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The present study was aimed at comparing the prediction power of several computational methods in
evaluating the lipophilicity (logP) of a series of newly synthesized benzanthrone derivatives, tentatively
divided into three groups: 1) aminobenzanthrones, 2) amidinobenzanthrones, and 3) bromine-containing

amidinobenzanthrones. Experimental partition coefficients (log K » ) were derived from fluorescence
titration experiments. Analysis of the correlation coefficients between the experimental and theoretically
predicted lipophilicity values showed that generally log K » rather poorly correlates with logP of the

examined compounds. The best agreement between calculated and experimental lipophilicities was
observed for KOWWIN (groupl), XLOGP3 (group2) and ALOGPs (group 3) methods, pointing to the
importance of different structure- and property-based factors in determining the dye lipophilicity. It is
concluded that computed logP, with careful choice of calculation method, can be effectively used for
prediction of membrane partition properties of benzanthrones, in combination with other molecular and
quantum-chemical descriptors.
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O BO3MOXHOCTHU TEOPETHYECKOI'O NTPEACKA3ZAHUA JIMITO®UJIBHOCTH
BEH3AHTPOHOBBIX KPACUTEJIEN
O.A. Kurusikosckas', M.C. annql, I'.IL Fopﬁemcol,
E.M. Kupuiosa’, I'.K. Kupunos’, P.K. Knnnynen®
]Xapbkoecmul nayuonanvhulil ynusepcumem umenu B.H. Kapazuna, ni. Ceobooul, 4, Xapvkos, 61022, Vkpauna
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3YHueepcumem Aanmo, FI-00076, Ocno, @uunanous
Ienb maHHON pabOTHI 3aKITI0YANIACh B CPABHUTEIBHOMN OIICHKE BO3MOXHOCTH TCOPETUICCKOM OIICHKH
JTUNO(UILHOCTA CEPHUH HOBBIX NMPOU3BOAHBIX OCH3aHTPOHA, YCJIOBHO Pa3JeNIeHHBIX Ha TPH Tpynubl, 1)
aMUHOOCH3aHTPOHOBBIE, 2) aMHIAMHOOEH3aHTPOHOBBIE U 3) aMHIMHOOEH3aHTPOHOBBIE OpOM-

coiepKalllie COEIMHEHMS. DKCIepUMEHTabHbIe Kod(uuuentsl pacnpenenenus (log K p) ObLTH

oIpe/ieJIeHbl METOOM (DIIyOpecleHTHOrO TUTPOBaHHS. AHaiN3 KOI(PQHUIMEHTOB KOPPEISLUH MEXIY
MEXIY OSKCHEPHUMEHTAIFHO ONPEACICHHBIMA KOI((GHUIUEHTAMH paclpeeseHus] W PacueTHBIMU

3HavenusMu unodunsHoctH (logP) mokasai, uro B o0meM ciaydae log K » ciabo xoppenupyer ¢ logP.

OOHapyXeHo, YTO caMble BhICOKHE KO3((UIMEHTH Koppensnuu obecneunBatotcs meroqoM KOWWIN
st nepBoit, XLOGP3 mnsa Bropoit © ALOGPs ans Tperbeil rpynmbl HCCeAyeMBIX KpacuTenei, 4To
CBUJIETENBCTBYET O BJIMSHHM KaK CTPYKTYPHBIX, TaK W (HU3UKO-XMMUYECKHX (aKTOpOB Ha
TUNo(UILHOCT OeH3aHTPOHOB. ClenaH BBIBOJ O TOM, YTO PACUETHHIC 3HAUCHUS JHUIOQUIBHOCTH, MPH
THIATEILHOM BBIOOpE MeETO/a pacyera, MOIYT ObITh 3((EKTUBHO HCIOJIB30BAHBI B IPEICKa3aHUH
MeMOpaHHOTro pacipeieeHusi OEH3aHTPOHOB, B KOMOMHAIMH C IPYTUMH MOJIEKYJISIPHBIMUA U KBAHTOBO-
XHUMHUYECKUMH JIECKPUIITOPAMH.

KiroueBbie cjioBa: OCH3aHTPOHOBBIC 30H/IBI, TUITO(DHILHOCTD, KOI(PPHUIUCHTHI KOPPEIIAIIUH.
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Merta maHOi poOOTH MOJNATaNa y MOPIBHAIBHIA OIHINI MOXXJIHBOCTI TEOPETHYHOI OINIHKH JIIMOQIIEHOCTI
cepii HOBUX TMOXITHHX OEH3aHTPOHY, YMOBHO pO3JAUIEHMX Ha 1) aMIHOOGH3aHTPOHOBI, 2)
aMi[iHOOCH3aHTPOHOBI Ta 3) OpOMBMIIyIOYi aMiqiHOOCH3aHTPOHOBI CHONYKH. ExcrmepuMeHTanbHi
xoe(inieatu posnoxiny (log K p) OyM BU3HAYCHI METONOM (IYOPECIICHTHOTO TUTPYBaHHA. AHai3
Koe(illieHTIB  Kopensmii MK eKCHepHUMEHTAILHO OTPUMaHMMHU  Koe(illieHTaMH  pO3MmoAiy 1
PO3paxyHKOBUMH 3Ha4eHHAMM JinodinsHocti (logP) mokasas, o y 3arajibHoMy Bunaaky log K » ciabko
kopenmtoe 3 logP. BceraHoBieHo, 1o HadBuil KoedillieHTH Kopensimii 3a0e3MeuyroThcs METOIOM
KOWWIN nans nepmoi, XLOGP3 anst apyroi i ALOGPs anst Tpetsoi rpynu gociiiKyBaHuX OapBHUKIB,
IO CBIJYUTH TPO BIUIMB SK CTPYKTYPHHX, Tak 1 (i3uko-XiMiyHUX (haKTopiB Ha JiNoQiIbHICTH
OeH3aHTPOHIB. 3p00JIEHO BUCHOBOK IPO T€, 110 PO3PaXyHKOBI 3HAUYEHHS JIMOQIIBHOCTI, IPU PETEITHHOMY
BHUOOp1 METOY PO3pPaxyHKY, MOXKYTh €()EeKTHBHO BUKOPHUCTOBYBATHUCH LISl ITPOTHO3YBaHHSI MEMOPaHHOTO
posmoniay OCH3aHTPOHIB, y KOMOIHAIl 3 IHIIAMH MOJIKYJISAPHAMH 1 KBaHTOBO-XiMIUHHUMH
JIECKPHUIITOPAMHU.

Karou4ogi ciioBa: OeH3aHTPOHOBI 30H/1H, JTINOPUIBHICTD, KOS(DIIIEHTH KOPEJIALIII.

During the past decades benzanthrone derivatives attract ever growing interest due to
their favorable photophysical properties, such as large extinction coefficients, marked Stokes
shift, negligible fluorescence in a aqueous phase, high sensitivity of fluorescence parameters
to environmental polarity, etc [1,2]. These unique spectral characteristics resulted in the
intensive use of benzanthrones in a wide variety of scientific and technological areas as
disperse dyes for textiles, polymers, daylight fluorescence pigments and laser dyes [3,4]. In
addition, benzanthrone dyes are successfully recruited as effective microenvironmental
sensors for monitoring structural changes of biological macromolecules and their assemblies
[5-7]. To exemplify, 3-methoxybenzanthrone was employed as a solvatochromic DNA —
intercalating fluorescent dye [5]. Another benzanthrone, ABM was found to surpass classical
amyloid marker Thioflavin T in its ability to detect pathological protein aggregates, amyloid
fibrils [6]. Furthermore, these dyes were reported to display marked sensitivity to the changes
in immune status of a human organism at different pathologies [8,9]. However, application of
benzanthrones to the examination of living organisms is complicated by their high toxicity
[10]. Epidemiological studies indicate that skin, respiratory, gastrointestinal, nervous and
hemopoietic systems are affected during benzanthrone dyes exposure [11]. In this regard, it is
important to determine the lipophilicity (logP) of these dyes, since in describing the dye
properties, such as solubility, absorption, toxic action, plasma protein binding, efc.
lipophilicity is considered as a principal physicochemical descriptor.

The term “lipophilicity” is traditionally expressed as the logarithm of the partition
coefficient of a solute between two essentially immiscible solvent phases (aqueous
and non-aqueous, in practice, water and n-octanol). It is important to note that logP
provides characterization of a certain compound or its molecular fragment in the
context of its affinity for a lipid environment. Unfortunately, experimental
determination of lipophilicity is often cumbersome and time-consuming process,
especially for zwitterionic and highly lipophilic or polar compounds [12]. For this
reason, a wide variety of computational methods based on different theoretical
approaches are currently used to predict lipophilicity of a certain compound.

The aim of the present study was to evaluate different theoretical approaches
with respect to their suitability for lipophilicity determination of benzanthrone dyes.
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To this end, experimentally determined partition coefficients (log K, ) were compared

with computed logP values for a series of newly synthesized benzanthrone derivatives
(Fig. 1). According to their structure, the examined dyes where divided into three
groups: 1) aminobenzanthrones (A6, ABM, A8, P9, P14), 2) amidinobenzanthrones
(AM19, AM21, AM20, AM12) and 3) bromine-containing amidinobenzanthrones
(AM2(23), AM4(23), AM15(23), AM18(23)).

Group 2
N —N / /N\) AM19 NsoNH,  AM21 N NH
(\Hz/c CH; K\ AN CH
N N T2 AMI2 N CH;
P9 Pt AM20 N AH g
S
Group 3
Ni
N=
/ %N,C /' N—CH,
H,C > AM4(23) Hzc CH;
AM2(23) CH,
CH;
H2C CH; CH;

N—CH, AN N
AM15(23)/NJ AMI18(23) ©

Fig. 1. Chemical structures of benzanthrone derivatives. For group 3 R,= Br.
MATERIALS AND METHODS

Experimental

Egg yolk phosphatidylcholine were purchased from Biolek (Kharkov, Ukraine).
Benzanthrone dyes were synthesized at the Faculty of Natural Sciences and Mathematics of
Daugavpils University [13]. All other chemicals were of analytical grade and used without
further purification.

Unilamellar lipid vesicles were prepared from PC by the extrusion method [14]. The thin
lipid film was obtained by evaporation of lipid ethanol solution and then hydrated with 1.2 ml
of 5 mM Na-phosphate buffer (pH 7.4). Lipid suspension was extruded through a 100 nm
pore size polycarbonate filter. The dye-liposome mixtures were prepared by adding the proper
amounts of the probe stock solutions in ethanol to liposome suspension.
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Steady-state fluorescence spectra were recorded with LS-55 spectrofluorimeter (Perkin
Elmer, Great Britain) equipped with magnetically stirred, thermostated cuvette holder.
Fluorescence measurements were performed at 20°C using 10 mm path-length quartz
cuvettes.

Calculation of logP

The lipophilicity parameter (logP) was calculated for the above benzanthrones using the
online Virtual Computation Chemistry Laboratory (www.vcclub.org), providing the
opportunity for interactive logP prediction with a variety of algorithms, such as Pharma
Algorithm (AC logP parameter), Molinspiration algorithm implemented in the DragonX
software (miLogP, KOWWIN, ALOGP and MLOGP parameters) [15,16], XLOGP2 and
XLOGP3 programs (XLOGP2 and XLOGP3 parameters) [17] and ALOGPS 2.1 program
(ALOGPs method) [18].

THEORY
Total concentration of the dye distributing between aqueous and lipid phases (Z,,) can
be represented as:
Z,=2.+7Z, (1)

where subscripts F and L denote free and lipid-bound dye, respectively. The coefficient of dye
partitioning between the two phases (K, ) is defined as [19]:

L4y
g ZF VL
here V,,, V, are the volumes of the aqueous and lipid phases, respectively. Given that under

2)

the employed experimental conditions the volume of lipid phase is much less than the total
volume of the system ¥,, we assume that ¥, ~¥, =1 dnr’. It is easy to show that

Z tutVW _ Z tot (3)

V4KV, 1+K,V,
The dye fluorescence intensity measured at a certain lipid concentration can be written as:

K.V
I = afZF"" a,Z, = Z; (af+ 4 VP L]:ZF (af+ aLKPVL) “)

w

F

where a,, a, represent molar fluorescence of the dye free in solution and in a lipid

environment, respectively. From the Egs. (3) and (4) one obtains:
_ Z (a,+ akK,V,)

1 5
1 + K.V, ©)
The volume of lipid phase can be determined from:
V,=N,C, Z vifi (6)

where C, is the molar lipid concentration, f; is mole fraction of the i-t4 bilayer constituent,
v; 1s its molecular volume taken as 1.58 nm’ for PC [20].
The relationship between K, and fluorescence intensity increase (A/) upon the dye

transfer from aqueous to lipid phase can be written as [19]:
Kv\u -1
A]:IL_IW: pL(max W)

1+KV,

(7
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where [, is the fluorescence intensity observed in the liposome suspension at a certain lipid

concentration C,, [, is the dye fluorescence intensity in a buffer, / , 1s the limit

max

fluorescence in a lipid environment.

RESULTS AND DISCUSSION

The photophysical properties of benzanthrone dyes are known to be strongly dependent
on the electron donor-acceptor interaction within chromophoric system [21]. The occurrence
of ICT state is controlled by electron-donating and electron-accepting powers of the
fluorophore functional groups. The dyes under study are asymmetrical amino- and amidino-
benzanthrone derivatives of orange-red colour. The first step of the study was focused on
experimental determination of the dye partition coefficients. Fluorescence spectroscopy
technique was employed to quantify the dye partitioning between aqueous and lipid phases.
Emission spectra of the dyes were recorded in buffer solution and suspension of PC
liposomes.

Table 1. Experimental (logKp) and theoretical (logP) lipophilicity values calculated using different
theoretical approaches for benzanthrone dyes
2 Z
= »n — (| o
= [ (=9 [ A Ay =
2. 2. O g e G} @ E O G
2 5| S| <o | €] 3|28 3¢S
S e | = < = < = > < | X
Group 1
A6 448 |5.17 5.47 5.79 491 4.31 6.27 5.83 5.28
ABM 4.2 3.82 4.26 4.72 3.68 3.26 4.52 4.57 4.06
A8 3.95 [3.92 4.38 4.77 3.95 3.48 4.49 4.61 4.24
P9 4.12 | 4.48 4.81 5.15 4.3 3.69 4.98 5.03 4.61
P14 438 |5.72 6.09 6.57 5.86 4.69 6.47 6.48 6.20
Group 2
AMI19 4.3 3.24 3.37 4.11 2.93 3.7 3.76 3.67 3.38
AM21 5.17 | 3.57 4.33 4.86 3.71 4.16 4.71 4.55 4.15
AM20 436 |3.93 4.17 4.93 3.41 4.16 5.38 4.37 3.77
AMI12 5.26 | 5.52 5.75 6.63 5.26 5.3 7.18 5.93 5.32
Group 3
AM?2(23) 442 148 5.09 5.92 4.69 4.98 6.48 5.73 4.64
AM4(23) 4.48 | 5.61 5.96 6.67 5.39 5.41 7.46 6.57 5.37
AMI15(23) |4.47 |5.33 5.68 6.22 5.34 5.2 6.31 6.34 5.39
AM18(23) |4.31 |5.27 6.6 7.17 6.32 5.87 7.46 7.06 6.21

To estimate the dye partition coefficients, experimental dependencies A/(C,) were
approximated by Eq. 7. The values of K, were found to fall in the range (1.1 — 3.8)x10°,

indicating that the examined compounds possess rather high lipid-associating ability (Table
1). At the next step of the study the resources of Virtual Computational Chemistry Laboratory
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(http://www.vcclab.org) were employed to obtain the logP values for benzanthrone dyes in
terms of different theoretical approaches. The results presented in Table 1 indicate that
lipophilicity values significantly differ for various dyes. Particularly, for the groups 1 and 3
(except ABM) experimentally determined lipophilicities (logK ,) appeared to be lower than

calculated logP values, while the opposite relation between these parameters was found for
the group 2. Since the benzanthrone part is identical for all of the examined compounds, the
differences in lipophilicity could be ascribed to functionalities in their structure, viz., amidino
(group 2 and group 3) and amino group (group 1) in C-3 position, phenyl ring (AM12, A6,
ABM, P9, P14), methyl (AM12, P9, A8, AM4(23)), ethyl (AM4 (23), AM21, AM15(23)),
and bromine atom (group 3). In the case of ABM the main reason for relatively low logP
values (compared to the other aminobenzanthrones of the group 1) is morpholino group in C-
3 position, which probably decreases the calculated lipophilicity.

On the other hand, considerable differences are observed between lipophilicity values
derived for the same dye using different theoretical approaches. This may be a consequence of
the distinctions in the intrinsic computational algorithms. According to general classification,
the approaches used for logP calculation can be divided into substructure-based and property-
based methods [22]. There are two groups of substructure-based methods: fragment- and
atom-based. In the fragment-based methods (AC logP, milogP) each structure is broken down
into a set of substructural fragments and then the contribution of each fragment to the logP
value of the entire set is assessed.

Alternatively, logP can be estimated with the use of the atom-based methods (ALOGP,
MLOGP, XLOGP2, XLOGP3), in which lipophilicity calculation is based on breaking down
the molecular structure into atomic fragments and using multiple regression to obtain the
average contribution of each atom across the set [23]. The property-based methods (ALOGPs)
employ the description of entire molecule and include either empirical methods based on 3D-
structure or methods based on topological descriptors (ALOGPs) [18]. Notably, the
KOWWIN lipophilicity was determined using both atom/fragment contribution methods of
logP calculation, yielding differing logP values. Therefore, to assess lipophilicity prediction
power of the above calculation procedures, the next step of the study was aimed at evaluating
the extent of correlation between experimentally determined logK, and calculated logP

values parameters (Table 2).

Table 2. Correlation coefficients between experimentally determined (log K ,) and calculated (logP)

lipophilicity values for benzanthrone dyes

ALOGPs | AC logP miLOGP | ALOGP MLOGP | KOWWIN XLOGP2 | XLOGP3
Group 1

0.785 0.756 0.758 0.696 0.76 0.876 0.795 0.724
Group 2

0.617 0.796 0.725 0.81 0.737 0.619 0.799 0.846
Group 3

0.916 -0.576 -0.603 -0.669 -0.689 0.749 -0.507 -0.609

Correlation analysis showed that generally log K, correlates rather poorly with logP
within each series (correlation coefficient was below 0.8 in most cases). The highest
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correlation extent in the group 1 was found for KOWWIN (0.876), in the group 2 for
XLOGP3 (0.846) and in the group 3 for ALOGPs (0.916). It can be assumed that the structure
of substituent attached to benzanthrone molecule at C-3 position exerts influence on the
lipophilicity of amino- and amidinobenzanthrones. On the other hand, attachment of bromine
molecule to amidinobenzanthrone moiety seems to considerably affect the dye lipophilicities,
since the highest prediction power was observed for property-based method (ALOGPs), only
within the group 3, pointing to the importance of solute-solvent interactions as well as
interactions between functional groups of solute molecule [24]. However, taking into account
that in the reliable predictions correlation coefficients must be higher than 0.95, we can
conclude that computational methods themselves not always can adequately prognosticate the
extent of lipid bilayer partitioning of a certain dye. All the above considerations confirm the
complex nature of interactions between the examined fluorescent dyes and model membranes,
emphasizing the necessity of using a family of molecular descriptors for prediction of
partition properties.

CONCLUSIONS
To summarize, the present study was undertaken to assess the predictive power of several
commonly used computational approaches in determining the lipophilicity, expressed as logP,
of a series of newly synthesized benzanthrone derivatives. Correlation analysis revealed that
experimental partition coefficient log K, weakly correlates with calculated lipophilicity logP

of the examined compounds. The best agreement between calculated and experimental
lipophilicities was observed for KOWWIN (groupl), XLOGP (group2) and ALOGPs (group
3) methods, highlighting the importance of both structural and property-based factors in
determining the lipophilic properties of benzanthrones.
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