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Alzheimer's disease is a neurologic disorder characterized by the accumulation of extracellular deposits
of amyloid-B (Ap) fibrils in the brain of patients. The key etiologic agent in Alzheimer's disease is not
known; however oligomeric AP appears detrimental to neuronal functions and increases AP fibrils
deposition. Previous research has shown that curcumin, a phenolic pigment of turmeric, has an effect on
AP assemblies, although the mechanism remains unclear. In this study, we demonstrate that curcumin

ﬁeym;o'rgs: disassembles pentameric oligomers made from synthetic AB42 peptides (pentameric 0AB42), using
Oiligo?rlle;f atomic force microscopy imaging followed by Gaussian analysis. Since curcumin shows keto-enol
Curcumin structural isomerism (tautomerism), the effect of keto-enol tautomerism on its disassembly was inves-

tigated. We have found that curcumin derivatives capable of keto-enol tautomerization also disassemble
pentameric 0Ap42, while, a curcumin derivative incapable of tautomerization did not affect the integrity
of pentameric 0AP42. These experimental findings indicate that keto-enol tautomerism plays an
essential role in the disassembly. We propose a mechanism for 0Ap42 disassembly by curcumin based on
molecular dynamics calculations of the tautomerism. When curcumin and its derivatives bind to the
hydrophobic regions of 0AB42, the keto-form changes predominantly to the enol-form; this transition is
associated with structural (twisting, planarization and rigidification) and potential energy changes that
give curcumin enough force to act as a torsion molecular-spring that eventually disassembles pentameric
0AB42. This proposed mechanism sheds new light on keto-enol tautomerism as a relevant chemical

feature for designing such novel therapeutic drugs that target protein aggregation.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Alzheimer's disease (AD) is a progressive neurologic disorder
that accounts for 60—80% of all dementia [1]. AD is characterized by
the accumulation of amyloid plaques in the brains of patients [2,3].
The proteolytic sequential cleavage of the transmembrane amyloid
protein precursor by B- and y-secretase results in the production of
AP peptides of 36—43 amino acids in size [4]. AP peptides are hy-
drophobic and, therefore, have a strong tendency to bind with
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various hydrophobic molecules, including other Ap peptides, and
on cell membranes, such as the synaptic termination of neurons
[5—7]. Among A peptides, the 42 amino acid form (AB42) is a
major component of amyloid plaques that are generally considered
to cause synaptic loss and neurodegeneration in AD [8]. Ap42
oligomers (e.g. 0AB42s) have been described to exert neurotoxic
effects, increase AP fibrillation, and promote the hyper-
phosphorylation of the tau protein, another key pathological
feature of AD progression in neurons [8—13].

Studying the 0AP42s formation pathway and thermodynamic
equilibrium is challenging because 0AB42s are transient protein
complexes with a metastable structural conformation [9]. Many
methods were applied to assess 0AP42 formation with mixed
success. Fluorescent assays based on probing beta-sheet in Ap42
fibrils, e.g., with thioflavin-T, showed limitations when used to

0006-291X/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:jbellier1@bwh.harvard.edu
mailto:naruse@belle.shiga-med.ac.jp
mailto:naruse@belle.shiga-med.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2023.04.076&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
https://doi.org/10.1016/j.bbrc.2023.04.076
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bbrc.2023.04.076
https://doi.org/10.1016/j.bbrc.2023.04.076

A. Matsui, J.-P. Bellier, D. Hayashi et al.

assess the formation of 0AP42s. Cryo-electron microscopy, a
powerful tool to study the structural biology of fibrils, did not reach
the required structural resolution of oligomers [14]. Atomic force
microscopy (AFM) has been used to characterize oligomeric as-
semblies from synthetic AB42 peptides [15—17], and Gaussian
fitting analysis of height histograms from AFM topographic images
were used successfully to identify and quantify cAB42s [18—20].

Recently, we established an experimental design where the test
compound was added to a solution of pentameric 0AB42 that was
prepared from synthetic Ap42 monomers. The homogeneous
preparation of pentameric 0AB42 was first reported by Ahmed et al.
[7], and successfully reproduced in several laboratories and the
formation of pentameric 0AB42 was confirmed using different
methods [7,20,21]. The advantage of such a preparation resides in
its homogeneous composition that facilitates monitoring the effect
of a drug on it, as any change in 0AB42 composition would directly
reflect changes in pentameric 0AB42 integrity. By using AFM im-
aging, we were able to assess changes in 0AB42s composition after
ethanol treatment which was followed by Gaussian fitting analysis.
We observed that ethanol concentrations higher than 1.4 M (8.3%)
resulted in the disassembly of pentameric 0AB42 [20]. Incubation
with lower concentrations had no effect and could be used for
studying the lipophilic/hydrophobic aspects of compounds that
need to be dissolved in organic solvents [22].

Curcumin, the yellow pigment found in the rhizome of Curcuma
longa turmeric, is a natural polyene-phenol with a 1,3-dicarbonyl
group that exhibits keto-enol structural isomerism (tautom-
erism). Curcumin exists in the diketo-form in water and in the enol-
form in organic solvents (Fig. 2) [23—25]. Curcumin has been
shown to bind or inhibit the formation of amyloid-f assemblies and
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plaques [26—29]. Curcumin and its derivatives were reported to
bind AP aggregates including insoluble fibrils and soluble oligomers
[30—32]. The anti-amyloid mechanism of this curcumin interaction
remains unclear, though it was suggested that various aspects of
curcumin, such as its antioxidant, anti-inflammatory, and metal-
chelating properties, could be involved [33]. In a specific study,
the effect of curcumin on Ap-oligomers was reported but the
investigation rather focused on the hydrolyzates of curcumin on
such oligomers [34]. Only a few computational approaches
addressed the mechanism of AB-oligomer destabilization by cur-
cumin from a structural perspective though no mechanism has
been proposed yet [35—37].

Herein, we report studies of the effect of curcumin on an
essentially homogeneous preparation of the pentameric 0Ap42
using AFM imaging followed by Gaussian analysis. Next, we
investigated the role of curcumin tautomerism using curcumin
derivatives with or without the ability of tautomerization. Finally,
we deduced a possible mechanism of disassembly based on the
tautomeric properties of curcumin using molecular dynamics
analysis.

2. Materials and methods
2.1. Materials

Amyloid-p1-42 (human, trifluoroacetate) (Ap42) was purchased
from Peptide Institute (Osaka, Japan); purity and identity were
confirmed by the manufacturer using UV/mass spectrometry, high-
performance liquid chromatography and amino acid analysis. Low-
protein binding microtubes and tips were used. Unless otherwise
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Fig. 1. Typical topographic AFM images (A—D) and the contrast height histograms (A’-D’) from monomeric and 0AB42s. A freshly prepared made solution of monomeric Ap42
peptide (A and A’) solution was incubated for 3-hrs at 4 °C to form pentameric 0AB42 (B and B'). This latter solution was incubated with the control alone (C and C') or with 120 pM
curcumin dissolved in the control (D and D’). Gaussian fitting curves are shown in red on histograms (A’-D’). The scale bar of AFM images is 200 nm, and the contrast represents the
height size through color scale (black to white: 0 nm to 1.0 nm height, except in A and D where the scale is from 0 nm to 0.5 nm). For histograms, heights less than 0.89 nm are
shown in light blue (monomers), heights from 0.89 to 1.5 nm in blue, and heights over 1.5 nm in purple (pentamers) (see Supplementary Fig. 1). The number of counted contrasts in
each aliquot is more than 200. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Tautomerism of curcumins A) Curcumins: the double harpoons between the keto-form and the enol-form represent the equilibrium between the two forms. The enol-form
of curcumin is represented as a resonance hybrid of two canonical forms connected with a double-headed arrow. B) compound 3: The two hydrogen atoms at the C-4 position are
replaced by methyl- and ethyl-group, and this compound is not capable of tautomerization to an enol form.

indicated, all the reagents were purchased from Fujifilm (Osaka,
Japan).

2.2. Sample preparation

As introduced in our previous study, oligomers of Ap42 were
prepared by the method of Ahmed et al. with slight modifications
as described here [7,20,21]. Monomeric AP42 was prepared by
dissolving the contents of one vial of synthetic peptides in 170 pL of
hexafluoro-2-propanol (HFIP), followed by 20 min of ultra-
sonication and quick removal of HFIP by vacuum lyophilization. A
0.12 mM solution of the monomer was prepared by dissolving the

70

lyophilized preparation into 510 pL of cooled (4 °C) buffer solution
(3.5% of 0.1 M NaOH in 0.05 M phosphate buffer solution (pH 7.4)
containing 0.05 M NacCl). The resulting solution was incubated for
3-hrsin dark at 4 °C to promote the formation of pentameric 0AB42.
After the incubation, a 10 pL solution of 2.1 mM curcumin solution
freshly dissolved in pure ethanol (Nacalai Tesque Kyoto, Japan) was
added to one tube (The final concentration of curcumin is 120 pM
and ethanol is 5.6% in the tube). And also 10 pL of pure ethanol was
added to another tube as the control. For experiments using cur-
cumin derivatives [38] (compound 1 [39], compound 2 [30] and
compound 3 [31]), 10 uL of a 2.1 mM solution was added to another
tube (final concentration: 0.12 mM compounds 1, 2, and 3 in 5.6%
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ethanol, respectively). The tubes were further incubated for 3-hrs at
4 °C. For AFM analysis, 10 pL aliquots from each tube were taken at
the indicated time intervals and immediately processed; the
remaining samples were quickly frozen in liquid nitrogen, lyophi-
lized using vacuum drying, and stored at —80 °C until required.

2.3. AFM observation and analysis

Aliquots of the above-prepared solutions were diluted 200-
times with cold (4 °C) Milli-Q water, and 8 pL of this solution
were dropped onto a freshly cleaved mica disc (V-1 Grade 9.5 nm
¢ x 0.15 nm, Alliance Biosystems Co., Ltd, Osaka, Japan), then dried
quickly in cool dark space. Dried mica samples were washed with
ethanol and Milli-Q water for 20 s each, then quickly dried under
vacuum. This step was performed in order to improve AFM obser-
vation by reducing artifacts on the mica surface due to different
hydration landscapes resulting from curcumin, potassium carbon-
ate crystals, and other crystals from the buffer solution [40,41].
Topographic images of the preparation were obtained using an AFM
Innova system (Bruker, USA) operating in the air under ambient
humidity and room temperature. The system was equipped with a
silicon cantilever (RTESP-150, Bruker, USA) showing a spring con-
stant of 5 N/m (nominal value) and a tip radius of 8—12 nm. Mea-
surements were performed in tapping mode, with a resonant
frequency of about 110 kHz and a scanning rate of 0.7 Hz (1 line per
sec.). AFM topographic images (1 x 1 um and 512 x 512 pixels)
were acquired using the software NanoDrive (v8.02, Bruker, USA).
Cross-sectional profiles of the images were analyzed with the
Gwyddion software (v.2.56, Czech Metrology Institute, Czech Re-
public) after the elimination of the scanning noise and tip curvature
artifact by Gaussian fitting using Igor Pro 9 (HULINKS Inc., Japan)
[16,42]. The height histograms derived from AFM topographic im-
ages were also analyzed by Gaussian fitting to identify oAp42s as
shown in Supplementary Fig. 1. The height values of spherical
APB42s appearing in circular contrasts of AFM data were measured
from cross-sectional analysis; as it is more accurate than the direct
determination of the width from AFM measurements, which are
not necessarily absolute values because of convolution between the
AFM tip and particle radius [43,44].

2.4. Molecular dynamics

MD was performed using MOE software (Molecular Operating
Environment v2020.0901, Chemical Computing Group, Montreal,
Canada). The molecules were energy minimized after protonation
using the Amber10 forcefield parameters, and a 10/12 A cuton/
cutoff was used for both van der Waals and electrostatic in-
teractions. Next, the solvation of curcumin tautomers was simu-
lated in water containing NaCl 0.1 M for keto-form and DMSO for
enol-form. Then, a conformational search for the most thermody-
namically favorable conformation was performed using a low-
ModeMD algorithm [45].

3. Results and discussion
3.1. Disassembly of AB pentamers by curcumin

We studied the effect of curcumin on pentameric 0AB42 using
our recently established experimental design that combines AFM,
and statistical analysis [20]. Briefly, a freshly prepared solution of
monomeric synthetic AB42 was incubated for 3-hrs under carefully
controlled parameters (temperature, pH, salt, and initial monomer
concentration) to promote the preferential formation of
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pentameric 0AB42, then curcumin (or vehicle only) was added, and
changes in pentameric 0AB42 composition were assessed using
AFM followed by height histogram with Gaussian curve analysis
(Fig. 1, see Supplementary Figs. 1 and 2) [18,20]. AFM measure-
ments confirmed that 0AB42s were homogeneously pentameric
assemblies with heights of about 2 nm (Fig. 1B). Ap oligomerization
is expected to be in equilibrium [46,47], and AFM height histograms
with Gaussian curve can statistically estimate the abundance of Ap
assemblies (Figs. 1 and 3 and Supplementary Figs. 1 and 2). Topo-
graphic AFM images of the solution containing pentameric 0AB42
showed roughly circular contrasts of various sizes and shapes
(Fig. 1A—D). Small-sized contrasts were observed in solutions made
of freshly dissolved monomeric Ap42 (Fig. 1A). The height histo-
gram analysis of these small-sized contrasts showed a single
Gaussian peak at 0.58 + 0.31 nm (Fig. 1A, peak 1), which fits the
expected average height of the AP42 monomer [20,46,48,49].
When the same solution was incubated for 3-hrs at 4 °C to form
pentameric 0AB42, topographic AFM images showed larger-sized
contrasts (Fig. 1B) and two Gaussian peaks at 0.94 + 0.41 nm and
1.9 + 0.41 nm (Fig. 1B’, peak 1 and 2, respectively). The peak at
19 nm is consistent with the height of pentameric o0AB42
[7,15,20,48]. The peak around 0.9 nm is interpreted as a mixture of
dimer, trimer, and tetramers (small-sized oligomers). These results
indicated that the solution was essentially composed of success-
fully assembled AB42s. After that, the solution was divided into two
aliquots; one was incubated for continuing 3-hrs at 4 °C for Ap42
control solution (5.6% ethanol final concentration) (Fig. 1C), and
another was incubated for continuing 3-hrs at 4 °C with 120 uM
curcumin in control (Fig. 1D). This concentration of ethanol has no
effect on 0AB42s [20]. When the control solution incubated for 6-
hrs was assessed using Gaussian analysis of height distribution,
three peaks were observed. Spherical contrasts with large heights
obviously increased between 0 and 6 h, which indicated that olig-
omerization was progressing over the time. The first two were
observed at 0.79 + 0.43 nm and 1.9 + 0.88 nm (Fig. 1C’, peak 1 and 2,
respectively), similar to those observed after the initial 3-hrs in-
cubation (Fig. 1B’). The third peak detected at 3.9 + 0.66 nm was
similar to what was previously described after 6-hrs of continuous
incubation [7] and interpreted as the stack of two pentamers
(double-layered pentamer) [7,20,34,50]. This observation indicated
that the control did not significantly impact the integrity of pen-
tameric 0AP42. In contrast, the solution of pentameric 0Ap42
incubated with 120 pM curcumin showed dramatic differences. The
size of the contrasts was smaller (Fig. 1D), and the histogram
analysis only showed a single peak at 0.70 + 0.31 nm (Fig. 1D’, peak
1). This peak was most reasonably interpreted as the mixture of
monomeric AB42 and 0AP42s of smaller complexity (i.e., dimer,
trimer, and tetramer) than the initial solution containing essentially
of pentameric 0AB42 (Fig. 1B’, peak 2: 1.9 + 0.41 nm). It is note-
worthy to mention that the left-ward shift of the histogram peak
indicating the disassembly of pentamers into small-sized A units
was observed as rapidly as within 30 min after the addition of
curcumin to pentameric 0AP42 (see Supplementary Fig. 2ii).
Incorporation of curcumin in pentameric 0Ap42 occurs quickly and
a reasonable amount of the pentamer was disassembled after the
addition of curcumin. These results indicated that curcumin dis-
assembled pentameric 0AB42 into a mixture of small-sized oligo-
mers and AB42 monomers.

3.2. Dissolution and hydrolysis of curcumin in buffer

As far as we know, only one paper investigated the effect of
curcumin on the AB oligomers [34] by using AFM and NMR to assess
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Fig. 3. Typical AFM topographic images (A—D) and histogram distribution of contrast height (A’-D’) of solutions containing pentameric 0Ap42 incubated for 3-hrs at 4 °C with the
curcumin derivatives (A: curcumin, B: compound 1, C: compound 2, and D: compound 3). The red curves of peaks were derived from Gaussian fitting in the same way as Fig. 1.
Fig. 3A’-C’ had monomeric peaks around 0.6—0.7 nm including smaller amounts of small-sized oligomers (<pentamers). The sharp peak 2 at 1.8 nm in Fig. 3D’ corresponded to the
pentameric 0AB42. Incidentally, this peak position was also present in Fig. 3C’, albeit slightly. Histograms are colored in light blue (monomer), blue (dimer-tetramer), and purple
(pentamer), similar to Fig. 1. The number of counted contrasts in each aliquot is more than 200. The scale bar of AFM images is 200 nm, and the contrast represents the height size
through the color scale (black to white: 0 nm to 1 nm height). Table 1: the peak height values of Gaussian curves (mean + standard deviation). For reference, the table shows the
heights of monomeric and pentameric peptides determined from the control solutions in Fig. 1 (cf. 1). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

AP oligomers after the addition of “curcumin”. Because of the low 3.3. Tautomerization of curcumin
solubility of curcumin in aqueous buffer at neutral pH, the authors

used 100 mM sodium hydroxide solution to dissolve curcumin. Curcumin is a compound with the peculiarity to exhibit keto-
Curcumin is unstable in alkaline solution, and degrades to vanillin, enol tautomerism. It is well known that such compounds tend to
ferulic acid, feruloyl methane, and trans-6-(4'-hydroxy-3'- ketonize in an aqueous solution and to enolize in hydrophobic
methoxyphenyl)-2,4-dioxo-5-hexenal and 100 mM sodium hy- solvents [23,24]. In an aqueous solution, curcumin is mostly in the

droxide is a strong enough base to hydrolyze curcumin in a short keto-form but is thermodynamically unfavored in ethanol because
period of time [51]. In this context, it is quite possible that the of its hydrophobicity, and then curcumin would try to evade this by
majority of their AFM and NMR data would reveal the effect of the partitioning into a hydrophobic environment or by binding to other
hydrolyzates of curcumin on A oligomers rather than curcumin hydrophobic molecules; in both cases, it would enolize. Ahmed
itself. Herein, we used ethanol as solvent for curcumin. In our et al. and Tran et al. [7,50] proposed that the conformational sta-
previous report, we determined the limited concentration of bility of disk-shaped 0AB42 pentamers/decamers is the result of the
ethanol that does not affect Ap (ethanol 8.3%) and established a hydrophobic C-terminus is concealed from the aqueous solvent,
method of adding curcumin to oligomeric Ap42 incubation after facing either the mica surface for pentamers or facing another
preparing the amphipathic ethanolic solution of curcumin, taking pentamer hydrophobic surface to form decamers. The same phe-
advantage of the fact that curcumin exists in both hydrophilic and nomenon should occur when curcumin encounters pentameric
hydrophobic neutral solvents due to tautomerism [25,51]. 0AB42, it would bind to the hydrophobic region of pentameric

0AP42 and then would enolize. In this context, we raise the ques-

tion of whether the enolization associated with tautomerization
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Fig. 4. Most favorable thermodynamic conformation for curcumin tautomeric forms. A) Curcumin keto-form conformation; search was simulated in water containing 0.1 M NaCl.
The side view is on the right. B) Curcumin enol-form conformation; search was simulated in DMSO. Curcumin enol-form has a coplanar conformation. The side view is on the right.
C) Schematic representation of the structural change during keto to enol tautomerization, torsional action, planarization, and rigidification of curcumin which could be compared to
the action of a torsion spring. D) Schematic representation of the proposed mechanism of pentameric 0Ap42 (large blue ellipse) disassembly through tautomerization of curcumin
(purple). Curcumin keto-form binds to the hydrophobic region of 0AB42. The hydrophobic environment would promote the keto-to-enol transition with torsional action, plana-
rization and rigidification of curcumin enol-form that may apply enough forces to disassemble pentameric 0AB42 into lower complexity oligomers or monomers (small green
ellipse). This action could be compared to the action of a “torsion molecular-spring” (arrows). (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

could be the driver of the mechanism leading to the disassembly of
pentameric 0AB42.

3.4. Effect of the tautomerism on pentameric 0AB42

To test the above hypothesis, we investigated the effect of cur-
cumin derivatives (i.e., compound 1 [38,39], compound 2 [30,38],
and compound 3 [31,38]) towards pentameric 0AB42. Compounds 1
and 2 are mono-alkylated derivatives at the C-4 position of cur-
cumin (Fig. 2). They are subject to keto-enol tautomerism similar to
that of curcumin, because of the presence of a hydrogen atom at C-
4, Compound 3, however, is a di-alkylated derivative (Fig. 2) at the
C-4 position in which similar tautomerization cannot take place,
and the compound retains its keto-form in any solvent [31,38].
When solutions containing pentameric 0AB42 were incubated for
3-hrs at 4 °C with compound 1 under similar conditions to those for
curcumin, topographic AFM imaging was very similar to those for
curcumin. The histogram analysis showed a major peak at the
height of 0.60 + 0.17 nm (Fig. 3B) which corresponds to monomers
(0.58 + 0.31 nm). The slight difference between 0.58 nm and
0.60 nm could be attributed to the mixture of monomers and small
amounts of small-sized oligomers. Larger oligomers (around 2 nm)
were detected but the amounts were small and almost negligible
(Supplementary Fig. 1). Compound 2 gave similar results to those
for compound 1 (Fig. 3C). The height of the peak at 0.67 + 0.32 nm
was similar to that for curcumin but spread further than for com-
pound 1 (0.60 + 0.17 nm). The height of the peak is probably the
result from the ratio of a large amount of monomer and some
small-sized oligomers. However, Compound 3 gave a result totally
different from those of the other curcumin derivatives (Fig. 3D). No
peaks were observed at around 0.7 nm in the AFM histogram which
should appear if the pentameric 0Af was disassembled. Instead, the
histogram analysis showed the presence of various sizes of 0Ap42
(from 1 to 6 nm) and a major peak at the height of 1.8 + 0.14 nm
which corresponds to pentameric 0AB42. The effect of curcumin
derivatives which are not capable of keto-enol tautomerization is
interesting and under investigation. Gaussian fitting curves and

colored histograms indicated nicely whether incubated pentamers
were changed to different aggregate sizes by the addition of cur-
cumin derivatives. Considering the experimental data mentioned
above, it would be reasonable to conclude that curcumins capable
of keto-enol tautomerism can disassemble pentameric 0AB42, but
the disassembly does not take place with the curcumin derivatives
which cannot enolize.

3.5. Molecular Dynamics of tautomerism with torsion, flexibility,
and rigidity

Next, we investigated how enolization associated with tauto-
merization promotes the disassembly of pentameric 0AB42. We
used molecular dynamics (MD) analysis to search for the most
favorable thermodynamic conformation for curcumin keto-form
and enol-form. The conformations resulting from this analysis are
shown in Fig. 4. The most stable conformation for the curcumin
keto-form in water-NaCl (Fig. 4A) showed that the two carbonyl
groups at C3 and C5 position were in a trans conformation with the
carbonyl oxygen atoms as far apart as possible; this conformation is
similar to those reported previously [25]. The most stable confor-
mation for the curcumin enol-form was easier to envisage because,
during the enolization, the intramolecular hydrogen bonding in the

Table 1

Peak location values of the red Gaussian curves in height distributions.
0AB+compd peak 1 peak 2
A’ (+curcumin) 0.70 + 0.31 —
B’ (+ compound 1) 0.60 + 0.17 -
C' (+ compound 2) 0.67 + 0.32 1.9 + 0.04
D' (+compound 3) 1.2 +0.25 1.8 +0.14

cf. 1 Control solution Peak location

Monomer AB42
pentameric 0AB42

0.58 +0.31
1.9 + 0.41

(mean =+ standard deviation).
All values in nm.
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Table 2
Calculated potential energies for the curcumin keto- and enol-forms, together with their relative energies.
Keto -form in water-NaCl Enol-form in DMSO AE

Total potential energy —5.32 0.14 5.46
Bond strench potential energy 1.24 1.5 0.26
Angle bend potential energy 10.43 11.05 0.62
Out-of-plane potential energy 0.15 0 -0.15
Torsion potential energy 14.26 8.17 -6.09
Van der Waals component of the potential energy 11.83 16.9 5.07
Electrostatic component of potential energy —43.24 —37.49 5.75

All values in kcal/mol.

center of the molecule (Fig. 2A) stabilizes the enolic form and
causes the delocalization of electrons toward the peripheral ring;
this will first tend to repulse both rings and result in a conformation
that should be more planar than the keto-form. Concomitantly the
rings should adopt a co-planar conformation. MD search of the
thermodynamically favorable conformations for curcumin enol-
form in DMSO illustrates this situation perfectly (Fig. 4B). These
simulations indicated that the enolization would stiffen the struc-
ture of curcumin into a relatively planar conformation; the flexible
keto-form is transformed into the rigid enol-form. The calculated
potential energies for the curcumin keto- and enol-forms are
shown in Table 2, together with their relative energies in their most
thermodynamically favorable conformation. Most noticeable 9E
changes were observed for the torsion potential energy, which
‘won’ in stability, while energy absorption was observed for elec-
trostatic and van der Waals components. Taken together, MD
analysis of the thermodynamically favorable conformation and
potential energy calculations indicated that the tautomerization of
curcumin from keto-form to enol-form is associated with impor-
tant structural (torsional, rigidification, and planarization) and
potential energy change, which might give curcumin enough
structural force to eventually act as a “torsion molecular-spring”
(Fig. 4C). When curcumin binds to pentameric 0AB42, and if the
binding energy (van der Waals and other forces) to form the pen-
tamer is lower than the energy difference between the keto- and
the enol-form then tautomerization may result in the application of
a strong structural force onto the hydrophobic region of pentameric
0AB42, ultimately resulting in its disassembly (Fig. 4D).

In AB42, which is a relatively small peptide, the contact area
between peptide oligomers formed from it is limited and the forces
of mutual attraction are weak enough to cause the oligomers to be
disassembled by the keto-enol tautomerization. In the case of
larger peptides/proteins, as the size of the protein increase, the
contact area increases too, and therefore a greater attractive force is
expected for disassembly. At some point, the attractive force would
be higher than the energy released during the keto-to-enol tran-
sition, and disassembly of the protein complex by curcumin will not
be possible. However, many compounds exhibit 1,3-dicarbonyl
groups, such as the one involved in curcumin tautomerism. They
probably have different energy releases during keto-to-enol tran-
sition, or it could be increased by chemical modification. Therefore,
the mechanism proposed here may open a new avenue in
designing such drugs able to disassemble peptides/protein
complexes.
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