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Abstract: Two fluorescent sterol-like molecules have been synthesized, namely, a derivative of 7-
nitrobenzofurazan (NBD) with 17-(methylamino)-androst-5-en-3beta-ol (DAM-NBD) and NBD-pi-
perazine conjugate with cholesteryl chloroformate (NBD-pip-CCF). In silico docking and plasma
membrane simulations have shown ability of the compounds to penetrate the lipid bilayer, as well
as to bind affinely of the yellow fever mosquito SCP-2 protein structure (code PDB: 3BDQ; binding
energy about -11.9 kcal/mol). Also docking with AlphaFOLD-predicted insect Neverlend protein
structure demonstrated DAM-NBD binding with a similar affinity. The theoretical results indicate
perspectives of the fluorescent steroid usage to study insect protein-sterol interactions.
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1. Introduction

Insects are unable to synthesize cholesterol de novo, but for most of them it is neces-
sary for as a component of cell membranes and a precursor for the synthesis of the hor-
mone ecdysone. The organisms are able to modify others sterols, e.g., beta-sitosterol, to
cholesterol for their normal development [1]. It is important to note that in the biosynthe-
sis of ecdysone, the oxidation of cholesterol is carried out by Neverlend Reiske monoox-
ygenase [2] and little-studied “black box” enzymes [3]. Intracellular transport of choles-
terol and other steroids in insects is also important for survival, as illustrated for the case
of the steroid transfer protein SCP-2 [4]. Fluorescent sterol-like molecules are used to
study the distribution and metabolism of cholesterol widely, but not too much researches
are devoted to insect proteins and cells. For instance, such studies were carried out only
for a pair of SCP-2 with commercial 22-NBD-cholesterol [4, 5]. Thus, in this work we per-
formed calculations in silico for synthesized by our group fluorescent 7-nitrobenzoxadia-
zole (NBD) derivatives codenamed DAM-NBD (1) and NBD-pip-CCF (2) with some SCP-
2 experiment-based PDB structures as well as predicted Neverlend structure.
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Figure 1. Structural formulas of fluorescent sterol-like molecules 1 and 2.

2. Materials and Methods

The following reagents were used: 7-nitrobenzoxadiazol-4-yl chloride (NBD chlo-
ride), dehydroepiandrosterone, CHsNH2*HCl, NaBH3CN, Na2COs, cholesterol chlorofor-
mate, piperazine, acetonitrile, CHsCO:H, triethylamine, butanol-1. Reagents and solvents
had the qualification “grade” and “p.a.”. The assessment of the uniqueness of the obtained
substances and the observation of the course of the ongoing reactions was carried out by
TLC on Sorbfil plates. Benzene and ethanol, acetonitrile and methanol in various ratios
were used as eluent. Steroidal molecules were specifically stained on TLC plates using
known 40 % H2SOs4 spaying and heating procedure for additional confirmation of the com-
pound’s nature. Molecular weights of the compounds were estimated using mass-spec-
trometry: LCMS2020 (Shimadzu) equipment, positive ion electrospray ionization mode,
nitrogen as both drying and nebulizing gas; samples were injected as methanolic solu-
tions.

Cholest-5-en-3-yl-4-(7-nitrobenzoxolcl[1,2,5]loxadiazol-4-yl)piperazine-1-carbox-
ylate (NBD-pip-CCF)

A weighed portion of NBD-CI was dissolved in methanol containing additional so-
dium bicarbonate. A solution of piperazine in methanol was added dropwise to the re-
sulting solution with stirring. The resulting mixture was kept for 1 h. The completeness of
the conversion was assessed by TLC. The product was purified by column chromatog-
raphy using the eluent mentioned above. A compound codenamed NBD-piperazine was
obtained and then it was dissolved in tetrahydrofuran containing pyridine as a base, and
a solution of cholesterol chloroformate in tetrahydrofuran was added dropwise [6]. The
completeness of the conversion was assessed by TLC. The product was purified by col-
umn chromatography as described above. The yield was 70%. TLC (methanol): Rf=0.95
for NBD-pip-CCF vs Rf=0.1 for NBD-piperazine; m/z = 662 for [M+H]*ions (CssHssNsOs"),
H-NMR (CDCls; o, ppm) 8.5 (d), 7.3 (s), 5.44 (s), 4.63 (s), 3.54 (s), 2.48-2.34 (m) [10].

17-(4-nitro-2,1,3-benzoxadiazol-7-yl)amino)androst-5-en-3f3-ol (DAM-NBD)

A weighed portion of dehydroepiandrosterone was dissolved in 1-butanol. To the
resulting solution was added a 10x excess of CHsNH2=HCI, an excess of NaBHsCN as a
reducing agent, and an excess of Na:CO:s as a base. The resulting mixture was kept for 48
h with stirring. The completeness of the conversion was assessed by TLC. The product
was purified by column chromatography using a gradient of acetonitrile and methanol as
eluent. A compound was obtained under the code name DAM. DAM was dissolved in
methanol containing triethylamine as base, and a solution of 7-nitrobenzoxadiazol-4-yl
chloride in acetonitrile was added dropwise with stirring. The completeness of the trans-
formation was assessed by TLC. A compound was obtained under the code name DAM-
NBD. The product was purified by column chromatography using a gradient of benzene
and ethanol as the eluent. The yield was 65%. TLC (chloroform): Rf=0.33 for DAM-NBD
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vs Rf=0.05 for DAM; for DAM-NBD m/z = 467 for [M+H]* ions (C2sHssN4Os4*); TH-NMR
(CDClIs; 6, ppm): 8.45 ppm (d), 6.3 (d), 5.3 (s), 3.4 (m), 2.2-0.8 (m).

Calculations and analysis of the docking simulations results were carried out using
the Autodock Vina [7,8] and FYTDock [9] programs. From the Internet resource Protein
Data Bank (PDB, https://www.rcsb.org/), structures of the SCP-2 proteins of the yellow
fever mosquito (codes 3BKS, 3BDQ, 2KSH) were selected, and the structure of the Al-
phaFold algorithm-predicted structure of enzyme sterol 7, 8-Neverlend dehydrogenase
code AOAOK2UIY3) was download from the corresponding internet resource (https://al-
phafold.ebi.ac.uk). ChemBioDraw and Avogadro programs were used to prepare ligand
structures, OpenBabel was used to convert the ligand format, and MGL Tools was used
to analyze the results. The binding efficiency was evaluated by the interaction energy pa-
rameter automatically calculated by the Autodock Vina program (docking score, binding
energy, Evind). Graphical data processing was done using BioVia software. Analysis of the
permeability of compounds through phospholipid membranes in silico was calculated on
the PerMM server according to the method [11].

3. Results and Discussion

To consider the biological properties of compounds 1 and 2, an in silico assessment
was made of the penetration of the studied substances into the cell by the mechanism of
passive diffusion through the lipid bilayer using the PerMM (Permeability of Molecules
across Membranes) service [11]. The main results of this test are given in Table 1.

Table 1. Theoretically calculated values for free energy of binding with a membrane, Logs of per-
meability coefficients of different membranes for 1 and 2 *.

Free energy of

Compound  Binding (DOPC), Log of Perm.  Log of Perm. Log of Perm.

Coeff.-BLM Coeff-BBB Coeff-CACO2

kcal/mol
1 -6,45 1,85 -2,24 -3,01
2 -10,20 2,24 -2,10 -2,91

Note.* pH 7.35, T =37 °C; values of Log P > -4.35 for the BBB indicate the ability of the substance for
passive transport through the corresponding membranes; data related to human colorectal adeno-
carcinoma cell membrane (Caco-2) [11].

The logarithms of permeability coefficients for models of three different membranes
have values exceeding —4.35; therefore, compounds 1-3 are able to penetrate through
phospholipid membranes [11]. So, they are potentially useful for intracellular metabolism
and traffic studies.

At the moment, for a preliminary assessment of the effectiveness and spatial features
of the interactions of low molecular weight compounds with proteins, the most modern
is computer modeling of protein-ligand interactions (molecular docking) [7,8].

To address new interaction modeling with insect proteins of the compounds we con-
ducted docking simulations with SCP-2 structures as well as a Neverlend model structure.

Table 2. Ebina values, amino acid environment, and 3-OH group orientation for SCP-2 protein struc-
tures and the Neverland model structure (NVLD).

PDB Ligand Code Evina Some Amino Acid Residues within 0.4  Position of
Code nm of Ligand Atoms NBD
2KSH CCFNBDpip -9.0 phel00, lys82, glu97, val96, ile99, val92 OuT
2KSH Cholesterol -7.5 lys82, phel00, val96, glu97, ile99, ala81 OouT
2KSH DAMNBD  -74 1ys82, phel(0, prol04, val96, met85, ile99 IN
3BDQ CCFNBDpip -11.9 ilel05, leul0], ile10, met70, val65, ile73 ouT

3BDQ DAMNBD -11.7 arg23, pro22, vall7, leul0], ile105, leu31 IN
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3BDQ Cholesterol -9.7 leul01, argl3, vall04, val63, ile105, ile10 IN

3BKS  Cholesterol  -9.6 phe48, 1ys120, 1ys116, phell?7, leul13, OUT
vall9

3BKS DAMNBD -8.7  1ys120, vall9, arg24, ser25, phe26, lys23 ouT

NVLD DAMNBD -11.9 gly210, gIn308, ile206, pro207, gln286 -
NVLD CCENBDpip -8.6 asn26, tyr191, thr67, tyr325, pro24, gln65 -

Figure 2. Molecular docking poses of NBD-pip-CCF (A, B) and DAM-NBD (C, D) with respect to
close localized residues (A, C; in 2D view) and with respect to secondary structural motifs (B, D; in
3D view) of structure of SCP-2 of the yellow fever mosquito (PDB 3BDQ). The sub-pictures were
build using BioVia software with default settings.

Computer modeling revealed the possibility and high, relative to the natural ligand,
binding affinity of synthetic DAM-NBD and CCF-pip-NBD with respect to the SCP-2
structure. Also DAM-NBD demonstrated high affinity to Neverland enzyme.

Thus, according to our in silico tests, the synthetic fluorescent sterol-like compounds
might be usefull to study SCP-2-related intracellular processes in cells of insects.

4. Conclusion

Two new fluorescent derivatives of NBD with cholesterol residues and piperazine
formyl cholesterol (compounds 1 and 2, respectively) were synthesized. Calculation-the-
oretical methods have shown their ability to penetrate through the lipid bilayer, as well
as bind affinity to SCP-2 protein of the yellow fever mosquito. DAM-NBD demonstrated
very good affinity to modeled Neverland structure. The obtained computational data, to-
gether with literature data on the essentiality of sterol uptake and the “black boxes” of
metabolic pathways, open up prospects for using the obtained substances in vitro to
search for mechanisms to control the viability of insects and further in vitro studies.
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