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By the virtual screening method we have screened out Dihydrochalcone as a top-lead for the Alzheimer’s disease using the
database of about 32364 natural compounds. The binding affinity of this ligand to amyloid beta (Ap) fibril has been
thoroughly studied by computer simulation and experiment. Using the Thioflavin T (ThT) assay we have obtained the
inhibition constant IC50 ~2.46uM. This result is in good agreement with the estimation of the binding free energy obtained
by the molecular mechanic-Poisson Boltzmann surface area method and all-atom simulation with the force field CHARMM
27 and water model TIP3P. Cell viability assays indicated that Dihydrochalcone could effectively reduce the cytotoxicity
induced by Af. Thus, both in silico and in vitro studies show that Dihydrochalcone is a potential drug for the Alzheimers
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia
among the senior population that is increasing substantially as
populations age [1]. The patient with AD will lose memory, decay
language, and experience problems with visual spatial search et.
AD may be pathologically characterized by progressive intrace-
rebral accumulation of beta amyloid (Af)) peptides [2] and tau
protein [3]. However, genetic and pathological evidences strongly
support the first hypothesis [4]. The Af peptides are proteolytic
by-products of the amyloid precursor protein and are most
commonly composed of 40 (Af; _49) and 42 (Af| _4) amino acids.
AP peptides appear to be unstructured in monomer state but
aggregate to form fibrils with an ordered cross-f-sheet pattern
[5,6]. Increasing evidence from recent studies indicates that both
soluble oligomers and mature fibrils are the toxic agents [2].

Presently, there is no cure or treatment for AD, and significant
effort has, therefore, been made to find efficient drugs to cope with
it. One of the promising approaches is to inhibit misfolding and
reverse aggregation of amyloid peptides [7]. A large number of
potential Af fibrillogenesis inhibitors have been proposed includ-
ing polyamines, metal chelators, carbohydrate-containing com-
pounds, polyphenols, osmolytes, short peptides, and RNA
aptamers etc [7,8]. One should mention a number of small
molecule inhibitors such as poly-L-lysine [9], dopamine [10], L-
dopa [l1], melatonin [12], indole-3-propionic acids [13],
apomorphine derivatives [14], salvianolic acids [15] and many
others. Nutraceuticals, which are natural products or extracts
therefrom, as shown by preclinical and certain clinical studies,
might be of value as AD therapeutic agents [7].
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In this paper we carry out the comprehensive study of binding
affinity of compounds derived from Eastern herbs and plants to
aggregates of Af,q and Af;,. Having used the docking method we
screened out 20 top-leads for 6Afy_4 and 5Af;_4, fibrils.
However, we were able to purchase only compound Dihydro-
chalcone which is an extract from Daemonorops draco tree. Our
experimental study shows that this compound is promising for AD
having the inhibition constant IC50 ~2.46uM and low toxicity.
The experimental result of the inhibition constant has been
confirmed by the molecular mechanic-Poisson Boltzmann surface
area (MM-PBSA) method which is more sophisticated than the
docking method. Thus for the first time by the experiment and
simulation we predict that Dihydrochalcone is a good candidate
for AD.

Materials and Methods

Data Base of Compounds

We consider 32364 compounds derived from Eastern herbs and
plants (see website: http://tcm.cmu.edu.tw). Applying Lipinski’s
rule of five [16] (see File S1) to this data base we obtained 3699
ligands that have drug-like properties and satisfy the Lipinski’s
rule. However, one should bear in mind that many natural
products remain bioavailable despite violating the Rule of Five
[17,18]. The virtual screening was applied to the reduced set of
compounds.

Receptors

In order to study the binding affinity to mature fibrils we choose
two typical structures of 6Afly_4q obtained from Prof. R. Tycko
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[19] and 5Af;;_4 (PDB ID: 2BEG [6]). Note that 8 and 16
disordered residues of the N-terminal of Af; _4 and Af;_4, are
neglected from fibril constructions. In the case of Afy, several
NMR fibril structures are available, but to make a reasonable
comparison between two types of fibrils, we choose 6Afg_4
because its structure is closest to 2BEG.

Docking Method

Both ligand-based and structure-based virtual screening meth-
ods have their advantages and drawbacks. However, since the
docking methods are able to select more diverse actives than
ligand-based methods like 2D similarity or substructure searching
[20], we will use Autodock Vina method [21]. In our simulations
the docking score is the binding energy and the best docking mode
is the highest scoring pose or the conformation with the lowest
binding energy. The details of this method are available in File S1.

Molecular Dynamics Simulation

In order to estimate the binding free energy of Dihydrochalcone
to 6Afy_49 by the MM-PBSA method we have carried the
molecular dynamics simulation using the force field CHARMM
27 [22] and water model TIP3P [23]. More details are described
in File S1.

MM-PBSA Method

We have applied the MM-PBSA method to estimate the
binding free energy of Dihydrochalcone to 6Afg_ 4. The details of
this method are given in our previous works [24]. Overall, in the
MM-PBSA approach the binding free energy of ligand to receptor
is defined as follows

AGbind = AEele:c + AEvdw + AGsur + AGPB - TAS, (1)

where AFEge. and AEqyw are contributions from electrostatic and
vdW interactions, respectively. AGgyr and AGpg are nonpolar and
polar solvation energies. The entropic contribution TAS is
estimated using the normal mode approximation. In order to
calculate AGyping, the molecular dynamics (MD) simulations have
been carried out using the force field CHARMM 27 [22] and
water model TIP3P [23]. The structures of receptor-ligand
complex obtained in the best docking mode are used as starting
configurations for simulations. For the 6Afy_49-Dihydrochalcone
complex four 20 ns MD trajectories were generated. Snapshots
collected in equilibrium are used to compute the binding free
energy given by Eq. 1.

Ap Preparation

To prepare the Af stock, lyophilized Af 40 peptide, 0.5 mg,
was freshly dissolved in 145 pul Buffer A (10 mM Tris-HCI,
pH=7.4, and 150 mM NaCl) containing 8 M GdnHCI] and
refolded into Buffer A at a concentration of ~1 mg/ml. Then, the
stock was centrifuged at 17,000 x g, 4°C for 30 min. The
supernatant was collected and quantified by absorbance at
280 nm (€=1,280 cm~'M~!) and used as a stock solution to
prepare Af at 25 uM for all experiments [25,26].

Dihydrochalcone Preparation

Dihydrochalcone was purchased from MP Biomedicals, Inc.
(Fountain Pkwy, OH). Stock of Dihydrochalcone, 20 mM, was
dissolved in 100% DMSO and diluted to different concentrations
as indicated. The final DMSO concentration was constant in each
condition.
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Thioflavin T (ThT) Assay

Af (25 uM) in Buffer A with different Dihydrochalcone
concentrations and 25 uM Th'T were incubated in a 384-well
ELISA plate and monitored by a microplate reader (SpectraMax
Mb5; Molecule Devices) at 25°C. The samples were constantly
rotated at 400 rpm during the incubation. The ThT fluorescence
was measured at 485 nm where the excitation was at 442 nm. The
final Th'T' intensity was plotted against the compound concentra-
tion and fitted to obtain IC50 using the equation, Y =100/
(1410 —LogIC0y iny Prigm 5 (GraphPad Software, Inc, Avenida de
la Playa, CA).

TEM

The aggregated samples were placed on glow-discharged, 400-
mesh Formvar carbon-coated copper grids (EMS Inc., Hatfield,
PA, USA) for 3 min, rinsed, and negatively stained with 2% uranyl
acetate. The samples were examined with a Hitachi H-7000 TEM
(Hitachi Inc., Tokyo, Japan) with an accelerating voltage of 75 kV.

MTT Assay

The HEK293 cells were seeded into 96-well plates (100 ul/well)
one day prior to the experiment. The cells were treated with the
end-point products and incubated at 37°C for 24 hr. MTT
solution (Sigma) was then added to each well and incubated for
another 4 hr. The medium was removed and 100 ul of DMSO
was added to dissolve the formazen crystals. The absorbance (A)
was measured at 570 nm and the background signals caused by
the samples without cells were subtracted. The data were
normalized using the buffer control as 100%.

Results and Discussion

Theoretical Results

Top leads revealed by the virtual screening. The
positions of 3699 ligands in the best docking mode for two targets
are shown in Fig. S1 in File S1. In the case of 6Afg_g4 all
compounds are positioned inside the fibril and mainly near to the
loop region. Most of them have contacts with peptides II — V.
Only few ligands are located near terminals of peptides. The
situation is very different in the case of 17Af7_4,, where binding
sites are scattered not only inside but also outside of fibrils.

As follows from the distributions of binding energies obtained in
the best docking mode (Fig. S2 in in File S1), ligands show higher
binding affinity toward 6Afy_4 compared to 5Af7_4;. This is
presumably because they are mainly located outside 5Af7_4.
The most probable energies are about —6 and —8 kcal/mol for
5AB17_4 and 6Afg_ 4, respectively.

We have made a ranking of ligands by their binding energies to
two receptors. The 10 top leads are listed on Table S1 in File S1.
Dia-aurantiamide acetate (ID: 30140) is a champion with
Eving= —8.6 kcal/mol to 5Af;7_45. In the case of 6Afy_4
Delavinone (ID: 32022) has the lowest binding energy. The
common feature of 10 top leads is that they contain at least two
rings which favor high binding affinity. Among them Dihydro-
chalcone is the lightest compound having weight of 200 Da.
Moreover, the structure of this compound is similar (using the
software SHAEP software (http://users.abo.fi/mivainio/shaep/)
[27] one can show that the shape similarity between Dihydroa-
chalcone and Curcumin is 67.12%) to that of curcumin
undergoing the second phase of clinical trials. Both of them have
two aromatic rings (Fig. 1A and Table S1 in File S1), which, as
shown below, play a decisive role in binding affinity. From 10 top
leads (Table S1 in File SI) we were able to purchase
Dihydrochalcone, which is derived from Daemonorops draco tree
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Figure 1. Chemical structure and the best docking pose of Dihydrochalcone. (A) Structure of Dihydrochalcone. (B) The best docking
conformation of the 6Af,_ 4-Dihydrochalcone complex. (C) Hydrogen bonds between Dihydrochalcone and fibril 6Af,_,, in the best docking mode.
The ligand has 1, 3 and 1 hydrogen bonds with residues ILE32 of chain Il, PHE19 of chain Ill and PHE20 of chain V, respectively.
doi:10.1371/journal.pone.0079151.g001

PLOS ONE | www.plosone.org 3 November 2013 | Volume 8 | Issue 11 | e79151



A 550 T T T T T
8 500 = oOuM v 10uM
c 450 ¢ 1uM 4 50 uM
@ 400

2 A 5uM » 100 puM 7
»n 350

g 3001
250
= 200
150
<= 100
50

-

N A O ®O

Normalization

A -0 1
Dihydrochalcon
(uM, Log scale)

Time (hr)

B 400

350 -

1% \Q g)Q \QQ

Dihydrochalcone (uM)

300
250
200
150 |
100

ThT Fluorescence

50 |-

N

Ap40

Ap40
+ E
Dihydrochalcone

Figure 2. Dihydrochalcone suppresses A fibrillization. (A) A40
(25 uM) was incubated at 25°C with different concentrations of
Dihydrochalcone in the presence of ThT and the fibrillization was
monitored by ThT fluorescence for 58 hr. Af in the absence (0 M, [J)
and presence of various concentrations of Dihydrochalcone (1 uM, 4 ;
5 uM, A; 10 uM, ¥; 50 uM, «€; 100 uM, »). The final ThT intensity was
plotted against Dihydrochalcone concentrations and shown in the inset
(IC50=2.46 uM) of panels (A) and (B).The mean value of the final ThT
intensity and statistical significance was shown in panel (B). One-way
ANOVAs, *** P<<0.0001. (C) TEM images of the end-point products from
ThT experiments. Scale bars =500 nm.

doi:10.1371/journal.pone.0079151.9g002

(Fig. S3 in File S1), to perform in vitro study for its ability to prevent
APy aggregation. Therefore we consider this compound in more
detail.
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Figure 3. Cytotoxicity of the end-point products of Af
fibrillization with and without Dihydrochalcone. HEK293 cells
were treated with the end-point products of Ap fibrillization with and
without various concentrations of dihydro-chalcone as indicted in
Figure 2 for 24 hr and subjected to MTT assay. Triplicate experiments
were performed and the data were shown as mean * standard
deviation. The statistical significance was indicated by one-way ANOVAs
(**, P<0.005; ***, P<0.0005).

doi:10.1371/journal.pone.0079151.g003

Hydrogen network of dihydrochalcone. The 6Afqg_44-
Dihydrochalcone  complex in the best docking mode
(Ebind = —8 kcal/mol) is shown in Fig. 1B. In this configuration
Dihydrochalcone forms 1, 3 and 1 hydrogen bonds (HB) with
residues ILE32 of chain II, PHE19 of chain III and PHE20 of
chain V, respectively (Fig. 1C). Note that among all of five non-
standard HBs one has three C-H...C and two CG-H...O bonds that
may be important for the interaction of small molecules with other
molecules [28,29]. Fig. S4 (File S1) shows the dependence of
binding energies of 3699 ligands to target 6Afly_4 on the number
of HBs. Since the correlation between two these quantities is very
low one can conclude that the HB network is not strong enough to
play the key role in the binding affinity to Afy, fibrils. This
conclusion is also valid for Afy, target (results not shown).

Estimation of binding free energy of dihydrochalcone to
6Afy_4 by MM-PBSA method. It is well known that the
docking method is not accurate enough due to omission of ligand
dynamics and a limited number of trial positions of ligand.
Therefore we will use the MM-PBSA method which is more
reliable in estimating the binding free energy AGping (Eq. (1)).

We use the conformation obtained in the best docking mode
(Fig. 1B) as a starting conformation for MD simulation. Four
independent 20 ns MD trajectories have been generated with
different random seed numbers that are needed to create different
pools for initial velocities of atoms. The time dependence of C,
root mean square displacement (RMSD) of the receptor 6AfSg_ 4
shows that the systems reaches equilibrium (curves reach
saturation) after about 10 ns (Fig. S5 in File S1).

We have stored snapshots every 10 ps during last 10 ns for
MM-PBSA calculation using Eq. (1). Although AGping is sensitive
to MD runs (Table S2 in File S1) we have the clear trend that the
van der Waals interaction dominates over the electrostatic
interaction. The entropic and nonpolar (AGgy,) contributions are
almost homogeneous over for all trajectories. Averaging over four
MD runs we obtain AGping = —9.39 kcal/mol which corresponds
to the inhibition constant IC50 ~1 puM. This result is in
reasonable agreement with our experimental data (see below).

We have aslo studied the binding 3 ligands Delavinone,
Sisalagenin and Sipeimine that can cross the blood brain barrier
casily (log(BB)>0, see below) using the MM-PBSA method. As in
the case of Dihydrochalcone the systems reach equilibrium after
about 10 ns (Fig. S5 in File S1). Within the error bars they have
the binding free energy compatible to Dihydrochalcone (Table S2
in File S1). Therefore. these compounds also deserve further
in vitro and in vivo studies.
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Aromatic rings play the key role in ligand binding. We
have considered the contributions of individual atoms of
Dihydrochalcone to the electrostatic and van der Waals interac-
tions with the receptor (Fig. S6 in File S1). The results have been
obtained as averages over four MD trajectories. Except atom 11
(Fig. 1A) all Carbon atoms have the repulsive interaction with the
receptor, while the Coulomb interaction with hydrogen atoms is
attractive. The elctrostatic interactions of aromatic rings are
almost compensated (Fig. S6 in File S1). The electrostatic
interaction between Oxygen atom with the receptor is the
strongest one. The contribution of Carbon atoms 12 and 17 from
the middle part (Fig. 1A) is more important than Carbon atom 14.
Similar to Curcumin case [24], two aromatic rings are very
important in binding affinity of Dihydrochalcone to fibril.

Ligand binding slows down the fibril growth process. In
this section we discuss the impact of ligand binding on fibril
assembly and disassembly at the qualitative level. As evident from
Fig. 1, the ligand is located inside fibril leading to its stabilization.
The fact that the ligand binding can slow down fibril assembly
may be qualitatively understood as follows. Suppose that the fibril
growth proceeds by addition of a nascent monomer to the
preformed template [30,31]. Then the fluctuations of template
would facilitate this process [31]. From this point of view the
stabilization by ligand binding makes the template more rigid
reducing the fibril formation rates as observed in our ThT
fluorescence experiments.

The question about the influence of ligand binding on fibril
disassembly looks more complicated. In our opinion, there is a
possibility that ligands locate not only inside but also outside fibrils.
Then outside ligands may destabilize fibrils, but this question
requires further investigation.

Blood-Brain Barrier (BBB). The BBB is a physical barrier
in the circulatory system that a compound should across in order
to travel into the central nervous area [32]. Thus the requirement
of passing this barrier is necessary for any AD drug candidate. The
crossing ability is measured by log(BB) which is the logarithm base
10 of the ratio of the compound concentration in the brain to that
in the blood. Using the quantitative structure-activity relationship
(OSAR) implemented in the PreADME prediction sofware [33]
we obtained log(BB) = 0.18 for Dihydrochalcone. This implies that
the crossing ability of Dihydrochalcone is much better than
Curcumin which has log(BB) = —1.04.

Experimental Results

To validate the potency of the natural compounds virtually
screened from the data base, we performed the Af40 fibrillization
experiment with Dihydrochalcone that is commercially available.
We first employed Thioflavin T (ThT) assay to detect Af
fibrillization in the presence of different concentrations of
Dihydrochalcone. Five concentrations from 1 to
100 uM of Dihydrochalcone were used to examine the inhibitory
effect. In the absence of Dihydrochalcone, Af rapidly increased in
7 hr and reached a steady state after 30 hr monitored by ThT
assay (Fig. 2A). After addition of 1 uM Dihydrochalcone, the
elongation phase of Af fibrillization was singnificantly decreased.
Upon increasing Dihydrochalcone, the ThT intensity at the steady

ranging

References

1. Henderson AS, Jorm AF (2002) Dementia. John Wiley & Sons Ltd.

2. Hardy J, Selkoe DJ (2002) Medicine - the amyloid hypothesis of alzheimer’s
disease: Progress and problems on the road to therapeutics. Science 297: 353~
356.

PLOS ONE | www.plosone.org

Dihydrochalcone as Lead for Alzheimer’s Disease

state decreased in a dose dependent manner. In the presence of
100 uM Dihydrochalcone, ThT intensity decreased to ~66% of
that in the absence of Dihydrochalcone suggesting reduction of Af
fibrils. We plotted the intensity versus Dihydrochalcone concen-
tration and calculated its IC50 to be ~2.46 uM (Figure 2A, inlet),
that is comparable with our theoretical estimation and with that of
curcumin [34]. The averaged final ThT intensity was plotted
(Figure 2B). The data showed the inhibitive effect of Dihydro-
chalcone was statistically significant. We also compared the
inhibitive effect of Dihydrochalcone with the reported Af fibril
inhibitors including curcumin, rosmarinic acid, and resveratrol
(Figure S7 and S8 in File S1) by ThT assay. The 1C50 of
Dihydrochalcone was similar to those of curcumin and resveratrol
but better than rosmarinic acid. To confirm the fibril quality and
morphology, we used transmission electron microscopy (TEM) to
examine the end-point products of the Th'T experiments (Fig. 2C).
In the absence of Dihydrochalcone, Af fibrillized to clusters of
thread-like fibrils in high density. With higher concentration of
Dihydrochalcone, we observed much fewer amyloid fibrils by
TEM and the clusters were much reduced. We further examined
the cytotoxicity of the end-point products by MTT assay using
HEK293 cells (Fig. 3). In the absence of Dihydrochalcone, Af
treated cells have 72.5% viability than the buffer control. The
cytotoxicity was significantly reduced with higher Dihydrochal-
cone concentrations. The cell viability was increased to 93.2% in
the presence of 100 uM Dihydrochalcone comparing to the buffer
control. The result clearly showed that Dihydrochalcone can
inhibit Af} aggregation and toxicity.

Conclusion

By virtual screening we have sorted out the most potent
candidates for AD from the large data base of natural products. In
sthco and i vitro studies clearly show that the extract from
Daemonorops draco tree Dihydrochalcone satisfies requirements
for a AD drug such as the binding affinity, BBB crossing ability
and non-toxicity. Therefore we recommend it for further in vivo
study and possible clinical trials.

Supporting Information

File S1 Lipinski’s rule of five; docking method; molec-
ular dynamics simulation and supporting tables and
figures.

(PDF)

Acknowledgments

We are very thankful to R. Tycko for providing the atomic structure of
6Afg 40 and P.D.Q, Huy for useful discussions. Allocation of CPU time at
the supercomputer center TASK in Gdansk (Poland) is highly appreciated.

Author Contributions

Conceived and designed the experiments: MSL YRC. Performed the
experiments: MHV CYC MSL YRC. Analyzed the data: MHV CYC
CKH MSL YRC. Contributed reagents/materials/analysis tools: CKH
MSL YRC. Wrote the paper: MSL YRC.

3. Alonso A, Zaidi T, Novak M, Grundke-Igbal I, Igbal K (2001) Hyperpho-
sphorylation induces self-assembly of tau into tangles of paired helical filaments/
straight filaments. Proc Natl Acad Sci 98: 6923-6928.

4. Aguzzi A, O’Connor T (2010) Protein aggregation discases: pathogenicity and
therapeutic per-spectives. Nat Rev Dru 9: 237-248.

November 2013 | Volume 8 | Issue 11 | e79151



. Petkova AT, Ishii Y, Balbach J, Antzutkin O, Leapman R, et al. (2002) A

structural model for alzheimer’s beta-amyloid fibrils based on experimental
constraints from solid state nmr. Proc Natl Acad Sci USA 99: 16742-16747.

. Luhrs T, Ritter C, Adrian M, Riek-Loher D, Bohrmann B, et al. (2005) 3d

structure of alzheimer’s amyloid-beta(1-42) fibrils. Proc Natl Acad Sci USA 102:
17342-17347.

. Cummings JL (2004) Alzheimer’s disease. N Engl J of Med 351: 56-67.
. Hawkes CA, Ng V, MacLaurin J (2009) Small molecue inhibitors of af-

aggregation and neurotoxity. Drug Dev Res 70: 111-124.

. Nguyen KV, Gendrault JL, Wolff CM (2002) Poly-l-lysine dissolves fibrillar

aggregation of the alzheimer beta-amyloid peptide in vitro. Biochem Biophys

Res Commun 291: 764-768.

. Martorana A, Mori F, Esposito Z, Kusayanagi H, Monteleone F, et al. (2009)

Dopamine modulates cholinergic cortical excitability in alzheimer’s disease
patients. Neuropsychopharmacology 34: 2323-2328.

. Martorana A, Stefani A, Palmieri MG, Esposito Z, Bernardi G, et al. (2008) L-

dopa modulates motor cortex excitability in alzheimers disease patients. J Neural
Trans 115: 1313-1319.

Srinivasan V, Pandi-Perumal SR, Cardinali DP, Poeggeler B, Hardeland R
(2006) Melatonin in alzheimer’s disease and other neurodegenerative disorders.
Behavioral and Brain Functions 2: 15-37.

. Bendheim E, Poeggeler B, Neria E, Ziv V, Pappolla MA, et al. (2002)

Development of indole-3- propionic acid (oxigon (tm)) for alzheimer’s disease.
J Mol Neurosci 19: 213-217.

. Lashuel HA, Hartley DM, Balakhaneh D, Aggarwal A, Teichberg S, et al.

(2002) New class of inhibitors of amyloid-beta fibril formation. implications for
the mechanism of pathogenesis in alzheimer’s disease. J Biol Chem 277: 42881~
42890.

. Durairajan SS, Yuan Q, Xie L, Chan WS, Kum WF, et al. (2008) Salvianolic

acid b inhibits abeta fibril formation and disaggregates preformed fibrils and
protects against abeta-induced cytotoxicty. Neurochem Int 52: 741-750.

. Lipinski A, Lombardo F, Dominy BW, Feeney P] (1997) Experimental and

computational ap-proaches to estimate solubility and permeability in drug
discovery and development settings. Adv Drug Del Rev 23: 3-25.

. Ganesan A (2008) The impact of natural products upon modern drug discovery.

Curr Opin Chem Biol 12: 306-317.

. Owens J, Lipinski C (2003) Chris lipinski discusses life and chemistry after the

rule of five. Drug Discov Today 8: 12-16.

. Petkova AT, Yau WM, Tycko R (2006) Experimental constraints on quaternary

structure in alzheimer’s ff-amyloid fibrils. Biochemistry 45: 498-512.

PLOS ONE | www.plosone.org

21.

22.

23.

27.

28.

29.

30.

31.

33.

34.

Dihydrochalcone as Lead for Alzheimer’s Disease

. McGaughey GB, Sheridan RP, Bayly CI, Culberson JC, Kreatsoulas C, et al.

(2007) Comparison of topological, shape, and docking methods in virtual
screening. J] Chem Inf Model 47: 1504-1519.

Trott O, Olson AJ (2010) Improving the speed and accuracy of docking with a
new scoring function, efficient optimization, and multithreading. J Comput
Chem 31: 455-461.

Brooks BR, III CLB, MacKerell JAD, Nilsson L, Petrella R]J, et al. (2009)
Charmm: The biomolec- ular simulation program. J Comp Chem 30: 1545
1614.

Jorgensen WL, Chandrasckhar J, Madura JD, Impey RW, Klein ML (1983)
Comparison of simple potential functions for simulating liquid water. ] Chem
Phys 79: 926-935.

. Ngo ST, Li MS (2012) Curcumin binds to aff; 4o peptides and fibrils stronger

than ibuprofen and naproxen. J Phys Chem B 116: 10165-10175.

. Edelhoch H (1967) Spectroscopic determination of tryptophan and tyrosine in

proteins. Biochem-istry 6: 1948-1954.

5. Ni CL, Shi HP, Yu HM, Chang YC, Chen YR (2011) Folding stability of

amyloid-beta 40 monomer is an important determinant of the nucleation
kinetics in fibrillization. FASEB Journal 25: 1390-1401.

Vainio MJ, Puranen JS, Johnson MS (2009) Overlay based on shape and
electrostatic potential. J Chem Inf Model 49: 492-502.

Desiraju GR (1996) The c-h...o hydrogen bond: Structural implications and
supramolecular design. Accounts of Chemical Research 29: 441-449.

DuPre DB (2005) Bonding patterns in a strong 3c2e c-h...c hydrogen bond.
J Phys Chem A 109: 622-628.

Collins SR, Douglass A, Vale RD, Weissman JS (2004) Mechanism of prion
propagation: Amyloid growth occurs by monomer addition. PLOS Biol 2: 1582~
1590.

Nguyen PH, Li MS, Stock G, Straub JE, Thirumalai D (2007) Monomer adds to
preformed  struc-tured oligomers of af-peptides by a two-stage dock-lock
mechanism. Proc Natl Acad Sci (USA) 104: 111-116.

Garg P, Verma J (2006) In silico prediction of blood brain barrier permeability:
An artificial neural network model. J Chem Inf Model 46: 289-297.

Clark DE (1999) Rapid calculation of polar molecular surface area and its
application to the prediction of transport phenomena. 2. prediction of
bloodbrain barrier penetration. J Pharm Sci 88: 815-821.

Reinke AA, Gestwicki JE (2007) Structure-activity relationships of amyloid beta-
aggregation in-hibitors based on curcumin: Influence of linker length and
flexibility. Chem Biol Drug Des 70: 206-215.

November 2013 | Volume 8 | Issue 11 | e79151



