

204

04
A B D E

Figure 6. SH-SYSY cell viability after being exposed to (A) AB(1—42)
oligomers and fibrils formed by incubating 80 M monomer solution
for 24 h, (B) an A(1—42) solution incubated with 10 4M tabersonine
for 24 h, (C) a mixture of Af}(1—42) fibrils and oligomers that was
treated with 10 M tabersonine for 96 h, (D) a 10 uM tabersonine-
only solution, and (E) a S uM tabersonine-only solution. All
incubations were carried out at 37 °C. The error bars are standard
deviations of three different replicates collected on different days.

C

absorbance of the cell media containing SH-SYSY cells was
measured, and the value is regarded as 100% of cells being
viable. AB(1—42) was allowed to oligomerize and fibrillize for
24 h in cell culture media, and the resultant solution was added
to wells containing SH-SYSY cells (bar A). The cell viability
decreased to 24 + 4% of the control, indicating that A(1—42)
oligomers and fibrils are cytotoxic. However, when AB(1—42)
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was coincubated with tabersonine for 24 h, the cell viability was
rescued to 67 + 3% (bar B). As shown by the AFM images in
Figure 3B, after 24 h coincubation with tabersonine, the
predominate aggregate in solution is amorphous in nature.
Thus, amorphous aggregates are not cytotoxic, in line with the
findings on amorphous aggregates produced under other
experiments by us®”°' and others.** Similar cell viability (70
+ 4%) was obtained when tabersonine was introduced to a
largely AB(1—42) fibril solution for 96 h (bar C). A relatively
small toxicity was found to be contributed by tabersonine at 10
UM (tabersonine alone, shown as bar D, is 76 + 14%).
Tabersonine is a precursor of vincristine whose side effects have
been noted in cancer chemotherapy.>* However, the side effects
are associated with the high dosage typically required for cancer
therapy (12.5—50 pg drug/kg body mass/week).* In vivo Ap
peptides are present at nanomolar concentrations, which is
significantly less than micromolar concentrations used for in
vitro aggregate formation. The actual amount of tabersonine, if
administered as an AD modality, would be considerably less.
Indeed, we found that by decreasing the concentration to only
S uM the toxicity was completely abolished (bar E).

Binding Modes of Tabersonine to the Af(1—-42)
Pentamer. To gain a better understanding regarding the
inhibition mechanism, we performed all-atom MD simulations
to study the binding modes of tabersonine to the Af(1—42)
pentamer. We chose the pentamer because (1) together with
hexamer it is the most abundant soluble oligomer, and its
toxicity is one of the highest, 495556 (2) "a number of
computational studies have demonstrated that the Af(1—42)
pentamer with a U-bend conformation exhibits high structural
stability and serves as a basic template nucleus for amyloid
growth via either monomer attachment for elongation or lateral
stacking,57_59 and (3) tabersonine binds to oligomers more
strongly than to monomer, as revealed by our SPR measure-
ments. Residues 1—17 of AB(1—42) are disordered, and
residues 18—26 (f-strand 1) and residues 31—42 (f-strand 2)
form two antiparallel f-strands connected by a U-bend that
spans across residues 27—30.°" Residues F19 and A21 in f-
strand 1 participate in hydrophobic interaction with residues
G38 and V36 of f-strand 2 on its two neighboring Af(1—42)
peptides. An intermolecular salt bridge between D23 and K28
stabilizes the U-bend conformation. Figure 7 shows the
distribution of tabersonine molecules bound to a single
AB(1—42) pentamer. In this model, accumulative positions of

Figure 7. Distribution of tabersonine molecules bound to an Af(1—
42) pentamer in (A) top and (B) side views. Tabersonine molecules
within § A from the pentamer are shown as gray spheres.
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tabersonines were sampled by 4 ps snapshots from two
independent MD trajectories. It is clearly seen that tabersonine
does not disturb the structural integrity of the AS(1—42)
pentamer within 30 ns. Independent of the initial positions and
orientations of tabersonine molecules, tabersonine preferen-
tially binds to the external side of both N- and C-terminal -
sheets and the U-bend. These results suggest that tabersonine
does not inhibit the formation of small oligomers (e.g,
pentamer or hexamer); instead, the attachment of tabersonine
to the p-sheets of small oligomers hinders the elongation and
lateral association of small Af(1—42) oligomers/monomers
required for further growth into larger oligomers and fibrils.
These results are also consistent with our findings that
tabersonine does not impede oligomerization during the
nucleation phase (Figure 2). Finally, the absence of any
disturbance of the pentamer fS-sheet structure by tabersonine in
MD simulations is likely due to the short time scale of ~30 ns
because the structural disruption of Af(1—42) oligomers and
fibrils by tabersonine occurs on a much longer time scale, as
shown by ThT and SEC assays. Another unexplored scenario
by simulation is that binding of tabersonine to Af(1—42)
would interfere with the formation of the U-bend f-sheet
conformation of A#(1—42). In either scenario, the capability of
tabersonine to interact with oligomers and disrupt preformed
fibrils is unambiguously verified by our SPR experiments
(Figure S3), CD data (Figure 4B,C), and AFM images (Figure
3B,C).

To further identify the possible binding sites on the AS(1—
42) pentamer, we clustered the Af(1—42)—tabersonine
complex into different structural groups using a root-mean-
square deviation of S A as a cutoff value. Figure 8 shows the

Region 2

Region 4

Region 5 Region 6

Figure 8. Regions of Af(1-42) with high tabersonine binding
probabilities (percentages of the total population shown in
parentheses): Aspl—His6 (Region 1, 16.34%), Tyr10—Vall2 (Region
2, 14.24%), Val18—Glu22 (Region 3, 11.2%), Ser26—Gly29 (Region 4,
7.6%), Ala30—Gly37 (Region S, 5.1%), and Val39—Ala41 (Region 6,
3.7%).

representative structures of the top six clusters, which
correspond to highly populated binding sites at Aspl—His6
(Region 1), Tyrl0—Vall2 (Region 2), Vall8—Glu22 (Region
3), Ser26—Gly29 (Region 4), Ala30—Gly37 (Region S), and
Val39—Ala41 (Region 6). Specifically, aromatic residues F4, F6,
Y10, F19, and F20 along the groove of the N-terminal f-sheets
in Regions 1—3 provide more favorable sites for interaction
with tabersonine. The 7—n stacking between these aromatic
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residues and tabersonine would interfere with the ordered
stacking of f-sheets for producing large Af(1—42) oligomers
and fibrils (consistent with our CD spectra and SEC data). The
binding of tabersonine to Region 1 disrupts intermolecular
cross-linking between F4 and M35, whereas binding with
Region 3 (Val18—Glu22) limits the hydrophobic interaction of
tabersonine with F19/G38. Many studies have shown that both
m—n stacking and hydrozPhobic interaction are crucial to
amyloid formation.>”*>16* In Region 4, tabersonine binds to
the U-bend to disrupt the D23—K28 salt bridge, which is
important for stabilizing the f-sheets and stacked S-sheets. In
Regions 5 and 6, tabersonine binds weakly to the C-terminal
groove of the hydrophobic A21-V36 region with a random
conformation, and such a hydrophobic interaction could result
in the disturbance of local secondary structures of Af(1—42).
Taken together, the multiple binding sites and binding modes
lead to different routes to inhibit amyloid formation and to
dissociate preformed fibrils.

B CONCLUSIONS

In summary, the combination of a wide range of biophysical
and bioanalytical assays with computational simulation affords a
detailed characterization of the tabersonine—Af(1—42) inter-
action. The ThT assay and AFM results demonstrate that
tabersonine binds to both oligomers and fibrils, introduces
disorder into the p-sheet stacking process, and disrupts
preformed fibrils. The amorphous aggregates in the presence
of tabersonine contain less -sheet structures, as shown by the
CD spectra. SEC data suggest that the pentamer is the
predominant species during the early stages of aggregation and
that large insoluble aggregates of Aff(1—42) are produced when
coincubated with tabersonine. SPR measurements confirmed
that tabersonine has a stronger binding affinity to Af(1—42)
oligomers with respect to that for the monomer. Lastly, MD
simulations support our biophysical measurements and provide
insight into the tabersonine—Af(1—42) interaction at the
molecular level. The different AB(1—42)—tabersonine inter-
action modes also help to disintegrate preformed fibrils into
amorphous aggregates. The small size and lipophilicity of
tabersonine should facilitate its ability to cross the blood—brain
barrier. In addition, as a natural product and a precursor for the
cancer drug vincristine, it imposes rather low toxicity to cells.
Although much more in vivo research is needed to validate it as
a useful and clinically viable drug, our work demonstrates that
the combination of molecular dynamics simulation with various
biophysical methods is a powerful approach for the initial
screening of drug candidates for AD or other amyloid diseases.
With tabersonine identified as a potent aggregation inhibitor,
the pool of potential therapeutic AD drug candidates from
natural products is further expanded.

B METHODS

Materials. Hexafluoroisopropanol (HFIP), dipotassium phosphate,
potassium phosphate monobasic, sodium hydroxide, thioflavin T
(ThT), and other chemicals were purchased from Sigma-Aldrich
(Milwaukee, WI). A(1—42) was obtained from American Peptide Co.
Inc. (Sunnyvale, CA). Voacanga africana beans were acquired from San
He Tian Biological Technology Co. Inc. (Chengdu, China). All
solutions were prepared with deionized water (182 MQ cm™)
collected from a water purification system (Simplicity 185, Millipore
Corp, Billerica, MA). SH-SYSY cells (human neuroblastoma) were
supplied by American Type Culture Collection Inc. (Manassas, VA).
Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F12 medium,
fetal bovine serum (FBS), and mixtures of penicillin and streptomycin
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for cell cultures and cytotoxicity studies were acquired from Thermo
Scientific HyClone (Logan, UT).

Isolation of Tabersonine. Voacanga africana beans (100 g) were
ground and crushed into powders, which were added into 300 mL of
95% ethanol and soaked at 65 °C for 1 h. The resultant solution was
filtered to yield a ~12 L extract. The extract was subsequently
concentrated to 50 mL and mixed with 250 mL of 1% hydrochloric
acid. Upon standing for 24 h, the mixture was filtered again and
purified via column chromatography using a column packed with AB-8
macroporous resin (Shanghai Hualing Resin Co., China). Elution was
performed using an ethanol/water (v/v = 70:30) eluent at 0.8 mL/
min. The crude tabersonine was obtained by drying the solvent on a
rotary evaporator. After recrystallization with hydrochloric acid (pH
2.0) at 80 °C, tabersonine hydrochloride was obtained at 1.5 wt %. As
shown in Figure S1, HPLC separation on a Kinetex C18 column (1.7
pum, 2.1 mm X 50 mm, 100 A; Phenomenex, Torrance, CA) was
conducted, and elution of tabersonine was monitored with a UV—vis
detector. Gradient elution was performed with water/0.1% formic acid
as eluent A and acetonitrile/0.1% formic acid as eluent B. The flow
rate was 0.5 mL/min, with eluent B ramped from 25 to 100% in 10
min. High-resolution mass spectrometry (Thermo Fisher Scientific,
San Jose, CA) was also used to characterize the purified product (inset
of Figure S1 and Table S1). The molecular weight measured is in
agreement with the reported value.® The chromatogram and mass
spectrum are also consistent with those that we measured using a
commercially available standard (Yingjie Huana Co., China).

Solution Preparation. The stock solution of AB(1—42) was
prepared as follows. Lyophilized A(1—42) was dissolved in 1 mg/mL
HFIP and kept at room temperature for 2 h. This was followed by
sonication for 30 min and then centrifugation at 14 000 rpm upon
incubation at 4 °C for 30 min. The supernatant was pipetted out and
freeze-dried. The as-treated Af(1—42) sample was then dissolved in
20 mM NaOH and sonicated for 1 min, which was followed by
centrifugation at 14 000 rpm for 30 min. The supernatant was again
pipetted out and used as the stock solution of AB(1—42). AS(1—42)
concentrations were determined by UV—vis spectrophotometry with
an extinction coefficient of 1410 M~ cm™ at 276 nm. Tabersonine
was dissolved in water to afford a 0.2 mM stock.

ThT Assays. AB(1—42) solutions (80 M) containing 100 mM
phosphate buffer and 100 mM NaCl (pH 7.4) were incubated with or
without 10 M tabersonine at 37 °C. For each assay, an 7.8 L aliquot
was taken from 300 uL of either AB(1—42) or an AB(1—42)—
tabersonine mixture and mixed with 92.2 yL of 20 uM ThT-containing
phosphate buffer (100 mM, pH 7.4). ThT fluorescence was recorded
at 490 nm, with an excitation wavelength of 450 nm, using a Hitachi F-
4600 spectrofluorometer (Hitachi, Japan). The widths of the entrance
and exit slits were both 10 nm.

Atomic Force Microscopy. Morphologies of Af(1—42) aggre-
gates were characterized in tapping mode on a Nanoman VS atomic
force microscope (Bruker, Germany) using a probe with a ~20 nm tip
diameter (MPP-11100-10, Bruker, Germany). Prior to imaging,
aliquots taken from incubated Af(1—42) solutions or Af(1—42)—
tabersonine mixtures were cast onto Ni**-treated mica sheets.

Circular Dichroism Spectroscopy. CD measurements were
conducted on a J-810 spectropolarimeter (JASCO Inc, Tokyo,
Japan) at room temperature in a 1 mm path length quartz cuvette.
The spectra were collected within 195—260 at 0.1 nm intervals with a
1 nm bandwidth and a scan rate of 100 nm/min. Before each
measurement, the cuvette was thoroughly shaken or sonicated for 30 s.
Each spectrum is the average of three scans.

Size Exclusion Chromatography. Size exclusion chromatog-
raphy was performed on an HPLC system (Shimudzu, Tokyo, Japan).
Two columns (Yarra 3 um SEC-2000, Phenomenex Inc., Torrance,
CA) were connected in series, and the calibration curve (Figure S2,
Supporting Information) was obtained using the following eight
standards: human secretory IgA (385 kDa), bovine serum albumin (66
kDa), ovalbumin (45 kDa), chymotrypsinogen A (25 kDa), soybean
trypsin inhibitor (20 kDa), a-lactalbumin (14.2 kDa), aprotinin (6.5
kDa), and vitamin B12 (1.35 kDa). Elution of Af{(1—42) monomers
and oligomers was monitored at 220 nm. Phosphate buffer was utilized
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as the mobile phase, and the flow rate was 0.2 mL/min. Under the
experimental conditions, A(1—42) oligomers with molecular weights
greater than 300 kDa appeared as a single peak. For each assay, a 20
uL aliquot taken from a 400 uL solution incubated in a 37 °C water
bath was injected into the columns.

Surface Plasmon Resonance (SPR). Affinity constants of binding
between tabersonine and ApJ(1—42) monomer/oligomers were
obtained using a BI-SPR 4000 instrument (Biosensing Instrument
Inc, Tempe, AZ) equipped with a two-channel flow cell on a BI
dextran chip (Biosensing Instrument Inc.). 100 mM phosphate buffer
(pH 7.4) containing 100 mM NaCl was employed as the running
buffer and also for sample preparation. To activate the carboxylic
groups on the dextran chip, a solution containing 0.4 M EDC and 0.1
M NHS was allowed to flow over the chip at 20 yL/min for 10 min.
After SO0 uM Af(1—42) monomer/oligomers was immobilized onto
one fluidic channel at 10 uL/min for 20 min, the unreacted sites were
blocked using 1.0 M ethanolamine (pH 8.0). The AS(1-42)
monomer/oligomers immobilized on the dextran surface yielded
~2170 and ~2730 response units (RUs), respectively. The other
fluidic channel was not immobilized with A#(1—42) and used as a
control. Different concentrations (200, 100, 50, 25, and 12.5 uM) of
tabersonine were injected at a flow rate of 120 xL/min for 2.5 min.
Ap(1—42) oligomers was obtained by incubating a fresh AB(1—42)
solution at 37 °C for 3 h. Affinity constants were obtained from
double-reference-subtracted sensorgrams fitted with the Langmuir
isotherm model.

Cell Cytotoxicity Assay. To culture the SH-SYSY cells, medium
composed of DMEM (SmM L-glutamine), Ham’s F12, FBS, and
penicillin and streptomycin (v/v/v/v = 44.5:44.5:10:1) was used. The
cultured cells were then transferred to a sterile 96-well plate with
approximately 1 X 10* cells/well. Cells acclimatized overnight in the
media in a humidified incubator under 5% CO, at 37 °C. Af(1—42)
solutions and Af(1—42)—tabersonine mixtures were preincubated at
37 °C for different times, and the resultant solutions were mixed with
the SH-SYSY cells for 24 h. The viability of the SH-SYSY cells exposed
to each solution was determined with the 3[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium bromide (MTT; EMD Inc., Gibbstown, NJ)
assay. Cell viability was estimated by dividing the absorbance of wells
containing samples by that of wells containing only cell culture media.

Molecular Model. A model based on the AB(1—42) pentamer was
used to probe the tabersonine binding sites and modes. To construct
an ApB(1-42) pentamer, the initial monomer coordinates of an
Ap(17—42) peptide were taken and averaged from NMR structures
(PDB code 2BEG).*” Since the crystal structure of residues 1—-16 is
not available, the N-terminus was constructed and reassembled to
Ap(17—42), yielding a full-length AS(1—42) monomer with the f-
hairpin structure. The f-hairpin AB(1—42) monomer consists of two
antiparallel S-strands (residues V1—S26 and 131—A42) connected by a
U-bend (residues N27—A30). Among the various structural models for
Ap oligomers reported in the literature,**%* we used the AB(1—42)
monomer with a #-strand—turn—p-strand motif as the building block
to construct the Af(1—42) pentamer by stacking AS(1-42)
monomers on top of each other in a parallel and registered form.
The structure has an initial peptide—peptide separation of ~4.7 A,
consistent with experimental data.**®” The N- and C-terminus of each
Ap(1—42) peptide are blocked by COO~ and NH;* groups,
respectively, yielding a total net charge of —15. Five tabersonine
molecules were initially and randomly placed around the AB(1—42)
pentamer with a minimal distance of 10 A to allow tabersonine to land
on optimal binding sites. The Af(1—42)—tabersonine system was then
solvated in a rectangular TIP3P water box. Na* and Cl” ions (total
ionic strength of ~100 mM) were added to achieve an electrically
neural environment. Each system contains the Af(1—42) pentamer,
five tabersonine molecules, 9000 water molecules, and 65 ions in a 107
X 57 X 60 A® simulation box. The ParamChem tool (https:/ /wWww.
paramchem.org), which is compatible with the CHARMM general
force field, was used to develop parameters for tabersonine. After
geometry optimization at the MP2/6-31G* level by Gaussian95, the
partial charges were derived by fitting the gas-phase electrostatic
potential using the restrained electrostatic potential (RESP) method.
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To validate the force field parameters of tabersonine, a short 2 ns
TIP3P water model was constructed at 310 K. The bond lengths, bond
angles, and torsion angles were well-maintained in the MD simulations
as compared to the quantum mechanical structure.

Molecular Dynamics (MD) Simulation. Simulations of the
Ap(1—42) pentamer—tabersonine system containing water molecules
and counterions were performed using the NAMD program®® with the
CHARMM?? force field.” The simulation was first subject to 5000
steps of the steepest descent minimization with position constraints on
Ap(1—42) and tabersonine, followed by an additional 5000 steps of
conjugate gradient minimization without any position constraints.
After energy minimization, the system was gradually heated from 50 to
310 K in 100 ps and equilibrated at 310 K for 500 ps to adjust the size
and density, with the number of atoms, pressure, and temperature kept
constant. Then, 30 ns production MD runs were conducted to
examine the mutual dynamics and binding events between Af(1—42)
and tabersonine. Short-range van der Waals interactions were
calculated by a switch function with a twin cutoff at 10 and 12 A,
whereas 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 a time step of 2 fs was
used in velocity verlet integration. Each system was run twice for
validation with the different starting coordinates and velocities. MD
trajectories were saved every 2 ps for subsequent analyses.

B ASSOCIATED CONTENT

© Supporting Information

Figure SI: Chromatogram of 1 mg/mL tabersonine extracted
from Voacanga africana beans. Figure S2: SEC standard
calibration curve. Figure S3: Surface plasmon resonance
sensorgrams. Table S1: Experimentally measured and theoreti-
cal isotopic peaks of tabersonine. This material is available free
of charge via the Internet at http://pubs.acs.org/.
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