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The synthesis of spiro[indole-3,1’-pyrrolo[3,4 -c]pyrrole]-
2,4’ 6’-trione derivatives, the study of their antimicrobial
activity and the molecular docking on staphylococcal
dehydrosqualene synthase

Aim. To synthesize the series of new spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-2,4’,6’-trione derivatives, study their
physicochemical characteristics, antibacterial activity and precision of the molecular docking on the model of staphy-
lococcal dehydrosqualene synthase.

Materials and methods. The methods of organic synthesis, instrumental methods for analysis of organic com-
pounds, as well as the molecular docking method in silico and agar diffusion method in vitro were used.

Results and discussion. To synthesize new bis-derivatives of 3’a, 6’a-dihydro-3'H-spiro[indole-3,1’-pyrrolo[3,4-
c]pyrrole]-2,4’,6'-triones the three-component reaction of 1,6-maleimidamidohexane with L-amino acids and isatin
was studied. New bis-spiro derivatives were isolated with a double excess of the corresponding isatin and L-amino
acids. With the equimolar ratio of three reagents 6-N-maleimidohexyl derivatives spiro[indole-3,1’-pyrrolo[3,4-c]
pyrrole]-2,4’,6’-triones were isolated with the yields of 30-90 %. To prove their reactivity two symmetrical bis-spirooxin-
doles were counter-synthesized by condensation of two 6-N-maleimidohexyl spiro-2-oxindole derivatives with isatin,
L-phenylalanine or sarcosine with the yields of 35 and 38 %. In the microbiological screening it was found that some
compounds revealed the activity against S. aureus at the level of cefalexin and against C. albicans fungi relative to flu-
conazole. The docking in silico identified a high ability of the compounds studied to interact with at least six key amino
acid residues — Arg45, Asp48, Asp52, GIn165, Asn168 and Asp172 of the active center of S. aureus dehydrosqualene
synthase (CrtM).

Conclusions. It has been found that the one-pot three-component reaction of isatin, L-amino acids and 1,6-ma-
leimidohexane as a function of the mole ratio of the reagents leads to both bis-derivatives of spiro[indole-3,1’-
pyrrolo[3,4-c]pyrrole]-2,4’,6’-trione, and to the corresponding asymmetric 6-N-maleimidohexyl derivatives. The substances
synthesized have predominantly shown the activity in relation to gram-positive bacteria and yeast-like fungi. For the
first time it has been demonstrated by the molecular docking method that the compounds studied forming a complex
with a high docking score are potential inhibitors of staphylococci CrtM.

Key words: spiro-2-oxindoles; bis-spirocyclic systems; 1,3-cycloaddition; antimicrobial activity; dehydrosqualene
synthase; molecular docking
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CuHTe3 noxigHux cnipo[ingon-3,1’-nipono[3,4-c]nipon]-2,4’,6’-TpMoOHY, BUBYEHHA

X aHTUMIKPOOGHOT aKTUBHOCTI Ta MONEKyNnsApHUM JOKIHI Ha cTachinokoKkoBin

AerigpockBaneHCUHTasi

MeTta po60oTu — cuHTE3 pAay HOBMX NoXigHMX chipoliHaon-3,1’-nipono[3,4-c]nipon]-2,4’,6’-Tp1oHiB, AOCHIIKEHHS
X hi3MKO-XIMIYHMX XapaKTEPUCTUK, aHTMOaKTepianbHOT akTMBHOCTI Ta NPELM3iNHOIO MONMEKYNAPHOro JOKIHIY Ha Moae-
ni AerigpocKBaneHCcnHTasun cradinokokis.

MaTtepianu Ta meToau. MeToam opraHiyHOrO CUHTE3Y, IHCTPYMEHTarbHi METOAM BCTAHOBMNEHHST By40BW OpraHiy-
HUX CNOMYK, MONEeKyNApHUA AOKIHT in silico, meTon audysii B arap in vitro.

PesyniraTtu Ta ix 06roBopeHHs. 3 MeToL CMHTE3y HoBMX bic-noxiaHux 3'a,6’a-auriapo-3'H-cnipo[inaon-3,1’-nipono[3,4-c]
nipon]-2,4’,6’-TPUOHIB JOCNIJKEHO TPUKOMMOHEHTHY peakuito 1,6-maneiHamigorekcaHy 3 L-aMiHOKMCNOTamuy Ta i3aTUHOM.
Hosi Gic-cniponoxigHi Oynu BuAineHi npu BOKpaTHOMY HaZAMMULLKY BiANOBIAHMX i3aTWHIB Ta L-amiHokucnoT. Mpu eksi-
MOMbHOMY CMIBBIAHOLUEHHI TPbOX peareHTiB Hamu Oynu idonboBaHi 6-N-maneiHimigorekcunnoxigHi cnipo[ingon-3,1’-
nipono[3,4-c]nipon]-2,4’,6’-TpmoHiB 3 Buxogamu 30-90 %. [na gokaly peakuiiHoi 30aTHOCTI 34iCHEHO 3YCTPIYHUIA CUH-
TE€3 ABOX CUMETPUYHMX Bic-Cnipo-2-OKCiHAO0NMIB KOHAEH AU e ABOX 6-N-ManeiHimigorekemnnoxigHux 3 BignoBigHUMM
isaTMHamu, L-deHinanaHiHom abo capkosvHoMm 3 Buxodamu 35 Ta 38 % BignoBigHO. Y MikpOGionoriYHOMY CKPUHIHTY
BUSIBIIEHO CMOMYKW, SIKi MPUrHIYYOTE PicT S. aureus Ha piBHi LedanekcuHy Ta rpubis C. albicans y NOpiBHSAHHI 3 doriyKoHa-
30roM. Y JOKiHry in Silico nokasaHo BUCOKY 30aTHICTb AOCNIAXEHUX MOMEeKyn B3aEMOAISITU SIK MiHIMYM i3 LWiCTbMa KIio4OBUMMU
aMiHOKMCIOTHUMM 3anuiikamn Arg45, Asp48, Asp52, GIn165, Asn168 Ta Asp172 akTVBHOIO LIEHTPY AerigpocKaBaneH-
cuHTasm (CrtM) ctadinokokis.

BucHoBkuW. BcTaHoBneHo, LWo ogHopeakTopHa TPUKOMMOHEHTHA peakLis idaTuHiB, L-amiHokucnoT Ta 1,6-mane-
iHamigorekcaHy B 3aneXxHOCTi Bif, MONIbHOIO CMiBBIAHOLLEHHS peareHTiB Npu3BoanTb sk Ao bic-3’a,6’a-avrinpo-3’H-
cnipo[iHgon-3,1’-nipono[3,4-c]nipon]-2,4’,6’-Tp1oOHIB, Tak i 40 BiANOBIOHNX HECMMETPUYHUX 6-N-ManeiHimigorekcun-
noxigHux. CUHTEe30BaHi pe4oBMHM NEPEeBaXKHO NPOSIBUNM aKTUBHICTb A0 rpamMro3nTMBHUX BGakTepil Ta ApiKmKonogiGHNX
rpmbis. MeTogoM MONEeKynAapHOro AOKIHIy BrepLUe NokasaHo, WO AOCHIAKEHI CNOMYKN € MOTEHUIMHUMN iHribiTopamu
AerigpockBaneHcnHTasn (CrtM) ctadinokokiB, yTBOPIOKYM KOMMIEKC i3 BUCOKUM BUrpaLLEM eHeprii.

Knrovoei cnoea: cnipo-2-okciHaonu; Gic-cnipouuknivHi cuctemu; 1,3-UMKNonpueaHaHHs; aHTUMIKpOOHa
aKTUBHICTb; AerifpOCKBaNEeHCMHTa3a; MONMEKyNAPHUA JOKIHT
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CuHTe3 npomnsBogHbIX cnupo[uHgon-3,1’-nuppono[3,4-clnuppon]-2,4’,6’-TpuoHa,
MU3y4YeHne NX aHTUMUKPOOHOM aKTUBHOCTU U MONEKYJSAPHbIN JOKUHI Ha CTachUNOKOKKOBOWM
AernapockBarieHCUHTa3se

Llenb paboTbl — CMHTE3 psiga NPom3BOAHbIX cnvpo[uHaon-3,1’-nnppono([3,4-clnuppon]-2,4’,6’-TpMoHOB, nccneno-
BaHUS NX PU3NKO-XMMUYECKNX XapaKTepUCTUK, aHTUbaKkTepmanbHOM akTUBHOCTU MU MPELU3NOHHOIO MOMNEKYNAPHOIO
[OKWHra Ha MoJenu AernapockBaneHCMHTasbl CTahUOKOKKOB.

MaTepuansi u MmeToabl. MeToAbl OpraHM4ecKoro CUHTE3a, MHCTPYMEHTarbHbIE METO/bI YCTAHOBIEHWS CTPOEHNS
opraHuyecknx CoefUHEeHU, MONEKYNAPHbLIN JOKUHT in Silico, meTton anddyaun B arap in vitro.

PesynbsraThbl U nx o6cyxpaeHue. C Lenbio CuHTe3a HoBbIX buc-nponsBoaHbix 3'a, 6'a-anrnapo-3'H-cnupo[nHaon-
3,1’-nnpponol[3,4-clnuppon]-2,4’,6’-TpUoHOB nccrnegoBaHa TPEXKOMMOHEHTHasA peakums 1,6-manevHamugorekcaHa ¢
L-amyHOKMcnoTamMm 1 n3atmHom. Hosble 6uc-cnnponpon3BoaHble Obinv BblAeneHbl Npy ABYXKPATHOM MU30bITKE COOT-
BETCTBYHLUNX N3aTUHOB U L-aMUHOKUCIOT. [py 3KBUMONIBHOM COOTHOLLEHMU TPEX peareHToB Hamu Obinu Bbige-
neHbl 6-N-manenHnmugorekcunnponssogHele 3’a,6’a-gurngpo-3’H-cnnpo[nHagon-3,1°-nnppono[3,4-clnuppon]-2,4’,6’-
TpuoHoB ¢ Bbixogamu 30-90 %. [ins gokasatenbcTBa UX peakLMOHHON CMOCOOHOCTUN OCYLLECTBIEH BCTPEYHbIV CUHTE3
OBYX CUMMETPUYHbIX 6UC-CMMPOOKCMHAONOB KOHAEHcaumen aByx 6-N-ManenHMMmnaorekCunnpon3BoaHbIX C U3aTu-
HOM, L-cheHnnanaHnHoOM nnm capko3nHoM ¢ Bbixogamu 35 1 38 %. B MMKpoGMONormyeckoM CKpUHUHIEe HaaeHbl Co-
eOVHEHMs1, KOTOpble NMPOSIBUMM aKTUBHOCTb B OTHOLLEHUM S. aureus Ha ypoBHe LedanekcuHa u rpubos C. albicans
OTHOCUTENbHO dorykoHasona. B pokuHre in silico BbisiBNeHa BbiCOKasi CNOCOOHOCTb MCCNEAOBaHHbIX COEANHEHWIA B3aNMO-
[efcTBOBaTb Kak MUHMMYM C LUECTBIO KIOYEBBIMM aMUHOKUCITOTHBIMU ocTaTkamu Arg45, Asp48, Asp52, GIn165,
Asn168 n Asp172 akTMBHOrO LUeHTpa aermagpockaBaneHcmHTasbl (CrtM) crachrnokokkos.

BbiBoAbI. YCTAHOBMEHO, YTO OQHOPEaKTOpHAsa TPEXKOMMOHEHTHAsA peakumsa n3atuHa, L-aMMHOKMCHoT 1 1,6-ma-
nevHammgorekcaHa B 3aBMCMMOCTM OT MOMIbHOrO COOTHOLLEHWSI peareHTOB NPUBOAMUT Kak K 6uc-npon3BoaHbiM 3'a,6'a-
avrngpo-3’H-cnupol[unpon-3,1’-nuppono[3,4-clnuppon]-2,4’,6’-TpnoHa, Tak 1 K COOTBETCTBYIOLLUM HECUMMETPUYHbLIM
6-N-manemHuMmnaoreKkeunnponssoaHbIM. CUHTE3MPOBaHHbLIE BELLECTBA NPENMYLLECTBEHHO NPOSIBUMNY aKTUBHOCTb K
rpaMMMoNoOXnUTENbHbLIM BakTepusam 1 gpoxckenofobHbeiM rpubam. MeTogoM MOneKynspHOro JOKMHIa BrnepBble Noka-
3aHO, YTO NCCNefoBaHHbIE COEAVNHEHNS ABMNAOTCA NOTEHUMaNbHbIMKU MHIMBUTOPpamu gernapockBaneHcnHTassbl (CrtM)

CTaUIIOKOKKOB, 0Opa3yst KOMMIEKC C BbICOKMM BbIUMPbILLIEM SHEPTUN.
Knrodeenle cnoea: cnvpo-2-0KCMHOOMbI; BUC-CNMPOLUKINYECcKne cuctemsl; 1,3-LMKNONPUCOeaHEHNS;
aHTUMUKPOOHAs akTUBHOCTb; AErMAPOCKBANEHCUHTA3a; MONMEKYNAPHbIA JOKUHT

The widespread use of B-lactam antibiotics in the
twentieth century, in particular penicillin, led to forma-
tion of staphylococcal resistance due to mutations in vi-
rulence factors (B-lactamase, staphylokinase, exfoliatin,
and others). To combat staphylococcal infections cur-
rently methicillin is used, in respect of which resistant
strains are also recorded, which even appears in the di-
vision of strains of S. aureus into methicillin-sensitive
and methicillin-resistant (MRSA), as well as more re-
sistant to vancomycin-resistant (VRSA) and glycopep-
tide-resistant (GISA). Among patients infected with me-
thicillin-resistant strains mortality is 31 % [1]. There-
fore, the search for new chemotherapeutic agents, in par-
ticular with the anti-staphylococcal activity, is one of
the urgent tasks of modern pharmaceutical science.

It is known that an important factor of virulence is
the carotenoid pigment — stafiloxanthin in S. aureus cells [2].
This pigment acts as a powerful antioxidant with its nine
conjugated double bonds, which allow to neutralize the
reactive forms of oxygen [3]. The S. aureus bacteria wi-
thout the carotenoid pigment die quickly. Thus, blocking
of the stafiloxanthin biosynthesis is potentially attrac-
tive to the new therapeutic target to which resistance
mechanisms have not been formed [4, 5]. The initial phase
of stafiloxanthin synthesis is carried by the key enzyme —
dehydrosqualene synthase (CrtM), which catalyzes the
“head to head” condensation of two molecules of far-
nesyl pyrophosphate (FPP) in C;, carotenoid dehydros-
qualene (4,4’-diapofitohen) [6].

Our attention was drawn to the derivatives of bis-
spiro[indole-3,1’-pyrrolo [3,4-c]pyrrole synthesized for
the first time as a promising antimicrobial agents; they
appeared to have a significant antibacterial potential [7].
Spiro-2-oxindoles are widely represented in nature as
hemiterpenic alkaloids — elakomin, chorsfillin, cerulu-
sin from plants of the genus Poaceae sp., antibiotics —
paragerquamides and notamides from fungi of Penicil-
lium sp. species, phytoncides from the genus Brassica-
ceae sp. [8], but spiro-2-oxindoles with a double spiro
[indole-3,1’-pyrrolo[3,4-c]pyrrole] fragment are unknown
in nature.

In this paper, we tried to consider the bis derivatives
of spiro-2-oxindole synthesized as potent inhibitors of
CrtM. The key idea of the design of new chemothera-
peutic agents based on the spirocyc, non-planar synthe-
tic platform is the possibility of introducing additional
aliphatic substituents into new molecules located in the
regions of the substrate-binding pocket of microbial cell
enzymes. The applied “drug-design” approach by const-
ructing a bis-fragment corresponds to the principle of
the so-called “hybrid” or “double-drugs” first used suc-
cessfully in the search for new antimalarial [9] and anti-
HIV agents [10].

Materials and methods

Chemical part

All solvents and reagents were obtained from com-
mercial sources. The 'H, *C NMR-spectra were recor-
ded on a Bruker Avance 170500 spectrometer at 500 MHz
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for "TH-NMR-spectra; the solvent was DMSOd,; tetra-
metylsilan (TMS) was used as an internal standard for 'H,
13C. LC-MS were recorded using an Agilent 1100 HPLC
device equipped with a diode array detector and mass
spectrometer (Agilent LC-MSD SL); the column was
Zorbax SB-C,, (4.6 x 15 mm) with the chemical ioni-
zation atmospheric pressure (APCI); for analysis TLC
was performed on Silufol UV-254 aluminum plates in
the solvent system of dichloromethane: methanol (9 : 1).
The melting point was measured by Kofler device.

The derivatives of 1-R,-3’-R,-5’-(6-{3’-R,-1-R -
2.4°,6’-trioxo-3’a, 6’-dihydro-3’H-spiro[indole-3,1’-
pyrrolo[3,4-c]pyrrole]-5°’-yl}hexyl)-3’a, 6’a-dihydro-
3’H-spiro[indole-3,1’-pyrrolo[3,4-c|pyrrole]-2,4°,6’-
triones (4.1-4.15) were obtained according to the one-
pot method described earlier [7].

The general procedure for the synthesis of 1-R;-
3’-R,-5 ¢(6-N-maleimido-hexyl)-3’a,6’a-dihydro-3’H-
spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-2,4°,6’-triones
(5.1-5.10) was described in our previous paper [11].

The cross synthesis of 1-R;-3’-R,-5’-(6-{3’-R,-1-
R,-2.4°6’-trioxo0-3’a,6’-dihydro-3’H-spiro[indole-
3,1’-pyrrolo[3,4-c]pyrrole]-5’-yl}hexyl)-3’a, 6’a-dihydro-
3’H-spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-2,4°,6’-
triones (4.6, 4.15). To the solution of 0.001 Mol of the
corresponding 1-R;-3’-R,-5 ‘(6-N-maleimido-hexyl)-3’a,6’-
dihydro-3’H-spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-
2,4’,6’-trione (5.4 or 5.6) in ethanol-water solution (3 : 1,
10 ml) add 0.001 Mol of the corresponding isatin (1.1
or 1.4) and L-phenylalanine in the case of synthesis of
4.6, or 0.001 Mol of sarzosine in the case of synthesis
4.15, and reflux for 2 h; the reaction is monitored by TLC.
Cool the solution and dilute with 50 ml of water, then
extract with dichloromethane (3 x 20 ml), wash with
water (100 ml), dry the resulting extract over magne-
sium sulfate and purify by column chromatography with
0.2-0.5 mm silica gel with the particle size of 40 A (EMD
Millipore®, 10181) in the dichloromethane : methanol
(9: 1) system.

Microbiological Experiment

The antimicrobial activity of drugs was studied in vitro
commonly accepted in microbiological practice by the
agar diffusion test in the “modification of wells” [12].

The molten agar nutrient medium was cooled to 45 °C,
poured into the bottom layer in Petri dishes in the volu-
me of 10 ml. After freezing agar six sterile cylinders of
stainless steel with the height of 10 mm and the internal
diameter of 8 mm were placed on it, around them the
second layer was poured in the volume of 15 ml, and see-
ded with appropriate cultures of microorganisms. The micro-
bial load was 500 thousand microbial cells per 1 ml of
the dense nutrient medium. After clamping the top layer
of agar on Petri dishes the cylinders were removed with
sterile tweezers, and the drug was introduced into the
wells formed.

Test strains of microorganisms. As test microor-
ganisms the following reference strains from the Ameri-
can typical crop collection were used: Staphylococcus
aureus ATCC 25923, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, Bacillus sub-

tilis ATCC 6633, Candida albicans ATCC 885-653. When
they were grown, the appropriate nutrient media were
used in the national part of the State Pharmacopeia of
Ukraine — medium No. 1 and 2. The purity of each cul-
ture of the microorganism was confirmed by the typical
morphological, tinctorial, culture and biochemical pro-
perties. The research was conducted in two stages. At the
first stage, the antimicrobial activity was studied com-
pared to Cefalexinum (for the cultures of Staphylococ-
cus aureus ATCC 25923, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, Bacillus sub-
tilis ATCC 6633) and Fluconazole (for the cultures of
Candida albicans ATCC 885-653).

Preparation of samples of the substances. The ac-
curate weight of each compound (1 mg) was thoroughly
mixed with the solvent (1 ml) according to the rules of
aseptics in sterile glass tubes. From the resulting suspen-
sion of the drug, 0.3 ml was taken and put into cubes on
Petri dishes with microbial cultures. Petri dishes were
kept for one hour at room temperature, then placed in
a thermostat and incubated for 24 h at 37 °C with the
meat-peptone agar and at 25 °C for 48 h with Candida
albicans agar.

The level of the antimicrobial activity of the subs-
tances was recorded with the diameter of the growth inhi-
bition zone of microorganisms around the well with the
drug, and assessed compared to controls (the solvent and
reference preparation).

The second phase of our research was to study the
antimicrobial activity of drugs in relation to the cultures
of Staphylococcus aureus ATCC 25923 and Candida al-
bicans ATCC 885-653 by two-fold serial dilutions in a
liquid nutrient medium. The meat-peptone broth and Sa-
burro broth were poured into 1 ml test tubes placed in a
tray of 10 test tubes in row. Into the first test tube 1 ml
of the chemotherapeutic solution in the concentration
of (200 ug/ml) was introduced. After thorough mixing
1 ml from this test tube was transferred to the second
one, mixed, then the quantity of the mixture from the
second test tube was transferred to the third one, etc.
In the ninth tube, from which 1 ml was poured out in
all the test tubes, the volume of the liquid was identi-
cal. The tenth test-tube without the substances studied
served as the control over the microorganism’s culture
growth. Subsequently, all test tubes containing the seri-
ally diluted drug and the same amount of the test-cul-
ture suspension were added to the control tube. For this,
a 18-hour culture (Staphylococcus aureus ATCC 25923)
and a 2-hour culture (Candida albicans ATCC 885-653)
of the microbe tested on the oblique agar were washed
with the saline solution, adjusted to a density of 5 OU
according to the standard of turbidity, followed by dilu-
tion to the desired amount of microbial cells in 1 ml and
were introduced into test tubes with a serially diluted
drug. The results were taken into account, determining
the presence or absence of the microbe growth in the
medium containing various breeding chemotherapy. The last
growth retort (a transparent broth) corresponded to the
drug MIC in relation to the strain tested and indicated
the degree of its sensitivity. If the medium is turbid in
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all test tubes, then the microbe tested is resistant to the
maximum concentration of chemotherapy that is taken in
the test. The absence of growth in all test tubes, in addition
to the control, indicates that MIC of the drug in relation to
the microbe is lower than the concentration used.

To determine the bactericidal concentration (MBC)
from 2-3 last samples with no apparent growth agar or
broth cultures were used. After 24-48-72 hours of incu-
bation in the thermostat the lowest concentration of the
antibacterial chemotherapy in the test tube, which did
not give rise to growth, was taken for MBC.

The molecular docking and screening in silico of
the potential dehydrosqualene synthase of Staphylo-
coccus aureus (PDB ID 2zcq) inhibitors.

The syllabus in silico consisted of four main steps:
preparation of the library of compounds, docking, eva-
luation of the results and the procedure of filtering. The
source of data on the structure of the complex enzyme-
inhibitor is Protein Data Bank (PDB). The crystalline
structure of the enzyme and its ligand coordinated with
two cations of the Mg?" ion exchanger of the bisphos-
phonate series — (1R)-4-(3-phenoxyphenyl)-1-phosphono-
butane-1-sulfonic acid were selected as the model of sta-
phylococcal dehydrosqualene synthase (CrtM) (BPH-65,
SMILES code is clcec(cc1)Oc2ccec(c2)CCC[C@H]
(P(=0)(0)0)S(=0)(=0)0). The code structure of the li-
gand-enzyme complex according to the X-Ray is PDB
ID 2zcq, resolution 2.38 A, R-factor = 0.223, R-free =
0.270 [5]. The simulation was carried out to the chain
A, the length of the amino acid sequence was 293 amino
acids, the molecular weight — 34.79 KDa. The active
center of the receptor was limited to a cube with a side
of 2.38 A, its location was determined by the coordina-
tes of the ligand in the crystalline structure selected
(X=17.5902,Y =52.3671, Z = 38.0749) for the const-
ruction of maps of energy potentials of atoms with an
interval of 0.375 E. For the docking process the Auto
Dock Vina program integrated on the on-line molecule
platform (http://doc.mcule.com/doku.php?id=dockingvina#
docking_vina) with the Vina docking algorithm was used [ 13].
For the docking procedure charges of the receptor and
ligand molecules were calculated using the Gasteiger-
Marsil method [14] using the AutoDock Vina program.
The search for the optimal geometry of complexes was
carried out using a non-moving active center and flexib-
le ligands. The mobility of the latter was determined by
rotation around single bonds that were not part of the
cycle. Further, the energy gain in formation of the cor-
responding complex (£, kcal/mol) was calculated —
the free binding energy of the corresponding site CrtM
at T = 298.15 K. For the 3D visualization the GLmol
browser based on WebGL/Javascript (http://webglmol.
osdn.jp/index-en.html) was used. When forming the pos-
ture the ligand was placed in the binding site, selecting
its rotational and translational degrees of freedom. Sub-
sequently, affinity was estimated on the basis of the pre-
vailing posture. For each structure 4 attempts were made,
and the most active position considered was the loca-
tion of the ligand corresponding to the lowest energy
(the highest gain in energy).

Results and discussion

In order to synthesize a new series of the target 1-
R,-3’-R,-5’~(6-{3’-R,-1-R,-2,4’,6’-triox0-3"a,6’-dihydro-
3’ H-spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-5’-yl}
hexyl)-3’a,6’a-dihydro-3’H-spiro[indole-3,1’-pyr-
rolo[3,4-c]pyrrole]-2,4°,6’-triones 4.1-4.15 the three-com-
ponent condensation of isatines 1.1-1.4, amino acids
2.1-2.11 and 1,6-bis-maleimidohexane 3 were studied.
For example, in the previous work we first described
the synthesis of compounds of this class containing the
bis-spirocyclic system, in which two cores of spiro[indo-
le-3,1’-pyrrolo[3,4-c]pyrrole]-2,4’,6’-trione were linked
by a 1,6-hexylidene radical [7]. Thus, the new bis-spiro
derivaties 4.1-4.15 were synthesized according to the
previous protocol when 1 mol of 1,6-bis-maleimidohe-
xane was condensed with 2 Mol of the corresponding
isatin and amino acids. When in the condensation with
dipolarophile 3 the initial isatins (1.1, 1.3, 1.4) and ami-
no acids (2.3, 2.6-2.11) were equilibrated, 1-R,-3’-R,-
5’(6-N-maleimidohexyl)-3’a,6’a-dihydro-3’ H-spiro
[indole-3,1’-pyrrolo[3,4-c]pyrrole]-2,4°,6’-trions 5.1-5.10
were obtained with the yields of 30-90 % (Scheme).

At the same time, the condensation of 6-N-maleim-
idohexyl derivatives of derivatives 5.4 and 5.6 with the
corresponding isatins (1.1, 1.4) by L-phenylalanine or
sarcosin were obtained by the counter-synthesis of bis-
derivatives 4.6, 4.15 with the yields of 35 and 38 %,
respectively.

The 'H NMR and MC-spectral data for compounds
4 are listed in Tab.1. In the NMR-spectra of 4.1-4.15
there are signals from all protons of spacious fragments.
The assignment of COOH and NH-groups signals were
using the deutero-exchange with D,0. The properties of
5.1-5.10 were published in the article [11].

The resonance of the methine protons of the pyr-
rolo[3,4-c]pyrrole system was displayed as a doublet at
3.40-3.50 ppm for the H-6a’ proton, a triplet at 3.50-3.60 ppm
for the H-3a’ proton, and a multiplet for the H-3’ proton
located at 4.00-4.40 ppm in the spectra of compounds
4-5. The values of the coupling constants of the H-3a’
and H-6a’ protons and of H-3’ and H-3a’ were 7-8 Hz,
indicating their cis orientation. The 3’C-benzylic (3’-CH,Ph)
protons were detected as multiplets with the H-3’ pro-
tons at 0 4.10-4.5 ppm for 4.6, 4.7, 4.8 and the N-ben-
zylic ones (N-CH,Ph) 4.2, 4.4, 4.7, 4.12, 4.15 were a
singlet at 0 4.65-5 ppm. The sharp singlet at 6 3.01-3.10
due to the N-methyl protons was seen for compond 4.15.
The signals of aliphatic protons of the hexamethylene
residue observed as a signal of CH,CH, groups, two multi-
plets at 0 0.83-1.29 and 6 1.11-1.75 ppm, and the signal of
5’-NCH, two fragments were present in the region from
0 2.53 up to 3.52 ppm.

In this paper the antimicrobial potential of bis-spiro
compounds (4.1-4.15) and derivatives with the free 6-
maleimido-hexyl radical (5.1-5.10) was compared. The
antimicrobial activity of all compounds tested is present
in Fig. 1-4.

The results of the minimal bactericidal concentra-
tion (MBC) determination for the compounds tested are
given in Tab. 2.
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Table 1

The '"H NMR, MS-spectral data and the melting points for 1-R,-3’-R,-5-(6-{3’-R,-1-R,-2,4,6’-trioxo-3"a,6’-
dihydro-3’H-spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-5’-yl}hexyl)-3’a,6’a-dihydro-3’H-spiro[indole-3,1’-
pyrrolo[3,4-c]pyrrole]-2,4,6’-triones (4.1-4.15)

Compounds '"H NMR, 8, ppm (J, Hz) M.p.°C | [M+H]

1 2 3 4
1.25-1.39 (m, 4H); 1.57-1.72 (m, 4H); 2.15 (dd, J = 14.4, 1.9, 2H); 2.30 (dd, J = 14.6, 7.1,
2H); 3.24 (d, J = 8.1, 2H); 3.81-3.90 (m, 4H); 4.12 (d, ) = 8.1, 2H); 4.42 (d, ) = 9.7; 4H); 5.05
(dd, J = 10.7, 4H); 6.01-6.26 (m, 2H); 6.91 (dd, J = 7.9, 2H); 7.14 (7.21 (dd, J = 8.4, 3H),
7.17 (dd,J = 7.9, 1H), 7.31 (dd, J = 8.4, 2H)
1.25-1.40 (m, 4H); 1.57-1.72 (m, 4H); 2.84 (dd, J = 14.8, 6.2, 2H); 3.09 (dd, J = 14.8, 7.6,
4.2 2H); 3.47 (d, ) =8.1,2H); 3.73 (d, J = 8.1, 2H); 3.88 (t, J = 7.0, 4H); 4.77 (s, 4H); 6.91 (d, J=| 130 | 776.9
8.0, 2H); 7.13-7.27 (m, 12H); 7.43 (d, J = 8.5, 2H), 7.80 (d, J = 8.0, 2H)
1.25-1.39 (m, 4H); 1.57-1.72 (m, 4H); 2.14 (dd, J = 14.6, 3H); 2.35 (dd, J = 14.6, 7.1 TH),
4.3 3.31(dd, J =8.1, 2H); 3.48 (s, 6H), 3.85 (t, ) = 7.0, 4H); 4.12 (d, J = 8.1, 1H), 4.26 (d, = [128-130| 624.7
8.1,1H), 6.90 (dd, J = 7.9, 2H); 7.13-7.32 (m, 5H); 7.16 (d J = 7.9, 1H)
1.00-1.05 (m, 12H); 1.23-1.27 (m, 14H); 2.58 (dt, J = 7.8, 4.9 2H); 3.30 (dd, J = 8.1, 7.7,
4.4 2H); 3.88 (t, J = 7.0 4H); 4.29 (d, J = 8.1, 2H); 4.77 (s, 4H); 6.91 (dd, J = 7.9, 7.5, 2H); 7.13- | 160 | 889.1
7.31 (m, 12H); 7.39 (d, J = 8.5, 2H); 7.79 (d, ) = 7.9, 1H), 7.96 (d, ] = 7.9, TH)
0.99-1.03 (m, 4H); 1.23-1.72 (m, 4H), 2.43 (dt, ) = 6.0, 4.7, 4H), 2.66 (dt, J = 7.8, 4.8, TH),
4.5 3.30 (dd, J = 8.1, 6.0, 2H); 3.49 (s, 6H); 3.88 (t, J = 7.0, 4H), 4.30 (d, J = 8.1, 2H); 7.01  |180-182| 736.9
(d, J=7.9,2H); 7.20 (dd, J = 8.4, 7.5, 2H); 7.40-7.43 (d, J = 8.4, 2H); 7.51 (d, J = 7.9, 2H)
1.40 (m, 4H); 1.72 (m, 4H); 2.58 (d, J = 6.6, 4H); 2.71 (dt, J = 7.8, 6.6, 2H); 3.31 (dd, J =
4.6 8.1,7.7, 2H); 3.88 (t,J = 7.0, 4H); 4.29 (d, J = 8.1, 2H); 6.96 (dd, J = 7.9, 7.5, 2H); 7.28 (m, |258-260| 776.9
14H); 7.79 (dd, J = 7.9, 1.4, 2H); 10.56 (s, 2H)

1.32 (m, 4H); 1.65 (m, 4H); 2.59 (dt, J = 6.6, 4H); 2.70 (dt, J = 7.8, 6.6, 2H); 3.32 (dd, J =
4.7 8.1,7.7,2H); 3.88 (t, ) = 7.0 4H); 4.32 (d, J = 8.1, 2H); 4.77 (s, 4H); 6.91 (dd, ) = 7.9, 7.5, |120-122| 957.1
2H); 7.11-7.42 (m, 24H); 7.96 (d, J = 7.9, 2H)

4.1 260 676.9
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Continuation of Table 1

1 2 3 4
1.32 (M, 4H); 1.57 (m, 4H); 2.57 (dt, J = 6.6, 4H); 2.71 (dt, J = 7.7, 6.6, 2H), 3.32 (dd, J =
4.8 8.1,7.7,2H); 3.49 (s, 6H): 3.88 (t, J = 7.0, 4H); 4.13 (2H, d, ) = 8.1 Hz): 6.98 (dd, J = 7.9, |160-162| 804.9
7.5, 2H); 7.11-7.29 (m, 12H); 7.43 (d, J = 8.4, 2H): 7.51 (d, J = 7.9, 2H)
1.27 (m, 4H); 1.65 (m, 4H), 2.67 (dt, J = 6.6, 4H); 2.92 (dt, ) = 7.7, 3.3, 4H); 3.38 (dd, J =
4o 8.1,7.7,2H); 387 (t, )= 7.0, 4H); 429 (d, ) =8.1, 2H); 443 (d, ] = 97, 4H; 505 . J= | 114 115 7000
: 16.6,4H); 6.14 (dd, ) = 16.6, 10.7, 2H): 6.91 (dd, J = 7.9, 7.5, 2H); 7.21 (dd, ) = 8.5, 7.5, :
2H),7.45 (dd, ) = 8.5, 1.3, 2H); 7.78 (d, J = 7.9, 2H); 12.43 (s, 2H)
1.28 (M, 4H); 1.59 (m, 4H); 2.66 (d, J = 6.3, 4H): 2.91 (dt, J = 7.7, 3.3, 4H), 3.39 (2H,
4.10 dd, ) =8.1,7.7 Hz);: 430 (d, ) = 8.1, 2H), 4.78 (s, 4H): 6.91 (dd, J = 7.9, 7.5, 2H): 7.19 (m, | 148-150| 892.9
12H): 739 (d, ) = 8.5, 2H), 7.79 (d, J = 7.9, 2H); 12.43 (s, 2H)
1.32 (M, 4H); 1.65 (m, 4H); 2.66 (d, ) = 6.6, 4H): 2.90 (dlt, ) = 7.6, 3.4, 4H), 3.38 (dd, J =
4.11 8.1,7.7, 2H): 3.49 (s, 6H); 3.86 (t, J = 7.0, 4H); 4.29 (d, J = 8.1, 2H): 7.01 (dd, J = 7.9, 7.5, |158-160| 740.8
2H); 7.20 (dd, ) = 8.4, 7.5, 4H); 7.43 (d, ) = 8.4, 2H); 12.39 (s, 2H)
132 (m, 5H); 1.61 (m, 4H); 2.42 (dt, ) = 7.5, 3.4, 4H); 3.3 (d, ) = 7.8, 2H); 3.9 (q, J = 7.0,
4.12 5H); 4.3 (dt, J = 8.1, 4.0, 2H); 4.8 (s, 5H): 7.0 (d, J = 7.8, 2H); 7.2 (m, 12H); 7.4 (s, 1H): 7.8 | 145-146| 921.0
(m, 2H); 12.09 (s, 2H)
137 (m, 4H); 1.65 (m, 4H); 2.4 (dt, J = 7.7, 3.3, 4H); 3.3 (m, 3H); 3.5 (5, 6H); 3.8 (M, 4H);
4.13 43 (m, 2H) 7.0 (m, 2H); 7.2 (m, 4H): 7.4 (d, J = 11.8, 2H); 12.11 (s, 2H) 138-140| 7688
1.27 (m, 4H): 1.59 (m, 4H); 2.79 (dt, J = 7.7, 5.2, 4H), 3.49 (s, 6H), 3.79 (m, 8H): 4.29
4.14 (d,J=8.1: 2H): 6.90 (dd, J = 7.9, 7.5; 2H), 7.25 (dd, ) = 8.4, 7.5, 4H); 7.29 (d. ) = 8.4, 2H) | 1°8160| 6847
1.26 (m, 4H); 1.62 (m, 4H); 2.56 (6H, 5), 2.99 (dd, J = 15.1, 1.8, 4H); 3.51 (dd, J = 8.1, 7.0,
415 | 2H):3.59(d, J = 8.1, 2H); 3.85 (t, ) = 7.0, 4H): 4.77 (s, 4H); 6.95 (2H, dd, ) = 7.9,7.5), 7.23 | 140* | 804.9
(m, 12H); 7.39 (dd, J = 8.5, 1.3, 2H), 7.81 (dd, J = 7.9, 1.4, 2H)

According to the results of the microbiological study
none of the compounds tested significantly exceeded the
reference drug cefalexin by the ability to inhibit the growth
of bacterial test cultures. It was found that S. aureus showed
sensitivity to 10 substances (4.1-4.4 and 4.6-4.11) among the
bis-spiro derivatives tested (4.1-4.15). Nevertheless, onty
two compounds 4.1 and 4.9 had the greatest activity against
S. aureus among these bis-spiro derivatives (4.1-4.15).
However, compounds 5.1, 5.2, 5.5, 5.6, 5.9, 5.10 showed
the activity against S. aureus at the level of cefalexin
(32.0+ 0.1 mm), in particular compound 5.5 (33.0 £ 0.3 mm)

demonstrated the greatest antibacterial effect. The com-
pounds with a free maleimidine residue exhibited greater
activity, in particular substances 5.1, 5.2 and 5.5 among a
number of 1-R,-3’-R,- 5’-(6-N-maleimidogexyl)-3’a,6’a-
dihydro-3’ H-spiro [indole-3,1’-pyrrolo [3,4c]pyrrole]-
2,4’ ,6’-triones 5.1-5.10 exhibited the bactericidal action
(MBC = 12.5 mcg/mL) relative to S. aureus (Fig. 1).

The test culture of B.subtilis was sensitive and highly
sensitive to most of the test substances, but none of them
exceeded cefalexin by the diameter of the growth inhi-
bition zones (Fig. 2).
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Fig. 1. The antibacterial activity against S.aureus



30 ISSN 1562-7241 (Print)

BICHVK ®APMALLII 2 (94) 2018

ISSN 2415-8844 (Online)

35

€
£ 32
@ 29 Q)
o 30
5 21 21 26 26 %o, 27 2 26 b
N 125 25 25 25 o 25 25 )
S 25 %e’(Te T e e 24 24 24 o P %o 7% S (e 24 24 ¢
S fesespediosined ool oo o2l [FeT ¥q loe] 20 fodl joct Bed boe ooipalorled 21 Pe
£ 20 {e . @ OpQ) Q ® Oimy ° ® o a0 Q)

@ q () q (J @ ® () q(@ @ @ (J () @ J
< OthO ° (L@ Q O OhODCIO ° OO °
2 SO 0% %o’ ¢ ®e 0°| %0y 1% 0° *e %0 p°q [o° | Pe
S 15 ) ele ¢ O (! o (o o ole a0l o ° o ¢ oo »
o .. .1 .. .C .. @ .. .. .I .. .. .. .. ..‘ .. | D.
) o (| ® ® (o O O OODCIO ° OO °
IS o (0 ¢ O OO ° OIDAOMO O o ([eol) e »
S 10 3%l1e® %0106 O o° %ol 0°¢ 0% % O o2 Pe 1% 02
o o (@ ® (o O ° OODCIO ° OO | O
) @ () q () @ ® (J q(O @ @ (J () @ »
[9) OthO ° (L@ Q ° OhODCIO ° OO °
3 ° O X o (e ° OIXXIOMO O o ([eol) e »
E O )%/le% OIS o®( e ¢ SOOI ¢ 0T }%! b®
® OO0 O ° OODCIO ° o/p qle O
[s] 0 o®| [0 |:c o: o’ :o : ®e o: 5 b: o: :o % »:c oJ'J | 0 Po

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 22 23 24 25 26 27 28

1-41 8-4.8 15-5.5 22-5.12

2-42 9-49 16-5.6 23-5.13

3-43 10-4.10 17 -5.7 24 -5.14

4-44 11-5.1 18-5.8 25-5.15

5-4.5 12-5.2 19-5.9 26 - Control (DMSO)

6-4.6 13-5.3 20-5.10 27 - Control (intact test-culture)
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The culture of E. coli was sensitive to compounds
5.7 and 5.8. While the gram-negative test culture of
P aeruginosa was not sensitive to all compounds studied,
except cefalexin (36.0 = 0.1 mm), since the growth in-
hibition zones of P. aeruginosa were less than the sol-
vent control in the study of samples.

Substances 4.1, 5.1, 5.2, 5.4, 5.6, 5.9, 5.10 exceeded
fluconazole more than two times by the growth inhibi-

Fig. 2. The antibacterial activity against B. subtilus

tion zones of the C. albicans culture. Only compound
4.1 (MBC = 12.5 mcg/mL) exhibited the fungicidal ac-
tivity among the bis-derivatives (4.1-4.15) of spiro-2-
oxindole, but it was surpassed by derivatives with the
free maleimide residues 5.2 (MBC = 6.25 mcg/mL) and
5.1,5.5,5.10 (MBC = 3.125 mcg/mL).

Thus, according to the results of the tests the subs-
tances synthesized showed predominantly the activity

40
35
35 %
o:c
€ S
€ 30 X
@ 3
@ O
c I
S O
N 3
c 25 0%d
L O
2 21 oo
= 20 ..l
£ 20 0 q
< 18 18 18 18 18 18 0% _ 18 0%
2 17 17 o (17 Q)
2 0 16 OO 16 16 Po®( %0 16 IO ° ®e
&) e (15 15 ol) e Q) O 15 15 o o @ 15 15 [el) @ e (15 . e
° O O O(ODO OO 14 OO O
£ OIS IDES SIS OIS IS SISO SIS SO SOOI o’
b .1 10% Po®l 2% 19! 6% Pe®l 264 |6 ORI ICXPODOIC IO 1% 094 76®! ®ef 1% ls®4 0.
° OMODO OMODC O belodqe([elpewdlei el)e OMODO OO 3
5 o 0 ¢ (o ("0l) 0 O(MODO OMODO OMODOINIC o OODOIDC O
R 2 o 0 o X T B X 0 P o X R 1O G HOX RO T
o OMODO OMODC O belode([elpewdliei el)e OMODO OO 3
a o 0 ¢ o ("0l) 0 O(MODO OO OMODOINIC o OODOINC O
R o S e oS R SIS
@ q.0 @ @ () () @ @ o) O () @ () a0 ) () @ () q ()
OMODO OMODCO O belode([elpewdiei el)e OMODO OO 3
o 0 q (o ("0l) 0 OODO OODO OO DOINIC o OODOINC O
OMODO OMODCO O belode([elpewdiei ol)e OMODO OO 3
0°( %09)%)] (0°¢ [0 "0y 1% 0°¢ [o®( O 1% 0°¢ [0 "e! )%] 0°¢ [¢°( %0’ )% le®( P 1% 0°¢ [0 e 0 o°¢
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
1-41 8-4.8 15-5.5 22-5.12
2-42 9-4.9 16 -5.6 23-5.13
3-43 10-4.10 17 -5.7 24 -514
4-44 11-5.1 18-5.8 25-5.15
5-45 12-52 19-5.9 26 - Control (DMSO)
6-4.6 13-5.3 20-5.10 27 - Control ( test-culture)
7-4.7 14 -5.4 21-5.11 28 - Cefalexinum

Fig. 3. The antibacterial activity against E. coli
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Fig. 4. The antibacterial activity against C. albicans

against gram-positive bacteria and yeast-like fungi. The fol-
lowing substances are promising for further research:
in relation to S. aureus — 4.1, 4.9, 5.1, 5.2, 5.5, 5.10, to
C. albicans — 5.1, 5.5, 5.9, 5.6, 5.2, 5.10.

Obviously, the more pronounced activity of com-
pounds in the range of 5.1-5.10 compared to those among
a number of bis-spiro-2-oxidol derivatives 4.1-4.15 can
be explained by the presence of the first free maleimidic
linker in the molecule, it provides irreversible fixation
with the cysteine residues of the target protein bacterial
cells.

The correlation of the high activity against S. au-
reus with their simultaneous antifungal action against
C. albicans in the range of substances indicated in the
experiment in vitro resulted in the possibility of their

Table 2
The MBC of the most active compounds selected

Compounds MBC, mcg/mL*
S. aureus C.albicans
4.1 - 12.5
5.1 12.5 3.125
5.2 12.5 6.25
5.3 50 -
5.4 50 -
5.5 12.5 3.125
5.6 50 -
5.9 50 -
5.10 - 3.125
Control (DMSO) growth growth
(intactc :e:ttrs(.’tlrains ) growth growth
Cefalexin 2 n/t
Fluconazol n/t 3.125

Notes: * — the average value for the experiments; n/t - not tested;
“—"bacteriostatic activity.

Fig. 5. The 3D-visualization of staphylococcal dehydrosqualen
synthase CrtM (PDB ID 2zcq)

:-: W2‘1C‘ D
f 1546 ‘ A Al
I 44 , " “ /
SR\ 4
L .7

s VA 7

L

Fig. 6. The 3D-visualization of binding of the BPH-65 (E,,.=-9.2 kcal/
mol) reference compound molecule to the active site of CrtM (PDB
ID 2zcq) by the results of the molecular docking
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Table 3
Molecular docking results for the compounds synthesized on dehydrosqualene synthase of S. aureus
(CrtM, PDB ID 2zcq)

Docking score Docking score Docking score

Compound | Docking Epou Compound | Docking Epoe Compound | Docking Epo
pose kcal/mol pose kcal/mol pose kcal/mol

1 -12,7 1 -11,0 1 -10,8
2 -12,5 2 -10,4 2 -10,6
41 3 11,9 4.9 3 103 32 3 9,0
4 -11,8 4 -9,8 4 -8,4
1 -13,5 1 -12,0 1 -11,0
2 -12,7 2 -12,0 2 -10,1
4.2 3 122 4.10 3 11,6 33 3 10,0
4 -12,0 4 -11,2 4 -9,6
1 -12,9 1 -12,0 1 -10,5
2 -12,7 2 -11,2 2 -10,2
4.3 3 12,7 411 3 11,0 >4 3 10,0
4 -12,4 4 -10,2 4 -9,7
1 -12,1 1 - 1 -10,3
2 -12,0 2 - 2 -99
4.4 3 114 4.12 3 _ 5.5 3 96
4 -11,3 4 - 4 -9,3
1 -12,2 1 11,2 1 -11,1
2 -10,9 2 -10,8 2 -10,2
4.3 3 -10,3 4.13 3 -10,4 5.6 3 -9,9
4 - 4 -10,2 4 -9,5
1 -12,6 1 -11,9 1 -10,5
2 -12,5 2 -11,8 2 -10,2
4.6 3 11,6 4.14 3 11,6 37 3 10,1
4 -11,3 4 -11,4 4 -9,7
1 -11,6 1 -12,9 1 -10,8
2 -10,3 2 -12,4 2 -10,3
4.7 3 -10,1 4.15 3 -11,7 5.8 3 -10,2
4 - 4 -11,5 4 -8,8
1 -11,5 1 -10,6 1 -10,9
2 -11,2 2 -10,6 2 -10,5
4.8 3 11,0 31 3 10,4 39 3 10,2
4 -10,2 4 -10,2 4 -10,0

Docking score Docking score
Compound | Docking Epoer Compound Docking Epewr

pose kcal/mol pose kcal/mol
BPH-65(control)

1 -11,0 ﬁ 1 -9,2
2 -10,5 2 -9,0

' o) P }
5.10 3 _10[2 r \Ol—?H 3 '818
4 9,9 Osg_ 4 -83

O~ "OH

effect on the synthesis of C,, isoprenoids of microbial
cells. To substantiate this hypothetical mechanism of ac-
tion of the compounds synthesized their precision do-
cking on the 3D models of staphylococcal dehydrosqua-
len synthase CrtM was performed (Fig. 5).

The docking results of the corresponding structures
are given in Tab. 3. In general, the values of the free
energy of interaction (£,,,.) obtained for structures 4.1-4.15
and 5.1-5.10 characterized the ligands tested as highly
active CrtM inhibitors. The maximum calculated energy

gain in formation of the corresponding complex of li-
gand-enzyme £, . was -10.5 to -13.5 kcal/mol exceeding
E,.. for the CrtM complex with the reference structure of
the known inhibitor BPH-65, which was -9.2 kcal/mol.
Among the substances synthesized the structure 4.2 was
the most active (£, = -13.5 kcal/mol), some compounds
such as 4.3, 4.15 (£, =-12.9 kcal/mol) and 4.1 (E},,. =
-12.7 kcal/mol) ), as well as 4.6, 4.5, 4.4, 4.10, 4.11,
showed the similar values of the docking score from
-12.6 to -12.0 kcal/mol. Only for compound 4.12 any
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Fig. 7. The 3D-visualization of binding of the molecule of compound 4.2 with the best docking score (E,,. = -13.5 kcal/mol) with the active
site CrtM (PDB ID 2zcq) according to the results of the molecular docking: A. Location of ligand 4.2 relative to the amino acid residues of the
active enzyme center; B. Location of ligand 4.2 in the substrate-binding enzyme pocket

active position in silico was not generated. It also cor-
relates with the absence of the antistaphylococcal and
antifungal activity in vitro.

The validation of binding of the control structure of
BPH-65 to the amino acid residues of the active CrtM
center after the results of the docking obtained by us in
silico on the 3D CrtM model (Fig. 6) is close to the para-
meters of formation of the ligand-target complex obtained
by the X-ray method for the co-crystal of the BPH-65
compound with the CrtM enzyme in the literature [5].

rosqualene synthase |~ >

In particular, as for location of the BPH-65 ligand in
the X-ray experiment, the n-mt contact of the phenyl radi-
cal Phe22 with a nucleus of the biphenyl residue of the
ligand, hydrophobic interactions with Vall33, Val137 and
formation of hydrogen bonds with Arg45, Asp48, GInl65,
Asnl68, Aspl72, and its -P(O)(OH), and -SO,H polar resi-
dues reduced. Somewhat low docking energy when vali-
dating binding of the BPH-65 ligand to the target can be
explained by neglect of the in silico experiment to coordi-
nate the ligand with two Mg?* cations and water molecules.

Fig. 8. The 3D-visualization of binding of the most active in vitro molecule compound 5.5 (E,, = -10.5 kcal/mol) with the active site of CrtM
(PDB ID 2zcq) according to the results of the molecular docking: A. Location of ligand 5.5 relative to the amino acid residues of the active
enzyme center; B. Location of ligand 5.5 in the substrate-binding enzyme pocket
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As noted above, the highest gain in the docking ener-
gy was in bis derivative 4.2 most effectively filling the
substrate-binding enzyme pocket (Fig. 7).

The binding of the ligand is provided by formation
of hydrogen bonds with the key amino acid residues
Argd5, Asp48, Asnl168, Aspl172, as well as z-z-contacts
of the phenyl radical Phe22 with the benzene nucleus
of the oxidol system of the ligand and the interaction of
the hexamethylene chain of the molecule with Vall33
and Val137. The oxo groups of 2-oxidol and imide cyc-
les contribute to formation of intermolecular hydrogen
bonds with Arg45, Arg265, and the secondary nitrogen
atoms of the 3,1’-pyrrolo[3,4-c]pyrrole system contrib-
ute to formation of ligaments with the acid residues of
Asp48, Asnl68, Aspl72. It is also possible to form 7-7-
contacts between the Tyr64 residue and the aromatic
system of one of the 2-oxindol core of the molecule 4.2.
N-Benzyl radicals obviously contribute to the additional
spatial overlapping of the substrate-binding pocket of
the enzyme and the hydrophobic ligand contacts with
the residues ILeu, Val, Leu.

Being the most active in the screening in vitro mole-
cule 5.5 has the most effective position and forms hydro-
gen bonds with Arg45, Asp49, Asp52, GIn165, Asnl168,
Asp176, and the 7-7 contact of the phenyl radical Phe22
with the benzene nucleus of the 2-oxidol system of the
ligand, orienting the maleimidine residue to the “entry”
into a substrate-binding enzyme pocket (Fig. 8).

Moreover, an additional irreversible ligand binding
of 5.5 may be hypothetically possible by formation of a
covalent bond between its maleimide linker due to the
nucleophilic attack of the sulfur atom of the Cys44 re-
sidue located in the same cavity substrate pockets of CrtM.

According to the literature, the active CrtM inhibi-
tors are most likely to be coordinated at the active cen-
ter of the enzyme with such amino acid residues as
His18, Arg45, Asp48, Asp52, Tyr129, GInl165, Asn168

and Asp172 [16]. Thus, in our experiment the ability of
molecules to form hydrogen bonds with at least six key
amino acid residues — Arg45, Asp48, Asp52, GInl65,
Asn168 and Asp172 has been found in silico.

CONCLUSIONS

It has been found that the one-pot three-component re-
action of isatin, L-amino acids and 1,6-maleimidohexane
depending on the molar ratio of reagents leads to bis-
3’a,6’a-dihydro-3’ H-spiro[indole-3,1’-pyrrolo [3,4-c]pyr-
role]-2,4’,6’-triones or to the corresponding asymmet-
ric 6-N-maleimidohexyl derivatives.

The new substances synthesized have demonstrated
a superior activity to gram-positive bacteria and yeast-
like fungi. In particular, compounds 5.1, 5.2, 5.5, 5.6,
5.9, 5.10 have shown the activity against S. aureus at
the level of cefalexin. The greatest antibacterial effect
has been demonstrated by compound 5.5. Substances
4.1,5.1,5.2,5.4,5.6,5.9,5.10 exceed fluconazole more
than two times against C. albicans.

The molecular docking method has shown that the
substances synthesized are potent highly active CrtM
inhibitors. The greatest docking score was detected for
bis-derivative 4.2, which most effectively filled the subs-
trate-binding enzyme pocket. The most active in vitro
compound 5.5 by the docking score is superior to the
known inhibitor BPH-65.

In the experiment in silico the ability of the mole-
cules tested to form hydrogen bonds with at least six key
amino acid residues — Arg45, Asp48, Asp52, GInl65,
Asnl168 and Asp172 of CrtM has been found. The 3D-
model of binding of molecules of the compounds syn-
thesized with the active center of staphylococci enzyme
CrtM has been created. It can be used to effectively const-
ruct antimicrobial agents with a fundamentally new me-
chanism of the antimicrobial action.

Conflicts of Interest: authors have no conflict of
interests to declare.
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