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ANTIOXIDANT PROPERTIES AND BINDING INTERACTIONS
OF 1-MORPHOLIN-4-YL-3-{[2-(3-NITROPHENYL)-2-OXOETHYL]THIO}-
5,6,7,8-TETRAHYDROISOQUINOLINE-4-CARBONITRILE
WITH BOVINE SERUM ALBUMIN
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The binding interactions of newly designed/synthesized 1-morpholin-4-yl-3-
{[2-(3-nitrophenyl)-2-oxoethyl]thio}-5,6,7,8-tetrahydroisoquinoline-4-carbonitrile
(C1) with transporting protein bovine serum albumin (BSA) were studied using
UV/Vis and FTIR spectroscopy methods. The antioxidant properties of C1 were
evaluated using DPPH" assay. FTIR spectra deconvolution of BSA amide I band
(1600-1700 cm™!) was used to analyze changes in the secondary structure of BSA
upon binding with C1. It was shown that C1 binds to BSA reversibly with
Kg = (3.52 + 0.01)-10° M and the binding induces pronounced changes in the
secondary structure of BSA. The obtained results demonstrate that C1 can be
characterized as a compound with high radical (DPPH") scavenging capacity.
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Introduction. Aging, rheumatoid arthritis, neurodegenerative, cardiovascular,
cancer, and many other diseases are caused by the action of free radicals damaging
cells. That is why nowadays great attention is paid to antioxidants (natural and
synthetic) that can scavenge and neutralize free radicals [1-5]. Isoquinoline-4-
carbonitriles are not only accessible intermediates for organic synthesis, but also
represent privileged scaffolds in medicinal chemistry. These synthetic compounds
have been employed in a wide range of research areas, notably as intermediates in
the synthesis of pharmaceuticals and agrochemicals. Their structural features make
them valuable in drug discovery, particularly for targeting neurological disorders.
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Applications extend further into material science, biochemistry, and analytical che-
mistry [6]. The tetrahydroisoquinoline ring system is a core structure found in many
naturally occurring alkaloids, second in abundance only to indole alkaloids [7, 8].
Compounds containing this moiety serve as precursors in the synthesis of alkaloids,
enzyme inhibitors, fungicides, potassium channel blockers, and drugs intended for the
treatment of cardiovascular diseases, bronchial asthma, cancer, and viral infections.
Additionally, derivatives of tetrahydroisoquinoline have demonstrated anticonvulsant,
antibacterial, neurotropic, and antimicrobial activities [9-11]. On the other hand,
many nitro-substituted compounds are another important class of bioactive molecules,
known for their versatile biochemical and pharmacological (anticancer and antioxi-
dant) applications [12, 13]. Antiradicals are defined as substances that at relatively
low concentrations can significantly inhibit the oxidation processes of the targets.
Transport of these compounds in living cells could be performed by binding with
carrier proteins. Human serum albumin (HSA) and bovine serum albumin (BSA) are
commonly used as model proteins in biopharmaceutical studies. These proteins are
responsible for transporting and distributing many endogenous and exogenous
substances. HSA and BSA display approximately similar structures and functional
properties [14]. BSA possesses spectral (UV/Vis, fluorescence, IR) properties due to
the presence of aromatic amino acids phenylalanine (Phe), tyrosine (Tyr), tryptophan
(Trp) residues, and amide groups. By monitoring the absorption of BSA, binding
affinities (binding mechanism, binding mode, binding constants, binding sites, etc.)
and structural changes in the BSA secondary structure could be determined [15-19].
Taking into account these facts, we synthesized new derivatives incorporating two
pharmacophore moieties, nitrophenyl and pyridine, as a hybrid molecule. This work
presents studies on the antioxidant properties, binding interactions of 1-morpholin-
4-yl-3-{[2-(3-nitrophenyl)-2-oxoethyl]thio}-5,6,7,8-tetrahydroisoquinoline-4-
carbonitrile (C1) (see Scheme) with carrier protein BSA and FTIR analysis of
conformational changes in the secondary structure of protein caused by the binding
with C1. These results may contribute to the development of improved bioactive
molecules based on the nitrophenyl-containing tetrahydroisoquinoline scaffold.
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Scheme. Synthesis of 1-morpholin-4-yl-3-{[2-(3-nitrophenyl)-2-oxoethyl]thio}-5,6,7,8-tetrahydroiso-
quinoline-4-carbonitrile (C1).

Materials and Methods.

Materials. BSA (lyophilized powder) and DPPH" were purchased from
“Sigma-Aldrich” (USA) and used without further purification. All other chemicals
were of analytic grade. The structure of C1 (C22H22N404S) was confirmed by IR and
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NMR spectroscopy, HRMS, and elemental analysis. *H- and *C-NMR spectra were
recorded in DMSO-ds/CCls, v/v solution (300 MHz for 1H and 75.462 MHz for *C)
on a Varian mercury spectrometer (Varian Inc., Palo Alto, CA, USA). The coupling
constants (J) are given in Hertz. Chemical shifts are reported as o (parts per million)
relative to TMS (tetramethylsilane) as an internal standard. IR spectra were recorded
on a Nicolet Avatar 330-FTIR spectrophotometer (“Thermo Nicolet”, Foster, CA,
USA) and the reported wave numbers are given in cm™!. Elemental analysis was
performed on a Euro EA 3000 Elemental Analyzer (“EuroVector”, Pavia, ltaly).
ESI-MS spectra were measured with a MicroTof instrument (“Bruker Daltonics”,
Billerica, MA, USA). TLC analysis was performed on Xtra SIL G/UV254 plates
(“Macherey-Nagel”, Diiren, German). Melting points were determined on an MP420
melting point apparatus. They are expressed in degrees centigrade (°C).

Methods.

Synthesis of 1-Morpholin-4-yl-3-{[2-(3-nitrophenyl)-2-oxoethyl]thio}-5,6,7,8-
tetrahydroisoquinoline-4-carbonitrile (C1). To a solution of 1-morpholin-4-yl-3-
thioxodehydroisoquinoline-4-carbonitrile [19] (2.75 g, 0.01 mol) in 20 mL of aqueous
sodium carbonate (Na2COs, 1.06 g, 0.01 mol), 2-bromo-1-(4-nitrophenyl)ethan-1-one
(2.44 g, 0.01 mol) was added. The reaction mixture was stirred at room temperature
for 1.5 h. The resulting precipitate was filtered, washed with water, dried, and
recrystallized from ethanol. NMR and LC-MS spectra of C1 are presented below.
Clisayellow solid; yield 74.1%; m.p. 127.6-128.0°C; R=0.58 (chloroform:ethanol
=3:2); IR, vilcm™*: 2223 (C=N), 1640 (C=0), 1580 (C=Car), 1537 (N-Oasym), 1358
(N-Osym).

'H NMR (8, ppm, Hz) (DMSO-ds): 1.69 m (2H, 7-CH>); 1.83 m (2H, 6-CH>);
2.68 m (2H, 5-CH2); 2.84 m (2H, 8-CH2); 3.09 m (4H, N(CH)2); 3.56 m (4H,
O(CHy),); 4.82 s (2H, SCHy); 7.82t (1H, J= 7.1, a-Ph CH); 8.44 dd (2H, J;. = 9.6,
J>=1.8, a',y-Ph CH); 8.77 t (1H, J = 2.0, p'-Ph CH).

BC NMR (75 MHz, DMSO-dg, 1/3): 6 18.12, 26.10, 28.06, 28.56, 48.35,
50.73, 52.77, 53.78, 61.75, 75.38, 75.41, 82.81, 110.25, 114.58, 126.58, 127.68,
128.20, 137.42, 150.27, 158.16, and 159.31.

Anal. calc. for C2»H2,N404S: C 60.26; H 5.06; N 12.78 and S 7.31%. Found:
C60.18; H5.17; N 12.97 and S 7.49%. HRMS (ESI) of C2,H22N404S, m/z: calculated
for 439.14 [M + H]*, found: 439.1443.

UV/Vis Spectroscopy Studies.

DPPH Radical-Scavenging Assay. DPPH radical scavenging by C1 was
studied using DPPH radical-scavenging assay. The DPPH", with an odd electron
delocalized over the molecule, shows a strong absorption band at 516 nm in ethanol.
The scavenging of DPPH" by antioxidants is achieved by donating H-atom to form
the stable DPPH-H molecule, causing decrease in absorbance due to solution color
changing from purple to yellow. The stock solution of DPPH™ was prepared in
ethanol, and the initial concentration was determined using UV/Vis spectra
absorption at 516 nm with the molar absorption coefficient e=12509 M*-cm [20].
The stock solution of C1 was prepared in ethanol with an initial concentration of
1.0-102 mL* (weight method). C1 was added to the DPPH" solution, kept in the dark
place for 30 min and after the absorption was measured in the 200-600 nm
wavelength range. Electronic absorption spectra of solutions were registered on a
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spectrophotometer Specord 50PC (Germany). The radical scavenging capacity (Rs)
of C1 was calculated using (Eq. 1):
Rs = 2=25-100%, 1)

0

where A, is the absorbance of the sample in the absence and Ag in the presence of
C1, respectively.

Binding of C1 to BSA. The stock solution of BSA was prepared in double
distilled water and stored at 4°C. The concentration of BSA (0.4 mg/mL) was
determined using UV/Vis spectra absorption at 278 nm with the molar absorption
coefficient €=43.820 Mt-cm [21]. With gentle stirring, aliquots (10 uL) of C1
solution (1.6-10~*M) were added to BSA solution and the spectra were registered on
a spectrophotometer Specord 50PC (Germany) in the range of 200—400 nm.

FTIR Spectra. FTIR spectra of BSA solutions were recorded on a Nicolet
iS50 FT-IR spectrometer using ATR attachment with a diamond crystal, in the
range of 4000-400 cm™!, with a resolution of 4 cm™* and a number of scans 32. Gauss-
Lorentz mixed function of the LinkFit program was used for the identification
of the secondary structure elements and conformational changes of the protein.
The different types of conformational and transformational species were confirmed
by the analysis of observed peak frequencies. The peak frequency set was
preliminarily deduced by the second derivative method [22, 23]. The percentage of
secondary structure elements was calculated from the integrated areas of the
deconvoluted spectra. The absolute error of the analysis is 1%.

Data Analysis. All experiments and measurements were carried out in
triplicate. Data analysis and graphing were performed by OriginPro 8.5 and
Excel 2010 software.

Results and Discussion.

UV/Vis Spectroscopy Studies.

Binding Interactions of C1 to BSA. UV/Vis spectroscopy was used to
determine binding interaction of C1 to BSA. UV/Vis spectra of BSA in the presence
of C1 are presented in Fig. 1.
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Fig. 1. UV/Vis spectra of BSA in the presence of C1: 1 — BSA, 2-12 — BSA-CL1.

[C1] = 0.53-6.93-108M. [BSA] = 0.4 mg/mL.



GRIGORYAN K. R., IGITYAN A. V., VARDANYAN H. H., etal. 61

Binding of C1 to BSA resulted in absorbance decrease due to higher molar
absorption coefficient of formed BSA-C1 complex. The apparent dissociation
constant (Kp) of the complex was determined using the equation presented below:

t_K 1, T
M Mo [S] | Mo )
where AA presents the difference of BSA absorption in the presence and absence of
C1, [S] is the concentration of free C1, which is assumed to be equal to its initial
concentration, and AA., is the absorbance of the completely formed adduct. Using
these values, the binding constant (Kg) was calculated from the equation Kz = Ki
D
. 1 1
Fig. 2 presents the dependence of 77 on o
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Fig. 2. The dependence of 1/AA on 1/[S].
Hill coefficient (h), which shows the binding mode between C1 and the

protein, was determined from the logarithmic form of the Hill equation presented
below:

log = hlog[S] + logKp, (3)

Adoo—AA

where AA,, and K, were calculated from the dependence of ﬁ on é [24, 25].

Table 1

Dissociation constant (Kb), binding constant (Ks), Hill coefficient (h) for the BSA-C1 complex

Kp, M Kg, M1 h
(2.84£0.01) - 10* (3.52+£0.01) - 10° 0.99 (£0.01)

Parameter

Table 2

Radical scavenging capacity (Rs) data at different concentrations of C1

Rs, % 2.9 6.8 8.9 145 185 22.8 28.8
[C1] - 105 M 1.07 2.13 3.20 4.27 5.33 5.97 6.93

Note: ECioowas not determined due to C1 limited solubility in aqueous media.
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Obtained results show that C1 binds to BSA with a typical for transporting
proteins association constant in the range of 10-10° M~ with a single mode of
association. Usually, drugs bind to one or very few high-affinity sites of albumins
with above-mentioned typical association constants [26]. From the results presented
in Tab. 2, it can be concluded that C1 is endowed with high radical (DPPH")
scavenging capacity.

FTIR Spectra Analysis. Vibrational spectroscopy methods, such as FTIR,
Raman and CD, are important and commonly used techniques for protein structure
and dynamics studies. FTIR spectroscopy application to protein secondary structure
analysis, conformational changes, structural dynamics and stability are discussed in
[27]. Nine FTIR absorption bands characterizing protein structure (amide A, B, and
amide [-VII) were described in detail by Banker et al. [28]. Of these, the amide |
and Il bands are the most prominent vibrational bands of the protein backbone.
For the qualitative and quantitative analysis of the secondary structure components
of the protein amide | band (1600-1700 cm™!) corresponding mainly to C=0 stret-
ching vibrations of the peptide linkages is used. Amide Il band (1500-1600 cm™")
derives mainly from the N-H bending (40-60% of the potential energy) and C-N
stretching vibration (18-40%), which shows much less protein conformational
sensitivity than its amide | band [28, 29]. The FTIR spectra of BSA amide | band in
1600-1700 cm™! region are presented in Fig. 3.

) 1681

Absorbance
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Fig. 3. FTIR spectra of the amide | band of BSA (a) and BSA-C1 (b).
[BSA] = 0.4 mg/mL, [C1] = 6.0-105 M.

Two well expressed peaks characterize the amide | band of BSA in bidistilled
water: at 1637 and 1624 cm™'. Upon addition of C1 to BSA solution, four peaks
shifted to higher vibrational region (at 1662, 1651, 1636 and 1617 cm™') are observed
in FTIR spectra of the amide | band. The qualitative and quantitative analysis of the
secondary structure components of BSA as a result of complex formation with C1,
is carried out by the deconvolution of amide I band (1700-1600 cm™') into separate
components (Fig. 4, Tab. 3).

The curve fitting of amide | stretching region for BSA results in six compo-
nents, which describe BSA secondary structure components: a-helixes, B-structures
(free, parallel, antiparallel, oligomer, B-sheets, B-turn) random coil and aromatic
ring. Binding interactions of C1 to BSA results in changes in frequencies and band
areas. A new component is observed at 1656 cm™! which could be attributed to a part
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of a-helixes with weakened (may be unfolded) structure, caused by the rearran-
gement of the polypeptide carbonyl hydrogen-bonded species and finally leaded to
the reduction of the protein helical structure. The percentage of [-sheet parallel
structure increases, other forms of -sheet structures decrease, random coil structures
increase, and B-turn forms remain unchanged. So, the secondary structure of BSA is
changed partially.

-~ P sheet -~ P sheet
B turn B turrlm
(@) - o helix - a hel!x
e~ ___|——PBsheet — o helix
. parallel — B sheet
VAN B sheet parallel
© intermolecular ° i B sheet
§ ‘ ——randomcoil] 2 intermolecular )
k] s — random coil
2 " 2
< [\ <
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Z / AAN / \_ " 777&\:—7‘
T T T T T T T T T T T
1680 1660 1640 1620 1600 1580 1680 1660 1640 1620 1600
Wavenumber, cm™ Wavenumber, cm™

Fig. 4. Deconvoluted FTIR spectra of the amide | band of free- (a) and C1-bound BSA (b).
[BSA] = 0.4 mg/mL, [C1] = 6.0-105 M.

Table 3

FTIR analysis of the amide | band of free and C1-bound BSA in bidistilled water. BSA — 0.4 mg/mL,
Cl1-6.0-10°M
Secondary structure Free BSA C1-bound BSA
component viem? % (£1%) viem? % (£1%)

B-Sheet 1660 7.7 1668 5.2
B-Turn 1653 11.4 1662 11.7
a-Helix - - 1656 3.4
a-Helix 1638 42.8 1650 31.2
B-Sheet parallel 1622 21.7 1635 33.3
f3-Sheet intermolecular 1609 11.7 1625 7.1
Random coil 1597 4.7 1616 8.1

Conclusion. UV/Vis and FTIR studies on binding interactions of C1 to BSA
showed a reversible and single mode association mechanism of C1 to BSA with
pronounced changes in secondary structure. The antioxidant properties of newly
designed C1 can be characterized as a compound with high radical (DPPH")
scavenging capacity.

This work was supported by the Higher Education and Science Committee of
the MESCS RA, in the frames of the research project YSU-CHEM.
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wgqntignipgnibbiinn gnih 2hénijuyhtt wypnudhth (8GW) htin ntunidrmuhnpyty £
Ltyupniughtt uidwi b $nipb dbuthnpudwdp hobpujupdhp uytiupn-
ulinyhuyh (FTIR) Whpennbtipny: C1-h hwmjuopuhnuiinuyhtt hwnlnipynibtitipp
quwhwwnyty tt DPPH" wiwjhgh dhongny: 8GU-h whn I jubiwd (1600—
1700 wd™") FTIR uwtijnphtiph nnwppunidtjhnipniit ogquuugnpdyt £ Cl-h
htim Quuytijhu 8GU-h tpypnpnuyhtt jupnigguoph  thnthnjunipnibbtpn
qbwhwwntint hwiwn: 8nyyg E wmpyt, np C1-p nupatihnptd juuynid £ 8GU-h
htin (Kg = (3.52 + 0.01)-10° U 1), hbsh htimlwbGpny wtinh £ nibknid 8GU-h
tpypnpnuyhtt unnigywoph wpmwhwymywd thnthnpunieinibbtin: Unwugud
wprynibpbipp gnyg G wmuhu, np Cl-p qupnn £ pnipugpdly nputiu
nunhlubtip (DPPH’) npuwnt Wkd nibwlnignib niiitignn thwignipeynii:

K. P.TPUI'OPSH, A.B. UTUTSH, I'.I'. BAPJIAHSH, XK. T'. XAUYATPSH,
A. C. APYTIOHSIH, A.JI. 3ATUKSH, A. A. HIWJIAJDKAH

AHTHOKCHUJAHTHBIE CBOVICTBA Y B3AUMOJENCTBUS
1-MOP®OJINH-4-WJT-3-{[2-(3-HUTPODEHIJT)-2-OKCODTUJII THO } -5,6,7,8-
-TETPATH/IPOU30XUHOJINH-4-KAPBOHUTPUJIA C BHIYLUM
CBIBOPOTOYHBIM AJIbLBYMUHOM

BzaumoneiicTBrie HelaBHO pa3pabOTaHHOT0/CUHTE3UPOBAHHOTO |-MOphoIHH-
4-un-3-{[2-(3-uuTpodenn)-2-okcodTHI | THO } -5,6,7,8-Te Tparupon30X HHOIMH-4-
kapOonutpwia (Cl) ¢ ObrybuM ChIBOPOTOUHBIM anbOymuHoMm (BCA) usydeno c
MOMOIIBIO 3JIEKTPOHHON a0COpOIMOHHOM W WH(PAKpaCHOH CHEKTPOCKOIHHU C
npeoOpaszoBanuem ®ypoe (FTIR). Antnokcuaantheie cBorictBa Cl oreHuBamu ¢
nomotipto DPPH -anamm3a. Paznoxenune FTIR cnextpoB BCA mosocel amuna |
(16001700 cm ") OBLIO UCIIOIB30BAHO ISl OLEHKHM M3MEHEHHMI BTOPHYHOM CTPYK-
Typsl Oeika nipu cBsizbiBanuu ¢ Cl. beiio mokazano, uro C1 oOpaTHMO CBSI3bIBACTCS
¢ BCA (Kg = (3.52 + 0.01)-10° M!), 4T0 IPUBOAUT K BBIPAKEHHBIM M3MEHEHHMAM
BTOPUYHOH CTPYKTyphl Oenka. I[lomyueHHble pe3ynbTaThl mokasbiBaioT, yro Cl
MOYKHO 0XapaKTepHU30BaTh KaK COEJMHEHHE C BHICOKOW CITIOCOOHOCTHIO MOTIIONATh
panukansr (DPPH").



