Journal of Photochemistry & Photobiology, B: Biology 164 (2016) 112-122

Contents lists available at ScienceDirect ’
Photochemistry

andPhotobiology

Journal of Photochemistry & Photobiology, B: Biology

-

journal homepage: www.elsevier.com/locate/jphotobiol

Synthesis, spectroscopic, physicochemical properties and binding site
analysis of 4-(1H-phenanthro[9,10-d]-imidazol-2-yl)-benzaldehyde
fluorescent probe for imaging in cell biology: Experimental and
theoretical study

@ CrossMark

Przemystaw Krawczyk **, Beata Jedrzejewska °, Marek Pietrzak ®, Tomasz Janek ¢

@ Nicolaus Copernicus University, Collegium Medicum, Faculty of Pharmacy, Department of Physical Chemistry, Kurpifiskiego 5, 85-950 Bydgoszcz, Poland
b UTP University of Science and Technology, Faculty of Chemical Technology and Engineering, Seminaryjna 3, 85-326 Bydgoszcz, Poland
€ Wroclaw Medical University, Department of Inorganic Chemistry, Faculty of Pharmacy, Borowska 211a, 50-556 Wroclaw, Poland

ARTICLE INFO ABSTRACT
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imental data were supported by quantum-chemical calculations using density functional theory. Measurements
and theoretical calculations showed that PB1 dye is characterized by the non-monotonic solvatochromism,
strongly polar charge transfer excited state, large Stokes' shift, high fluorescence quantum yield and high fluores-
cence lifetime. Simulations using AutoDock presented in this study, showed that after conjugation with Conca-
navalin A in the active site with LYS116, the PB1 possesses the highest probability of binding affinity. The
interaction between the PB1 dye and the Concanavalin A lectin has been investigated by circular dichroism spec-
troscopy. Conventional fluorescence microscopy imaging of Candida albicans and Yarrowia lipolytica cells, incu-
bated with the PB1-Concanavalin A, was demonstrated. Results show that the PB1 dye is a photostable low
molecular weight fluorescent probe, which emits a blue fluorescence. The results of this study have implications
for designing PB1-protein conjugate as a valuable alternative to commercial probes designed for cellular labeling
in biological and biomedical research. Calculated LogP value together with LogBCF show that PB1-protein conju-
gate is a valuable alternative to commercial probes designed for cellular labeling in biological and biomedical
research.
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gene, protein, dyes expression and molecular interactions in cells and
tissues. The fluorescence signal of a fluorescence probe can be modulat-
ed and for this reason sensors relying on activation and not just accumu-
lation, can be utilized. Moreover, dyes used herein as fluorescent probes

1. Introduction

Achievements of recent years, the highly sensitive detection of path-
ogens and their reliable location inside of the human body, have con-

tributed to the rapid and effective diagnosis and treatment of many
diseases. In this field of science, the most important step is to design
and synthesize suitable sensing and imaging materials that allow the
correct identification of biomarkers and their quantitative determina-
tion, allowing the noninvasive and non-destructive study of biochemi-
cal processes in vivo at the cellular and molecular level [1-7].
Nowadays, the most sensitive and selective method for biological and
medicinal diagnostic study is the fluorescence technology [8,9], in par-
ticular the fluorescent imaging and flow cytometry [10,11]. In vivo fluo-
rescence imaging is the visualization of fluorescent probes as labels for
molecular processes or structures. It enables a wide range of experimen-
tal measurements and monitors including the location and dynamics of
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in single or multiple analyses allow to obtain information about the cell
structures and their functionality or biomarkers and physiological pa-
rameters in a more efficient and less time-consuming way [12,13].
However, the fluorescence technology is often limited due to the avail-
ability of appropriate fluorescent dyes. The fluorescent nanostructures
most commonly used as fluorescent probes are: organic dyes with
large delocalized m-electron systems, fluorescent proteins, metal com-
plexes, semiconductor nanocrystals, and up conversion nanophosphors
[14-17]. Among the requirements for them the most important features
include: low toxicity and good solubility, high chemical and environ-
mental stability, tolerance by living cells and deep penetration depth
in living tissues, high photostability, large signal to noise ratio sharp ab-
sorption and emission under excitation, large Stokes' shift, bright fluo-
rescence, high quantum yield and resistance to photo bleaching [18-
20]. Moreover, fluorescent dyes should have a specific reactive group
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such as —CHO, —NH,, —SH, or N-hydroxysuccinimide ester allowing
an easy connection to biomolecules. Very popular are conjugate fluores-
cence probes with isothiocyanate group connected by covalent bonds to
N-terminal amines or to amino groups on lysine side chains.

The family of imidazoles is very important due to their chemical and
biological properties. Their derivatives include many substances and are
an invaluable in synthesis of drugs which have broad applications in
many areas of clinical medicine. Imidazoles are widely used as antiepi-
leptic agents, antiparasitic, anthelmintic, anti-inflammatory, analgesics
and platelet aggregation inhibitors [21-26] as well as antineoplastic an-
tibiotic, muscarinic receptor antagonist, antiulcerative, prohormone,
benzodiazepine antagonist, antihyperthyroid and hypnotic agents
[27-30]. In this study a compound will be presented that belongs to
the phenanthroimidazole class, as imidazole derivative, containing
—CHO as a functional group: 4-(1H-phenanthro[9,10-d]-imidazol-2-
yl)-benzaldehyde - PB1. This compound is well known in the literature
as a ratiometric fluorescent probe for hydrogen sulfite [31], a
ratiometric fluorescent probe for cysteine and hemocysteine [32], anti-
microbial drug [33], sensitive fluorescence ratiometric probe for cyanide
with its application for detection of cyanide in natural water samples
and biological samples [34], solar cells [35], multifunctional agents for
treatment of Alzheimer's disease [36]. In this study, the PB1 compound
was prepared as imaging agents for detecting and monitoring of specific
carbohydrate moieties. The experimental data are supported by quan-
tum-chemical calculations using density functional theory (DFT) [37-
43]. The DFT methods are very effective and widely used in the descrip-
tion and modelling of drugs and fluorescence probes and computational
costs are relatively low [44-53]. Moreover, in this study was investigat-
ed the interaction of the fluorescent dye with the Concanavalin A one of
the most widely used lectins in cell biology, by combining two experi-
mental spectroscopic methods (fluorescence and circular dichroism)
with molecular modelling computations.

2. Methodological Section
2.1. Experimental Part

2.1.1. Materials and Synthesis

All reagents and solvents were obtained from Aldrich Chemical Co.
The 2-(4-bromophenyl)-phenanthro[9,10-d]imidazole was synthesized
based on the procedures taken from literature [54].

The condensation of 9,10-phenanthroquinone (10 mmol) with
terephtaledialdehyde (30 mmol) in the presence of ammonium acetate
(50 mmol) and acetic acid (10 mL) yielded 4-(1H-phenanthro[9,10-d]-
imidazol-2-yl)-benzaldehyde (Fig. 1). The reaction mixture was heated
at 110 °Cfor 1 h under stirring, then it was cooled to room temperature.
The crude product was filtered out and purified by flash chromatogra-
phy [55].

CyoH14N50; 322.35936 g/mol; mp 308.1 °C; 56.7% yield; Re = 0.27
for methanol-chloroform 0.1:10 v/v.

'H NMR (DMSO-dg) 6 (ppm): 7.67 (m, 2H, Ar), 7.77 (m, 2H, Ar),
8.15-8.13 (d, J = 8.0 Hz, 2H, Ar), 8.55-8.53 (d, ] = 8.0 Hz, 2H, Ar),
8.59-8.57 (d, ] = 8.0 Hz, 2H, Ar), 8.63-8.61 (d, 2H, ] = 8.0 Hz, Ar),
8.87-8.85 (d, ] = 8.0 Hz, 2H, Ar), 8.91-8.89 (d, ] = 8.0 Hz, 2H, Ar),
10.11 (s, 1H, CHO), 13.73 (s, 1H, NH).

o o

o)
L 3+ onn, 221
o) H H A

13C NMR (DMSO-dg) & (ppm): 193.07 (CHO), 122.4, 122.7, 124.3,
124.7, 126.0, 126.3, 126.9, 127.7, 127.8, 130.6 (CH), 122.7, 127.3,
128.2,128.8, 135.9, 136.5, 137.9, 148.2 (C).

IR (KBr) (cm™1): 3197, 3084, 1690, 1604, 1567, 1455, 1425, 1296,
1216, 1171, 1039, 967, 837, 754, 723, 671, 503.

Throughout the manuscript the following notation was adopted:
1.4-Dx - 1.4-dioxane; Et;0 - diethyl ether; THF - tetrahydrofuran;
MeCN - acetonitrile; DMF - N,N-dimethylformamide; DMSO -
dimethylsulfoxide.

2.1.2. Measurements

The 'H (400 MHz) and '3C (100 MHz) NMR spectra were recorded
on a Bruker Ascend™ 400 NMR spectrometers, respectively.
Dimethylsulfoxide (DMSO-dg¢) was used as the solvent and
tetramethylsilane (TMS) as internal standard.

The IR spectra of the synthesized salts were recorded using a Bruker
Vector 22 FT-IR spectrophotometer (Germany) in the range 400-
4500 cm™ !, by KBr pellet technique.

HPLC analyses were done by Waters HPLC systems equipped with
Waters 2489 UV-vis detector (detection wavelength was 370 nm), Wa-
ters 1525 Binary HPLC Pump and a Symmetry C18 column (3.5 pm,
4.6 x 75 mm). Separation was conducted under isocratic conditions
with 0.8 mL/min flow rate, 25 °C, 10 pL injection volume and HPLC
grade acetonitrile as a mobile phase.

Melting points were determined on the Buchi M-565 Melting Point
apparatus.

Absorption and emission spectra in different polarity solvents were
recorded at room temperature using a Shimadzu UV-vis Multispec-
1501 spectrophotometer and a Hitachi F-4500 spectrofluorometer,
respectively.

The fluorescence quantum yield of the tested compounds (¢) was
calculated using Eq. (1):

IAref n?
= L —— 1
4’ ‘i’ref Iref A nfef ( )

where: ¢r.sis the fluorescence quantum yield of the reference (Couma-
rin 1in ethanol ¢,f = 0.64 [56]) sample in ethanol, A and A,rare the ab-
sorbances of the studied compound and reference sample at the
excitation wavelength (404 nm), I and I, are the integrated emission
intensities for the tested compounds and reference sample, n and nes
are the refractive indexes of the solvents used for the compounds and
the reference, respectively.

The fluorescence lifetimes were measured using an Edinburgh In-
struments single-photon counting system (FLS920P Spectrometers).
The excitation was provided by a picosecond diode laser generating
pulses of about 55 ps at 375 nm. The compounds were studied at con-
centration needed to provide absorbance of 0.1 in a 10 mm cell at
375 nm. The fluorescence decays were fitted as sums of two exponen-
tials. The average lifetime, 74, was calculated as 7o, = (3;047;)/(2i%),
where o; and 7; are the amplitudes and lifetimes.

2.1.3. General Protein Labeling Procedures

Concanavalin A (carbohydrate-binding protein) was conjugated
with a PB1- fluorophore in phosphate-buffered saline (PBS, 10 mM
phosphate, 150 mM NaCl, pH 7.4). Briefly, 2 mg of Concanavalin A was

CH;COOH

Fig. 1. A route for the synthesis of PB1 compound.
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resuspended in 1 mL of buffer solution and 50 pL of 5 mg/mL PB1 in
dimethylsulfoxide (DMSO) was added during vigorous mixing. The
Schiff bases formed by amine-aldehyde coupling were reduced by
adding 10 pL of 5 M sodium cyanoborohydride in 1 N NaOH per 1 mLre-
action volume, and the reaction was allowed to proceed overnight at
4 °C. After an overnight incubation at 4 °C in the dark, unlabeled PB1
dyes were separated using a dialysis membrane centrifuge tube at
7000g for 10 min. The conjugated PB1-Concanavalin A solution retained
in the dialysis tube was collected and diluted in PBS to a protein concen-
tration of 1 mg/mL. The degree of labeling was determined by measur-
ing the absorbance at 280 nm for Concanavalin A and at A4 of the PB1
on a Varian Carry 50 Bio spectrophotometer (Varian, USA). The resul-
tant product was stored at 4 °C.

2.1.4. Fluorescence Imaging

Candida albicans ATCC 10231 and Yarrowia lipolytica A101 strains
were grown in a liquid yeast-peptone-glucose (YPG) medium
consisting of (per liter) 10 g of yeast extract, 20 g of peptone (both
from Difco), and 20 g of glucose at 28 °C with constant shaking at
200 rpm. The overnight cultures of both yeast strains were centrifuged
and washed twice with PBS, pH 7.4. Then, the yeast cells were stained
for 30 min at 28 °C with PB1-Concanavalin A conjugate (final concentra-
tion 0.025 mg/mL) in the PBS. Images were obtained using a Zeiss Axio
Scope A1 microscope (Zeiss, Jena, Germany) with a 100x objective lens
and Zeiss filter set FSO1 for fluorescence microscopy. Assays were car-
ried out three times. Representative images are presented on Fig. 2.

2.1.5. Circular Dichroism Spectroscopy

Circular dichroism spectra of 0.1 mg/mL Concanavalin A solutions
were recorded on a Jasco model J-1500 spectropolarimeter (Jasco,
Tokyo, Japan) at 25 °C under a constant flow of nitrogen gas, in the ab-
sence and presence of PB1 probe. The scanned wavelength domain was
190-260 nm and the time constant, scan speed, bandwidth/resolution,
50 nm/min, 2 nm and 200 millidegrees, respectively. The spectra

Candida albicans ATCC 10231

PB1
conjugate Concanavalin A

Nomarski

represent the average of 9 scans. CD intensities are expressed in Ag
(dm>/M-cm). The analysis of secondary structural contents was per-
formed using K2D3 web server. K2D3 web server is an online tool
used to assess the secondary structural elements in the form of a-
helix and 3-strand from the far-UV CD spectra ranging from 190 to
240 nm [57].

2.2. Computational Details

The structures of PB1 dye in its ground (Sg) and excited (Scr) state
were optimized by using density functional theory (DFT) approach,
with the PBEO functional [58-59] implemented in Gaussian 09 program
package [60] with TIGHT threshold option. This functional was recog-
nized as correctly describing the spectroscopic parameters in terms of
experimental data for push-pull compounds [61-63] and this constitut-
ed the basis for the choice to designate the molecular structures. In
order to verify that all the geometries after optimization correspond to
the minima on the potential energy surface, the analysis of computed
Hessian was conducted.

Using the time-dependent density functional theory (TD-DFT) [45-
47] vertical transition energies and emission spectra were determined
in connection with standard-hybrid PBEO functional, as well as long
range asymptotically corrected LC-wPBE [64-66], CAM-B3LYP [67] and
©B97XD [68] functionals. The solvent effect on the linear optical proper-
ties has been taken into account using the Integral Equation Formalism
for the Polarizable Continuum Model (IEF-PCM) [69-70]. In TDDFT cal-
culations, the ground and excited states are calculated with equilibrium
solvation while during considerations of the solvent effect on the fluo-
rescence spectra the ground state should be calculated with non-equi-
librium solvation [71-72]. For this reason the state-specific (SS)
corrected linear response (cLR) approach [73] was employed to the the-
oretical calculations. In the SS approach the solvent dynamic polariza-
tions is determined by the difference of the electron densities of the
initial and final states [74-76].

Yarrowia lipolytica A101

Fig. 2. Fluorescence microscope images of Candida albicans and Yarrowia lipolytica cells in the presence of dye-protein conjugate. The lectin Concanavalin A labeled with PB1 binds
specifically to polysaccharides present in the cell wall of this yeast and fluoresces blue. Scale bars - 20 um. (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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The polarity of the excited state was evaluated by numerical differ-
entiation of the excitation energies (E):

Ecr(+F)—Ecr(—F)  Eg(+F)—Eg(—F)
—2F B —2F

Aty = @)

where i states the Cartesian component of the dipole moment differ-
ence. In these calculations there was used an electric field F of
0.001 a.u. strength.

In order to identify the binding site with the highest affinity of PB1
relative to protein, the docking simulations were applied. These simula-
tions were performed using a united-atom scoring function implement-
ed in AutoDock Vina [77]. The preparation of the ligand and
macromolecule were performed using the AutoDock Tools software
package. The crystal structure of Concanavalin-A was downloaded
from the Protein Data Bank in Europe (PDB ID: 2a7a) [78]. Before
starting the stimulation, all the water molecules and Ca, Mg and Xe
atoms were removed from the crystal structure. The conjugation of
PB1 with proteins occurs via formation of a shift base between aldehyde
and amino group of a lysine residue followed by reduction to a second-
ary or tertiary amine to give a stable alkylamine bond. For these reasons,
the grid box was adjusted in such way that the space included the N-ter-
minus of the protein and separately, in subsequent simulations, the in-
dividual —NH, group of lysine's side chain [79]. The docking site on
protein target was defined by establishing a grid box with the dimen-
sions of X: 14 Y: 14 Z: 14 A, with a grid spacing of 1 A. In simulations,
the Lamarckian genetic algorithm method implemented in the
AutoDock 4.2, was employed to identify appropriate binding energy
and conformation of the PB1 dye. For each atom of the receptor mole-
cule, Gasteiger charges were calculated. The docking procedure was re-
peated ten times for each lysine.

3. Results and Discussion
3.1. Experimental

3.1.1. Absorption and Fluorescence Spectra

Fig. 3 show the illustrative electronic absorption and the fluores-
cence spectra for the tested compound in selected solvents. Table 1 col-
lects the values of the absorption and fluorescence maximum positions,
molar absorption coefficients, Stokes' shifts and fluorescence quantum
yields for the phenanthroimidazole derivative. The electronic absorp-
tion spectra displays a broad band with a maximum in the range from
373 to 382 nm and a high molar absorption coefficient ranging from
30,000 M~ ! cm™! to 33,000 M~ ! cm™! indicating intramolecular

2.0 2.0
in MeCN
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Fig. 3. Normalized electronic absorption and fluorescence spectra of PB1 in MeCN.

Table 1
The values of the absorption and fluorescence maximum positions, molar absorption coef-
ficients, Stokes' shifts and fluorescence quantum yields for the PB1.

N [nm]  e[M~'em™'] Al [nm]  $m[nm] AV [em™!]
14-Dx 3745 31,400 45238 0398 4617
Et,0 373.0 33,000 4394 0326 4051
THF 3755 31,400 46022 0.544 4901
MeCN 3745 31,300 4952 0.696 6508
DMF 3785 30,400 496.6 0.601 6283
DMSO 3815 30,900 500.4 0.608 6228

charge transfer (ICT) characteristics of the transition. The inspection of
the data in Table 1 shows that the position of the m-m* absorption
band slightly depends on the solvent polarity. This indicates a less
polar character of the PB1 in its ground state.

As indicated in Fig. 4 and Table 1, the solvent polarity shows a signif-
icant effect on the position of fluorescence spectral maxima. The emis-
sion spectra are red-shifted by ca. 60 nm as the solvent polarity
increases. This is exemplified by the increase of emission maximum
from 439 nm in diethyl ether to 500 nm, observably indicating a better
stabilization of the singlet excited state by polar solvents. Reasonable
correlation has been found between either the fluorescence peak max-
ima or the Stokes' shift parameter and the solvent polarity scale, EY (Fig.
4).

The substantial red shift of the emission spectra and large Stokes'
shift increasing with solvents' polarity suggest different charge distribu-
tion and an increase of the dipole moment in the excited state with re-
spect to that of the ground state.

Besides fluorescence band position also its intensity is affected by
solvent polarity. As shown in Fig. 5, the fluorescence quantum yield of
PB1 increases with increasing solvent polarity. The smallest value is ob-
served in diethyl ether (ca. 33%) whereas in polar solvent, acetonitrile
(MeCN), the ¢p equals 70%.

For the tested compound, two-exponential fluorescence decays
were observed (Table 2) with one component close to 2 ns and the sec-
ond about 0.3-0.6 ns. Moreover, the shortest average fluorescence life-
times are observed in diethylether (Et,0). The correlation between the
fluorescence average lifetimes and EY solvent polarity parameter for
PB1 clearly demonstrates the sensitivity of its fluorescence behavior to
solvents. The fluorescence lifetimes increase with an increase of solvent
polarity. What is more, for PB1 the shortest fluorescence lifetime is ob-
served for the solvent in which the fluorescence quantum yield is low,
which confirms the fluorescence quenching of PB1 by specific interac-
tions with solvent molecules.

Based on the average lifetimes and quantum yields of fluorescence
data, radiative (k,) and nonradiative (k) rate constants have been
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Fig. 4. Influence of solvent polarity on spectral shift for PB1 dye.
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Fig. 5. Plot of fluorescence quantum yield and averaged fluorescence lifetime of tested
compound versus EY.

calculated according to Egs. (3) and (4). The values are collected in
Table 3.

_ g

ke = TTFV (3)
~ (1—¢p)

Ko = C Ta @

Analysis of the date collected in Table 3 indicates that the k,/k, ratio
changes with solvent polarity. For PB1 compound, the k,/k,, ratio de-
creases suggesting a greater participation of radiative transition [80-
83].

3.1.2. Synthesis of PB1-Concanavalin A Conjugates

Carbonyl groups, including aldehydes react under mild aqueous
conditions with aliphatic and aromatic amines to form an intermedi-
ate known as a Schiff base (an imine), which can be selectively re-
duced by the mild reducing agent sodium cyanoborohydride to
give a stable alkylamine bond [84]. The PB1 probes with reactive al-
dehyde groups were formed Schiff bases with the primary amines of
Concanavalin A. The reaction efficiency and bond stability between
aldehydes and primary amines was increased by the addition of sodi-
um cyanoborohydride. The absorbance spectra of conjugates of PB1
labeled with more than 1 mol of dye per mole of protein show a pro-
nounced increase in the shoulder about 370 nm, apparently due to
interaction between the dye and the protein.

3.1.3. Protein Labeling with PB1 Fluorophore

The binding of the probes to protein has gained importance in a lot of
different fields in biomedical research. This method is based on the fluo-
rescence detection of macromolecules (such as proteins or antibodies)
labeled with probes [63]. To evaluate the binding of PB1-fluorochrome

Table 2
Fluorescence lifetimes of PB1 in different solvents.
71 [ns] 72 [ns] (o] a Tay [ns] Ve

1,4-Dx 0.472 1.977 9.347 90.65 1.836 1.219
Et,0 0.49 1.107 38.09 61.91 0.872 1.115
THF 0.612 1.965 1343 86.57 1.783 1.299
MeCN 0.598 2.569 6.78 93.22 2.435 1.426
DMF 0.396 2.54 6.127 93.87 2.409 1.370
DMSO 0.323 2.645 3.948 96.01 2.553 1.388

Table 3
Radiative (k,) and non-radiative (k,,) rate constants for PB1 in different solvents.
kr (10%s77) K (10%s77) Ke/Kynr

1,4-Dx 217 3.28 1.51
Et,0 3.74 7.73 2.07
THF 3.05 2.56 0.84
MeCN 2.86 1.25 0.44
DMF 2.50 1.66 0.66
DMSO 2.38 1.54 0.64

to Concanavalin A in vitro, fluorescence microscopy (Fig. 2) was per-
formed using Candida albicans and Yarrowia lipolytica cells, which
were used as a positive control because Concanavalin A was used to de-
tect the presence of carbohydrate moieties in the living yeast cells. The
cell binding results indicate that the PB1-Concanavalin A conjugates ac-
cumulated selectively in yeast cells, which emits a blue fluorescence.
The emission maximum of PB1 and Concanavalin A labeled with PB1
lies at about 490 nm, similar to 2-(4-amidinophenyl)-1H-indole-6-
carboxamidine (DAPI) [85] and Hoechst 33,342 [86], which lie about
460 nm. For PB1-Concanavalin A conjugate dissolved in PBS, the absorp-
tion spectra is shifted by about 10-15 nm compared to PB1 in PBS. This
indicates the dissociation of aggregated dye molecules in the presence
of Concanavalin A. The experimental data allow us to conclude that
the aggregation of PB1 in PBS is the main reason for the low fluores-
cence emission in aqueous solution, a process that might be reverted
upon dye conjugated to the Concanavalin A, resulting in a significant
fluorescence enhancement (data not shown). Our spectroscopic studies
as well as many other literature reports reveal that there is an interplay
between dye (de)aggregation and dye-protein interactions [87-88]. A
similar fluorescence enhancement in the presence of proteins like amy-
loid B-protein has been reported for different dye including NIAD-4
[89]. The measurement protocols used for PB1 dye characterization
can be exploited for dye screening, providing information on the occur-
rence of dye aggregation and the influence of PB1-Concanavalin A inter-
actions on the spectroscopic properties of fluorescent reporters.
Together, our data suggests that the PB1-Concanavalin A conjugates
may be useful as imaging agents for detecting and monitoring of specific
carbohydrate moieties [90].

3.1.4. Effects of PB1 on the Concanavalin A Secondary Structure

The circular dichroism spectrum of Concanavalin A is that of a typical
lectin, with a negative band near 220 nm revealing a content of 3-sheet
structure [91]. Fitting the spectrum of native Concanavalin A at 25 °C
yielded a 40.04% PB-sheet and only 2.97% a-helical structure. The PB1-

Concanavalin A
— — -PB1-Concanavalin A

190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 6. Circular dichroism spectra of Concanavalin A (0.1 mg/mL) in presence of PB1
fluorochrome.
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Concanavalin A conjugate caused a secondary structural change of the
lectin to 24.21% 3-sheet/9.54% a-helical. These spectral changes suggest
the occurrence of bulk conformational modifications due to fluorophore
binding to the primary amines of Concanavalin A (Fig. 6).

3.2. Theoretical Aspect

The theoretical geometric structures for the investigated compound
in its ground and excited state are presented in Fig. 7. The PB1 molecule
is planar, both in the ground (S;) as well in the low-lying singlet excited
state (Scr). Calculated geometric parameters (see Fig. S1 and Table S1
in Supporting information) show, that torsion angles for both
states are almost identical. Some differences appear only for the
C12—C13—C16—H18 and C14—C13—C16—017 torsion angles in al-
dehyde group, resulting in a reduced distance between the oxygen
and hydrogen atoms in the excited state. Structural changes between
the ground and excited state occur when the length of the bond is
taken into account. Firstly, in the Sct molecule the C1/C2—C16 axis
seems to be slightly shorter. This is due to the observed decrease in
bond lengths of C8—C10 and C13—C16 of about 0.02 A and 0.03 A, re-
spectively. Moreover, C3—C4 and C5—C6 bonds in the central ring of
the phenanthroimidazole are reduced while the others are lengthened.
The same conclusions can be drawn from the analysis of benzene
linking the aldehyde group with phenanthroimidazole. It can be noted
that also the C16—017 bond in Scr is significantly lengthened (about
0.04 A) and the C13—C16—017 bond angle is increased which moves
the oxygen atom away from the rest of the molecule. Taking into ac-
count the effect of the solvent on the structural characteristics, the po-
larity of the environment does not substantially influence the
geometry of the ground and excited state. What it is worth mentioning,
the C8—C10 bond for the S, become longer during transitions from the
vacuum to 1,4-Dx and this growth occurs with increasing polarity of the
medium. However, for the Sct state this bond decreases as a function of
the solvent polarity. In the case of C13—C16 there is observed a reduc-
tion of bond length with the increasing dielectric permittivity of the en-
vironment while for the C16—017 it increases, for both Sg and Scr. In
each case, the influence of the solvent on the Scy structure is higher

Ground state

Gas phase

DMSO &A 9 y >

than on the ground state, where differences in bond lengths are almost
imperceptible when changing the solvent to more polar. This depen-
dence is reflected in the solubility of the PB1 compound, in relation to
the free energy of solvation (AGsoation) [92] (see Table 4). In general,
with increasing solvent polarity, the AGsowarion Slightly increases. In
three less polar environments this value remains almost at the same
level and indicates a very good solubility of the PB 1. In the presence
of water the free energy of solvation is increased by >30%. The solvation
process is spontaneous and this growth significantly affects the solubil-
ity of the dye in water causing the PB1 to be very poorly soluble in this
environment. Calculated solubility in water is: 2.04-10~> mol/L (in
25 °C, 298.15 K, 760 mm Hg).

According to the plots of frontier molecular orbitals, in the case of
PB1 dye excitation to the first singlet excited state is the charge transfer
(CT) excitation and is dominated by HOMO-LUMO transition (Fig. 8).
The HOMO is delocalized over the entire molecule, while the LUMO is
mainly localized on the benzaldehyde part and imidazole ring. The alde-
hyde is a moderate deactivating group but the electron-cloud mainly ac-
cumulates in this part of compound. Thus, the excited state of PB1 can
be assigned as a m-m* transition mixed with ICT process. Moreover, the
value of the energy separation between HOMO-LUMO (Egap) orbitals
in solvents is >3 eV (see Table S2 in Supporting information) and con-
firms a high fluorescent efficiency and good stability of the PKA com-
pound [93]. On the basis of HOMO and LUMO values, the PB1 dye is
characterized by a relatively low value of chemical hardness (1)) and
therefore should be eligible for soft molecule [94-95]. For this reason,
its reactivity is very high and it undergoes uni-molecular reaction
(such as with proteins) relatively quickly and easily.

A very useful tool in the designing and analysis of fluorescent probes
in locating the reactive sites is the molecular electrostatic potential
(MEP). The PB1 molecule has only one site for electrophilic attack (red
region) which is located around the carbon atom C12 (—0.656 a.u.)
(see Fig. S2) and this place can be easily protonated. Positive electrostat-
ic potential sites are mainly localized on the middle benzene ring and in
small extent on imidazole of the phenanthroimidazole reaching up to
the C8—C10 bond. Therefore, the phenanthroimidazole acts as elec-
tron-donating substituent. However, the maximum positive region is

Excited state

i
o N

= = ) o
& S $

1
3

Fig. 7. Structures of the PB1 in ground and low-lying CT state in selected environments with the method of atom numbering.
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Table 4
Calculated free energies of solvation in kcal/mol.
AGsotvation
CAM-B3LYP LC-wPBE PBEO
MeCN —243 —25.0 —22.7
DMF —229 —23.0 —21.3
DMSO —212 —215 —19.1
Water —15.2 —15.6 —134

localized on the hydrogen atom of the nitrogen N7 (+0.862 a.u.) and
this place is the most possible region for nucleophilic attack.
These sites are the potential regions where the molecule can exhibit in-
termolecular interactions and where it can undergo non-covalent
interactions.

The calculated one-photon absorption (OPA, A2%.) maxima are pre-
sented in Tables 5, S3 and S4. Taking into account the vertical excitation
energy (AE), values nearest to experimental ones are obtained using the
standard hybrid PBEO functional. Its application leads to a bathochromic
shift of A2 with respect to the measured values, in average of 24 nm. In
an absorption process, the solvent is in equilibrium solvation with the
ground state electron density but non-equilibrium solvation with the
excited state electron density. Therefore, the cLR-TDDFT calculations
should give a more reasonable estimation of the transitions energies.
As it is shown in Table 2, employing cLR model in connection with the
PBEO, gives the A5, more shifted towards longer wavelengths (by
over of 10 nm). More importantly, the vertical values as well as includ-
ing-state-specific solvation correction indicate that the behavior of the
b is non-monotonic. For molecules with positive solvatochromism a
larger polarization for the CT state occurs than for the ground state. In
this case, highly polar solvents cause better stabilization for the zwitter-
ionic form and dipole moment of the CT state (pict) is higher than for the
S, state (1) [96]. When the hypsochromic shift occurs, the S, is better
stabilized by polar solvents than Scr and s> ticr. This blue shift could
be aresult of not only the solute-solvent electrostatic interaction energy
between Sg and Scr states of the solute but of the H-bonding interaction.
Asitis shown in Table S5, in each of the used solvents yi; < icr. Moreover,
with increasing polarity of the environment, a dipole moment of the
ground and CT excited state increases. The upward trend as a function
of the solvent polarity also applies to the polarity of the excited state
(Aug—cr>9 and 13 D for the CAM-B3LYP and PBEQ, respectively). This
indicates that PB1 dye exhibits strongly polar charge-transfer excited
state and the pure electrostatic contribution to the solute-solvent inter-
action should not occur. However, the short-range specific interaction
cannot be excluded, e.g., hydrogen bonding which significantly affects
the intensity of absorption band. The comparison of the vertical N5, de-
termined theoretically with the ones obtained from experimental mea-
surements (see Fig. S3) shows that in the region of interest they have

LUMO E=-3.5133 eV

HOMO E=-5.9016 eV

Fig. 8. The plots of frontier molecular orbitals calculated at PBE0/6-311++G(d,p).

Table 5
The vertical and state-specific corrected excitation and de-excitation energy calculated
using the PBEO functional.

TDDFT cLR-TDDFT

Nedie fos N Nedie Nt
Gas phase 386.51 0.7267 421.33 - -
1,4-Dx 399.72 0.8945 447.19 407.82 448.90
Et,0 399.02 0.8797 446.42 409.10 476.35
THF 400.16 0.8976 470.56 412.99 491.91
MeCN 398.80 0.8841 509.41 41232 511.79
DMF 400.48 0.9082 512.25 416.18 514.21
DMSO 400.21 0.9049 512.00 415.74 516.00
Water 398.52 0.8814 509.47 412.06 512.04

similar shapes and intensities and these intensities are unchangeable
in any environment. Only near 300 nm for TD-DFT and 350 nm for ex-
perimental measurements there is an additional peak which corre-
sponds to the n-r* transition. In this connection it should be assumed
that PB1 dye can undergo self-aggregation in medium and polar sol-
vents which causes the solvatochromic reversal. In particular, on the
MAP there are places in which the molecule can undergo not only pro-
tonation with biomolecules but also with another molecule. However,
according to previously performed research [63], these observations
do not substantially affect the in-vivo studies.

The theoretical fluorescence spectra (Af;.) obtained for the PB1 dye
were shown in Tables 5 and S6. Firstly, the values closest to the experi-
mental ones are those obtained employing the PBEO functional and
APBEo— Exp<15 nm, except the 1,4-DX (Afseo — gxp = 23.4 nm). The state-
specific approach leads to lower values of the de-excitation energy.
The inclusion of the SS correction produces a slight red shift increasing
the difference between the measured and computed A% In general,
it should be highlighted that differences in the )\fchR,TDDm — ¢roorr) de-
crease as a function of increasing solvent polarity. However, predictabil-
ity of solvatochromic behavior of the PB1 compound is similar in both
cases. More importantly, the transition from the gas phase to the 1,4-
Dx is accompanied by a bathochromic shift. However, as in the case of
OPA, this red shift disappears as a function of the solvent polarity and
the molecule is characterized by non-monotonic behavior of A, As
in the case of AN25, the electric permittivity of the environment does
not affect the intensity of A, (Fig. $3) which also does not exclude
the possibilities of formation H-bonds. For this reason it is difficult to
speculate on the impact of solvent on position of the fluorescence max-
imum band, especially that the difference between DMF and water is
only 3 nm and H-bond interactions are not observable in the experi-
mental measurements. However, it must be noted that in weakly
polar solvents the PB1 dye mainly tends to self-aggregate, while in
strongly polar ones it is additionally quenched by specific interactions
with solvent molecules.

One of the factors determining the usefulness of the dye as a fluoro-
chrome in biomedical imaging is the Stokes' shift. For experimental
measurements values of this magnitude increase with increasing polar-
ity of the solvent in the weakly polar environments, but ranging from
MeCN they slightly decrease. For theoretical calculations, Av®‘increases
with increase of the dielectric permittivity. Moreover, the better similar-
ity to the experimental data was obtained for the CAM-B3LYP function-
al. Its use leads to an overestimation of AV by an average of 350 cm™ !,
while the PBEO overestimates it by an average of >1000 cm™ . On the
other hand, the use of state-specific approach increases the difference
in A% relative to the experimental data by 1500 cm ™ 'and 750 cm ™!
for PBEO and CAM-B3LYP respectively, but exhibits analogous non-
monotonic behavior for both functionals. Therefore, it should be
highlighted that the PBEO functional is almost an universal tool in the
description of spectroscopic parameters of the D-m-A systems and in
an appropriate combination with other methods it is a reliable tool for
theoretical modelling of fluorescent probes.
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According to the literature, the conjugation of PB1 with Concanava-
lin A occurs via formation of a shift base between aldehyde and amino
groups of a lysine residue and next by reduction to a secondary or tertia-
ry amine to give a stable alkylamine bond. Therefore, in a protein there
are several possible active sites for connecting the fluorochrome probe
containing an aldehyde group. For this reason, the AutoDock simula-
tions were employed in order to indicate the location of the site with
the most likely connection of the PB1 dye with a protein. As shown in
Table S7, the lowest binding free energy (AGj in kcal/mol) exhibits the
sites with LYS116 and calculated inhibition constant (K;) is 0.79 mM.
In other words, in this active site the PB1 dye possess the highest prob-
ability of potential binding affinity into the binding site of the Concanav-
alin A macromolecule. Visual inspection of this active binding site (see
Fig. 9) shows that the dye is efficiently inserted into the aromatic cage
framed by THR120, GLU122, VAL 187 interacting with the aromatic
rings of phenanthrene part; VAL 187 interacting with imidazole part
and VAL188 interacting with aromatic rings of the benzaldehyde. Also
VAL 187 and LYS116 interact with this fragment of the PB1. The binding
is not stabilized by the m-mr stacking interaction and also the presence of
H-bonds is not observed. The slightly higher value of AG, characterizes
the binding active site located near the LYS101. Although the AAG), be-
tween these sites is 0.2 kcal/mol, the K; value is decreased to 0.49 mM.
For the third binding active site (LYS30) with a relatively high affinity,
the AG, increases to — 5.3 kcal/mol and K; is reduced to 0.35 mM. In
this bonding mode the THR3 forms the H-bond via oxygen atom with
N7—H of the dye (2.798 A) which is consistent with the MEP analysis
and can affect the K; value. Moreover, in all cases after docking the
PB1 dye is twisted with respect to the reference geometry (Sg). This
twisting occurs on the C8—C10 bond connecting the benzaldehyde
with phenanthroimidazole part. The biggest twisting is observed
when the ligand is being docked near the LYS101. In this binding
mode the torsion angle N7—C8—C10—C11 is increased by 75.3°. For
binding mode LYS116 with the lowest AG, this angle increased only
by 30.6° with respect to the S, geometry. For the active site with
LYS30 the value of the torsion angle is 62.3° but additionally the oxygen
atom O17 in aldehyde is oriented in a line with hydrogen N7—H.

Fluorescent dyes require not only the characteristics of their spectro-
scopic properties, but also specific physicochemical features which
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affect the bioavailability. These properties determine both the possibil-
ity and rate of penetration through biological membranes and conse-
quently, probability of achieving an appropriate concentration in the
site of action. One of them is LogP which determines the absorption
and the permeability across cell membranes. According to the Lipinski
“5" rule, molecules with LogP > 5 are characterized by poor bioavailabil-
ity [97]. For the PB1 dye the calculated LogP = 4.71 + 0.36 (for QSAR
calculations LogP = 4.89) which indicating a relatively good permeabil-
ity trough cell membranes. The PB1 molecule is characterized by high
metabolism at CYP-450 (the probability are 0.6668 and 0.9938 for the
CYP450-2D6 and CYP450-3A4, respectively). In this connection it
should be expected that after fulfilling its role as a fluorescent marker
it should be quickly removed from the body without interacting with
other drugs. The LogBCF indicates bioconcentration and refers to the
process of uptake and buildup of chemicals in living organisms. For
PB1 the calculated LogBCF = 3.32 which suggests that this dye will be
not excreted in the urine and may be accumulate in fatty tissues [98].
On the other hand, the calculated probability of toxicity is 0.69 + 0.1
what indicates moderate toxicity (the range 0.2-0.8). Moreover, apart
from desirable characteristics for the fluorescent probes, the PB1 dye
has many features which allow for its use in other areas of medical sci-
ences and exhibits such properties as: anti-tumor, alpha- and gamma
radioprotector activity and other (see Fig. S4). These calculations were
performed using on-line software developed by ChemoSophia company
and simulations are based on a combination of the 3D/4D QSAR BiS/MC
and CoCon algorithms [99-101].

4. Conclusion

Synthesis, spectral, photophysical and some of biological properties
in medium and high polar solvents of 4-(1H-phenanthro[9,10-d]-
imidazol-2-yl)-benzaldehyde were described. This dye is characterized
by high molar absorption coefficient and intramolecular charge transfer.
The experimental measurements showed that the solvent polarity has a
significant effect on the position of absorption and emission spectra and
that they are characterized by positive solvatochromism. Moreover, for
PB1 compound, large Stokes' shift, high fluorescence quantum yield and
high fluorescence lifetime are observed which achieve their maximum

Fig. 9. Interactions between PB1 dye and active sites in the Concanavalin A.
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values in polar solvents. However, the theoretical calculations clearly in-
dicate that PB1 dye exhibits the non-monotonic solvatochromism. This
dependence was revealed both in the vertical excitation energies as well
as the state-specific corrected linear response approach. By contrast, the
correlations of the polarity of the CT state in function of solvent polarity
indicate that PB1 exhibits strongly polar charge transfer excited state
and a red shift should occur. For this reason, the non-monotonic behav-
ior should be associated with a tendency to self-aggregation in some en-
vironments which may affect solubility. The analysis of the Ecap
suggests a good stability, high chemical hardness and high reactivity.
Simulations using AutoDock presented in this study, showed that after
conjugation with Concanavalin A in the active site with LYS116 the
PB1 possess the highest probability of binding affinity and in this active
site there are no H-bonds interactions. One H-bond appears for active
site with LYS30 which is consistent with the MEP analysis. Moreover,
theoretical calculations showed a planar structure, both in the ground
as well as in CT state in all solvents. Whereas, after the docking the
PB1 dye undergoes twisting, which occurs on the C8—C10 bond. The
usefulness of this compound in biomedical imaging was confirmed by
fluorescence microscopy imaging. The in-vitro study showed that the
PB1 conjugate Concanavalin A exhibited a blue fluorescence with high
stability and intensity. Therefore this dye has potential applicability as
a fluorescent probe and the PB1-Concanavalin A conjugates may be use-
ful as imaging agents for detecting and monitoring of specific carbohy-
drate moieties. All of the properties in connection with its moderate
toxicity and low LogP value show that PB1-protein conjugate is a valu-
able alternative to commercial probes designed for cellular labeling in
biological and biomedical research.
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