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It is demonstrated by using high-level ab initio computations that the yellow curcumin pigment, bis-
(4-hydroxy-3-methoxyphenyl)-1,6-diene-3,5-dione, in the east Indian root plant turmeric (Curcuma
longa) exhibits unique charge and bonding characteristics that facilitate penetration into the blood—
brain barrier and binding to amyloid 5 (Aj). Alzheimer’s disease is caused by A accumulation in the
brain cells combined with oxidative stress and inflammation. Consistent with the recent experimental
work by Cole and co-workers (Yang, F., etal. J. Biol. Chem. 2004, 280, 5892—5901) that demonstrates
curcumin pigment’s binding ability to Ag both in vivo and in vitro, it is shown here that curcumin
possesses suitable charge and bonding features to facilitate the binding to Aj. In addition, curcumin’s
anti-inflammatory and antioxidant properties are also attributed to electronic and structural features.
It is shown that the presence of an enolic center and two phenolic polar groups separated by an
essentially hydrophobic bridge of a conjugated network provides both hydrophobic and hydrophilic
features to the curcumin pigment, thereby facilitating penetration into the blood—brain barrier through
the former property and then binding to Aj oligomer through the latter property. Both density functional
and Mgller—Plesset perturbation (MP2) computations have been carried out on the curcumin pigment
to obtain fully optimized geometries in the gas phase and aqueous solution and also the atomic
charges. Different isomers (keto and enol forms) have been considered to show that the enol form
is the most favored and has all of the properties for an ideal antioxidant with also features to penetrate
the blood—brain barrier and to bind to AfS. This is demonstrated with natural bond charges, highest
occupied and lowest unoccupied molecular orbitals, dipole moments, and Laplacian plots. The
computed ionization potential and electron affinity show that curcumin has a low molecular hardness
and thus has a propensity to dissociate its phenolic —OH, and the resulting charge undergoes
delocalization throughout the structure, resulting in excitonic features. This feature seems to be also
important for its binding capability to human proteins such as human serum albumin and Ap.
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INTRODUCTION A recent experimental study by Cole and co-workénshas

The ye"OW food color in many Indian curry preparations is demonstrated that the ye”OW curcumin plgment in turmeric
attributed to curcumin, a natural product pigment found in the prevents and may even be a cure for Alzheimer’s disease (AD).
east Indian root plant turmeri€(rcuma longa), which is used Cole and co-workers’ (1) showed that curcumin injected
extensively in traditional Indian cooking recipes, traditional peripherally in vivo into aged Tg mice crossed the bletdain
Indian cosmetics, and ayurvedic herbal remedies in larger dosesparrier and bound to amyloid B (A plagues. Cole and co-
(1—24). In the most commonly accepted form, the chemical workers (1) fed curcumin to aged Tg2576 mice with advanced
structure consists of two conjugated backbones each with agmyloid accumulation, and it was revealed that curcumin
ketone and a—CH, group separating the backbones and a
terminal meta-methoxy-para-hydroxy phenyl ring on each side.
The structure could explair2Q) how food-flavoring agents such
as vanilla, that is, 3-methoxy-4-hydroxybenzaldehyde, can be
derived from turmeric through chemical conversion upon

reduced amyloid levels and plaque formation decisively.
Consequently, Cole and co-workerg) (hypothesized that
curcumin directly binds to smalff-amyloid species, thus
inhibiting aggregation and fibril formation both in vitro and in

addition of acidified KMnQ. vivo. These data §uggest that curcumin effectively d.isfaggr_e_gates
A and thus provide support for the use of curcumin in clinical
T E-mail balu@linl.gov; telephone (925) 422-4984. trials to treat AD.
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Although the exact nature of its role in preventing AD is not are important for binding. Structural features of curcumin that
fully understood, there is ample experimental evideAcd6) facilitate penetration of the bloetbrain barrier and binding to
that curcumin binds to amyloid oligomer, the key agent that  the g-amyloid have been identified here. There are a few
promotes plaque in the brain cell, leading to AD. Itis generally semiempirical and ab initio studied—23) that employed
understood that A accumulation, oxidative damage, and smaller basis sets and lower levels of theory compared to the
inflammation of the brain cell causes AD. The yellow curcumin one used here. The first theoretical study on a model compound
pigment in turmeric binds to Aoligomer, as curcumin seems reminiscent of curcumin was carried out by the autl2fy, 21)
to have all of the vital features required to penetrate the blood to understand the observed BVisible spectra. However, there
brain barrier and yet possesses polar groups so as to bind tcare no molecular studies that clearly demonstrate curcumin’s
Ap oligomer. cause for the prevention of AD. Thus, this study was carried

A number of studiesq—13) have shown that curcumin can Out at a high level of theory and could result in the discovery
be a prevention agent and a chemotherapeutic agent for colorPf other species that have molecular similarities to curcumin,
cancer. Curcumin is also well-known for its anti-inflammatory thus resulting in improved or new drugs for the cure or
and antioxidant properties, and other properties as demonstratedrevention of AD.
by a number of studies14—19). Curcumin prevents the
development of colon tumors as demonstrated in rats treatedcomMPUTATIONAL METHODS
with colon carcinogen (2.3). Curcumin is also known to be a
chemopreventive agent in malignant human oral epithelial cells  Equilibrium geometries in the gaseous phase were optimized using
(11). Several experimental studies have revealed that curcuminth® DFT €8) and second-order MaliePlesset perturbation (MP2).
is a chemopreventive agent particularly for skin, oral, intestinal, 1 "¢ DFT approach utilized Becke's2q) three-parameter hybrid

. . T functional known as B3LYP. A fairly large basis set with two sets of
and colon carcinogenesis<&3). In many of these applications, o ) . .
the antioxidative a?nd anti:i(nfla)lmmatorzl/ propertiesp(?f curcumin polarization functions denoted the 6311-G(2d,2p) basis was used, which

. . . resulted in a total of 801 contracted Gaussian functions for curcumin.
are pivotal to the prevention or treatment of the disease. Although aug-cc-pvdz basis sets are comparable in size, convergence

Curcumin exhibits radical scavenging activity, phototoxicity was difficult to accomplish, and thus the 6311-G(2d,2p) basis sets have
to several species of bacteria under aerobic conditions, andbeen usec_i uniformly for all species corjsidered here. The comp_utations
fungicidal properties§, 14, 15). Curcumin shows high reactivity =~ were carried out irC; symmetry (that is, no symmetry) to facilitate
toward peroxyl radicals and its analogues, and thus curcumin full rearrangement and relaxation of the structure to the most stable
can act as a free radical scavenger. Curcumin’s spectroscop)form' Thus, it was ensured that the computed minima have all real
and photochemistry are quite interestiry 14, 17, 20, 21) vibrational frequencies using second derivatives, establishing the

. . e ._structures to be true minima.
Curcumin and its analogues seem to exhibit altered potencies h timized in struct laced | ter to stud
against HIV-1 integrase (24). € optimizea curcumin structure was placed In water to study

. . changes to the geometry and charges in water at the DFT/B3LYP by
Among all of the well-known properties of curcumin, the most  sing the self-consistent reaction field models in which the solvent was
recent finding {) that it can prevent or cure AD is the most treated to be a dielectric continuum. Integral equation formalism PCM
spectacular. This is mainly because brain chemistry is difficult model (IEFPCM) (31—33) was used for this purpose. The geometries
to understand, and very few agents can penetrate the blood were fully optimized using these models to seek their structures in the
brain barrier and also act as a prevention or cure of AD. The aqueous medium. In the IEFPCM model, the solute is embedded in a
other known agents are nonsteroidal anti-inflammatory drugs Shape-adapted cavity defined by interlocking spheres centered on each
(NSADs) (2) and congo red, although the latter is known to solute atom or group and with _standard united _atomlc topolqglcal model
be toxic and its charged character is not well suited for (UATM) radii. As discussed in the next section, several isomers of

L L . LS curcumin have been considered, among which the primary ones are
penetration into the blood—brain barrier. Thus, it is important the diketo form and an enol form both in solution and in the gas phase.

to understand the molecular basis and mechanism of curcumin'sit shouig also be mentioned that other structures displayed earlier in
AD prevention or cure so that other drugs can be discovered tne |iterature (522, 23) are not plausible for the ground or low-lying
thI’OUgh molecular Similarity and QSAR%, 26) It is not clear states of curcumin. In the work of Zsila et ab){the —OCH; groups
as to what features of curcumin make it a dual agent; on the are on the same side as the diketo groups. This isomer is simply a
one hand, its hydrophobic capability facilitates penetration of rotation of the benzene ring around the bond that connects to the
the blood—brain barrier, and on the other hand, it possesses’emaining chain. However, it is found here that this isomer is
polar binding featuresexhibiting duality of hydrophobicity and cpnsiderably higher in energy. Note that both _of the ifsomer;'in the
partly polar, thus in part being hydrophilic. It is also not clearly diketone form of curcumin have tht_e(_)Cl—h groups in the third position
understood as to which features of curcumin facilitate its binding 29 ~OH groups in the fourth position, but theéOCHs groups are on

. e . . the opposite side of the diketo or enol part of the structure. The latter
to S-amyloid or if it is a polymer off-amyloid that curcumin

. . . . isomer is much higher in energy, and thus it cannot be the ground
binds to. There is also a question as to whether a metal ion thatstate of curcumin in either keto or enol form. Note that even in the

could enhance AD is chelated with curcumin, thus preventing giketo form, the anti (trans) structure in which half of curcumin rotated
AD (1). As more experimental and medicinal studies are carried around the—CH, group relative to the other half is more stable than
out, it is important to understand the structural features of the syn (cis) structure. Likewise, Sun et &3] have displayed a set
curcumin that lead to these ambivalent hydrophobic and of structures for curcumin in Figure 1 of their paper, where-tt@@H
hydrophilic behaviors, bonding characteristics, and so on. groups are in third and the OGldroups are in fourth positions. These

The objective of this study is high-level ab initio computa- representations are not consistent with curcumin’s structure, which has
. . . . —OH groups in the fourth or para positions an@CH; groups in the
ggg‘tlhsz;?icr%Iczlf(jseegg;_alljgggnfircl)(f:t(i:(l)Jrr]cs:uE(I:r(]:jrr:tglOﬂgrﬁ’tllanr]g(?hzﬁilcsalmeta positions relative to the ring connection to the aliphatic chain.
studies employing both DFT and MF;Z studies gn curcumin both All of the calculations were carried out using the Gaussian 03

. . ) . ackage of codes (34). Geometry optimization and frequency calcula-
in the gas phase and in aqueous medium have been carried OUions at the MP2 and DFT levels were performed on Lawrence

with the objective of finding the equilibrium structure, charge, | jvermore’s uv machine, which consists of 992 IBM SP4 processors
bonding characteristics, and nature of the molecular orbitals, as well as a server with 4 Intel IA-64 processors. The MP2 optimization
particularly the highest occupied and lowest unoccupied that consumed-176 GB of hard drive space and several days of computing
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b Figure 2. The final optimized structures of the enalic (first), anti-diketo
HO OH (second) forms of curcumin as well as a higher-lying positional isomer
(third) derived from the enolic structure (third). Note that the third structure
OCHs OCHs is 11.8 kcal/mol higher than the syn-enol form as seen from Table 1.
syn-enol form
Figure 1. Two-dimensional chemical structures of syn-diketo curcumin that result in a strong electrostatic repulsion resulting in the anti
(a), anti-diketo curcumin (b), and enolic curcumin (c). isomer spontaneously.

Experimental studies of curcumin in solutioh8( 35) show
time. The orbitals and charges were visualized using the Gauss Viewthat the enolic structure is favored in solution. For example,

package. the 'H and 13C NMR and IR spectra (35) of curcumin in
chlorobenzene, which is a low dielectric, reveal that the keto
RESULTS AND DISCUSSION structure of curcumin undergoes a ketmol rearrangement by
Curcumin’s chemical structure in simple two-dimensional transfer of proton from the-CH, group to form the enol
notation is shown irFigure 1. As seen fronFigure 1, this structure shown irFigure 1 (third structure). The keteenol

structure has two keto groups separated byGH, group and rearrangement is facilitated by the negative charges on the
a set of conjugated bonds ending with a phenyl ring with C=O groups and the reactiveCH, group next to it. Thus, the
3-methoxy-4-hydroxy substituents. However, there is recent third structure shown irrigure 1 was optimized fully in the
compelling experimental and theoretical evidence that an enol 6311-G(2d,2p) basis at both DFT/B3LYP and MP2 levels of
structure is favored due to hydrogen bonding in the keto form, theory. The enolic form was definitely found to be the ground
thus favoring a ketoenol tautomeric rearrangement. The state and the most stable form in the gas-phase optimization of
aromaticity of curcumin and its ability to extend its conjugation curcumin.

under alkaline conditions as well as the acidic nature of phenolic ~ Several other structures that were depicted in the literature
—OH groups are of interest in the general context of aromaticity for curcumin have also been analyzed or optimized here. Sun

and other polycyclic aromatic species (27). et al. 23) have shown a series of structures in Figure 1 of their
Three possible isomeric structures of curcumin that have paper. The structures displayed in Figure 1 of Sun et al. have
primarily been considered are shown Bigure 1. In addition, —OH groups in the meta or position 3 from the point of

some of the structures from the earlier papers were considerecgttachment of the aliphatic bridge to the ring and thus cannot
and were ruled out as candidates for the ground state ofbe the correct structure of curcumin. In another structure
curcumin. The first structure shown figure 1 is the most  considered by Sun et aR3) the right side ring has the correct
common representation of curcumin, which is called the syn- structure but the left benzene ring ha®H substituents in the
diketo form. In this form the two keto groups are on the same incorrect position. The same comment applies to the enol
side, and likewise the OCHg groups are also on the same side. structure in Figure 1 of Sun et akg), where the-OH groups
Geometry optimization starting with the syn-diketo structure are in positions 3 rather than the correct positions 4. The
did not produce a minimum, and it rearranged to the anti-diketo structures from the work of Zsila et ab) are correct relative
form shown inFigure 1 (second structure). Not only was the to the positions of the-OH groups, but the-OCH; groups,
structure optimized with 6311-G(2d,2p) basis, but also the even though they are in meta position, differ frdfigure 1
vibrational frequencies for the anti-diketo form were computed. (structures). These structures and the optimized energies are
The anti-diketo isomer was found to be a minimum with all considered here, but are found to be considerably higher than
real vibrational frequencies, confirming this as a potential isomer the structures shown frigure 1 both in solution and in vacuum.

of curcumin. Note that the isomerization from the syn to the  Figure 2 shows the final optimized structures of the anti-
anti structure is due to the negative charges on ts©@roups diketo and enolic forms of curcumin and also a higher lying
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Table 1. Computed Total Energies, Dipole Moments, and Relative Energies of Curcumin?

total energy relative energy dipole HOMO-LUMO
isomer medium (hartree) (kcal/mol) moment (D) (eV)
syn enol gas phase —1263.9639385 0 7.6655° 3.25
anti diketo gas phase -1263.9534178 6.7 0.8622 3.68
Figure 2, third structure gas phase —1263.9454528 11.8 6.7354 3.34
syn enol aqueous solution —1263.9946439 -19.5 10.77 3.07
anti diketo aqueous solution —1263.98374335 -12.6 141 3.52

a All energies were obtained at the optimized geometries in solution and gas phase using DFT/B3LYP and 6311-G(2d,2p) basis sets. ? The dipole vector points predominantly
along the Y direction with the actual vector components being (=0.4904, 7.6498, and 0.0005) at the DFT level and (-0.5532, 7.3763, and 0.0003) at the MP2 level,
respectively.

isomer derived from the enolic structuréable 1 shows the The anti-diketo structures have two=O bonds with
computed energetics, dipole moments, relative energy separadistances of 1.219 and 1.218 A, respectively. The phenolic C—
tions, and HOMO—LUMO gaps of the three isomers of OH distances are 1.354 A, and there are no substantial
curcumin both in the gas phase and in solution. As can be seendifferences in the remaining bond lengths in comparison to the
from Table 1, the ground state both in the gas phase and in syn-enol form. A very important difference between the syn-
solution is the syn-enolic isomer shown Figure 2 (first enol form and the anti-diketo form is in the extent of planarity
structure). The diketo structure exists only in the anti form, and of the two halves of the conjugated framework. Whereas the
itis 6.7 and 6.9 kcal/mol above the enol form in the gas phase syn-enol structure is planar with a dihedral angle of°18be

and solution, respectively. The structure considered by Zsila et anti-diketo structure exhibits considerable nonplanarity; that is,
al. (5) in the context of Cotton effects induced by binding of half of the structure is out of plane relative to the other half
curcumin to HSA is 11.8 kcal/mol above the most stable enolic near the—CH, bridge with a dihedral angle of 73This feature
form shown inFigure 2 (first structure). The differences is the same in aqueous solution also. The strong out-of-plane
between the two structures are in the relative positions of the bending is caused by both the negative charges on the keto
methoxy (—OCH) groups, as be seen from the first and third groups and the-CH; bridge group, which breaks the planarity
structures ofFigure 2. in the case of the anti-diketo structure.

With regard to the computed optimized geometries, because  The optimized geometries in solution compared to the gas
there are many parameters, only the most important parameterg,nase exhibited small differences in bond lengths and some
are discussed here. The C—O distance of the enolic C—OH IS yifterences in other geometrical parameters such as bond angles.
1.326 A in the gas phase, whereas the C=0 bond involved in the c—OH enolic distance in the solution is 1.333 A, whereas
the cyclic hydrogen bond of the enol is 1.257 A. Mague et al. yho'c—0 distance of the group involved in the hydrogen bond
(36) have reported the X-ray crystallographic data of a curcumin ;s 1 567 These distances are elongated, somewhat more for the

derivative recently. Their experimentaHD distance for the C=0 in the solution. The . . .
SR I = : phenolic-€0OH distance is 1.353 A,
enolic C—OH is 1.306 A, whereas the C=0 distance of the slightly shorter in the solution, whereas the aromatic ring

group participating in the hydrogen bond is 1.274 A. The distances chan : : : o :
. . ) ge only in the third decimal point in the solution.
gprpputeq plhggi)lj&eOHH dlstamce IS }.Sa%.apd thg—@ﬁl—k: In the aliphatic bridge only the=<€C distance changes by 0.004
th's artﬁe ISh ’ i (')Hebncﬁ’ € ert]f? Ic th Olsdarlce IS S fotrher A; the remaining changes are small or comparable. Even though
in € phenalic O but longer than the=t) distance of the g geometrical distances do not change significantly, the dipole
=0 group qulved in the hydrc_)gen bonding. The com}guted moment of the syn-enol form in the solution is 10.77 D
¢~ C distances in the aromatic ring are close to +.389 A, compared to the gas-phase value of 7.67 D; the large increase

\;vll_thh:tncly htV\éj?o?:;:ggndE:%m;ez r;]e.t?;slﬁ'oln é'a-ll;gren;tc.’é?]pm.?ﬁ in the solution is thus ascribed to the charge transfer in solution
iphatic ny Idge exnibl 1on WIth * and other stereochemical changes.

single bonds near 1.45 A and double bonds near 1.346 A, o
whereas the corresponding experimental val@&gsdre 1.457 As seen fromTable 1, the total energy stabilization of
1.469 for aliphatic single bonds and 1.327/384 A for aliphatic ~ curcumin enolic form in water is 19.5 kcal/mol, whereas the
double to alternation bonds. All computed bond angles near the @nti-diketo form is stabilized by a comparable amount of 19.3
enolic groups are within-81° of the reported experimental data  Kcal/mol in relation to its gas-phase form.

(36). The only striking contrast is that the reported experimental  The most important insight into the binding features of
hydrogen bond distance (36) for the enolic hydrogen bond is curcumin can be derived from the computed natural bond
reported as 1.81 A, whereas the computed gas-phase hydrogegharges, which are shown for the isomers in the solution in
bond distance is 1.608 A at the MP2 level and 1.572 A at the Figure 3, noting that the gas-phase charges differ only in the
DFT level. In solution this bond length elongates a bit to 1.597 second decimal compared to the solution. As can be seen from
A at the DFT level. Moreover ©-H hydrogen bond distances ~ Figure 3, in both enolic and diketo forms curcumin exhibits
are generally in the range computed here. Thus, the reportedpolar groups at the end and middle and an essentially hydro-
experimental data are somewhat longer, but in crystal structurephobic aliphatic bridge connecting them. The enolic O charges
this bond could be elongated compared to the gas-phase orare near-0.7, very close to the phenolic O charge-e0.7. In
aqueous solution. The bond angle for the hydrogen-bondedthe anti-diketone isomer the charges on the oxygens-aré,
bridge agrees within less than a degree to the experindéyt ( still quite negative, and presumably the negative charge is even
Likewise, the O---O distance of the enolic hydrogen-bonded larger in the syn structure, which leads to the repulsion of the
moiety agrees well with experimenB®). In general, the C=0 groups, resulting in the anti structure. Note that in the
optimized MP2 structure is quite close to the DFT structure diketo form the hydrogens are positively charged, particularly
except that the DFT method computes the O---H hydrogen bondthe —CH, bridge, whereas the hydrogens of the enolic form
distance shorter by 0.036 A. are nearly neutral.
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Figure 3. Natural bond charges computed for the enol and anti-diketo
isomers of curcumin in agueous solution. Note that the red color means
the atoms are negatively charged, green indicates positive charge, whereas
black and near-black colors indicate the atoms are nearly neutral. This
figure shows that curcumin has polar end and middle groups separated
by a hydrophobic conjugated carbon bridge.
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Figure 4. HOMO and LUMO plots of curcumin. The orbitals show
considerable delocalization over the entire framework in both LUMO and
HOMO.

curcumin by analyzing the frontier orbitals of curcunfiigure

4 shows the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of curcumin in
the enolic form. There is not much difference in the HOMO
and LUMO for the gas-phase structure and the ones in solution.
As seen fromFigure 4, the HOMO is much delocalized over
the entire structure ina molecular orbital and involves bonding

As seen from the color charge mapsHigure 3, curcumin
is quite interesting in possessing highly polar enolic and phenolic
groups separated by an aliphatic bridge, which is hydrophobic
in nature. The overall large dipole moment of 10.77 D confirms

the polar ends and the middle group of curcumin in the enolic L X . . )
form. As noted by Fujisawa et al1§) the experimentally combination at the enolic-keto cycle and delocalized antibonding

observed hydrophobicity of curcumin is g = 2.5. The over the conjugated framework. Interestingly, even the oxygens

observed level of hydrophobicity of curcumin is consistent with ©f the two—OCH; methoxy groups are slightly involved in the
the computed features of a predominantly hydrophobic bridge HOMO- The LUMO, which is predominantly* in character,
of curcumin as seen frofigure 3. It should be noted that the @S S€en fromFigure 4, involves alternating opposite signs
polar groups at the end and middle should weaken the including the enolic-keto bridge. The LUMO does not involve
hydrophobic feature, and yet the fact that the overalFaglue —OCH; groups, as expected.
is 2.5 for curcumin is suggestive of a highly hydrophobic bridge ~ On the basis of the HOMO and LUMO analysis it can be
of curcumin. concluded that the binding between curcumin and the A

It is the strongly hydrophobic aliphatic bridge that facilitates 0ligomer is assisted by electron transfer from thédOMO
curcumin’s penetration into the bloedbrain barrier. Once  oOrbital shown inFigure 4 to the Agoligomer followed by back
curcumin penetrates the barrier, there are two mechanisms bycharge transfer from the oligomer to th¢ antibonding orbital
which curcumin prevents AD. The first possibility is that the LUMO, shown inFigure 4. The same mechanism of bonding
p0|ar groups bind th-amy|0id, which is responsib|e for the and baCk-bonding should be involved in blndlng with Cu and
formation of the plaque and degeneration of the brain cells. The Fe ions and curcumin. The strong negative charges at the enolic-
other possibility is that the highly polar-0~ groups near the ~ keto bridge should be the entities that should provide the
center of the curcumin molecule may bind to metal ions such required charge to the peptide binding sites or the metal ion,
as Fe and Cu through chelation similar to six-membered rings @nd back transfer of charge will be accepted by the LUMO of
formed in the enolic form of curcumin. The computed charges curcumin.
and geometrical features do not eliminate either possibility, and Laplacian is the second gradient of the charge density and
thus curcumin may be actively binding flsamyloid and also can provide very sharp contrasting features, especially concern-
removing the metal ions through a chelation process. It has beening the positive charges as peaks on a molecule as complex as
suggested that curcumin binds to the peptide sequences that forncurcumin. Because the NBO analysis provided the various
fibrils or protofibrils by Cole and co-workers (1). A few charges, the Laplacians can provide complementary information.
sequences that have been identified by Cole and co-workersThus, it was decided to investigate and compute the Laplacian
(1) are A8 12—28 and 2535, which have the ability to form  of the charge density of curcumin, which is shownFigure
fibrils, and curcumin was found to stain them. It has also been 5. As can be seen frofigure 5, there are a number of peaks
suggested that curcumin does not bind to the monomeric formin the Laplacian of curcumin. The peaks in the Laplacian are
for AB but to a secondary oligomeric structure involved later regions of electron deficiency or electrophilic regions on the
in the process. In any case, the binding should be assisted bymolecule. It can be seen that there are such regions present
the C-0O groups through hydrogen bonding to the peptide sites. throughout the structure, which means curcumin can not only

Further insight can be derived from the binding features of donate electronic charge through the enolic group but also
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be pointed out that the syn structure is more suitable for
curcumin to bind to metal ions as the diketo groups can chelate
to the metal ions forming a ring structure, analogous to the enol
form of curcumin.

The low molecular hardness of 2.72 eV is consistent with
the instability of curcumin above neutral pH. As discussed by
the author 20, 21) the yellow color of curcumin is attributed
to a blue n-z* transition, which exhibitsimax at 420 nm,
explaining the yellow color. However, the color of turmeric
varies dramatically in different media, and the auttz®,@1)
has provided the mechanism for color change from yellow to
red upon addition of OHto a neutral solution of curcumin. It
was shown by the authoRQ) that curcumin readily donates a
proton from its phenolic-OH group and forms an anion upon
addition of OH", and it was shown that the formation of the
anion results in a delocalized excitonic quinonoid state, which

Figure 5. Laplacian plot of the curcumin enolic structure. Laplacian is causes the red shift to the m*transition. There has been some
the second gradient of the charge density, which shows several peaks discussion in the literature if enolieOH would be the proton
over the entire structure. The peaks are the electrophilic regions of the donor (16), but a more recent experimental stug) (asserts
molecule, which suggest that the electronic charge received by curcumin that it is the phenolie-OH which donates the proton, consistent
from a protein or A3 oligomer will be delocalized over the whole structure. with the author’'s proposed mechanis®) for proton donation.

The anion undergoes extension of conjugation, resulting in a
red shift in the observed spectra and, thus, the red color of
turmeric in alkaline media. That is, curcumin reacts with

Table 2. Adiabatic lonization Energy and Electron Affinity of
Curcumin(enol)

total energy relative nucleophiles primarily though the donation of ffom phenolic
species (hartree) E(eV) state —OH and then undergoes charge delocalization due to the
neutral curcumin 12639639385 0.0 singlet conjugated network. Its reacts with electrophilic species such
curcumin anion ~1264.0059722 -1.14 doublet as metal ions through the diketone group, which is electron-
EA=114 rich, but, again, as seen from the LaplaciarFigure 5, there
curcurin cation ~1263.7226259 o ‘156757 doublet is considerable delocalization of reaction with electrophiles.

As mentioned under Computational Methods, computationally
intensive MP2 geometry optimizations of the curcumin-enol
receive electronic transfer through the LUMO at electrophilic iSomer have also been carried out. Thus, it would be interesting
regions represented by the various peaks of the Laplacian int® compare the MP2 results with the DFT/B3LYP results. The
Figure 5. It can be seen that there are multiple peakSigure main contrast between the two methods is in the representation

5, which are consistent with the delocalized nature of the Of the hydrogen bonding at the enolic ring structure. The
LUMO. This suggests the strong propensity of curcumin to have O- - -H hydrogen bonding distance at the DFT level is 1.572
the received electronic charge from a binding site delocalized A, wheres the corresponding distance at the MP2 level is 1.609
over the conjugated network. ; consequently, the DFT method predicts too short a distance
The adiabatic ionization energy and electron affinity of forthe O--H hydrogen bonding distance. This is understandable
curcumin in the enolic form have also been computed. The in view of the fact that dispersion interactions are not included
computed results are shownTable 2. As seen from this table,  in the DFT/B3LYP method, and thus the hydrogen bonding is
curcumin has an electron affinity of 1.14 eV at the DFT level, nhot properly represented in the DFT/B3LYP method. Otherwise,
which is consistent with the characteristics of its Lapalcian and the two methods exhibit an overall agreement with respect to
LUMO both pointing to a delocalized electrophilic feature. The the geometries. For example, some of the vital bond parameters
adiabatic ionization potential is defined as the difference betweencould be compared. The MP2 enolic-©H distance is 1.332
the total energy of the neutral species at its optimized geometryA, whereas the €0 distance hydrogen-bonded to the enolic
minus the total energy of the cation at its optimized energy. group is 1.255 A; these values compare with DFT results of
This value, as seen frofiable 2, is 6.57 eV. Two insightful ~ 1.326 and 1.257 A, respectively. The phenolic@H distance
properties that can be derived from these results are the chemicais 1.360 A, whereas the-60CH; distance is 1.370 A at the
potential and molecular hardness, which a#P + EA)/2 and MP2 level. The corresponding values at the DFT level are 1.356
(IP — EA)/2, respectively. The computed results indicate that A for the phenolic G-OH and 1.371 A for the €OCH,
curcumin has a chemical potential-e8.86 eV and a molecular  distance, respectively. The differences in theC distances
hardness of 2.72 eV. The molecular hardness is a more usefulbetween the MP2 and DFT levels were between 0.0007 and
number than just the HOMO—LUMO gap, which comes outto 0.006 A. Consequently, it is concluded that the differences are
be 3.25 eV for the curcumin-enol form. It is generally believed quite small relative to the geometric distances between the two
that the chemical potential measures the escaping tendency ofnethods. It is concluded that the hydrogen bonding is not
electrons from the molecule, and it is then related to the properly described by the DFT method. The differences in the
electronic charge rearrangement, whereas the molecular hardnesgeometries found near the polar groups are also consistent with
is a resistance to the charge transfer or reactivity. Higher the differences in the charges between the MP2 and DFT levels.
hardness means less reactivity or more stability. Consequently,The DFT method tends to produce greater charge separations
curcumin has a reasonable propensity to both donate its highestompared to the MP2 method. For example, the MP2CGC
occupied electron and receive electron density, thus explainingcharges for the phenolic groups ar€.560 for the oxygen,
its binding features to both amyloid and metal ions. It should  whereas they are0.67 at the DFT level. Likewise, the enaclic
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C—O groups’ oxygen charges ar€.58 and—0.68 at the MP2 proteins. According to the CD spectral evidend®), (the
and DFT levels, respectively. The total dipole moment at the curcumin binding to the HSA-I site results in a chiral config-
MP2 level is 7.2247 D compared to the DFT dipole moment of uration where the two parts of curcumin fold into configuration
7.67 D; thus, the DFT method produces more charge separationwith a dihedral angle of 156°. This chiral feature induces CD
compared to the MP2 method. The overall dipole vector as a result of intermolecular chiral exciton coupling of the two
predominantly points in th& direction. parts of the curcumin molecule, referred to as ferulyl chro-
It is noted that there have been previous Computations mOphOfeS. The excitonic feature of this interaction is due to
(5, 20’23) on Species related to curcumin. As mentioned before’ the delocalization of the electronic Charge over the entire
unfortunately, some of these works do not treat the curcumin structure, consistent with its LUMO shown Figure 4 and
molecule in its correct lowest isomeric form. The work of Zsila also the Laplacian shown figure 5. The current author (20)
et al. 6) and Wright £2) have considered an isomer of curcumin has previously proposed a mechanism for the observed batho-
that has the—OCH3 groups in non-meta positions_ These chromic red shift of curcumin in alkaline media at QHS This
structures have-OCHs groups in positions different from the ~ mechanism of charge resonance throughout the conjugated
minimum energy structures Shownmigures 1and3 (first two network results in a delocalized quinonoid-type of structure for
structures). The work of Sun et a3) mentions two structures ~ curcumin resulting in a large bathochromic shift due to increase
in Figure 1 of their work, but these structures do not have in pH. Zsila et al. §) have found a similar red shift in the HSA-
phenolic—OH groups in the para (fourth) position and thus bound curcumin spectra. The observed red shift in such spectra
cannot represent the true structures of curcumin. However, Sunsubstantiates the fact that the protein-bound curcumin is in a
et al. 23) show the correct three-dimensional structure of deprotonated anionic form that is stabilized by excitonic
curcumin for the enolic form in Figure 2 of their paper. The interaction and through the hydrogen bonding to the protein.
basis set emp|oyed by Sun et al. is smaller than the one usedThiS is indicative of the dissociation of the phenOHC prOton and
here for geometry optimization, but they did a final single-point formation of the delocalized curcumin anion that is hydrogen-
computation with the same basis set as the one used here. Thi§onded to the protein.
may explain why their total energies are higher than the ones On the basis of both the computed results and the CD spectra
reported inTable 1 of this work. (5) of curcumin bound to the HSA protein, it is suggested that
The predicted binding sites and binding features of curcumin ©nce curcumin binds to an/Roligomer, the complex would
are very critical to the understanding of not only AD but also be quite stable in a hydrophobic cavity, and thus decomposition
how curcumin binds to human proteins such as human serumof free curcumin in aqueous medium is not feasible. Such
albumin (HSA). Zsila et al. §) have carried out circular hydrophobic cavities are found in protein-binding sites, which
dichroism (CD) studies of curcumin binding to HSA. The isomer could assist in the stabilization of the curcumin complex. The
for curcumin that they have considered is higher in energy (seefact that curcumin is not charged and contains a hydrophobic
Table 1) in that the—OCH; groups are on the enolic side in bridge assists its penetration through the blebdhin barrier.
their structure, whereas in the lowest optimized structure the It is not clear if deprotonation is a prerequisite for curcumin to
same group is on the other side. It is expected that the observedind to A amyloid. This has been suggested to be the primary
spectral features would not to be altered by this variation of mechanism for proteins such as HSA followed by hydrogen
the positions of~-OCH; groups because the chromophores do bonding of the anion to the protein.
not involve the OCH groups. Zsila et al.§) have concluded In conclusion, several isomers of curcumin have been studied
that the primary binding site to HSA-protein is site | of HSA, here, and it is found that the syn-enol form and the anti-diketo
which could be called HSA-I. As seen from the computations, form and another syn-enolic isomer are all minima with real
the hardness of curcumin is only 2.72 eV, which implies that vibrational frequencies. Among the isomers considered here,
curcumin is softly acidic and ready to react with alkaline binding the syn-enolic form was found to be most stable in both gas
sites or undergo phenolic dissociation by yielding &hd the phase and aqueous solution. The syn-enolic form exhibits very
deprotonated anion. As can be inferred from the Laplacian plot large dipole moments of 10.77 D in aqueous solution and 7.67
shown inFigure 5, there is a sharp peak near the phensi@H D in the gas phase or vacuum. The syn-enolic framework is
reflecting depletion of electronic charge density on the proton. planar, whereas the anti-diketo structure exhibits a folded
Moreover, the Mulliken charges on the phenck©H group structure strongly deviating from a planar structure with a
also suggest that the phenoti®©H groups are quite acidic due dihedral angle of 73°.
to the delocalization of charge density seerrigure 5. Thus, The computed HOMO—LUMO gap and the ionization
dissociation of the phenolie-OH group to yield H and the  potential and electron affinity values confirm that curcumin
formation of the curcumin anion are both critical to the binding - exhibits low hardness and thus a tendency to readily deprotonate
to HSA-I and also thg-amyloid that causes plaque, resulting  to form curcumin deprotonated anion, which is stabilized by
in AD. Once the anion is formed, there is considerable resonanceextension of conjugation. The analysis of natural bond charges
of charge density from one end of the ring to the other, resulting reveals that the enolic and phenolic groups are quite polar,
in the extension of Conjugation and intermolecular exciton separated by a near|y neutral hydrophobic Conjugated hydro-
coupling between the two chromophore parts of curcumin. This carbon bridge. Thus, the hydrocarbon bridge facilitates penetra-
results in a quinonoid structure and extension of conjugation in tjon into the blood-brain barrier, a key preceding mechanism
conformity with the observed red shift. There is some uncer- for curcumin’s binding to amyloigh oligomers in the brain cell.
tainty (5) if the pk; for the enolic—OH should be near pH 7.4, The polar groups and particularly the phenolic and enel@H
but the phenolic OH pKvalue is near 8.2. groups provide for a channel of deprotonation and subsequent
Zsila et al. 6) have suggested that acidic dissociation of binding of the resulting anionic species to the protein binding
curcumin influences its binding to the HSA protein. This is the sites through hydrogen bonding. It has been demonstrated here
key mechanism for binding of curcumin to HSA-l. The through the analysis of HOMO, LUMO, and Laplacians of the
deprotonated anionic form of curcumin could facilitate strong charge density that the charge is considerably delocalized,
hydrogen bonding with basic residues of HSA and other providing for resonance stabilization following binding to the
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HSA-I site of the protein. This explained the observed chiral
intermolecular excitonic coupling in the CD spectra of HSA-
I-bound curcumin. The chirality is caused by the binding of
curcumin to protein sites through hydrogen bonding, and

curcumin deprotonation was proposed to be an important step

that facilitates subsequent binding through delocalization of the
charge and stabilization. The hydrogen bonding between cur-

cumin and protein are important and assisted by the charge

delocalization. The computed low molecular hardness of cur-
cumin indicates its propensity to deprotonate and is consistent
with the observed CD spectra of Zsila et &).(A qualitative
explanation through charge analysis, HOMO, LUMO, and
Laplacian was provided here to understand the features of
curcumin that facilitate £ binding and curcumin’s preventive
and curing property of AD observed by Cole and co-workers
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(11) Khafif, A.; Schantz, S. P.; Chou, T. C.; Edelstein, D.; Sacks, P.
G. Quantification of chemopreventive synergism betwee) (
epigallocatechin-3-gallate and curcumin in normal, premaligannat
and malignant human oral epithelial celarcinogenisisl 998,

19, 419-424.

(12) Balasubramanian, S.; Eckert, R. Green tea polyphenol snd
curcumin inversely regulate human involucrin promoter activity
via opposing effects on CCAAT/enhancer-binding protein func-
tion. J. Biol. Chem2004,23, 24007—24014.

(13) Van Erk, M. J.; Teuling, E.; Staal, Y. C. M.; Huybers, S.; van
Bladeren, P. J.; Aarts, J. M. M. J. G.; van Ommen, B. Time-
and dose-dependent effects of curcumin on gene expressio in
human colon cancel cells Carcinogen2004,3, 1-17.

(14) Kim, M.-k.; Choi, G.-j.; Lee, H.-s. Fungicidal property of
Curcuma longaL. rhizome-derived curcumin against phyto-
pathogenic fungi in a greenhousk.Agric. Food Chem2003,

51, 1578—1581.

(1). There are many questions that remain unanswered. For (15) Fujisawa, S.; Atsumi, T.; Ishihara, M.; Kadoma, Y. Cyctotoxicity,

example, is chelation of curcumin with metal ions important
for AD prevention? What is the precise structure of the
curcumin—Ap oligomer complex? Can other molecules be
designed through molecular similarity and drug design analysis
that are better drugs comparable to curcumin for preventing or
curing AD? These are the types of questions that could be the
topic of future investigations.
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