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Abstract. In recent years, a series of curcumin analogs were designed as fluorescent
probes for detecting and imaging A peptide aggregates and reactive oxygen species
(ROS) in Alzheimer’s disease (AD) brains. In order to gain a better understand-
ing of the photophysical properties of these probe molecules, a systematical com-
putational investigation was performed using the time-dependent density functional
theory (TDDFT) calculations. Computed absorption and emission wavelengths well
reproduced the spectral shifts among the curcumin analogs. In particular, for a re-
cently proposed pair of probe molecules, CRANAD-5 and CRANAD-61, for sensing
ROS in preclinical studies of AD brains, their emission wavelength difference was
found to arise from a delocalization of the lowest unoccupied molecular orbital of
CRANAD-61 from the curcuminoid backbone to the oxalate moiety. Overall, this
study reaffirms the value of employing TDDFT calculations to assist the design of

new curcumin-based fluorescence probes for AD research.
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I. INTRODUCTION

Alzheimer’s Disease (AD) is a progressive and fatal neurodegenerative disease. AD re-
search is crucial because it affects a large portion of the senior population and because
currently there are neither preventative measures nor effective treatments for the disease.?
It has been known for many years that A5 plaques are produced during different stages of
AD. However, the exact role of A5 plaques in the progression of AD had been a subject of
dispute,®?* largely because their abundance found in postmortem histological studies corre-
late poorly with the severity of the disease. One plausible explanation is that AfS plaques
can be categorized into “silent” (mature) plaques and “active” newly formed ones. The
latter is regarded to be more toxic and leads to cell deaths through inhibiting mitochondrial

function, calcium hemostasis, and other neuronal cell functions.®

It has been suggested that AS aggregates should be studied in conjunction with oxidative
stresses,% Y because a higher reactive oxygen species (ROS) level is expected in AD brains
than healthy ones. ROS can be produced during the formation and growth of new “active”
ApB plaques, specifically through the Fenton reaction of AS with metal ions during AS
crosslinking. When ROS is accumulated, it can prompt a buildup of inflammatory cytokines,
which then attacts microglia to surround the plaques,'® consequently more ROS is released.!!
Therefore, relatively high concentrations of ROS can be viewed as a signature feature of
“active” Af plaques, and its measurement provides a convenient technique to differentiate

these plaques from “silent” ones.'?

To address the many challenges facing the AD research, many efforts have been de-
voted to the detection and imaging of AS aggregates and, more recently, ROS in the brain
(see Ref. 13 for a review). Thioflavin'* and other early probes emit visible light, which
poorly penetrates the tissue and blood brain barrier. More recently, several near infrared
fluorescence (NIRF) probes were designed to target AfS fibrils, such as NIAD-4,'° BOD-
IPY derivatives,'® MCAAD-3,'" DANIRs molecules,'® and a series of curcumin analogues
(CRANAD-X).!1219°25 We note that computational modeling were carried out previously on
Thioflavin,?® NIAD-4,2" DANIRs,?® and potential new NIRF probes.? These calculations
provided valuable insight into the photophysical properties of these fluorophores and their
binding to AS fibrils.

In this work, we will focus on a series of boron-containing curcumin analogues (see Fig. 1)
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FIG. 1: CRANAD molecules

mentioned above,'>1922:30 which are called CRANAD molecules, for detecting A3 aggregates
and ROS. Among these molecules, CRANAD-54 is the smallest. CRANAD-2 combines
a pull force from an electron accepting difluoroboryl (-BF3) group and push forces from
electron-donating dimethylamino groups at both ends of the curcumin molecule, which led
to a red shifted emission relative to the curcumin molecule.! CRANAD-2 molecule binds
only to insoluble AS aggregates but not to soluble Afs. To improve the binding, one (or
both) of the hydrophobic phenyl moieties in CRANAD-2 can be replaced with a moder-
ately hydrophilic pyridyl moiety. This leads to CRANAD-3%*! and CRANAD-58,%° which
displayed fluorescence responses to both soluble AS oligomers and insoluble aggregates.

Another molecule, CRANAD-28 3! was designed as a two-photon imaging probe.

Of particular interest are a pair of molecules, CRANAD-5 and CRANAD-61,'? which
were developed recently as on-off NIRF probe molecules for sensing ROSs in AD brains. A

4



standalone CRANAD-61 fluorophore emits in the near-infrared (NIR) region. But it can
readily react with hydrogen peroxide and other ROS in living cells and animals, leading to
the removal of the oxalate moiety. The molecule is thus converted to CRANAD-5, whose
emission blue-shifts to the visible region. So an injection of CRANAD-61 into the brain and
a subsequent time-course measurement of fluorescent emission intensities at two different
wavelengths will yield information about the ROS concentration in the brain.!2

In this article, a systematic computational modeling on CRANAD molecules will be
reported. Specifically, we will investigate: (1) if the widely-used time-dependent density
functional theory (TDDFT) calculations can be used to predict the spectral shifts among
CRANAD molecule; (2) if the absorption/emission wavelengths of these molecules correlate
well with the energy gap between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO); and (3) what causes the difference in the
emission wavelengths between CRANAD-5 and CRANAD-61 molecules?

We note that, very recently, Fages and coworkers performed a combined experimental
and computational study of curcumoids with the borondifluoride moiety,** where they fo-
cused on the effect of introducing different functional groups at the terminal and meso
positions of the curcumoid backbone. One of their analogs (13 in Ref. 30), which contains
a dimethylamino group at both terminals, was referred to as CRANAD-2 earlier'® and in
this paper. In their work, Fages et al. compared observed emission energies, electrochemical
gaps (based on oxidation/reduction potentials from cyclic voltametry measurements), and
computed HOMO-LUMO gaps, and found a good correlation among these data. Compared
to their work, we will study the electronic structure of four other borondifluoride-containing
CRANAD molecules (3, 28, 54, and 58). In addition, through studying a boron-oxalate-
containing CRANAD molecule (61) and its unsubstituted counterpart (5), it will help us
understand the effect of different boron-containing groups, such as -BFy and -B(C20,), on

the ground state and excited state properties of curcuminoid fluorophores.

II. COMPUTATIONAL METHODS AND DETAILS

All quantum mechanical (QM) electronic ground-state calculations were performed using
the density functional theory (DFT) method,3?33 whereas excited-state calculations were

carried out using the TDDFT method.343% Version 5.0 of the Q-CHEM software package®®
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was used.

Functionals. Four density functionals, including B3LYP,3"3° PBE0,* M06-2X,*' and
wBI7X-D,*? were used for absorption energy calculations; while only B3LYP, PBEO, and
wBI7X-D functionals were used in emission energy calculations (because TDDFT analytical
nuclear gradient for meta functionals has yet to be implemented in the Q-CHEM pack-
age). The performance of density functionals in TDDFT calculations has been well docu-
mented.**#7 In general, hybrid functionals such as B3LYP and PBEQ are expected to per-
form well for localized (i.e. non-charge-transfer) valence excited states. Meanwhile, M06-2X
and wB97X-D functionals, with higher ratios of long-range Hartree-Fock exchange (54% and
100%, respectively), usually provide better descriptions for charge-transfer states.

Basis set and integration grid. Most of the results were obtained using a triple-zeta
basis, 6-311++G**% and SG-1 numerical integration grid,*® which is a pruned Lebedev
grid with 50 radial points and 194 angular points.®® As shown in Table S1 in the electronic
supplementary material, relative to 6-311++G** values, TDDFT absorption wavelengths
(using the wBI97X-D funcitonal) for three representative molecules (CRANAD-5, 54, and
61) changed by no more than 1.3 nm with the 6-311+G(2d, p) basis, which was used in
Ref. 30, and by no more than 8.2 nm with cc-pV'TZ or aug-cc-pVTZ basis set. The effect of
using larger integration grid is also small — the computed absorption wavelengths of three
molecules in Table S2 changed by no more than 1.3 nm between SG-1 and the much more
demanding (99, 590) grids.

Implicit solvent model. To account for the solvent effect, we employed the polarizable
continuum model (PCM)®! for water solvent molecules, specifically the C-PCM model®*"3
(as implemented in Q-CHEM?%% using Bondi radii and a 1.2 scaling factor). For a compar-
ison, some results using the integral equation formalism of PCM (IEF-PCM)5® are shown in
Tables S3 and S4, where the two solvent models led to differences of no more than 2.4 nm in
the computed absorption wavelengths, and no more than 0.6 nm in the emission wavelengths.
For absorption energy calculations, ground-state geometry optimization was performed us-
ing equilibrium PCM, then vertical excitation energies were computed using TDDFT and
the non-equilibrium linear-response PCM model.?%5" For a comparison, TDDFT absorption
energies using a non-equilbrium perturbative state-specific model®® are shown in Table S5,
which differ by no more than 3.0 nm from values in Table I obtained using the linear-response

model. For emission energy calculations, excited-state geometry optimization was performed
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using TDDF'T energies using the equilibrium linear-response PCM model.

Validation with curcumin conformers. As an initial validation of our computational
approach, we computed the ground-state energy (using the wB97X-D functional) and ab-
sorption/emission energies of six conformers of the curcumin molecule. As shown in Fig.
S1, the ground-state energy varied by up to 3.3 kcal/mol among these conformers, while
the absorption energy changed by no more than 0.010 eV (ranging from 3.2805 to 3.2904
eV) and the emission energy by no more than 0.017 eV (ranging from 2.5716 to 2.5886 eV).
Such small variation among planar curcumin conformers is consistent with the observation

by Benassi et al based on B3LYP/6-31+G* and B3LYP/6-311+G** calculations.?

ITI. RESULTS AND DISCUSSIONS
A. From curcumin to CRANAD molecules

The natural curcumin molecule contains hydroxyl and methoxy groups at both terminals.
In most CRANAD molecules shown in Fig. 1, the hydroxyl group is replaced with dimethy-
lamino or diethylamino groups, while the methoxy group was removed from all molecules.
The effect of such systematic structural substitutions on the electronic transition of curcumin
molecule can be seen in Fig. S2.

Functional groups with different electron-donating strengths, as measured by their Ham-
mett o, constants® [ ~H (0.0); ~OH (-0.37); -NHy (-0.66); -NMe, (-0.83); ~NEty (-0.72) ],
were adopted in our calculations. For analogs without the methoxy groups (left column in
Fig. S2), their computed absorption and emission energies clearly red shifted with stronger
electron-donating groups at the para position. The same trend was observed with analogs
with methoxy groups (right column in Fig. S2).

The effect of the methoxy group is more subtle. With small groups (-H, -OH, and —-NHy)
at the para position, the addition of a methoxy group at the neighboring (meta) position led
to a decrease of about 0.04 or 0.05 eV in the computed excitation energies. With more bulky
groups, -NMey and —NEt,, the addition of a methoxy group led to a less planar structures
and, therefore, to an increase of about 0.12-0.15 eV in the computed absorption energies.
For the ground state of curcumin molecule containing adjacent methoxy and dimethylamino

groups, both methyl groups were found to be out of the aryl plane with computed C-N-C-C
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dihedral angles of 14° and 64°. These angles are reduced to around 7°, in the absence of the

methoxy group.

B. Keto-enol Tautomerization of CRANAD-5

In addition to the enol form, which was observed in X-ray structures,®' the curcumin

24,25,62°65 Ttg diketo form comprises of a

molecule can undergo keto-enol tautomerization.
methylene group (~CHy—), which is reactive in basic conditions due to the presence of two
adjacent carbonyl groups. According to previous computational studies, the enol form was
predicted to be about 7 kcal/mol lower than the diketo form,% with the latter adopting a
non-planar structure. In agreement with these studies, our calculation indicated that the
enol form is 2.40 — 5.63 kcal/mol lower in energy depending on the functional in use (Table
S6). This indicated that the enol form of curcumin is predominant in the condensed phase.
In addition, as shown in Table S6, the nonplanar diketo form is predicted to have a vertical
excitation energy that is 0.5-0.7 eV higher than the enol form.

Among the seven CRANAD molecules in this study (Fig. 1), CRANAD-5 is the only
molecule that can also undergo keto-enol tautomerization. Our DF'T calculations indicated,
like the curcumin molecule, the enol form of CRANAD-5 is also the energetically favorable
conformer in the condensed phase. The keto-enol energy difference was predicted in Table
S7 to be 0.92 kcal/mol at the wB97X-D/6-311++G**/C-PCM level of theory, and 3.41
kcal/mol with the B3LYP functional. As shown in Fig. S3, the enol form of CRANAD-5
is nearly planar, with a O1-C1-C2-C3 dihedral angle of 0.3° and a C1-C2-C3-0O2 an-
gle of -0.3° within the wB97X-D/6-3114++G**/C-PCM level of theory. The diketo form
of CRANAD-5 is non-planar (Fig. S4), where the O1-C1-C2-C3 angle is found to be
103.6° and the C1-C2-C3-02 angle is -7.3°.

C. Absorption Wavelengths

Experimental absorption wavelengths for seven CRANAD molecules are listed in Table 1.
The shortest absorption wavelength was found for the shortest molecule: CRANAD-54 (490
nm). The wavelength was slightly longer with CRANAD-28 (498 nm) and CRANAD-5

(530 nm). Much longer wavelengths were measured for other four molecules: CRANAD-3
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(610 nm); CRANAD-58 (630 nm); CRANAD-2 (645 nm); and CRANAD-61 (675 nm). All
absorption energies were measured in the PBS buffer, which was approximated as water

solvent in our computational study.

TABLE I: Absorption wavelengths (in nm) of CRANAD-X molecules from
TDDFT/CPCM calculations using different functionals and 6-3114++G** basis set.

Molecule 2 3 5 28 54 58 61

Expt. 645.0 610.0 530.0 498.0 490.0 630.0 675.0
B3LYP 593.1 573.7 534.2 470.4 473.6 585.0 610.0
PBEO 566.9 547.3 508.6 453.9 458.7 559.2 584.8

wBI7X-D 477.1 457.8 415.0 397.2 414.3 469.0 498.6

MO06-2X 507.3 489.6 436.7 412.1 432.1 501.5 532.8
700 700
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FIG. 2: Computed TDDFT absorption wavelengths (in nm) vs experimental values for
CRANAD molecules.

Computed TDDFT absorption wavelengths using four different functionals (B3LYP,
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PBEO, M06-2X and wB97X-D) were also listed in Table I. They are plotted against exper-
imental values in Fig. 2. It is clear that TDDFT calculations reproduced the absorption
spectral shifts rather well. Standard hybrid functionals, BSLYP and PBEOQ, yielded wave-
lengths closer to experimental values, and the corresponding R? values are 0.951 and 0.965,
respectively. On the other hand, M06-2X and wB97X-D functionals led to systematically
shorter wavelengths, but with R? values of 0.971 and 0.964, a strong correlation was also
observed between computed and experimental absorption wavelengths.

It is interesting to note that in Table I that, in almost all cases, TDDFT calculations
consistently yielded shorter wavelengths than experimental values. The only exception was
observed for CRANAD-5, where computed B3LYP absorption wavelength is longer by 4.2
nm than the experimental peak at 530 nm. This exception might arise from structural
flexibilities of CRANAD-5. As the only CRANAD molecule in this study containing a (-
keto enol group, CRANAD-5 can undergo keto-enol tautomerization, intramolecular proton
transfer, or hydroxyl deprotonation. It is therefore interesting to study the effect of these
structural changes on its excitation energies.

Keto-enol tautomerization of CRANAD-5 can lead to absorption at a shorter wavelength
(for the diketo form). As mentioned in Section IIIB above, the (nonplanar) diketo form
was found to be only 3.41 kcal/mol (or 0.92 kcal/mol) higher than the enol form based on
B3LYP (or wB97X-D) calculations. TDDFT calculations results in Table S7 showed that
the absorption wavelengths of the diketo form were predicted to be 50-100 nm shorter than
those of the enol form.

Intramolecular proton transfer can lead to a small red shift in the absorption wavelength.
To study this effect, potential energy scan was performed with the proton moving between
the two oxygen atoms (Ol and O2) in the enol form of CRANAD-5. As shown in Fig.
S5, when the proton is moved from one oxygen atom towards the equidistance point, the
ground-state energy was increased by about 2.5 kcal/mol. This is accompanied by a 0.05
eV reduction of the excitation energy, which amounts to a 7 nm increase in the absorption
wavelength.

On the other hand, hydroxyl deprotonation can cause a blue-shift in the absorption
wavelength. Upon the deprotonation of the hydroxyl group, CRANAD-5 becomes an anion.
As shown in the next subsection, the lowest-energy excitation involves the transfer of a small

amount of electronic charge from the terminal groups towards the middle. This excitation

10



will be hindered by more negative charges on the oxygen atom after hydroxyl deprotonation.

D. Wavefunction Analysis

In TDDFT calculations, the lowest-energy excitation of CRANAD molecules were found
to be dominated by an excitation from HOMO to LUMO. So it would be worthwhile to
examine the computed HOMO-LUMO gaps of these molecules. As is well known, the values
of computed HOMO-LUMO gaps strongly depend on the functional in use, and, in general,
their values increases with the ratio of the long-range Hartree-Fock exchange for the func-
tional. This can be easily be seen in Fig. 3, where HOMO-LUMO gaps (y-axis values) follow
the trend: B3LYP < PBEO < M06-2X < wB97X-D. With each of these functionals, there
is a strong correlation between HOMO-LUMO gaps and vertical excitation energies (x-axis
values), with the correlation coefficients ranging from 0.938 (B3LYP) to 0.978 (M06-2X).
This allows us to explain the variation of excitation energies of CRANAD molecules through
studying the changes in their HOMOs and LUMOs.

Of particular interest to us is the red shift observed in the absorption wavelength from
CRANAD-5 to CRANAD-61. As shown in Fig. 4, the HOMO of CRANAD-5 appeared
very similar to that of CRANAD-61. These two Kohn-Sham orbitals have nearly the same
energies, with values of -0.2548 a.u. (CRANAD-5) and -0.2564 a.u. (CRANAD-61) at the
wBI7X-D/6-311++G** level of theory.

On the other hand, Fig. 4 shows a small but noticeable difference in the LUMOs of
these two molecules. There is a small contribution from the oxalate moiety to the LUMO
of CRANAD-61, which making the orbital slightly more delocalized than the LUMO of
CRANAD-5. As a result, the LUMO energy of CRANAD-61, -0.0576 a.u., was substan-
tially lower than the -0.0328 a.u. LUMO energy value for CRANAD-5. This led to a
smaller HOMO-LUMO gap for CRANAD-61 (0.1988 a.u.) than the gap of CRANAD-5
(0.2220 a.u.), which in turn led to a relatively lower excitation energy (and longer absorp-
tion wavelength) for CRANAD-61.

The more delocalization nature of the electron excitation can also be seen in Fig. 5,
which shows the unrelaxed difference densities (i.e. difference between the ground-state and
excited-state electronic densities) of two molecules. For CRANAD-61, a small amount of

electron density was transferred to the oxalate moiety upon the vertical excitation, and
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FIG. 3: HOMO-LUMO gaps vs TDDFT absorption excitation energies (in nm) of
CRANAD-X molecules, all computed at ground-state equilibrium geometries.

the actual amount was found to be 0.0177 ¢~ (Merz-Kollman ESP charge) and 0.0145 e~
(Mulliken population) from TDDFT /wB97X-D/6-311++G** calculations.

E. Emission Wavelengths

Experimental and computed emission wavelengths for CRANAD molecules are tabulated
in Table II, and their values are also plotted in Fig. 6. Similar to the case of absorption cal-
culations, TDDFT calculations with BSLYP and PBEO functionals produced emission wave-
lengths closer to experimental values, while TDDFT calculations using the range-separated
wBI7X-D functional tended to overestimate the excitation energies and thus underestimate
the wavelengths. On the other hand, with all three functionals (B3LYP, PBEO, and wB97X-
D), TDDFT calculations well reproduced the experimentally observed spectral shift in the

emission wavelengths among CRANAD molecules. The R? values were found to be 0.89-
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a) CRANAD-5 b) CRANAD-61

LUMO: -0.0328 a.u. LUMO: -0.0576 a.u.
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FIG. 4: HOMO and LUMO orbitals of CRANAD-5 and CRANAD-61 at the
wBI7X-D/6-3114+G** level of theory.

CRANAD-61

FIG. 5: Unrelaxed difference density of CRANAD-5 and CRANAD-61 from
TDDFT /wB97X-D/6-311++G** calculations. Blue color indicates a net gain of electron

density, and red a net loss.

0.90 for all three (B3LYP, PBEO and wB97X-D) functionals. This reaffirms that TDDFT
calculations with these functionals can be employed to predict emission spectral shifts of

fluorescent probes such as CRANAD molecules.

F. Torsional energy profiles of CRANAD-54

Recently Segado, Benassi and Barone®® studied the torsional energy profile of o-(p-

dimethyl-amino-stryryl)methylpridinium cation (DASPMI). For this cationic molecule, tor-
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TABLE II: Emission wavelengths (in nm) of CRANAD-X molecules from TDDFT/CPCM

calculations using different functionals and 6-311++G** basis set.

Molecule 2 3 5) 28 54 58 61

Expt. 805.0 730.0 669.0 578.0 620.0 750.0 760.0
B3LYP 696.7 664.7 620.3 564.4 551.0 685.8 720.8
PBEO 672.9 640.9 594.3 541.0 530.0 656.4 693.0

wB97X-D 604.9 574.0 529.4 494.0 511.3 088.7 628.8

B3LYP, R2=0.890 PBEO, RZ2=0.901 wB97X-D, R2=0.897
E 750 - 750 - 750 -
£
g
Q
~ 650 - 650 650
©
Q
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>
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o)
o
450 T T T 450 T T T 450 T T T
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FIG. 6: Computed TDDFT emission wavelengths (in nm) vs experimental values for

CRANAD-X molecules.

sional motions around three single bonds led to multiple minima on the excited-state poten-
tial energy surface, which causes nonemissive twisted intramolecular charge transfer (TICT)
and multifluorescence.

To study whether TICT might affect CRANAD molecules, we followed their work and
explored torsional energy profiles of CRANAD-54, which is the smallest molecule in our set
of molecules. Fig. 7 clearly shows that, with each of the three torsional angles (T1, T2, and
T3, see Fig. S11), both ground-state and excited state energies have a minimum around
180°. Therefore, TICT is unlikely to affect CRANAD-54. This also explains why geometry
optimizations (for both absorption and emission calculations) led to nearly planar structures

for the CRANAD molecules (see Tables S8 and S9).

Our torsional scan also showed the effect of boron-containing groups, such as —BF, and
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FIG. 7: Torsional energy profiles for CRANAD-54 from three potential energy scans, with
respect to T1, T2 and T3 angles. Ground state energies were optimized with
wBI7X-D/6-3114++G** with T1 or T2 or T3 constrained to a given value. Excited-state
energy for each constrained geometry were computed using TDDFT and

wBITX-D/6-311+-+G**,

—B(C50y4), on the rigidity of the half-curcumin scaffold in CRANAD-54. As shown in Fig.
S11 and Table S11, in comparison to the keto-enol half-curcumin, both BFy and B(C50,)
groups increased the ground-state barrier for all three rotations, which thus made these

half-curcumin derivatives more rigid.

IV. CONCLUSIONS

Through performing TDDFT calculations of the lowest-energy electronic transition of

CRANAD molecules, the following conclusions were reached:

e Computed TDDFT absorption and emission wavelengths well reproduced the spec-
tral shifts among CRANAD molecules, with R? values of above 0.95 for absorption

wavelengths and above 0.89 for emission wavelengths.

e Computed vertical excitation energies were found to correlate well with the HOMO-

LUMO gaps. This supports the use of HOMO and LUMO energies in the analysis
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of the absorption/emission spectra shifts and in the design of new curcumin-based

fluorescent molecules.

e Between the recently proposed pair of curcumin derivatives, CRANAD-5 and CRANAD-
61, the LUMO energy was lowered in CRANAD-61 due to a contribution from the

oxalate moiety, which extended the delocalization of the orbital.

At the same time, with a red-shift in the electronic transition energies and a related reduction
in the HOMO-LUMO gaps, it becomes increasingly important to assess the multi-reference
character of these systems. More sophisticated calculations, such as CASSCF, CASPT2,
DMRG and RDM, will be performed in follow-up work.
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