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Abstract

A series of semisynthetic triterpenoids with A-ring azepano- and A-seco-fragments as well as hydrazido/hydrazono-
substituents at C3 and C28 has been synthesized and evaluated for antimicrobial activity against key ESKAPE pathogens
and DNA viruses (HSV-1, HCMV, HPV-11). It was found that azepanouvaol 8, 3-amino-3,4-seco-4(23)-en derivatives of
uvaol 21 and glycyrrhetol-dien 22 as well as azepano-glycyrrhetol-tosylate 32 showed strong antimicrobial activities against
MRSA with MIC <£0.15 uM that exceeds the effect of antibiotic vancomycin. Azepanobetulinic acid cyclohexyl amide 4
exhibited significant bacteriostatic effect against MRSA (MIC <0.15 uM) with low cytotoxicity to HEK-293 even at a
maximum tested concentration of >20 uM (selectivity index SI 133) and may be considered a noncytotoxic anti-MRSA
agent. Azepanobetulin 1, azepanouvaol 8, and azepano-glycyrrhetol 15 showed high potency towards HCMV (ECs 0.15;
0.11; 0.11 uM) with selectivity indexes Slsy 115; 136; 172, respectively. The docking studies suggest the possible
interactions of the leading compounds with the molecular targets.

Introduction

Microbial infections, such as bacteria, fungi, and viruses,
are a cause of morbidity and mortality worldwide [1].
Increased resistance to bacterial and viral infections requires
the search for new antibiotic and antiviral drugs [2]. Natural
products have historically been a prolific and unsurpassed
source for new lead antibacterial compounds and therefore
novel scaffolds are constantly of interest. Many secondary
metabolites from plants consisting of terpenes and poly-
phenols can combat the problem of resistant bacteria and
viruses as well as drug residue hazards [3]. A wide variety
of these compounds have shown to exhibit activity against
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various bacterial and viral pathogens, yeasts, or molds [4, 5]
and also served as prototypes, which have been modified
through chemical synthesis to afford therapeutic agents
with improved potency, stability, or superior drug-like
properties [6, 7].

Pentacyclic triterpenoids are widespread in the plant
kingdom and display important biological properties, such
as anticancer, antiviral, antibacterial, and antimalarial
activities, among others [8—13]. Thus, a-amyrin, betulinic
acid, and betulin aldehyde exhibit the antimicrobial activity
against clinical isolates of methicillin-resistant (MRSA) and
methicillin-susceptible S. aureus with MICs ranging from
64 to 512ugml!, and in combination with vancomycin
and methicillin the reduced MIC with a range from 0.05 to
50% was observed [14]. Oleanolic acid has been
shown to exhibit appreciable anti-staphylococcal activity
against S. aureus and MRSA, with MICs in the range of 8
and 16 ugml™" [15], whereas ursolic acid showed a good
antimicrobial activity against gram (+) pathogens including
a MRSA strain, with a MIC value of 64 g ml~! and a
synergistic effect with ampicillin and tetracycline against
this strain [16]. As early as 1994, betulinic acid was shown
to inhibit the infectivity of HIV-1 in vitro with ECs, value
of 1.4uM [17] and its systematic structural modifications
resulted in the identification of bevirimat, BMS-955176 and
GSK-2838232 entered clinical trials [18]. Up to date,
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various other triterpenoid lead compounds targeting
HCV/EBOV, SARS-CoV, and influenza viruses have been
explored [19-21].

In order to further study the antimicrobial and antiviral
potency of triterpenic derivatives, a series of semisynthetic
derivatives with A-ring azepano- as well as hydrazido/
hydrazono-substituents at C3 and C28 were evaluated
against a key ESKAPE pathogens (including MRSA strain)
and DNA viruses (human herpes simplex virus 1 (HSV-1),
cytomegalovirus, and papillomavirus 11). For this purpose,
we used the possibilities of the Community for Open
Antimicrobial Drug Discovery program (http://www.co-a
dd.org) for antibacterial and antifungal activities screening
and Division of Microbiology and Infectious Diseases of
the National Institutes of Allergy and Infectious Diseases
(http://www .niaid-aacf.org/) program for antiviral assays.
Cytotoxicity of the representative compounds against the
noncancerous human embryonic kidney cells was studied as
well as docking studies of the leading compounds possible
interactions with the molecular targets was performed.

Results and discussion
Chemistry

Recently we have showed that triterpenoids with A-ring
azepano- and hydrazido-, hydrazono-substituents are an
important group of derivatives with antibacterial activities
[22-25]. To compare the influence of substituents in dif-
ferent positions of the triterpene core on antibacterial, fun-
gicidal, and antiviral activities, a series of previously
synthesized compounds 1-22 (Fig. 1) and new derivatives
24,26, 29-34, 36, 37 (Scheme 1) were taken into biological
screening.

The synthesis of new derivatives is shown at Scheme 1.
N-Acylation of lupane, ursane and oleanane-type triterpenic
acids 23, 25 and 27, 28 by imidazole, 3- or 4-
pyridinoylhydrazides by chloride method led to C28-
amides 24, 26, 29-31 with yields of 72-78% after pur-
ification by column chromatography. The introduction of
the toluenesulfonyl group to azepano-glycyrrhetol was
carried out by the reaction of 15 with p-TsOH to give
compound 32 in 88% yield. Azepanobetulin 1 was oxidized
to azepanobetulinic aldehyde 33 by PCC in CH,Cl,
and following reaction with 4-pyridinoylhydrazide in
MeOH afforded hydrazido-hydrazone 34. Under the same
conditions betulonic aldehyde 35 was reacted with
3-pyridinoylhydrazide to form a mixture of C28-mono- 36
(65%) and C3,C28-bis-substituted 37 (7%) derivatives after
isolation by column chromatography.

The structures and the purity of the synthesized com-
pounds 24, 26, 29-34, 36, and 37 were confirmed by NMR
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spectroscopy. In the *C NMR spectra of compounds 24,
26, 29-31 the carbon atom signals of the —-CONH- and
—NHCO- groups were detected at 6 174.0-174.73 and 6
161.62-161.90 ppm, respectively, in the '"H NMR spectra
NH proton signals resonated at § 9.21-10.71 ppm. The 'H
NMR spectra of amide 24 contained the signals of the
imidazole ring protons at 6 7.02-7.52 ppm as well as in
the 'H NMR spectra of hydrazides 26, 29-31 the signals of
the aromatic ring protons were observed at 6 7.38-8.64
ppm. In the *C NMR spectra of tosylate 32 the signals of
the aromatic carbon atoms were observed at o
123.08-144.64 ppm, and the signals of the aromatic protons
in the '"H NMR spectra were appeared at § 7.35 and 7.75
ppm as multiplets. The characteristic signal of aldehyde
group proton at 6 9.80 ppm and signal of the carbon atom at
0 202.0 ppm were observed in the NMR spectra of com-
pound 33. The '*C NMR spectra of compounds 34, 36, 37
contain —-C=N-NH- group carbon signal at &
161.96-166.0 ppm, the NH proton in the 'H NMR spectra
appeared as a broadened signal at 6 10.05-10.99 ppm.

Thus, a series of new A-azepanotriterpenoids as well as C28-
amides, C3, C28-dihydrazides, and isonicotinoylhydrazones has
been synthesized for biological screening.

Biological activity
Evaluation of antimicrobial activity

Despite the discovery of antibiotics that have saved millions
of lives from microbial infections, the latter continue to
pose a serious threat to public health due to the emergence
of resistant strains. MRSA Staphylococcus aureus is one of
the most prevalent triggers of community-associated multi
drug resistance bacterial infection and resistance to methi-
cillin is now widely described in the community setting,
thus the development of new drugs or alternative therapies
is urgently necessary [26, 27].

Plant-derived triterpenoids represent a promising class of
molecules with a multitude of activities, including anti-
microbial, that make them of reference for drug-discovery
as proven by the numerous reports and even clinical trials
[5, 28, 29]. Recently, we have shown that 3-amino-3,4-
seco-28-amino-lup-4(23),20(29)-dien exhibited significant
bacteriostatic effect against MRSA (MIC <0.25 ugml ™)
that exceeds the effect of vancomycin [23]. Oleanonic acid
amide with diethylentriamine was efficient against E. coli
and P. aeruginosa with MICs of 25 and 50 uM [30].
Azepanobetulin and its amide derivative showed in vitro
antibacterial activity on the H37Rv MTB strain in aerobic
and anaerobic conditions and antibacterial potency against
nontuberculous  mycobacterial ~ strains (M.
M. abscessus) [31], and also triterpene conjugates with
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Fig. 1 Azepano-, hydrazido/
hydrazono-, and seco-triterpenic
derivatives: azepanobetulin 1,
tosylate 2, acetohydrazide 3,
amides 4-7, 9, azepanouvaol 8,
azepanoallobetulin 10, abeo-
lupanes 11 and 12,
azepanomessagenin 13,
azepanoerythrodiol 14, azepano-
glycyrrhetinic 15 and 16,
hydrazones 17, 19, 20,
hydrazide 18, 3-amino-3,4-seco-
4(23)-en triterpenic derivatives
of uvaol 21, and glycyrrhetol-
dien 22

hydrazine hydrate and isoniazide demonstrated from high
minimum inhibitory concentration (MIC < 10ugml™") to
excellent (MICs from 0.19 to 1.25 ug ml™') activity against
MTB H37RV and some SDR-strains [24].

Due to our interest in the discovery and development of
anti-infective compounds, semisynthetic triterpenoids 1-4,
8-22, 26, 29-32, 34, 36, 37 were screened for antibacterial
activity against a panel of gram-positive and gram-negative
bacterial isolates, and for antifungal activity against two
fungi at concentration 20 uM. The percentage of growth
inhibition was calculated for each well, using the negative
control (media only) and positive control (bacteria without
inhibitors) on the same plate as references.

The initial screening results of in vitro antimicrobial
activity are presented in Table 1. Samples with inhibition
values equal to or above 80% were classified as active.
Compounds 17-20, 26, 29-31, 36, 37 did not exhibit
antibacterial  activity ~ against the  gram-positive

1R = CH,0H;

0.0
2R= oY
(6]

(Staphylococcus  aureus MRSA), or gram-negative
(Escherichia coli, Klebsiella pneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa) bacteria tested
and were also inactive against fungi (Candida albicans and
Cryptococcus neoformans) at 20 uM.

On the other hand, compounds 1, 2, 4, 8§-16, 21, 22, 32,
34 showed the highest growth inhibition against S. aureus
bacteria culture with ranged from 84.80% to 99.76% as well
as compounds 2, 4, 9-12, 14-16, 22, 32, 34 had excellent
fungicidal activity against culture of fungi’s C. albicans and
C. neoformans var. grubii. Compounds 1, 3, 8, and 21 were
also active against fungi C. neoformans (Table 1).

Triterpenic alcohols 1, 8 and 3,4-seco-uvaol 21 were
active against bacteria S. aureus and fungi C. neoformans,
whereas, azepanoallobetulin 10, abeo-lupanes 11, 12,
azepanoerythrodiol 14, azepano-glycyrrhetinic 15, 16, and
3,4-seco-derivatives of glycyrrhetol-dien 22 inhibited the
S. aureus and both studied fungi’s. Azepanomessagenin 13
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Scheme 1 Synthesis of compounds 24, 26, 29-34, 36, 37. Reagents
and conditions: a (1) (COCl),, CH,Cl,, 22°C, 3h; (2) imidazole,
DMAP, CH,Cl,, reflux, 3h; (3) LiAlH,, THF, reflux, 1h; b (1)
(COCl),, CHyCl,, 22°C, 3h; (2) 4-pyridinoylhidrazide, CH,Cl,,
reflux, 3 h; (3) LiAlHy, THF, reflux, 1 h; ¢ (1) (COCl),, CH,Cl,, 22 °C,
3h; (2) 4-pyridinoylhidrazide for compounds 29, 30 and
3-pyridinoylhidrazide for compound 31, CH,Cl,, reflux, 3 h; d p-TsCl,
pyridine, DMAP, 48h, 22°C; e PCC, CH,Cl,, rt, 30 min; f 4-
pyridinoylhidrazide, MeOH, 22°C, 8h. g 3-pyridinoylhidrazide,
MeOH, 22°C, 6 h

was active only against gram-positive MRSA. The intro-
duction of the toluenesulfonyl fragment (compound 2) leads
to the appearance of activity against C. albicans as com-
pared with the initial compound 1, tosylate 32 also has
activity against two fungi’s and MRSA. A similar activity is
observed for amides 4 and 9. The introduction of a pyr-
idinoylhydrazide residues into the C3 and/or C28 positions
of triterpene derivatives leads either to a complete loss of
antimicrobial activity (hydrazones 17, 19, 20, 36, 37 and
hydrazides 18, 26, 29-31), or to a partial loss of activity
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against MRSA (acetohydrazide 3), and only in the case of
hydrazone 34, an increase of activity was observed in
comparison with the initial alcohol 1.

Among the samples tested, eighteen showed anti-
microbial activity and have been selected for hit-
confirmation. For these compounds, a minimum inhibitory
concentration and cytotoxicity against a human embryonic
kidney cell line (uM) were determined for the above cul-
tures of bacteria and fungi. Colistin and vancomycin were
used as positive antibacterial controls for gram-negative and
gram-positive bacteria, respectively. Fluconazole was used
as a positive antifungal control for C. albicans and C.
neoformans. Tamoxifen was used as a positive cytotoxicity
standard (Table 2).

Notably, compounds 1, 3, 11, 13, and 34 do not show
antibacterial activity after the repeated screening. Com-
pounds 2, 9, 10, 12, and 14-16 showed weak activity
against MRSA S. aureus (MIC ranges from 1.25 to 10 pM),
while the compounds 4, 8, 21, 22, and 32 exhibited sig-
nificant bacteriostatic effect against MRSA (MIC<0.15
uM) that exceeds the effect of the clinically used antibiotic
vancomycin (MIC = 0.625 uM). Compounds 2, 10, 12, and
22 were also active against fungi C. albicans (MIC <£0.15
uM for compounds 2 and 12; MIC =1.25puM for com-
pound 22, and MIC =10 uM for compound 10) whereas
compounds 15, 21, and 22 inhibited the growth of fungi
C. neoformans (MIC ranges from 10 to 20 uM) (Table 2).

To study the drug-like properties of the active com-
pounds, all eighteen compounds were evaluated for cyto-
toxic properties for 50% cytotoxic concentration (CCsg)
values against healthy human (HEK-293) cells and selec-
tivity (SI = CCs5o/MIC) (Table 2). The values of cytotoxicity
of triterpene derivatives 2, 8-10, 12, 14, 15, 21, 22, and 32
were comparable with the values of the minimum inhibitory
concentrations for bacteria S. aureus and fungi C. albicans
and C. neoformans, suggesting that these compounds do not
have clear selectivity between microbial and human cells.
Azepanobetulinic acid amide 4 and azepano-glycyrrhetol 16
did not show any noticeable cytotoxicity against HEK-293
cell lines and the selectivity index values for these com-
pounds were 133 and 2, respectively. This finding is very
significant to design azepanotriterpenoids as noncytotoxic
antibacterial agents.

Evaluation of antiviral activity

Viral infections cause many serious human diseases with high
mortality rates. Given the high mutation rate of viruses and
their serious threat to public health, there is a high urgency to
develop new antiviral drugs to combat these pathogens. Tri-
terpenoids have also been crucial for antiviral drug discovery
[32] and mainly involve effects on DNA viruses [33-35]. For
example, Bevirimat [3-O-(3',3’-dimethylsuccinyl)-betulinic
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Table 1 Percentage antibacterial and antifungal growth inhibition of compounds 1-4, 8-22, 26, 29-32, 34, 36, and 37 at concentration 20 uM*

Compound Gram-positive bacteria Gram-negative bacteria Fungi
S. aureus E. coli K. pneumoniae P. aeruginosa A. baumannii C. albicans C. neoformans

1 99.76 —0.25 7.50 23.35 20.01 8.38 98.72
2 92.85 9.61 3.96 —-0.92 17.53 101.70 101.50
3 47.83 —4.72 4.78 —-3.74 28.31 11.74 95.40
4 94.50 16.13 13.10 —4.37 23.25 101.00 95.14
8 97.80 15.15 —-1.29 23.40 32.17 18.07 98.21
9 84.80 —6.12 19.57 —8.27 45.49 100.40 96.16
10 94.72 -1.37 —15.47 5.25 12.84 100.10 96.93
11 87.80 0.85 1.07 5.04 16.18 100.70 91.82
12 97.63 1.92 —8.12 —0.30 16.58 101.60 101.80
13 98.34 2.59 6.61 18.49 7.65 12.53 —6.14
14 98.25 21.81 18.85 13.01 33.54 101.50 112.50
15 98.96 7.17 14.41 25.39 34.72 100.40 100.30
16 99.07 1.64 1.86 14.57 41.07 99.54 100.30
17 9.62 -3.99 5.25 —6.21 19.13 17.50 —12.79
18 18.34 —1.26 291 3.81 39.78 62.06 1.53
19 9.06 -0.71 12.60 8.48 34.89 4.77 —3.32
20 0.19 —3.33 —0.30 3.96 37.10 7.47 —2.81
21 91.97 19.03 6.36 10.65 29.64 21.82 95.14
22 90.28 23.74 24.29 9.90 36.00 99.58 101.90
26 6.66 1.45 12.58 6.19 15.42 7.32 —1.15
29 —4.12 —4.64 —4.92 3.81 0.87 7.53 —11.51
30 14.72 0.30 3.19 1.55 10.69 10.53 —8.72
31 —5.16 —1.34 -9.72 7.12 —6.61 15.45 17.65
32 97.00 2.89 9.14 0.87 13.08 100.30 102.40
34 97.34 0.01 —12.00 12.77 21.96 100.6 105.1
36 14.78 3.08 10.74 16.58 13.81 8.44 1.52
37 —10.09 —3.06 —6.88 8.30 7.18 9.58 17.65

*Highest percentile of antibacterial/antifungal growth inhibition is highlighted in bold

acid] has been shown to inhibit HIV-1 maturation by a pre-
viously undescribed mechanism [33]. Betulin alone and in
combination with acyclovir has been reported to inhibit
Herpes simplex virus types I and II [36]. Betulinic and
betulonic acids are also active against HSV, as well as against
influenza A and ECHO-6 picornavirus [37, 38]. The syner-
gistic effect of rimantadine and betulin-derived compounds
combinations against reproduction influenza virus type A
(HIN1, H7N1, and H3N2) and B in vivo is established [39].
Recent data provide evidence for the sensitivity of RNA
viruses, for example, the significant synergistic effects of
betulin derivatives, when combined with 3’-amino-3’-deoxy-
adenosine against Semliki Forest virus was shown [40].
Human cytomegalovirus (HCMYV) is an opportunistic viral
pathogen of the Herpesviridae family which infects newborns
and immunosuppressed individuals with high virulence,
leading to severe morbidity and mortality. It was shown that
betulin/betulinic acid and artesunic acid hybrids [41] and

triazine derivatives of allobetulin and betulinic acid [42] were
active against HCMV with ECs in the micromolar range.

Papillomaviruses are small, non-enveloped DNA viruses
that infect and replicate in the cutaneous or mucosal epi-
thelia of human and other mammals [43]. There are over 80
types of human papillomavirus (HPV), which cause con-
ditions ranging from plantar (HPV-1) and genital warts
(HPV-6 and -11) to cervical cancer (HPV-16, - 18, and -31).
HPV-6 and -11 are also responsible for laryngeal papillo-
matosis, a rare but very serious infection of the respiratory
tract. Antiviral agents capable of specifically inhibiting PV
replication could play an important role in the treatment of
these diseases, but unfortunately, no such efficient antiviral
agent exists at present. A series of triterpenoids were found
to inhibit HPV-11 and HPV-16 in the micromolar range
[44-46].

We submitted compounds 1, 2, 5-8, 10, 12, 14-16, and
24 to the Division of Microbiology and Infectious Diseases
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Table 3 In vitro antiviral activity of compounds 1, 2, 5-8, 10, 12, 14-16, and 24

Compound (ARB no.) ECsq ECyg CCs Slso Slyg

Herpes simplex virus 1*

1 (17-000257) >6 >6 25.67 <4 <4
6 (17-000261) >1.20 >1.20 322 <3 <3
8 (17-000259) >6 >6 7.87 <1 <l
14 (17-000258) >1.20 >1.20 2.78 <2 <2
15 (17-000260) >6 >6 10.63 <2 <2
Acyclovir 0.83 >150 >150 >181 1
5 (17-000262) >6 >6 12.76 <2 <2
12 (17-000263) >6 >6 14.91 <2 <2
24 (17-000264) >6 >6 6.14 <1 <l
Acyclovir 0.87 >150 >150 >172 1
Human cytomegalovirusb'C

1 (17-000257) 0.15 >6 17.20 115 <3
6 (17-000261) >1.20 >1.20 3.24 <3 <3
8 (17-000259) 0.11 >6 14.79 136 <2
14 (17-000258) >1.20 >1.20 3.49 <3 <3
15 (17-000260) 0.11 >6 18.58 172 <3
Ganciclovir 0.24 1.08 >150 >625 >139
5 (17-000262) >1.20 >1.20 4.08 <3 <3
12 (17-000263) >6 >6 15.32 <3 <3
24 (17-000264) >0.24 >0.24 1.18 <5 <5
Ganciclovir 0.80 >150 >150 >187 1

2 (18-000052) >1.20 >1.20 3.81 <3 <3
7 (18-000053) >30 >30 86.48 <3 <3
10 (18-000051) >30 >30 89.45 <3 <3
16 (18-000049) >30 >30 80.86 <3 <3
Ganciclovir 1.11 >150 >150 >135 1

1 (17-000257) >6 >6 18.71 <3 <3
8 (17-000259) >6 >6 16.14 <3 <3
15 (17-000260) >6 >6 17.56 <3 <3
Ganciclovir >150 >150 >150 1 1
Cidofovir 0.92 >30 110.24 120 <4
Human papillomavirus 11¢

1 (17-000257) >6 >6 11.89 <2 <2
5 17-000262) >1.20 >1.20 5.16 <4 <4
6 (17-000261) >0.24 >0.24 0.78 <3 <3
8 (17-000259) >1.20 >1.20 3.32 <3 <3
12 (17-000263) >1.20 >1.20 4.79 <4 <4
14 (17-000258) >0.24 >0.24 0.78 <3 <3
15 (17-000260) >1.20 >1.20 1.34 <1 <1
24 (17-000264) 1.07 >1.20 2.83 3 >2
9-[2-(Phosphonomethoxy)ethyl] 0.68 100.62 >150 >221 >1
guanine

ECsp—compound concentration that reduced viral replication by 50%; ECyy—compound concentration that reduced viral replication by 90%;
CCsy—compound concentration that reduced cell viability by 50%; SIs;—selectivity index (CCsy/ECsg)

#Virus strain: E-377; cell line: HFF; vehicle: DMSO; drug conc. range: 0.048—150 uM; control conc. range: 0.048-150 uM; experiment number:
17-hsv1-033 for 1, 6, 8, 14, 15; 17-hsv1-034 for 5, 12, 24; control assay order: primary; control assay name: CellTiter-Glo (cytopathic effect/
toxicity)

®Virus strain: AD169; cell line: HFF; vehicle: DMSO; drug conc. range: 0.048—150 uM; control conc. range: 0.048—150 uM; experiment number:
17-hemv-028 for 1, 6, 8, 14, 15; 17-hcmv-029 for 5, 12, 24; 18-hcmv-009 for 2, 7, 10, 16; control assay order: primary; control assay name:
CellTiter-Glo (cytopathic effect/toxicity)

“Virus strain: GDGr K17 (resistant isolate); cell line: HFF; vehicle: DMSO; drug conc. range: 0.01-30 uM; control conc. range: 0.048—150 uM;
experiment number: 17-hcmvR-041 for 1, 8, 15; control assay order: primary; control assay name: CellTiter-Glo (cytopathic effect/toxicity)

4Virus strain: HE611260.1; cell line: C-33 A; vehicle: DMSO; drug conc. range: 0.048—150 uM; control conc. range: 0.048—150 uM; experiment
number: 17-hpv11-013; control assay name: Nano-Glo Luciferase (Nanoluc)/CellTiter-Glo (toxicity)
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of the NIAID for antiviral testing. The NIAID selected a
panel of viruses [HCMV, HSV-1, and HPV 11 (HPV-11)]
for in vitro screening of these compounds. The detailed
information regarding antiviral screening and methods can
be found at http://www.niaid-aacf.org/ and were described
in the literature [47, 48].

The azepanobetulinic amide 6 and azepanoerythrodiol
14 have shown good viral inhibition towards HSV-1
(ECsp, ECgp>1.20uM) compared to standard drug
Acyclovir (EC5p = 0.83 uM; ECgyy> 150 uM). The azepa-
notriterpenoids 1, 8, 12, 15 and azepanobetulinic amides
5, 24 are active against HSV-1 with EC5o> 6 uM; ECyg >
6 UM (Table 3).

Just like HSV-1, compounds 2, §, and 24, (ECsy > 1.20;
>1.20 and >0.24uM) turned out to be active
towards HCMV for normal strain AD169 compared to
Ganciclovir (EC5p = 1.11 uM (2); EC5o = 0.80 uM (5, 24)),
and triterpenoids 6 and 14 showed weak activity with
ECs59>1.20uM (ganciclovir EC5y=0.24 pM). Amide 7,
azepanoallobetulin 10, abeo-lupane 12, and azepano-
glycyrrhetol 16 were inactive against HCMV. The azepa-
nobetulin 1, azepanouvaol 8, and azepano-glycyrrhetol 15
showed very high potency towards HCMV (ECs, 0.15;
0.11; 0.11 uM, respectively), and relatively low toxicity
(CCso 17.20; 14.79; 18.58 uM) with selectivity index
(SIso 115; 136; 172) compared to standard drug Ganci-
clovir (ECsy 0.24 uM; CCso> 150.00 uM; SI5p > 625 pM).
The ECs( and ECy, values for compounds 1, 8, 15 against
the resistant isolate GDGr K17 were higher than the values
for the reference drug ganciclovir (ECsy> 150 uM; ECqy >
150 uM), but at the same time lower ECs, value for cido-
fovir (ECso=0.92 uM).

The selectivity index (SI5) for compounds 1, 5, 6, 8, 12,
14, 15, and 24 against HPV-11 ranged from 3 to <4.
The amide 6 and azepanoerythrodiol 14 showed the best
potency (ECsp; ECog > 0.24 pM) compared to standard drug
9-[2-(phosphonomethoxy)ethyl]guanine (ECsy 0.68 uM;
ECyy 100.62 uM) (Table 3).

Molecular modeling
Antibacterial activity

In order to search for a possible mechanism of the anti-
bacterial action of compound 4 against S. aureus, we per-
formed molecular modeling of its possible interaction with a
number of bacterial targets. A low estimated binding energy
was obtained by docking compound 4 in S. aureus topoi-
somerase IV. Bacterial topoisomerase is involved in the
processes of replication, damage repair, and topology
changes of DNA molecule and, therefore, is an attractive
target for the design of new inhibitors that will have anti-
bacterial effects [49, 50]. We used the S. aureus topoi-
somerase [V XRD model with PDB ID 4URN [51]
(resolution 2.9 A) for calculations.

The topoisomerase XRD model under consideration is
co-crystallized with a naturally occurring antibiotic novo-
biocin. The authors of the model make a conclusion about
the complex configuration of the binding site, which affects
the resistance of topoisomerase to the action of antibiotics
[51]. New antibiotics can occupy additional areas of the
binding site and take on other conformations, overcoming
resistance.

In this regard, according to docking the location of
compound 4 in the binding site is interesting: it is able to
penetrate into the deep pocket of the binding site with its
aminocyclohexane group simulating the conformation of
novobiocin. The azepane-triterpene backbone of this deri-
vative occupies a mirror position relative to the novobiocin
molecule (Fig. 2b), stabilizing its conformation due to the
hydrogen bond of the protonated nitrogen atom of the
azepane ring with the amino acid residue Vall20 (Fig. 2a).

Antiviral activity

Considering the pronounced antiviral activity of compounds
1, 8, and 15 against cytomegalovirus, an attempt was made to

Fig. 2 a Docking of compound 4 (—3.413 kcal/mol) in S. aureus topoisomerase IV. Hydrogen bonds are shown by dashed green lines,
hydrophobic interactions are omitted. b Superposition of the structures of compound 4 (yellow) and novobiocin (gray) at the topoisomerase

binding site

SPRINGER NATURE


http://www.niaid-aacf.org/

Evaluation of A-azepano-triterpenoids and related derivatives as antimicrobial and antiviral agents 567

simulate a possible mechanism of the antiviral effect of these
compounds. All human herpes viruses possess a structurally
and functionally conserved serine protease [52]. This protease
is critical for the formation of the viral nucleocapsid and is
activated allosterically as a result of the dimerization process.
Given one of the key roles of serine protease in the replication
cycle of herpes viruses, it appears that inhibitors of this
enzyme may be effective antiviral agents [53]. The develop-
ment of covalent inhibitors capable of binding to the
substrate-binding site has become a complex process due to
its surface location, the absence of a deep cavity, and the high
variability of its spatial organization [54, 55]. The allosteric
nature of the activation of this enzyme is associated with two
structurally different active sites of each monomer. Dimer
formation leads to activation of the catalytic binding site. In
this regard, blocking allosteric dimerization sites can lead to
inhibition of viral protease activity [56]. To simulate a pos-
sible inhibition of allosteric dimerization of herpes virus
protease by new azepanbetulin derivatives the XRD model of
Kaposi’s sarcoma-associated herpesvirus (KSHV) protease in
complex with dimer disruptor with PDB ID 4P3H [56]
(resolution 1, 45 A) was chosen.

The active sites of dimerization of asymmetric monomers
of the viral protease are deep hydrophobic cavities, in which
the binding of possible dimer disruptors can be carried out
mainly through hydrophobic interactions. Both sites are
characterized by an open rotameric conformation of the
Trpl09 side chain, the pi system of which enters into
stacking interactions with the pyrimidine ring of the dimer
disruptor. In both sites, the disruptor molecule interacts with
the amino acid residue Prol92 and water molecules.
A specific feature of the binding of the disruptor in the
active site of monomer B is the formation of a hydrogen
bond with the Ser191 amino acid residue.

Modeling the interaction of new azepanbetulin derivatives
with active sites of dimerization shows that the hydrophobicity
of their triterpene scaffolds contributes to the formation of a
large number of hydrophobic interactions in the depth of the
binding cavity. All derivatives can interact with Trp109.
Compounds 1 and 8 interact with Pro192 only in the active
site of monomer B, while compound 15 interacts with it in
both active sites of monomers. The polar groups of the new
derivatives are apparently unable to form hydrogen bonds
with water molecules and the Ser191 amino acid residue in the
active site of monomer B. The proton of the hydroxyl group of
compound 1 can enter into a hydrogen bond with the oxygen
atom of Ala80 in the active site of monomer B. The presence
of the five-membered ring E in the structure of the triterpene
core in combination with the hydrophobic center of propene,
apparently, allows derivative 1 to penetrate deeper into the
hydrophobic pocket of the active site of monomer B, creating
conformational opportunities for the interaction of the
methanol substituent with Ala80 (Fig. 3). A hydrogen bond

with an amino acid residue in the active site significantly
reduces the estimated binding energy (Table 4).

Molecular modeling shows that hydrophobic structures
of azepanbetulin derivatives are theoretically capable of
entering the allosteric sites of herpes viral protease dimer-
ization, blocking dimer assembly and inhibiting its function.
According to the authors of the KSHV protease XRD model
[56], dimer disruptors were the least effective against herpes
viruses of the alpha family. This fact can confirm the
absence of a pronounced antiviral effect of azepanbetulin
derivatives against the herpes simplex virus.

Experimental
General

The spectra were recorded at the Center for the Collective
Use “Chemistry” of the Ufa Institute of Chemistry of the
UFRC RAS and RCCU “Agidel” of the UFRC RAS. 'H
and 3C NMR spectra were recorded on a “Bruker AM-
500” (Bruker, Billerica, MA, USA, 500 and 125.5 MHz,
respectively, 8, ppm, Hz) in CDCl;, internal standard tet-
ramethylsilane. Mass spectra were obtained on a liquid
chromatograph—mass spectrometer LCMS-2010 EV (Shi-
madzu, Kyoto, Japan). Melting points were detected on a
micro table “Rapido PHMKO05” (Nagema, Dresden, Ger-
many). Optical rotations were measured on a polarimeter
“PerkinElmer 241 MC” (PerkinElmer, Waltham, MA,
USA) in a tube length of 1dm. Elemental analysis was
performed on a Euro EA-3000 CHNS analyzer (Eurovector,
Milan, Italy); the main standard is acetanilide. Thin-layer
chromatography analyses were performed on Sorbfil plates
(Sorbpolimer, Krasnodar, Russian Federation), using the
solvent system chloroform-ethyl acetate, 40:1. Substances
were detected by 10% H,SO, with subsequent heating to
100-120 °C for 2-3 min. Compounds 1, 2 [57], 3, 17-20
[24], 4, 6,9, 11, 12, 15, 16, 22, 23 [58], 5 [31], 7 [59], 8, 13
[22], 10, 21 [30], 14 [60], 25 [61], 28 [62], and 35 [63] were
prepared by the literature methods. Oleanolic acid 27 was
purchased from Xian RongSheng Biotechnology Co., Ltd.

Chemistry

3-Deoxo-3a-homo-17-(imidazolino)-3a-aza-lup-20
(29)-en-carboxamide (24)

To a solution of 1 mmol (0.47 g) compound 23 in dry
CH,Cl, (20 ml) 1 mmol (0.09 ml) (COCI), and three drops
of E;N were added, the mixture was stirred for 3 h at 22 °C,
organic solvent was removed in vacuum. A solution of
freshly prepared 1 mmol A-azepanobetulinic acid chloride
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Fig. 3 Docking of compounds 1, 8 and 15 in KSHV protease asym- Noncovalent interactions of molecules are shown by dotted lines:
metric monomers binding sites (monomer A (a, ¢, e, g); monomer B green—hydrogen bonds, purple—stacking and pi-sigma interactions,
(b, d, f, h). a (—4.004kcal/mol), b (—8.137 kcal/mol)—dimer pink—hydrophobic interactions

disruptor; ¢, d compound 1; e, f compound 8; g, h compound 15.
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Table 4 KSHV protease asymmetric monomers docking results

Binding energy®, kcal/mol

Ligand Monomer A Monomer B
Dimer disruptor (4P3H) —4.004 —8.137
1 —5.350 —7.244
8 —4.491 —5.185
15 —4.372 —5.641

*Value is not genuine binding energy but estimated docking score

in dry CH,Cl, (20 ml) was treated with 1.3 mmol (0.09 g)
imidazole and a catalytic amount of DMAP with the fol-
lowing reflux during 3 h. On completion of the reaction the
mixture washed with 5% HCI solution (2x100 ml) and H,O
(100 ml), dried over CaCl,, the solvent was removed under
reduced pressure. Then a mixture of crude derivative
(1 mmol) and 2.2 mmol (0.07 g) LiAlH, in dry THF (20 ml)
was refluxed for 1h, after cooling H;O (20 ml) and 10%
HCl (10ml) were added dropwise. The mixture was
extracted with CHCl; (3 x20ml), the organic layer was
washed with water and dried over CaCl,. The solvent was
removed under reduced pressure, the residue was purified
by column with Al,O3; the product was successively eluted
chloroform, and a chloroform-ethanol mixture (50:1). Yield
(041 g, 82%), m.p. 261-263 °C, [a]p>’ + 18° (¢ 0.003,
CHCly); 64 (500.13 MHz, CDCl3) 0.89 (s, 3H, H25), 0.92
(s, 3H, H27), 1.14 (s, 3H, H26), 1.39 (s, 3H, H24), 1.48
(s, 3H, H23), 1.59 (s, 3H, H30), 1.17-1.40 (m, 12H), 1.50-
2.30 (m, 14H), 2.89-3.37 (m, 2H, H19, NH), 4.61 (br.s, 1H,
H29a), 4.75 (br.s, 1H, H29b), 7.02 (s, 1H, CH), 7.28 (s, 1H,
CH), 7.52 (s, 1H, CH). 6¢ (125.76 MHz, CDCl5) 14.8, 16.1,
19.3, 21.3, 21.8, 22.7, 26.9, 27.9, 28.0, 29.0, 30.6, 33.0,
34.0, 36.9, 37.6, 39.4, 40.9, 41.3, 42.4, 42.9, 45.0, 48.5,
51.3, 54.7, 57.9, 59.9, 63.2, 109.7, 117.5, 128.9, 137.2,
150.2, 172.6. MS (APCI) m/z 504.79 [M — H]™ (calcd for
C33H51N3O, 50579) Anal. Calcd for C33H51N3OZ C, 7837,
H, 10.16; N, 8.31. Found: C, 78.39; H, 10.17; N, 8.27.

3-Deoxy-3a-homo-17p-(4-
pyridinoylhydrazinocarbonyl)-3a-aza-urs-12(13)-
en (26)

To a solution of 1 mmol (0.47 g) compound 25 in dry
CH,Cl, (20 ml) 1 mmol (0.09 ml) (COCI), and three drops
of Et;N were added, the mixture was stirred for 3 h at 22 °C,
organic solvent was removed in vacuum. A solution of 1
mmol (0.49 g) freshly prepared acid chloride in dry CH,Cl,
(20ml) was treated with the 1.3mmol (0.18g) 4-
pyridinoylhydrazide with following reflux during 3h. On
completion of the reaction the mixture washed with 5% HCI
solution (2 x 100 ml) and H,O (100 ml), dried over CaCl,,
the solvent was removed under reduced pressure. Then to a

solution of 1 mmol crude derivative in dry THF (20 ml) 2.2
mmol (0.07 g) LiAlH,; was added, and the mixture was
refluxed for 1h, then HyO (20 ml) and 10% HCI1 (10 ml)
were added dropwise. The mixture was extracted with
CHCI; (3 x20ml), filtered, the organic layer was washed
with water and dried over CaCl,. The solvent was removed
under reduced pressure, the residue was purified by column
with Al,O;; the product was successively eluted chloro-
form, and a chloroform-ethanol mixture (50:1, 25:1). Yield
0.41¢g (72%); m.p. 121-124°C; [a]p™® +36° (¢ 0.05,
CHCly); 6y (500.13 MHz, CDCl3) 0.76, 0.91, 0.99, 1.02,
1.05, 1.15, 1.22 (7s, 21H, 7CHj3), 1.25-2.65 (m, 25H, CH,
CH,), 5.25 (br.s., 1H, H-12), 6.51 (br.s., 3H, 3NH), 7.74
(m, 2H, CH), 8.87 (m, 2H, CH); 6. (125.76 MHz, CDCly)
15.1, 15.2, 16.8, 17.1, 21.9, 23.4, 23.7, 24.1, 26.4, 27.9,
30.7, 31.5, 32.7, 34.1, 36.7, 37.5, 38.8, 39.1, 40.7, 42.2,
473,479, 52.6,55.2,56.6, 63.2, 66.7, 120.9, 125.5, 128.3,
138.0, 138.5, 150.4, 150.9, 177.7 (NHCO), 182.5 (CONH);
MS (APCI) m/z 575.85 [M + H]" (caled for C36Hs4N4O,,
574.85). Anal. Calcd for C3Hs4N4O,: C, 75.22; H, 9.47,
N, 9.75. Found: C, 75.80; H, 9.40; N, 10.03.

Synthesis of compounds (29-31)

To a solution of 1 mmol (0.45g) compound 27 or 1 mmol
(0.45 g) compound 28 in dry CH,Cl, (20 ml) 1 mmol (0.09 ml)
(COCl), and three drops of Et;N were added, the mixture was
stired for 3h at 22°C, organic solvent was removed in
vacuum. A solution of 1 mmol freshly prepared corresponding
acid chloride in dry CH,Cl, (20 ml) was treated with the 1.3
mmol (0.18 g) 4-pyridinoylhydrazide (synthesis of compounds
29 and 30) or 1.3mmol (0.18g) 3-pyridinoylhydrazide
(synthesis of compound 31) with following reflux during 3 h.
On completion of the reactions the solvent was evaporated in
vacuum, the residues were washed with water, dried and then
purified by column chromatography eluting by chloroform and
chloroform—methanol (50:1).

3B-Hydroxy-17p-(4-pyridinoylhydrazinocarbonyl)-
olean-12(13)-en (29)

Yield 0.46 g (76%); m.p. 198-200 °C; [a]p>’ + 29° (¢ 0.05,
CHCL); 8y (500.13 MHz, CDCly) 00.77, 0.88, 0.99, 1.02,
1.05, 1.15, 1.21 (7s, 21H, 7CHj), 1.22-2.82 (m, 23H, CH,
CH,), 5.47 (br.s., 1H, H-12), 7.66 (d, 2J = 6.0 Hz, 2H, CH),
8.64 (d, 2J=5.8Hz, 2H, CH), 9.23 (br.s., 2H, 2NH); ¢
(125.76 MHz, CDCLy) 15.1, 15.2, 16.2, 19.4, 19.5, 21.5, 23.5,
23.6,23.8,25.7,26.3,27.2,30.7, 31.8, 32.4, 32.9, 33.9, 34.1,
36.6, 39.1, 39.3, 41.3, 41.9, 46.1, 46.8, 47.4, 552, 121.2,
123.8, 128.3, 138.4, 143.7, 150.4, 161.9 (NHCO), 174.7
(CONH); MS (APCI) m/z 576.85 [M+H]' (caled for
C36H53N3O3, 57584) Anal. Calcd for C36H53N3O3I C, 7509,
H, 9.28; N, 7.30. Found: C, 74.89; H, 9.11; N, 7.53.

SPRINGER NATURE



570

0. Kazakova et al.

3-Oxo-17p-(4-pyridinoylhydrazinocarbonyl)-olean-
12(13)-en (30)

Yield 0.47 g (78%); m.p. 166-168 °C; [a]p>’ 4 23° (¢ 0.05,
CHCLy); 8y (500.13 MHz, CDCl;) § 0.76, 0.89, 0.99, 1.01,
1.05, 1.15, 1.21 (7s, 21H, 7CHy), 1.22-2.82 (m, 23H, CH,
CH,), 5.47 (brs., 1H, H-12), 7.67 (d, J = 6.0 Hz, 2H, CH),
8.63 (d, 2J=5.8Hz, 2H, CH), 921 (br.s., 2H, 2NH); &¢
(125.76 MHz, CDCl3) 15.1, 15.3, 16.2, 19.4, 19.5, 21.4, 23.5,
23.6,23.8,25.7,26.3,27.2,30.7,31.8, 32.4, 32.9, 33.9, 34.1,
36.6, 39.1, 39.3, 41.3, 41.9, 46.1, 46.8, 47.4, 552, 121.2,
123.8, 1283, 138.5, 143.7, 150.5, 161.9 (NHCO), 174.7
(CONH), 217.4 (C=0); MS (APCI) m/z 574.82 [M+H]"
(calcd for C36H5]N303, 57382) Anal. Calcd for C36H5]N3O3Z
C, 75.35; H, 8.96; N, 7.32. Found: C, 75.38; H, 9.00; N, 7.30.

3-Oxo0-17p-(3-pyridinoylhydrazinocarbonyl)-olean-
12(13)-en (31)

Yield 0.44 g (73%); m.p. 158160 °C; [a]p>° + 34° (¢ 0.05,
CHCl); 6y (500.13 MHz, CDCl5) 0.62, 0.76, 0.89, 0.99,
1.04, 1.16, 1.19 (7 s, 21H, 7CHj3), 1.20-2.79 (m, 23H, CH,
CH,), 5.53 (br.s., 1H, H-12), 7.38 (m, 1H, CH), 8.18 (m,
1H, CH), 8.63 (m, 1H, CH), 9.21 (m, 1H, CH), 10.71 (br.s.,
2H, 2NH); 6. (125.76 MHz, CDCl,) 15.1, 16.2, 19.5, 21.5,
23.5, 23.7, 23.8, 25.7, 26.3, 27.3, 30.7, 31.8, 32.1, 32.9,
33.9, 34.1, 36.6, 39.2, 39.3, 41.5, 42.0, 46.1, 46.2, 46.8,
47.5,55.2,123.3, 123.9, 127.4, 135.2, 143.8, 148.7, 152.6,
161.6 (NHCO), 174.0 (CONH), 217.5 (C=0); MS (APCI)
m/z 574.82 [1V[—‘y—H]jL (calcd for C36H51N3O3, 57382)
Anal. Calcd for C34Hs5N;O5: C, 75.35; H, 8.96; N, 7.32.
Found: C, 75.40; H, 9.05; N, 7.28.

3-Deoxy-3a-homo-30-0-p-toluenesulfonyl-3a-aza-
olean-12(13)-en (32)

A mixture of 1 mmol (0.43 g) compound 15, 1.5 mmol
(0.29 g) p-toluenesulfonyl chloride and a catalytic amount
of DMAP in anhydrous pyridine (30 ml) were stirred for 48
h at room temperature and poured into a 5% HCI solution
(100 ml). The precipitate was filtered, washed with water,
dried, and chromatographed on a column with Al,Os; the
product was successively eluted with chloroform and a
chloroform-ethanol mixture (50:1, 40:1). Yield 0.52¢g
(88%); m.p. 140146 °C; [a]p*° + 23° (¢ 0.05, CHCly); 6y
(500.13 MHz, CDCl3) 0.69, 0.72, 1.05, 1.13, 1.21, 1.41,
1.49 (7s, 21H, 7CHj;), 0.92-2.12 (m, 21H, CH and CH,),
2.42 (s, 3H, CHj3), 2.89 (m, 2H, CH,), 3.21 (m, 2H, CH,), 3.
63 (br. s, 1H, NH), 3.81-3.89 (m, 1H, CH,), 3.70-3.81 (m,
1H, CHp), 5.15 (br.s., 1H, H-12), 7.35 (m, 2H, CH), 7.75
(m, 2H, CH); é¢ (125.76 MHz, CDCl3) 16.1, 17.1, 18.4,
19.9, 20.7, 23.6, 24.3, 25.2, 25.4, 25.8, 27.1, 27.5, 28.0,
28.3, 29.4, 29.5, 32.3, 35.4, 35.9, 374, 40.1, 40.3, 41.2,
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42.5, 44.1, 46.6, 50.8, 54.5, 73.9, 123.1, 1279, 127.9,
129.8, 129.9, 132.9, 143.3, 144.6. MS (APCI) m/z 596.93
[M + H]* (caled for C37H5;NO5S, 595.93). Anal. Calcd for
C;37H57NO5S: C, 74.57; H, 9.64; N, 2.35; S, 5,38. Found:
C, 73.71; H, 9.87; N, 2.32; S 5.42.

3-Deoxy-3a-homo-3a-aza-lup-20(29)-en-28-al (33)

To a mixture of 1 mmol (0.43 g) compound 1 in 50 ml CH,Cl,
1 mmol (0.02 g) PCC was added. The mixture was stirred for
30min at 25 °C, and then quenched by the addition of 9 ml
MeOH, the resulting mixture was left for a while and then
washed with dry ether and filtered. The solvent was removed
and the residue was purified by column chromatography
eluting by chloroform and chloroform—ethanol (50:1). Yield
0.32 g (73%); m.p. 266-268 °C, [a]p>° + 55° (¢ 0.1, CHCly);
oy (500.13 MHz, CDCl5) 0.80, 1.11, 1.20, 1.25, 1.30, 1.70 (6
s, 18H, 6CH3), 1.80-2.50 (m, 26H), 3.30 (br. s., 2H, H3), 4.60
(s, 1H, H29b), 4.70 (s, 1H, H29a), 9.65 (br.s., 1H, CHO); 6
(125.76 MHz, CDCly) 13.9, 16.3, 16.3, 19.4, 19.9, 21.8, 22.2,
25.3, 26.1, 26.9, 27.4, 28.3, 29.1, 33.4, 34.2, 34.5, 34.6, 36.8,
38.9, 39.5, 40.8, 41.1, 42.2, 42.9, 46.7, 544, 63.1, 110.2,
149.4, 206.4 (CHO). MS (APCI) m/z 440.73 [M + H] " (caled
for C3yH4oNO, 439.73). Anal. Calcd for C30H4oNO: C, 81.94;
H, 11.23; N, 3.19 %. Found: C, 81.95; H, 11.22; N, 3.19.

3-Deoxy-3a-homo-3a-aza-28-(4-
pyridinoylhydrazono)-lup-20(29)-en (34)

A solution of 1 mmol (0.44 g) compound 33 and 1.3 mmol
(0.18 g) 4-pyridinoylhydrazide in 25 ml MeOH was stirred
for 8h, and then poured into 100 ml 5% HCI. The pre-
cipitate was filtered, washed with H,O and dried. The
residue was purified by column chromatography eluting by
chloroform and chloroform—ethanol (50:1). Yield 0.38 g
(69%), m.p. 185-187 °C, [a]p20 + 35° (¢ 0.003, CHCly);
oy (500.13 MHz, CDCly) 0.70, 0.85, 0.98, 1.01, 1.10, 1.90
(6 s, 18H, 6CHj3), 1.70-2.70 (m, 25H, CH, CH,), 2.95 (br.s.,
1H, H3), 3.25 (br.s., 1H, H19), 4.55 (s, 1H, H29a), 4.65 (s,
1H, H29b), 7.55 (br.s., 1H, H28), 7.85 (br. s, 2H, CH), 8.78
(br. s, 2H, CH), 10.05 (s, 2H, 2NH); 6¢ (125.76 MHz,
CDCl3) 15.7, 16.3, 18.1, 19.3, 22.7, 23.3, 25.7, 26.2, 27.7,
28.6, 29.7, 30.7, 31.9, 33.5, 37.2, 38.6, 39.9, 40.8, 41.2,
427, 46.9, 47.5, 48.0, 49.0, 54.2, 56.5, 62.3, 109.4, 121.1,
123.4, 139.8, 149.3, 150.4, 150.9, 161.9 (NHCO), 166.0
(CH=N). MS (APCI) m/z 559.76 [M +H]" (caled for
C36H54N4O, 55886) Anal. Calcd for C36H54N4OI C, 7737,
H, 9.74; N, 10.03. Found: C, 77.39; H, 9.74; N, 10.04.

Synthesis of compounds (36, 37)

To a solution of 1 mmol (0.44 g) aldehyde 35 in dry MeOH
(60 ml) 2.0 mmol (0.28 g) 3-pyridinoylhydrazide was added,
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the mixture was stirred 6 h, then poured into H,O (100 ml).
The precipitate was filtered, washed with water and dried.
The crude product was purified by column chromatography
eluting by chloroform and chloroform—ethanol (50:1).

3-0x0-28-(4-pyridinoylhydrazono)-lup-20(29)-en (36)

Yield 0.37 g (65%); m.p. 164-167 °C, [a]p*° + 55° (¢ 0.1,
CHCly); 8y (500.13 MHz, CDCl3) 0.79, 0.99, 1.00, 1.17,
1.25, 1.65 (6's, 18H, 6CH3), 1.10-2.80 (m, 25H, CH, CH,),
4.50 (s, 1H, H29a), 4.65 (s, 1H, H29b), 7.25 (br. s, 1H,
H28), 7.99 (m, 1H, CH), 8.25 (m, 1H, CH), 8.67 (m, 1H,
CH), 9.15 (m, 1H, CH), 10.60 (br.s, 1H, NH); 6 (125.76
MHz, CDCl) 14.5, 15.9, 19.0, 19.6, 21.0, 25.1, 26.6, 27.9,
29.7, 32.3, 33.4, 34.1, 36.8, 38.3, 38.8, 39.5, 40.7, 42.8,
473,479, 48.3, 49.1, 49.3, 49.6, 51.1, 54.7, 110.2, 122.6,
129.5, 137.5, 149.6, 153.5, 158.6, 161.9 (CH=N), 168.3
(NHCO), 218.5 (C=0). MS (APCI) m/z 558.82 [M + HJ"
(caled for C3gHs51N30O,, 557.82). Anal. Calcd for
C36H5:N30,: C, 77.51; H, 9.22; N, 7.53. Found: C, 77.55;
H, 9.25; N, 7.58.

3,28-Di-(4-pyridinoylhydrazono)-lup-20(29)-en (37)

Yield 0.05g (7%); m.p. 168-170°C, [a]p* +45° (¢ 0.1,
CHCly); 6y (500.13 MHz, CDCl3) 0.79, 0.98, 1.00, 1.18,
1.14, 1.66 (65, 18H, 6CH3), 1.12-2.80 (m, 25H, CH, CH,),
4.50 (s, 1H, H29a), 4.65 (s, 1H, H29b), 7.25 (br. s, 1H, H28),
7.99 (m, 2H, CH), 8.35 (m, 2H, CH), 8.67 (m, 2H, CH), 9.20
(m, 2H, CH), 10.99 (brs, 2H, 2NH); 6. (125.76 MHz,
CDCly) 14.5, 15.7, 19.0, 19.5, 21.2, 25.1, 26.6, 27.9, 29.7,
32.4,33.5, 34.1, 36.7, 36.9, 38.3, 38.8, 39.5, 40.7, 42.8, 47.3,
479, 48.3, 49.1, 49.3, 49.6, 50.8, 54.9, 110.2, 122.6, 123.6,
128.3, 1294, 136.3, 137.5, 148.1, 149.6, 150.7, 151.8, 153 .4,
158.6 (CH=N), 161.9 (C=N), 168.2 (NHCO). MS (APCI)
m/z 677.95 [M + H]+ (calcd for C42H56N602, 67695) Anal.
Calcd for C4oHssNgO,: C, 74.52; H, 8.34; N, 12.41. Found:
C, 74.60; H, 8.40; N, 12.40.

Biology

All biology experimental procedures and molecular mod-
eling methods are described in the Supplementary materials.

Conclusions

Thus, we have synthesized a series of semisynthetic tri-
terpenoids bearing A-azepano-, A-seco-3-amino-, and
hydrazido/hydrazono fragments and their antimicrobial
activity against key ESKAPE pathogens and DNA viruses
was evaluated. Azepanobetulinic acid cyclohexyl amide 4
displayed good antibacterial activity that exceeds the

effect of the clinically used antibiotic vancomycin, low
cytotoxicity to HEK-293 and selectivity index SI 133
even at a maximum tested concentration of >10 uM and
hence showed greatest potential for further investigations
as noncytotoxic anti-MRSA agent. Azepanobetulin 1,
azepanouvaol 8, and azepano-glycyrrhetol 15 showed
high potency towards HCMV (ECs, 0.15; 0.11; 0.11 uM)
with selectivity indexes Slsy 115; 136; 172, respectively.
The docking studies suggest the possible interactions of
the leading compounds with the molecular targets.
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