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ABSTRACT: Binding of curcumin, naproxen, and ibuprofen
to Af,_4 peptide and its fibrils is studied by docking method
and all-atom molecular dynamics simulations. The Gromos96
43al force field and simple point charge model of water have
been used for molecular dynamics simulations. It is shown that
if the receptor is a monomer then naproxen and ibuprofen are
bound to the same place that is different from the binding
position of curcumin. However all of three ligands have the
same binding pocket in fibrillar structures. The binding
mechanism is studied in detail showing that the van der
Waals interaction between ligand and receptor dominates over
the electrostatic interaction. The binding free energies
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obtained by the molecular mechanic-Poisson—Boltzmann surface area method indicate that curcumin displays higher binding
affinity than nonsteroidal anti-inflammatory drugs. Our results are in good agreement with the experiments.

B INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia among the senior population that is increasing
substantially as populations age." The patient with AD will lose
memory,” experience language decay,” and have problems with
visual spatial searches, * etc. AD may be pathologically
characterized by progressive intracerebral accumulation of
beta amyloid (Af) peptides® and 7 protein.6 However, genetic
and pathological evidence strongly support the first hypoth-
esis.”® The Af peptides are proteolytic byproduct of the
amyloid precursor protein and are most commonly composed
of 40 (Af_4) and 42 (Ap,_,,) amino acids. AS peptides
appear to be unstructured in monomer state but aggregate to
form fibrils with an ordered cross-f-sheet pattern.” ">
Increasing evidence from recent studies indicates that both
soluble oligomers and mature fibrils are the toxic agents.”>'*

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.”"> A large number of potential Af fibrillogenesis
inhibitors have been proposed including polyamines,'®"”
chelators,'® chaperones,'” carbohydrate-containing com-
pounds,*®*! osmolytes,”> short peptides,”> >’ and RNA
aptamers®® etc.">*”*° Nutraceuticals, which are natural
products or extracts therefrom, as shown by preclinical and
certain clinical studies, might be of value as AD therapeutic
agents.ls’31
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Curcumin (diferulomethane), a low molecular weight
molecule derived from the rhizome of curcuma longa, can
inhibit Af aggregation.*** Although this potentially important
lead is under phase II clinical trial,** the nature of its binding to
Ap peptides and fibrillar structures has not been understood at
the atomic level. Experimental and epidemiological studies
suggest that nonsteroidal anti-inflammatory drugs (NSAID)
naproxen and ibuprofen are potential candidates to control A
aggregation. Their chronic consumption can not only suppress
inflammatory targets, which could contribute to neuro-
protection, but also slow down amyloid deposition by
mechanisms that remain unclear.”> ** Molecular dynamics
(MD) simulations of antiaggregation effect of ibuprofen and
naproxen were carried out by Klimov et al**~* who showed
that in agreement with the experiments® ibuprofen displays
lower A binding affinity than naproxen. However, the binding
free energies AGy,,; of ibuprofen and naproxen to Af peptides
and their mature fibrils that can be directly compared with
experimental values of inhibition constants®*** have not been
estimated.

The experiments of Yang et al.*> have shown that curcumin,
which is nontoxic and able to cross the blood-brain barrier due
to its high hydrophobicity, can interfere with Af oligomeriza-
tion better than ibuprofen and naproxen. So, it is worthwhile to
address this problem by computer simulations to shed more
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light on the binding nature of these ligands. Moreover, AGy;,q
of curcumin to A monomer and ag§regates has also not been
computed. As shown by experiments,” ibuprofen and naproxen
have the same binding site but this question has not been
addressed theoretically. In addition, an interesting question
emerges: Does curcumin bind to the same position as NSAIDs?

Therefore, in this paper, we address the following questions:
(1) calculation of the binding free energies of curcumin,
ibuprofen, and naproxen to monomer Af,_,, and its mature
fibrils using the docking and molecular mechanic-Poisson—
Boltzmann surface area (MM-PBSA) method; (2) finding
binding sites of these ligands and (3) elucidating the role of
aromatic rings in ligand binding.

It should be noted that the docking and MD simulation are
complementary in solving specific problems of drug design as
each of them has its advantages and disadvantages. Docking
results provide the information about the location of binding
sites and useful insights into the nature of various contributions
to the total binding energy but the predictive docking power is
limited. MD simulations are computationally more expensive,
but they are more accurate in the estimation of binding free
energies. Therefore, we choose both methods for the accurate
study of biding affinity of three ligands to monomer and fibrillar
structures of Af_,0.

In agreement with experiments,”> we have shown that
curcumin binds to Af,_,, fibrils stronger than NSAIDs. The
results obtained for AGy;,q using the MM-PBSA method and
Gromos force field 43al with explicit water are in accord with
experiments.”*** Our analysis reveals that in the case of
monomer Af,_4, ibuprofen and naproxen bind to the same
position, which is different from the binding site of curcumin.
However, for mature fibrils, all three ligands share the same
binding site located inside fibrils near loop regions. It is shown
that the van der Waals (vdW) interaction between ligand and
receptor plays a more important role in binding affinity than
the electrostatic one.

B MATERIALS AND METHODS

Chemical Structures and Parametrization of Curcu-
min, Ibuprofen, and Naproxen. The chemical structures of
curcumin (C,;H,,0q), naproxen (C4H;4,O;), and ibuprofen
(C13H,;30,) were taken from Pubchem with ID 969516,
156391, and 3672 (http://pubchem.ncbi.nlm.nih.gov). Note
that there are R- and S-forms of ibuprofen. The latter has been
chosen for simulation and will be refereed to as ibuprofen.
Two-dimensional plots of three ligands are shown in Figure 1A.
We used the PRODRG server™ to generate their parameters to
perform MD simulations with Gromos96 43al force field.
Names and types of atoms, masses, and charges of ligands are
shown in Table S1—-S3 in the Supporting Information.

Crystal Structures of Monomer Af;_s. Since ApS
peptides are highly aggregation-prone in water their monomer
structures have not been experimentally resolved yet. In the
Protein Data Bank (PDB) two structures with PDB codes
IAML* and 1BA4* are available for the full-length AB,_,.
However, these structures are not suitable for aqueous
environment as they were obtained in the water-micelle
environment with pH = 2.8 and 5.1.**** In order to obtain
the structure reliable for docking simulations we have carried
out the following simulation. The structure taken from PDB
with ID 1BA4 was first heated up to T = 500 K using the
Gromos96 43al force field*® in explicit water. Then subsequent
S ns MD simulation was carried at this temperature until the
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Figure 1. Chemical structures of curcumin, ibuprofen, and naproxen
(upper panel). Here we use the S-form of ibuprofen. Model 1 (middle
panel) is the most populated structure obtained by CMD simulations
starting from the random coil configuration for full length monomer
APy Models 2, 3, and 4 were obtained by REMD®" for monomer.
These four structures are used for the docking and MD simulations to
estimate the binding free energy by the MM-PBSA method. The 2-fold
symmetric 6Afy_,, fibril structure is resolved by the solid state NMR
techniques®® (bottom panel).

peptide becomes unstructured. A random coil conformation
was used as a starting configuration for 300 ns molecular
dynamics (MD) simulations at T = 300 K. As follows from the
time dependence of the C, root-mean-square displacement
(rmsd) (Figure S1, Supporting Information), the system
reaches equilibrium after about 120 ns.

To check if our canonical 300 ns MD simulation generates
structures relevant to experimental ones, we calculate chemical
shifts 6 using snapshots collected during last 180 ns and the
SHIFT program.*”*® Our in silico result is in excellent
agreement with the NMR experiments of Hou et al.*’ with
correlation level R = 0.98 (Figure S2, Supporting Information).
The same correlation level has been obtained in 500 ns MD
simulation,*® while Yang and Teplow have reported R = 0.994°"
using the replica exchange molecular dynamics (REMD) and
recently improved Amber force field PARM99SB.>* However,
the correlation factor of chemical shifts cannot serve as a good
indicator of reliability of in-silico structural distributions.® To
understand this problem we calculate the secondary chemical
shift defined as A = 6 — Oy, where Oy is a chemical shift for
amino acids in random coil state. Using values of NMR 0p¢
from Wishart et al>® we have the correlation coeficient
between the experimental Ad,,, and our conventional MD
(CMD) simulation results R = 0.42 (Figure S2, Supporting
Information). This correlation level is close to R = 045
obtained by REMD method®" (see Figure SS in the Supporting
Information of our previous work™°).

Because, in terms of primary and secondary chemical shifts,
the quality of structure ensemble obtained by 300 ns CMD is
compatible with that of REMD, we use the C, rmsd
conformational clustering method>* implemented in the
Gromacs software to screen out dominant structures for
studying ligand binding. With the clustering tolerance of 1.0 we
have obtained S representative structures from snapshots
collected in equilibrium during last 180 ns of MD run. We

dx.doi.org/10.1021/jp302506a | J. Phys. Chem. B 2012, 116, 10165—10175
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choose a typical structure of the most populated cluster
(population is about 84%) as model 1 (Figure 1) for further
docking and MD simulations. Since one structure obtained
from 300 ns CMD simulation may not provide unbiased results
on binding affinity we will also use structures of three dominant
clusters obtained by REMD®" as receptors. These structures
have been provided by Prof. D. Teplow and will be refereed to
as models 2, 3, and 4 (Figure 1). Note that REMD study of
AP_4 has been also carried by Sgourakis and Garcia® but their
structures are not available for us.

Solid State NMR Structures of Af,_,, Fibrils. Because
eight residues of the N-terminus of Af}, 4, are disordered in the
fibrillar state,*® they are neglected in the construction of fibril
structures. We perform docking simulation using 2-fold-
symmetric fibrils of six (6Afy_4) and 12 (12A8,_4,)°° peptides
and 3-fold symmetric fibrils of nine (9Af;_,) and 18
(18ABs_40)ABy_4o chains.”” The corresponding structures
were kindly provided by Dr. R. Tycko. Structure of 6Afy 4
(Figure 1) will be also used for MD simulations in the presence
of ligands. Note that experimental structures for 6Afy_4-ligand
complexes are not available. Therefore, initial conformations,
used for MD simulation, have been generated by docking ligand
to NMR structures of the receptor.

Docking Method. AutodockTools 1.5.4°° is used to
prepare PDBQT files for the full-length Af peptide, fibrils of
truncated peptides and three ligands. To dock curcumin,
naproxen, and ibuprofen to various receptors PDBQT files
were used as the input for the Autodock Vina version 1.1°°
which uses the idea of empirical scoring®®®" that the total
binding free energy can be separated into several physically
distinct contributions. Autodock Vina is approximately 2 orders
of magnitude faster than Autodock 4.%° Moreover this method
also significantly improves the accuracy of the binding mode
prediction compared with Autodock 4.>

A modified version of the CHARMM force field was
implemented®®* to describe atomic interactions. In Autodock
Vina the Broyden Fletcher Goldfarb Shanno method®* is
employed for local optimization. To obtain accurate results we
set the exhaustiveness of global search between 400 and 4000
depending on systems. The maximum energy difference
between the worst and best binding modes was chosen to be
7. A totoal of 20 binding modes (20 modes of docking) were
generated with random starting positions of the ligand, which
has fully flexible torsion degrees of freedom. The receptor
flexibility is not allowed in our simulations. The center of grids
was placed at the center of mass of the receptor. Grid
dimensions were chosen large enough to cover the entire
receptor.

MD Simulations. The GROMACS 4.5.5 package® was
used to run MD simulations with the SPC water model®® and
the Gromos96 43al force field.** This force field has proved to
be useful in studying aggregation of peptides®”®® and ligand
binding affinity.”” The equations of motion were integrated
using a leapfrog algorithm”® with a time step of 2 fs. The
LINCS algorithm”" was used to constrain the lengths of all
covalent bonds with a relative geometrical tolerance of 107,
The V-rescale temperature couzpling, which uses velocity
rescaling with a stochastic term,”” allows one to couple each
system to the heat bath with a relaxation time of 0.1 ps. The
Berendsen pressure coupling method”® was applied to describe
the barostat with constant pressure of 1 atm. The vdW forces
were calculated with a cutoff of 1.4 nm, and the particle mesh
Ewald method’* was employed to treat the long-range

electrostatic interactions. The nonbonded interaction pair list,
with a cutoff of 1 nm, was updated every 10 fs.

To probe binding affinity of three compounds to monomer
AP,_4 and fibril 6Af,_,,, the MD simulations have been
performed at T = 300 K. Cubic boxes have been generated with
periodic boundary conditions that contain ~2500 and 26000
water molecules for A, ,- and 6Af, ,-ligand complexes,
respectively. Counter ions Na* have been added to neutralize
systems.

MM-PBSA Method. The details of the MM-PBSA method
are given in the Supporting Information. Overall, in this
method, the binding free energy of ligand to receptor is defined
as follows

AGbind = AE

elec

where AE,.. and AE 4, are contributions from electrostatic and
vdW interactions, respectively. AG, and AGpg are nonpolar
and polar solvation energies. The entropic contribution TAS is
estimated using the normal mode approximation ( Supporting
Information). In order to calculate AG,; 4, the MD simulations
have been carried out using the Gromos force field 43al. The
structures of receptor—ligand complex obtained in the best
docking mode are used as starting configurations for
simulations. For each system 300—500 and 20 ns MD
trajectories were generated for A 4,- and 6Af, ,ligand
complexes, respectively. Snapshots collected in equilibrium are
used to compute the binding free energy given by eq 1.

Tools and Measures Used in the Structure Analysis.
The time dependence of the number of hydrogen bond (HB)
and side chain (SC) contacts is monitored. HB is formed if the
distance between donor D and acceptor A < 3.5 A and the D—
H—A angle >135° SC contact is considered as formed if the
distance between ligand atom and the center of mass of residue
side chain <6.5 A. The SC contact map is constructed to study
the binding process in detail.

+ AE4, + AG,, + AG — TAS (1)

B RESULTS AND DISCUSSION

Binding of Three Ligands to Monomer Af,_,,. Docking
Results. We first dock three ligands to four structures of Af,_4,
(Figure 1) using Autodock Vina version 1.1.°° The binding
energies AE,; 4 obtained in the best mode (lowest values), are
averaged over 4 structures and shown in Table 1. Within the

Table 1. Binding Energies AEy;,4 (in kcal/mol) of Curcumin,
Naproxen, and Ibuprofen to Monomer Af,_,, and Mature
Fibrils®

2-fold 3-fold
APy 6Afo_ g0 12A05 40 9APo 4 18Afs 4
curcumin —54 + 0.5 -=7.0 -8.6 —8.8 9.5
naproxen -53 + 04 —6.7 =77 =79 -9.1
ibuprofen —49 + 0.3 —6.0 —6.9 =75 —-83

“Results have been obtained in the best mode by the docking method.
For Af|_4 error bars come from averaging over four models.

error bars, the binding energies are the same for three ligand.
Thus, the docking method is not able to distinguish binding
affinities of these ligands to monomer Af;_,. However, as
evident below, more accurate MD simulations support the
superiority of curcumin.

For the model 1 of monomer Af,_,, curcumin is located
near both terminals while naproxen and ibuprofen bind to the
same site near the loop containing GLU11 and GLY12 (Figure

dx.doi.org/10.1021/jp302506a | J. Phys. Chem. B 2012, 116, 10165—10175
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2). Interestingly, for models 2, 3, and 4 naproxen and ibuprofen
also have the same binding position in the best docking mode

GLY12

Curcumin

Naproxen Ibuprofen

Figure 2. Binding sites of curcumin (green), naproxen (magenta), and
ibuprofen (orange) obtained in the best docking mode for receptor
Ap_4y-model 1. The lower panel shows the HB networks for three
ligands with the receptor.

(Figure S3—SS in Supporting Information). The binding
position of curcumin in model 2 is closer to these ligands
compared to other models (Figure 2 and Figure S3-SS,
Supporting Information). The fact that NSAIDs share the same
binding position agrees with the autoradiography and
fluorescence experiments by Agdeppa et al.*®

The HB networks between ligands and Af;_4, (model 1) in
the best docking mode are shown in lower panel of Figure 2.
Curcumin has one HB with ASP1 of the receptor, while
naproxen and ibuprofen have three HBs with GLU11l and
GLY12. Obviously, the HB interaction is not a key factor
controlling binding affinity because ibuprofen has AEy;,4 higher
than curcumin despite the former has more HBs than the latter.
Since curcumin, naproxen, and ibuprofen have 10, 7, and 6 SC
contacts the SC interaction plays a decisive role in their binding
affinity. This conclusion is also valid for models 2, 3, and 4 of
Ap,_4o (results not shown).

Estimation of Binding Free Energies by the MM-PBSA
Method. The docking method is good for predicting a binding

position of ligand, but not accurate enough for estimation of

binding energies. Therefore, in this section we estimate AGy,q
by the MM-PBSA method.”>’® The structures of Af;_s—
ligand complexes obtained in the best docking mode (upper
panel of Figure 2 for model 1 and Figures S3—SS, Supporting
Information, for models 2—4) were used as starting
conformations for MD simulations with GROMACS 4.5.5
package.”® As follows from the time dependence of the
interaction energy between receptor and ligand the systems
reach equilibrium at different time scales marked by arrows
(Figures S6—S9, Supporting Information). For model 1, 3, and
4 (Figures S6, S8, and S9, Supporting Information) the
equilibration time of Af; ,—curcumin complex is larger than
complexes with naproxen and ibuprofen. This is presumably
because curcumin is bigger leading to more complex
interactions with the receptor. The situation becomes different
for model 2 where the complex with curcumin gets equilibrated
even faster than naproxen and ibuprofen (Figure S7,
Supporting Information), suggesting that the equilibration
time depends not only on ligand structure but also on
topological and chemical properties of the binding site.

As shown below, within the same Gromos force field the
time scale to reach equilibrium for complex of fibril 6Af,_4
and ligand is about 1 order of magnitude shorter than Af,_.
This is because Aff;_4 lacks a well-defined binding site (Figure
2 and Figures $3—SS, Supporting Information), while a ligand
moves within the binding pocket of 6Af;_,o. For other systems
wité}; well-defined binding pocket the relaxation time is of ~10
ns.

Snapshots collected every 100 ps in equilibrium were used to
estimate AGy,q by the MM-PBSA protocol (eq 1 and
Supporting Information). The results that have been averaged
over four models are shown in Table 2. For curcumin, the vdW
contribution dominates over the electrostatic interaction, but
for naproxen and ibuprofen the Coulomb contribution is larger
in magnitude than the vdW term. AE,. is positive for NSAIDs
because these ligands have charge of —1 while the total charge
of AP, 4 is —3. The charge of naproxen and ibuprofen is
nonzero due to the carboxyl group that becomes carboxylate
group in the aqueous environment. Having total zero charge
curcumin displays attractive Coulomb interaction with the
receptor (Table 2). Note that the contribution of electrostatic
interactions is largely compensated by the polarization term
AGpg.

In the harmonic approximation the solute entropy
contribution is nearly the same for naproxen and ibuprofen
complexes, but 2-fold smaller than curcumin (Table 2). This is
because curcumin has 21 carbon atoms, while naproxen and
ibuprofen have 14 and 13 carbon atoms only. For this very

Table 2. Binding Free Energies AG,;,4 (kcal/mol) of Three Inhibitors to Monomer Af;_,, and 2-Fold Symmetric 6Af,_,, Fibril

Obtained by the MM-PBSA Method”

AEg AE, 4, AGy, AGpg —TAS AGyng AGihy
curcumin ABi_io 285+ 65 —462 + 6.7 -52 £ 05 373 + 4.1 23.5 + 0.6 —19.1 + 64 -13.33
6AB_s0 —21.99 —49.96 —-6.30 3931 25.44 —13.50
naproxen AB_io 437 + 84 —234 + 44 —3.0 + 04 —34.5 + 11.0 83+ 0.5 —87 + 24 -11.33
6ABs_40 52.40 -31.73 —4.18 —36.57 10.46 —9.45
ibuprofen ABy_o 459 + 53 —144 + 25 —22 + 04 —402 + 5.3 7.7 + 1.0 -32+20 —6.8
6ABs_40 30.78 -21.53 397 —22.53 8.94 831

“For Af}|_4 error bars come from averaging over four models. The experimental values of AGy;,q are estimated from the inhibition constants K;
using the formula AGy;,q RTIn(K;). Here R = 1.987 X 107> kcal/mol, T = 300 K, and K, is measured in M. K; of curcumin and NSAIDs was taken

from Ryu et al.>® and Agdeppa et al,*® respectively.

10168
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reason the nonpolar term AG,, of NSAIDs is also twice smaller

than curcumin.

sur

Curcumin and naproxen show very strong binding affinity to
monomer Aff; 4 having AGyq = —19.1 + 6.4 and —8.7 + 2.4
kcal/mol, respectively (Table 2). Within the error bars these
estimations are close to the experimental values obtained for
fibrillar structures.**> Much weaker binding affinity was
observed for ibuprofen with AGy;q & —3.2 kcal/mol which is
higher the experimental result —6.8 kcal/mol measured for
fibrils (Table 2). MM-PBSA calculations give the following
ranking for binding affinity to monomer Af;_,:

ibuprofen — naproxen — curcumin ()

where the ascending ordering is used. As will shown below, this
ranking also holds for ligand binding to fibrils.

Role of Aromatic Rings in Binding Affinity of Ligands to
Afi_40. Since the vdW interaction dominates over the
electrostatic interaction in binding affinity we consider the
contribution of individual atoms of ligand to the vdW
interaction energy. Curcumin, naproxen, and ibuprofen,
respectively, have 35, 23, and 19 atoms that are numbered as
shown in Figure S10, Supporting Information. Using the
Gromacs software we have calculated the vdW interaction
energy of each atom with receptor in equilibrium (only
snapshots collected after arrows in Figure S4—S7, Supporting
Information, are used for calculation) and the results have been
averaged over four models. Curcumin has 4 key atoms (9, 11,
18 and 26) that have vdW interaction energy E, g < —2 kcal/
mol (Figure 3) but three of them belong to aromatic rings.
However, contributions from aromatic ring atoms are not
homogeneous leading to their total contribution of about
51.4%. Thus, aromatic rings of curcumin do not dominate over
other parts in vdW interaction with monomer Af,_,, although
they have three key residues.

Similar to curcumin the aromatic ring of ibuprofen, which
involves 10 atoms, has almost the same contribution to E, gy
(46,7%) as other fragments. Among 9 key atoms (S, 7, 9, 11,
13, and 16—19) which have E 4, < —1 kcal/mol (Figure 3) one
has four atoms 7, 9, 11, and 13 from the aromatic ring.

The situation becomes different in the case of naproxen
(Figure 3), where aromatic rings dominate over other parts as
their contribution is 71.1%. Five (atoms 10, 12, 20 and 22) of 7
key atoms with E gy < —1.5 kcal/mol belong to aromatic rings.

Hydrogen Bonding and Side Chain Interaction of
Curcumin Are Stronger Than Naproxen and Ibuprofen.
Since qualitative results are the same for four models of
monomer Af,_,, we will focus on model 1. In order to better
understand the nature of binding of three ligands we monitor
the time dependence of HBs between receptor and ligand
(Figure 4). Having calculated the time average of the number of
HBs in equilibrium we obtain HB(t) = 2.34, 0.27, and 0.07 for
curcumin, naproxen, and ibuprofen, respectively. Thus, contrary
to the docking result (Figure 2), curcumin has more HBs than
NSAIDs and the binding ranking (eq 2) is consistent with our
MD results on HB networks.

Figure S shows the probability of occurrence of HB between
ligand and a given residue of receptor. This quantity is defined
as the number of HB formation times divided by the total
number of recorded snapshots. Curcumin prefers to form HBs
with both terminals with very strong binding to residue GLY-
38, while NSAIDs have more HBs with the region 10—16
(Figure S). The HB network of curcumin with monomer
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Figure 3. Contributions of individual atoms of three ligands to the
vdW interaction energy. The results have been obtained in equilibrium
for four models of monomer AB,_4. Red color refers to atoms
belonging to aromatic rings. For curcumin blue refers to atoms
between two rings, while remaining atoms are in green. In the case of
naproxen and ibuprofen, blue and green indicate atoms on the left and
right of aromatic rings, respectively.

AP,_4 is much stronger than naproxen and ibuprofen. This is
in accord with the estimations of AGy;,q (Table 2).

Figure S11, Supporting Information, shows the time
dependence of SC contacts between Af,_,iModel 1 and
three ligands. The average numbers of SC contacts, obtained in
equilibrium for curcumin, naproxen, and ibuprofen (Figure S11,
Supporting Information) indicate that together with hydrogen
bonding the side chain interaction plays an important role in
ligand association. In order to get a more detailed picture on
binding we have constructed SC contact map (Figure S12,
Supporting Information) which shows the probability of
occurrence of contacts between each atom of ligand and the
SC of receptor amino acids. In agreement with the HB picture
(Figure S) curcumin spends more time near two ends of Af3;_4,
than other regions, frequently binding to residue GLY-37 and
GLY-38. Naproxen has less SC contacts compared to curcumin
displaying strong binding to PHE-20. Contrary to curcumin
and naproxen, ibuprofen does not bind to specific residues
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Figure 4. Time dependence of HBs between receptor Af,_,, and
curcumin (upper), naproxen (middle) and ibuprofen (lower panel).
The results have been obtained for Model 1. Arrows roughly refer to
times when systems reach equilibrium. Using values of HBs collected
in equilibrium (after arrows) we obtain the average HB(t) =2.34, 0.27,
and 0.07 for curcumin, naproxen, and ibuprofen, respectively.

(Figure S12) and this is a reason why ibuprofen has the lowest
SC interaction and binding affinity. Comparing Figure S and
Figure S12, Supporting Information, one can see that both HB
and SC data support the binding ranking given by eq 2.

Binding Site Predicted by the Docking Method for
Curcumin Is the Most Probable. Since monomer Af;_,, is
almost unstructured and does not have a well-defined binding
pocket it is interesting to know if the binding site predicted by
the docking method (Figure 2) remains the most probable in
MD runs. We will consider Model 1 because similar results
have been also obtained for three remaining models. Starting
from the conformation obtained in the best docking mode
during 300 ns simulations curcumin may run away from the
binding location but revisits it again and again (Movie S1 in the
Supporting Information). Naproxen and ibuprofen spend less
time around their binding sites obtained by docking than
curcumin (Movies S2 and S3 in Supporting Information). In
order to demonstrate this clearly we plot data shown in Figure
S12, Supporting Information, in a different way (Figure 6). In
Figure 6, the probability of formation of SC contacts between
ligand and receptor is defined in such a way that a contact is
considered as formed if the distance between any ligand atom
and the center of mass of residue <6.5 A. Symbol X refers to
those residues that have SC contacts with ligand in the best
docking mode conformation. Clearly, residues of the binding
site predicted by the docking method for curcumin are the
most visited by ligand during MD simulation. However this
does not hold for NSAIDs. Naproxen binds to PHE20 (51.8%)
and VAL36 (54%) very often but these residues do not belong
to the binding site followed from the docking calculation
(Figure 6). Ibuprofen displays the binding propensity to
residues HIS6 (15.4%), TYRIO (17.9%), HIS13 (16.2%),
GLN12 (18.1%), VALI8 (16.2%), and GLY25 (16.5%) higher
than to others but only TYRI10, HIS13, and GLNI1S belong to
the docking binding region. Nevertheless, naproxen and
ibuprofen have the tendency to bind to the same place (Figure
6).

Binding to 2-Fold Symmetric Fibril 6Af,_s;. The results
obtained for monomer Af,_,, by MD simulations indicate that
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Figure S. Probability of formation of HBs between curcumin, naproxen, and ibuprofen and individual residues of Af;_,-model 1. The results have

been obtained from 300 ns MD simulations.
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Figure 6. Probability of formation of SC contacts of curcumin, naproxen, and ibuprofen with Af;_,-model 1. The results have been obtained from
300 ns MD simulations. Symbol X refers to those residues that have the SC with ligand in the best mode conformation obtained by the docking

method (see Figure 2).

curcumin is the most prominent ligand. However, they can not
be directly compared with the experiments®***** which have
been carried out on mature fibrils. Recall that it is very difficult
to perform experiments for A monomer in water as it has high
propensity to aggregation. Therefore, to make the direct
comparison of theoretical results with the experiments one
should consider fibril structures. Here we consider 6Af,_,
system but more complex structures will be discussed with the
help of the docking method in the next section.

Docking Results. Binding positions in the best mode
obtained by the Autodock Vina version 1.1 are shown in
Figure 7. In difference from the monomer case (Figure 2), all of
three ligands have the same binding site inside the upper patch
of three p-hairpins. The corresponding binding energies of
ligands to 6Af,_, are listed in Table 1. In agreement with the
experiments®****> and results obtained by the MM-PBSA
method for monomer (eq 2), curcumin at least marginally
dominates over NSAIDs having AEy; 4 = —7.0 kcal/mol that is
lower than AE,;,4 = —6.7 and —6.0 kcal/mol for naproxen and
ibuprofen, respectively.

Curcumin forms 3 HBs with the receptor including two with
LYS28 and one with SER26 from peptide III (lower panel of
Figure 7). Naproxen has 2 HBs with LYS28 (I) and PHE20
(11I), while ibuprofen has only one HB with LYS28 (II). Thus,
based on the HB networks, one can explain the ranking of
binding affinity in eq 2 that the lower AEy; q is, the larger is the
number of HBs.

Binding Free Energy: MM-PBSA Results. The conformations
obtained by the docking method (Figure 7), are used as starting
configurations for 20 ns MD simulations. The systems reach
equilibrium at time scales of ~10 ns (Figure S13, Supporting
Information) that are much shorter than the monomer case
(Figures S6—S9, Supporting Information). This is because
ligands have the binding pocket inside fibrils and they stay there
during the whole MD run (Movies 4, 5, and 6 in Supporting
Information). Snapshots collected in equilibrium, i.e. after times
marked by arrows in Figure S13, Supporting Information, are
used for estimating the binding free energy by the MM-PBSA
method”>”¢ (Table 2). For curcumin we have AGy;,q = —13.5
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Figure 7. Binding sites of curcumin (green), naproxen (magenta), and
ibuprofen (orange) to 2-fold symmetric 6Af,_4, fibril. The results
were obtained in the best mode of docking. The lower panel shows the
HB networks for curcumin, naproxen, and ibuprofen.

kcal/mol, which is in excellent agreement with the experimental
value of —13.33 kcal/mol.** Thus, both experiment and
simulation indicate that curcumin has very strong binding
affinity with the inhibition constant IC50 ~ nM. For naproxen,
the agreement between theory and experiment is not as good as
curcumin but the simulation correctly captures the exper-
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imental range of ICS0 ~ uM.*® For ibuprofen the MM-PBSA
method provides AGy;,q = —8.31 kcal/mol that is lower than
the experimental value —6.8 kcal/mol (Table 2). Given that this
approach involves a number of approximations our simulation
results should be considered as reasonable.

Nature of Ligand Binding to 6Afo_s. The time depend-
ence of the number of HBs between ligand and receptor is
shown in Figure 8. Their time average value estimated in
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Figure 8. Time dependence of HBs between receptor 6Af,_, and
ligands curcumin (upper), naproxen (middle) and ibuprofen (lower
panel). Arrows refer to times of reaching equilibrium (see Figure S4,
Supporting Information). In equilibrium HB(t) = 2.19, 0.56, and 1.21
for curcumin, naproxen, and ibuprofen, respectively.

equilibium HB(t) = 2.19, 0.56, and 1.21 for curcumin,
naproxen, and ibuprofen, respectively. The strong HB
interaction between curcumin and 6Af, 4 causes its high
binding affinity. However, this scenario is not valid if one
compares naproxen with ibuprofen as the latter has more HBs
but the binding is less tight. To shed more light on their
binding nature we calculate SC contacts (Figure S14,
Supporting Information). In equilibrium one has the average
number of SC contacts SC(t) = 25.17, 18.16, and 17.06 for
curcumin, naproxen, and ibuprofen, respectively. Therefore, the
fact that the binding of ibuprofen is weaker than naproxen is
caused by the smaller number of SC contacts or weaker side
chain interaction.

As in the monomer Af,_,, case, the electrostatic interaction
between curcumin and 6Af,_,, is attractive while it becomes
repulsive for NSAIDs due to difference in charges of ligands

(Table 2). The nonpolar solvation energy AG,, is smaller
compared to the monomer case as the solvent-accessible
surface area A (see Supporting Information) is larger in the
presence of more peptides. AGy,, of curcumin is lower because
its size is bigger than others. For all of ligands the vdW
interaction dominates over the combined contribution of
electrostatic and polar terms playing the decisive role in binding
affinity to 6Afy_40.

Figure S15, Supporting Information, shows the contributions
of ligand individual atoms to the vdW interaction with receptor.
The results have been obtained in equilibrium MD simulations.
For curcumin atoms 3, 4, 6,9, 11, 13, 23, 24, 26, 28, 30, and 33
of aromatic rings and atoms 1, 2, 7, 31, 34, and 35 from other
fragments are important for both monomer and fibril (compare
Figure 3 and Figure S15, Supporting Information). A difference
is seen for carbon atom 20 which has slightly positive
contribution in the fibril case. The role of individual atoms is
also almost the same for monomer and fibril complexes with
naproxen and ibuprofen (Figure 3 and Figure S1S, Supporting
Information). However, atoms 1 and 3 of ibuprofen have
negative and positive contribution for monomer (Figure 3) and
fibril (Figure S15, Supporting Information), respectively.

Overall, as in the monomer Af},_,, case, aromatic rings of
naproxen dominate over the remaining parts while for curcimin
and ibuprofen they have the same contribution to the vdW
interaction energy as other fragments. One can show that the
contribution from aromatic ring atoms is 52.7, 70.4, and 49.2%
for curcumin, naproxen, and ibuprofen, respectively. These
percentages are very close to those of the monomer case.

Binding to More Complex Af Fibril Structures. The
results, obtained for binding affinity of ligands to the fibril
structure 6Afy_,, and monomer Af; 4, unambiguously
support domination of curcumin over naproxen and ibuprofen
in binding affinity, but it remains unclear if this holds for more
complex fibril structures. In this section, we restrict ourselves to
study of 2-fold symmetric 12Afy 4, and 3-fold symmetric
9ABs_40 and 18Af,_,, fibrils using AutodockTools 1.5.4.%

Binding to 3-Fold Symmetric 9Af,_4 For docking, we use
the structure, resolved by Paravastu et al.>” The lowest energy
conformations of the receptor with three ligands are shown in
Figure 9. Similar to the 6Af,_4, case (Figure 7) all of ligands
bind to the same place inside the patch of three peptides. The
binding energies AE,;4 =-8.8, —7.9, and 7.5 kcal/mol for
curcumin, naproxen, and ibuprofen, respectively. Thus, as in the
monomer and 6Af,_4 cases the binding affinity of curcumin is
the highest, and one can expect that this ligand is the most
efficient in degradation of 9Af,_,, aggregates.

Although curcumin displays the highest propensity to
binding, its HB network is the weakest one. It has only one
HB with PHE108 (I) of 9Af,_4, while naproxen forms two
HBs with LYS148 (II) and ILE1S1 (II). Ibuprofen even has
three HBs with LYS148 (II) and ILEIS1 (II) (Figure 9).
Therefore, HB network itself does not control binding affinity
of these ligands. The high binding of curcumin comes from the
strong SC interaction having 21 SC contacts that are much
more than 13 and 16 SC contacts of naproxen and ibuprofen.
However the situation remains ambiguous for NSAIDs because
the binding energy of naproxen is lower than ibuprofen despite
naproxen has less HB as well as SC contacts. The solution of
this issue requires further investigation but one can believe that
the binding ranking (eq 2) predicted by the docking method
remains valid for 3-fold symmetric 9Af,_,, fibril for the

following reason. According to our recent study,”” the higher
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Figure 9. Binding sites of curcumin (green), naproxen (magenta) and
ibuprofen (orange) to 3-fold symmetric 9Af,_4. The results have
been obtained in the best docking mode. The lower panel shows HB
networks for three ligands with the receptor. Curcumin has one HB
while naproxen and ibuprofen have two HBs.

the binding affinity to A fibrils is, the larger is the total number
of carbon atoms of ligand. Because naproxen has more carbon
atoms than ibuprofen one can expect that the former has higher
binding affinity.

Binding to 2-Fold Symmetric 12Af,_4,y and 3-Fold
Symmetric 18Afy_40. We now consider larger targets of 12
and 18 Af,_,, peptides. The binding energies obtained by the
docking method are listed in Table 1. Clearly for both targets,
in accord with the experiments,® curcurin remains the best
binder with the ranking given by eq 2. In the best binding mode
curcumin, naproxen, and ibuprofen have 2, 3, and 0 HBs with
receptor 12Af,_,, respectively (Figure S16, Supporting
Information). The strong binding of curcumin with AE,;; =
—8.6 kcal/mol comes from strong SC interaction having 24 side
chains contacts. NSAIDs have lower binding affinity (AEy;,4 =
—7.7 and —6.9 kcal/mol for naproxen and ibuprofen) because
they have less SC contacts (18 and 20 SC contacts for naproxen
and ibuprofen). The lower binding of ibuprofen compared to
naproxen is probably due to the weaker HB network and
smaller number of carbon atoms.

For the 3-fold symmetric 18Af,_,, (Figure S17, Supporting
Information), we have the same binding ranking (eq 2) with
AEp.q = —9.5, —9.1, and —8.3 kcal/mol for curcumin,
naproxen, and ibuprofen. Curcumin has no HB contact with
the receptor, whereas naproxen and ibuprofen have 2 and 3
HBs. Therefore, hydrogen bonding is not responsible for its
strong binding affinity. One can show that SC interaction plays
a decisive role because 18Af,_,, has 31 SC contacts with
curcumin. This number of contacts is markedly larger than 21
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and 18 contacts for naproxen and ibuprofen. Thus, the binding
nature is defined by the SC interaction.

It should be noted that, in agreement with the experiment,*
NSAIDs have the same binding site (Figure S16, Supporting
Information) near the loop region inside the upper 6-peptide
patch of 12Af,_4. Curcumin also docks near the loop region
but inside the lower patch. However, due to structure symmetry
one may observe the same binding site for three ligands on
experiments. For 18Af;_,,, curcumin and NSAIDs are located
at the same position near loops (Figure S17, Supporting
Information) where they can have more contacts with the
receptor than other places.

Binding to Fibril 5Af;;_4,. Using the docking method we
have also calculated the binding energy of three ligands to fibril
of five truncated peptides SAf,,_,, (PDB ID: 2BEG'?). In the
best mode the they have the same binding site inside the fibril
(Figure S18, Supporting Information). The binding energy
AEy.q = —7.5, —6.8, and —6.8 kcal/mol for curcumin,
naproxen, and ibuprofen, respectively, suggests that curcumin
also binds to Af,_,, aggregates more tightly than NSAIDs.

Binding in Low pH and Hexafluoro-2-propanol/Water
Environment. At pH= 2.8 and 5.1 monomer Af,_,, adopts
the helix-rich structure with PDB ID 1AML* and 1BA4*
(Figure S19, Supporting Information). In the best docking
mode, for pH = 2.8 (5.1), one has AE,;,4 = —5.7 (—=6.3), —5.4
(=5.7), and =5.1 (=S5.1) kcal/mol for curcumin, naproxen, and
ibuprofen, respectively. The values in parentheses are for pH =
5.1. Therefore, NSAIDs also show the lower binding affinity
than curcumin at low pH.

Upon addition of a certain amount of hexafluoro-2-propanol
(HFIP) to water Af,_,, becomes structured and the
corresponding structure has been solved by Tomaselli et al.”’
(PDB ID: 1Z0Q). Using this structure and the docking method
we obtain AE,,4 = —5.8, —54, and —4.8 kcal/mol for
curcumin, naproxen, and ibuprofen (Figure S20, Supporting
Information). This result implies that the ranking of binding
affinity given by eq 2 remains valid for Af,_4, in the HFIP/
water environment.

B CONCLUSION

1 The effect of naproxen and ibuprofen on degradation of
Ap fibrils has been studied by Klimov et al.**~* but they
have focused on the multiligand collective dynamics. In
contrast, our study concerns pharmaceutical aspects of
this problem calculating the binding free energies that
can be directly compared with experimental results on
inhibition constants. Our estimates of AG,;,q (Table 2)
are in good agreement with experiments®*® showing
that curcumin is the most potent ligand.*> Our study also
reveals that curcumin and naproxen may be used as a
drug to interfere with Ap fibrillogenesis but not
ibuprofen. Thus, naproxen is not only a nonsteroidal
anti-inflammatory drug but also a good inhibitor for Aj
aggregation having ICS0 in the range of 10 nM.

On the basis of the results obtained by the docking and
MD simulations, we predict that curcumin has the same
binding pocket as NSAIDs inside Af fibrils. It would be
interesting to check the validity of this prediction for
other ligands.

The vdW interaction is found to dominate over the
electrostatic interaction in binding affinity. The detailed
analysis about contributions of individual ligand atoms to

dx.doi.org/10.1021/jp302506a | J. Phys. Chem. B 2012, 116, 10165—10175



The Journal of Physical Chemistry B

the vdW interaction energy shows that aromatic rings of
curcumin and ibuprofen have almost the same
contribution as remaining parts, while they dominate in
the case of naproxen. This conclusion holds for both
monomer and fibril cases.

4 It is well-known that curcumin strongly interferes with
Ap aggregation. On the other hand, as follows from our
and experimental study it can tightly bind to fibrils. This
suggests that inhibition of fibril formation is via the
binding mechanism. Namely, curcumin binds to Af
fibrils modulating their propensity to aggregation. Such a
mechanism has been observed for other systems.’*”®

S The fact that NSAIDs also show the lower binding
affinity like curcumin is presumably valid at low pH and
HFIP/water environment. However, as this result has
been obtained by the docking method, its validity should
be checked by more sophisticated methods.
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MM-PBSA method, Supplementary Figures S1—S20, and a zip
file containing Movies S1—S6. The figures describe the time
dependence of C,—rmsd of Af,_,, the interaction energy and
the number of side chain contacts between ligands and
receptors during MD simulations, the correlation between
theoretically and experimentally determined C, chemical shifts
and secondary chemical shifts, the binding positions of ligands
to monomers at different pH and to fibrils, and the
contributions of individual atoms of three ligands to the vdW
interaction energy. Movement of curcumin, naproxen and
ibuprofen around monomer Af; 4, and fibril 6Af,_4, during
MD simulations is visualized in six movies. This material is
available free of charge via the Internet at http://pubs.acs.org.
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