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Graphical Abstract

This work describes the synthesis and in vitro antimicrobial evaluation of carbohydrate-
based isoquinoline-5,8-diones and 1,4-naphthoquinones and their  halogenated
derivatives against Gram-positive and Gram-negative bacteria. Several halogenated
quinones exhibited promising MIC and MBC values (MIC=MBC = 4-16 pg/mL)
against two Gram Negative bacteria strains of clinical importance.

Structural modifications of the most active compounds: Insertion of the nitrogen and halogen groups on the quinone ring
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Abstract

Antibiotic resistance has emerged as a seriousagjulblic health problem and lately
very few antibiotics have been discovered and duced into clinical practice.
Therefore, there is an urgent neéat the development of antibacterial compounds with
new mechanism of action, especially those capablevading known resistance
mechanisms. In this work two series of glycoconjagand non-glycoconjugate amino
compounds derived from of isoquinoline-5,8-dione dnd-naphthoquinone and their
halogenated derivatives were synthesized and dealutor antimicrobial activity
against Gram-positiveEfiterococcus faecali&@TCC 29212, Staphylococcus aureus
ATCC 25923,S. epidermidisATCC 12228,S. simulansATCC 27851) and Gram-
negative bacteriade, coliATCC 25922 Proteus mirabilisSATCC 15290K. pneumoniae



ATCC 4352 andP. aeruginosaATCC 27853) strains of clinical importance. Thigdy
revealed that glycoconjugate compounds derived frdmalogeno-substituted
naphthoquinones were more active against Gram-vegadtrains, which cause
infections whose treatment is even more difficatcording to the literature. These
molecules were also more active than isoquinoli@eebone analogs with minimum
inhibitory concentration (MIC = 4-32 ug/mL) withi@linical and Laboratory Standard
Institute MIC values (CLSI 0.08-256 pg/mL). Intaregly the minimal bactericidal
concentration (MBC) values of the most active commus were equal to MIC
classifying them as bactericidal agents againstm@ragative bacteria. Sixteen
compounds among eighteen carbohydrate-based napimboes tested showed no
hemolytic effects on health human erythrocytes wasr more susceptibility to
hemolytic cleavage was observed when using nomeghgugate amino compounds.
silico Absorption, Distribution, Metabolism, Excretion danToxicity (ADMET)
evaluation also pointed out that these compounelgatential for oral administration
with low side effects. In general, this study irated that these compounds should be
exploited in the search for a leading substanca project aimed at obtaining new
antimicrobials more effective against Gram-negahiaeteria.

Keywords: Quinone, Isoquinoline-5,8-dione, Antimicrobial yébconjugate.

Introduction

In the past few decades, the discovery and devedopraf antibiotics have
successfully led to the drastic reduction in humaortality!) However, the overuse
and incorrect prescription of antimicrobials haesulted in hospital and community-
acquired multi-drug resistant pathog&hsThe rising drug resistance against first line
drugs had requested more costly second and thieddliugs that are often unaffordable
or unavailable to most of developing and poor coesf! Recently, bacterial resistance
to oral ciprofloxacin was associated to the ussublstandard and spurious quality drugs
in the developing countriéd.

According to the Infectious Diseases Society of Ap# (IDSA), few
substances have been discovered and/or develomedstgesistant Gram-negative
bacteria, such aBnterobacterspp.,Pseudomonas aerugingsélebsiella pneumoniae

and Acinetobacterspp®® The development of antimicrobial agents is famfrbeing



considered profitable for the pharmaceutical indest different from those used to
treat such as chronic illness (e.g., diabetes, bighd pressure, psychiatric disorders
and asthmaf!

Important antibiotic-resistance genes currently olme K. pneumoniae
carbapenemase (KPC), methicillin-resistar@taphylococcus aureus(MRSA),
carbapenemase-produciBgterobacteriacea€¢CPE), penicillin-resistarbtreptococcus
pneumoniag PRSP), vancomycin-resistaahterococci(VRE) and extended-spectrum
B-lactamase producingnterobacteriaceadESBL)!"® These bacteria are responsible
for causing serious life-threating infections suab hospital-acquired pneumonia,
bloodstream infections, urinary tract infectionsnfr catheters, abdominal infections and
cerebro-spinal meningitis®*% The prevalence of infections caused by Gram-negati
bacteria has increased worldwide. They are moistaes to several or all antibacterial
agents currently available than Gram-positive b#tt&™ this resistance profile due to
outer membrane of the Gram-negative bacterialveall that acts as a barrier to many
substances, including antibioti¢&™®!

Quinones are widely distributed in different famdiof plants, fungi and some
animals. Many of them have been described as cytotagents for anticancer
therap¥®*% whereas others play a role in vital biochemicacpsse&®?!! Ubiquinone
(1, UQ), also called coenzyme Q, and menaquin@&iK), a fat-soluble vitamin K,

are essential components of the electron-transfetetial pathway (Figure 12°
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Figure 1. Examples of quinone derivatives as antibactegehés.

The quinones can be cytotoxic through several nmeshis of action, including

redox cycle that affects the electron transportesys in celld'® As part of our research



program on the synthesis of structurally modifiedingnes with biologically
antibacterial activity for medical reseaf€h we explored the synthesis and antibacterial
evaluation of sugar-based naphthoquinones and irsalqne-5,8-diones. According to
the literature, representative examples of biollfycactive naphthoquinones include
amino compound8-4 (Figure 1%°, which showed promising antimicrobial profile with
Minimum Inhibitory Concentration (MIC) and MinimaBactericidal Concentration
(MBC) values in range of 1.0 to 2.0 pg/ml agaiastherichia colIATCC25922 andP.
aeruginosaATCC27853, two Gram-negative strains of clinicaportance. Mono- and
di-brominated aminoquinonésand6 were also effective in preventirig coli growth
(MIC = MBC = 2-4 pg/mL)?® Other classes of aminoquinone anal@eg?”?® and
halogenated derivative®-11%°2% (Figure 1) were also reported to exhibit significa
antimicrobial activity against pathogenic bacteria.

The current literature pointed the generation divacoxygen species (ROS) by
redox cycling, intercalation in the DNA double kxebr alkylation of biomolecules as
inhibitory mechanisms of quinone compoufds®=>¥ In all of them, the biological
profile requires bioreduction of the quinone nusles the first activating stég! The
reduction process of the quinones to hydroquinameslving their redox properties is
very important in many biological systems and may felated to efficacy and
selectivity profiles of these antibioti€8 Quinones and related analogues are also
known by their irreversibly complexation with nugfilic amino acids in proteins,
leading to inactivation and loss of proteins fuoitiln this case, their biological activity
is probably due to their ability to interact witkllwlar polypeptides, membrane-bound
enzymes and surface-exposed adhesins of pathdugctieria>* >

Aminoglycosides represent another class of antwbiat agents that has been
extensively studied. Carbohydrate-based antibiotsisch as streptamine and
epistreptaminé® are representative members of this family. Cardodtgs are
important as signaling molecules and for celluGrognition events, being explored for
the development of new biologically active sugasdzhcompounds’=®!

Based on our experience in the field of synthdgicaiodified quinone®182¢!
we present the synthesis of two classes of quingoesining amino sugar groups
(12a-candl15a-qg, related halogen compounds3@é-G 14a-g 16a-candl1l7a-g and the
antimicrobial evaluation of these substances ag&nam-positive and Gram-negative

bacteria of clinical importance (Figure 2).



We also explored the synthesis and antibacterd@il@rof the non-halogenated
amino compound42d and15d and of the halogenated derivativE3d, 14d, 16d and
17d, to evaluate the effect of the sugar chain att¢behe naphtoquinone ring on their
biological activity. Finally, we also determinecetim silico ADMET parameters anith

vitro hemocompatibility of the most active compounds.
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Figure 2. Structures of amino sugar-based isoquinoline-i8eat12a-dand naphthoquinones
15a-dand their halogenated compourdda-d 14a-d 16a-dandl7a-d

Results and Discussion
Chemistry

The synthesis of the derivativB8a-cwas performed as shown in the following
scheme (Scheme 1! The compoundg8a-cwere converted to the acetonidi3a-b
and 23 by reaction with acetone under acidic conditiGfsSelective desprotection of
the 3,5-acetonide moiety @f3, in agueous solution of hydrochloric acid, affatdee
monoacetonide structurt9c!’” Reaction of the carbohydrate derivativE3a-c with
tosyl chloride, in pyridine, furnished the corresdmg tosyl esterf0a-c in good
yields!**? The latter derivatives were transformed into theresponding azide
carbohydrate1a-c by reaction with sodium azide in DMF. Catalytiduetion (H,
10% Pd/C) of sugar-azid@ia-c gave the aminocarbohydrat2®a-¢***) as outlined

in Scheme 1.
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Scheme 1Preparation of the amino-compou22ia-c

The reaction between 2,5-dihydroxyacetophenor?d) (and methyl 3-
aminocrotonate2b) (Scheme 2) furnished 5,8-dihydroxy-1,3-dimetlsdguinoline-4-
carboxylate 26), which was subsequently oxidized to isoquinoln@-dione 27) with
MnO; in CH,Cl,.1*®!
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Scheme 2Preparation of functionalized isoquinolinedidzié

The Michael addition reaction, under ultrasound, tween the
aminocarbohydrate®?a-cand the quinone®7-28led to the formation of the respective
sugar-based quinond2a-candl15a-g as shown in Scheme 3. These compounds were
purified by silica gel column chromatography aneitistructures were confirmed using



one- and two-dimensional NMR techniquéd,[**C-APT, COSY*H x *H, HSQC and
HMBC "Jch (n = 2 and 3)], IR spectroscopy and elementalyaisl
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15a, R = ribofuranosidyl, Ry =R, =Hand X=C
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Scheme 3Synthesis of amino sugar quinorigga-candl15a-c

Major 2D HMBC correlations observed in the specttf&7 and12a confirmed
the regioselectivity of the addition reaction. the spectrum of isoquinoline-5,8-dione
27 long range correlations from the methyl proton®4ppm) led to the assignments of
C-1 (159.9ppm) and C-8a (121.0ppm). It was alsceniesl long-range connectivity
from H-7 (7.26ppm) to C-8a. In both spectra thererewvobserved long range
correlations from H-6 (5.70ppm, 7.26ppm) to C-4882ppm, 135.4ppm), C-8
(181.4ppm, 185.3ppm) and C-5 (180.6ppm, 184.4ppim}.resonances of the carbonyl
carbons, C-5 and C-8, were assigned on the basisabysis of the resonance effect of
the amino group attached to the C-7 position of daeone ring ofl2a-d which
renders the C-5 carbon less electrophilic.

In the Scheme 4, the addition reaction of sodiuidea unsaturated carbonyl
compounds27 and 28 gave the corresponding azidohydroquinoB88sand 31, which

were converted into the desired amino compourftsand15d.1*"!
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Scheme 4Synthesis of non-substituted aminoquinoh2d and15d.

The reactions of the quinon&2a-dand15a-dwith N-chlorosuccinimide (NCS)
andN-bromosuccinimide (NBS) gave the correspondingramdted compound$3a-d,
16a-dand the brominated derivativéda-d 17a-d in good yields (Scheme 5).
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Scheme 5Preparation of quinone derivativé3a-d 16a-d 14a-dand17a-d

Biological analysis

Aminoquinonesl2a—d 13a—d 14a-d 15a-d 16a-d and 17a-d were initially
screened for antimicrobial activity against Gransipee [Enterococcus faecaliaTCC
29212,Staphylococcus aureusTCC 25923 .S. epidermidiATCC 12228,S. simulans
ATCC 27851) and Gram-negative bacteria €oli ATCC 25922,Proteus mirabilis



ATCC 15290 K. pneumoniaddTCC 4352 andP. aeruginosaATCC 27853) of clinical
importance. The disc diffusion test is a qualiatsusceptibility assay that revealed 14
active compounds among the 24 tested, with inbibitzones against both Gram-
positive and Gram-negative bacteria (7-30 mm) simib those of ciprofloxacin and
vancomycin (Table 1). Interestingly, within the haogous series of 7-amino-
isoquinoline-5,8-diones 1@a-d), only quinone glycoconjugate$2b-c were active
(Table 1). These results suggested that the twestgb sugar groups, galactopyranosyl
and xilofuranosyl, respectively, are an importagiguirement for the selective
antimicrobial activity of these compounds agaBsepidermidiATCC 12228 strain.

Compoundsl3b-d, resulting from the incorporation of chlorine stitoent in
the structure of their respective analogli2b-d, showed different antibacterial profiles
(Table 1). The aminoquinone derivatit8b was inactive against all microorganisms
tested andl13c produced a discrete halo of inhibition against Beam-positive
bacteriumS. epidermidiATCC 12228. Wherea$3d showed growth inhibitory halos
against all bacteria of the gen@saphylococcusimilar to vancomycin. Brominated
glycoconjugate derivativdd4a and non-glycosylated compouritd showed broad
spectrum of activity against Gram-positive and Graggative strains. Interestingly,
similar to vancomycin and ciprofloxacid4dd was active against four Gram-positive
bacteria §. aureusATCC 25923,S. epidermidisATCC 12228,S. simulansATCC
27851 andS. aureusMRSA (BMB9393), and two Gram-negative bacteria €oli
ATCC 25922 andP. aeruginosaATCC 27853).



Table 1 Results of antimicrobial evaluation of compoud@s-d 13a-d 14a-d, 15a-d 16a-dandl17a-dagainst Gram-positive and Gram-

negative bacterial strains of clinical importanseng disc diffusion test

Inhibition zone (mm)

Gram-positive Gram-negative
Compound E. S. S S S. E. P K. P.
faecalis aureus epidermidis simulans aureus coli mirabilis penumoniae aeruginosa
ATCC ATCC ATCC ATCC MRSA ATCC ATCC ATCC ATCC
29212 25923 12228 27851 (BMB9393) 25922 15290 4352 27853
12a 0 0 0 0 0 0 0 0 0
12b 0 0 9+1 0 0 0 0 0 0
12c 0 0 10+2 0 0 0 0 0 0
12d 0 0 0 0 0 0 0 0 0
13a 0 0 0 0 0 0 0 0 0
13b 0 0 0 0 0 0 0 0 0
13c 0 0 8+1 0 0 0 0 0 0
13d 0 15+1 18+2 16+1 12+2 0 0 0 0
1l4a 0 13+ 11+2 0 12+2 17+1 0 0 172
14b 0 0 0 0 0 0 0 0 0
l4c 0 0 7 0 0 0 0 0 0
14d 0 23+1 22+1 1742 22+1 30+1 0 0 28+2
15a 0 0 0 0 0 0 0 0 0
15b 0 0 0 0 0 0 0 0 0
15¢ 0 0 0 0 0 0 0 0 0
15d 0 15+1 17+1 18+2 17+1 20£1 0 0 12+2
16a 0 0 9+1 71 0 10+2 0 0 9+1
16b 0 9+1 8+1 0 0 12+1 0 0 13+1
16¢c 0 14+1 15+1 13+2 0 17+1 0 0 21+3
16d 0 12+1 21+1 14+1 201 10+1 0 0 15+1
17a 0 8+1 10£1 8+1 0 16+2 0 0 13£1
17b 0 0 0 0 0 0 0 0 0
17c 0 8+1 10£1 9+1 0 12+1 0 0 16+1
17d 0 10£1 12+1 17+ 16+1 8+1 0 0 14+1
DMSO 0 0 0 0 0 0 0 0 0
Cip - - - - - 35+2 28+1 27+1 36+1
Van 161 161 1542 16+1 14+1 - - - -

Cip = ciprofloxacin and Van = vancomycin (positis@ntrols); DMSO = dimethyl sulphoxide (negative tot).



None strains were sensitive to naphthoquinone glygugatesi5a-cin contrast to
four Gram-positive and two Gram-negative bactehat tshowed sensitivity to the
related non-substituted amino compowad (Table 1).

The replacement of a hydrogen atom by electronegjditalogen substituents (Cl
and Br) in inactive moleculekba-chad a positive effect on the antimicrobial acyivof
corresponding chlorinated compouritBa-cand brominated compourida (Table 1.
These substances showed higher inhibition zonemstig&ram-positive and Gram-
negative strains (7-21 mm). Based on the positisical results of the chlorinated
derivatives16a-c as well as of the brominated compoubda which have different
monosaccharide units in their structures and alsthe fact that the non-halogenated
precursorsl5a-c have been inactive against the bacterial strampl@ed in the
biological evaluation, we suggest that the preseotcéhe halogen substituent is
essential for the antimicrobial profile of theséostances. The aminonaphthoquinone
derivative 15d, which lacks the sugar moiety in its structured ats halogenated
analoguesl6d and 17d showed similar activity profiles against most leaet strains.
Interestingly, these molecules showed activity agfas. aureusMRSA (16-20mm),
which causes severe infection and is a difficuliréat strain (Table 1).

After disk diffusion analyses, the active quinomeiatives were submitted to MIC
assays to determine the lowest concentration capbhhibit bacterial visible growth.
Promisingly, according to our MIC evaluation, tl@rgpoundsl3c-d, 14a-d, 15d, 16a-

d and 17a-d presented an activity level (4-25@/mL) within the CLSI (CLSI 2015)
range (0.08-25@g/mL) (Table 2).

The quantitative analysis revealed that among ismdjne-5,8-dione derivatives
12b-c and their halogenatednaloguesl3c-d and 14a-d only chlorinated amino
compoundl3cexhibiteda good active profile against Gram-positive baat&i aureus
ATCC 25923,S. epidermidiATCC 12228 ands. simulansATCC 27851 (MIC = 32 to
64 pg/mL). Interestingly, two brominated compoundsia and 14d, inhibited the
growth of two Gram-negative bacteria, coli ATCC 25922 (8 and §g/mL) andP.
aeruginosa ATCC 27853 (8 and 32ug/mL). These results suggested that the
ribofuranosyl ring present in th&4a structure contributed to the increase of the

antibacterial activity in relation 8. aeruginosa



Table 2 Comparison of Minimum Inhibitory Concentration i) of quinone compoundi2b-¢ 13c-d 14a-d 16a-candl7aagainst Gram-
positive and Gram-negative bacteria.

MIC (ng/mL)
Gram-positive Gram-negative
Compound
S. aureus . S. ... S.simulans S. aureus . .
epidermidis E. coliATCC P. aeruginosaATCC

ATCC ATCC ArTec - MRSA 25022 27853

25923 12928 27851 (BMB9393)
12b ND 256 ND ND ND ND
12c ND 256 ND ND ND ND
13c ND 32 ND ND ND ND
13d 64 32 32 ND ND ND
1l4a ND ND ND ND 8 8
1l4c ND 64 ND ND ND ND
14d ND 32 ND ND 8 32
15d 64 128 64 64 32 64
16a ND ND ND ND 8 32
16b ND ND ND ND 16 32
16¢ ND ND ND ND 4 8
16d 64 ND 128 64 128 16
17a ND ND ND ND 32 64
17c¢ ND ND ND ND 16 16
17d 64 128 128 64 64 32
Cip ND ND ND ND 0.25 0.25
Van 2 2 2 2 ND ND

Cip = ciprofloxacin and Van = vancomycin (posite@ntrols). ND = no detected activity at 2b@/mL.



The structural analysis based on the antibactpradlle of the non-halogenated
1,4-naphthoquinonek5a-d pointed to the direct relationship of the selattiwith the
free amino group in the quinonoid ring, since obfy inhibited bacterial strains Gram-
positive and Gram-negative. The correlated chléeshaompoundsl6a-cand 17a-¢
showed promising effects on two Gram-negative baGtE. coli ATCC 25922 andP.
aeruginosaATCC 27853, with MIC in the range 4-128)/mL, within the values of
CLSI. The introduction of a halogen substituenttlo® naphthoquinone ring appears to
affect the selective inhibitory profile of compouwniti6a-c and 17a-c against Gram-
negative bacteria. These data are in accordartbepwavious results which indicate the
halogen substituent as a modulator parameter fer ahtibacterial profil€® The
compoundsled and 17d, containing free amino group, exhibited antibaatgprofile
against Gram-positive strains, includiBg aureusATCC 25923 ands. aureusMRSA
(BMB9393). The antibacterial profile of compoundéd and 17d against MRSA
contrasted with the absence of activity of theyrcgkonjugate analogsba-cand17a-c
which suggested that the presence of the carboteyanaiety is important to these
results. The sensitivity of MRSA to quinonEsd, 16d and17dis very important as this
strain is a major public health problem worldwidepthe past 20 years causing several
serious diseases such as toxic shock syndromecamtiis, soft tissue infections, and
necrotizing pneumonid® All naphthoquinones tested1§d, 16a-d and 17a-d)
displayed a significant antibacterial profile agditwo Gram-negative bacterig.(coli
andP. aeruginosj Interestingly, the halogenated derivatives coirtg xylofuranosil
groupl6candl7cwere selective and 2- to 32-fold more potent tiair corresponding
parent compound$6a-b and17a-b. Apparently the enhanced antimicrobial activity of
these derivatives can be related to the cheminattsire of the furanose side chaing.,
conformation and intermolecular interactions). Répin the literaturé” indicate that
2-halo-1,4-naphthoquinones are capable of inhipithee growth of Gram-positive and
Gram-negative bacteria. They suggest that the arbimal effect occurs through a
competitive electron transport pathway with vitariror menaquinoné¥’, which are
essential naphthoquinone structures for the sureiveeveral bacteria. Therefore, in the
case of the new molecules here shown, possiblgehsitive strains initially recognized
these naphthoquinone derivatives as quinones of @lagn biological systems, leading
to a negative interference in the metabolic patlsaayolved with bacterial growth.

The analysis of the antibacterial profile of compdsil2b-¢ 13c-d 143 14c-d,

15d, 16a-cand 17c also included evaluation of Minimum Bactericidal féentration



(MBC) (Table 3). This parameter defines the lowasicentration of an antibacterial
agent needed to Kkill the bacteria. The MBC/MIC agatndicates the antibacterial
(bacteriostatic and/or bactericidal) profile of tt@mpound. The MBC / MIC ratig 2
indicates bactericidal activity, while the ratio @B MIC >4 defines the bacteriostatic
effect®™ According to our data, the MBC and MIC values of tmost active
compounds14a 14d, 16a-b 16c and 17a were the same, classifying them as
bactericidal agents against Gram-negative bac(€ahle 3). This is an interesting and
promising profile since this type of bacteria causere difficult to treat infections hard
to eradicaté>”

In this work, the naphthoquinone derivativdésd, 16a-d 17aand17c-0d were
more active than those derived from the isoquimebrB-diones {4a and 14d) against
Gram-negative bacterig. coli ATCC 25922 andP. aeruginosaATCC 27853. The
naphthoquinone derivativd$d, 16d and17d showed promising antibacterial activity
against two important gram positive bacteBaaureusATCC 25923 andS. aureus
MRSA (BMB 9393). Thus these results indicate thHas ttype of naphthoquinone
compounds may contribute for the rational plannafgthe synthesis of new, more

potent molecules against bacteria of great clinfoglortance.



Table 3. Bactericidal and / or bacteriostatic profiles ofige compoundd.2b-¢ 13c-d 144 14c-d 15d, 16a-d 17aand 17c-d based on the
calculation of the Minimal Bactericidal Concentaati(MBC) / Minimum Inhibitory Concentration (MIC)

S. aureuATCC S. epidermidis S. simulan@ATCC S. aureusMRSA E. coliATCC P. aeruginosa
25923 ATCC 12228 27851 (BMB9393) 25922 ATCC 27853
Compound

MBC  MBC MBC  MBC MBC MBC/ MBC MBC/ MBC MBC/ MBC  MBC

(ng/mL) /MIC (ng/mL) /MIC (ng/mL) MIC (ng/mL)  MIC (ng/mL) MIC (ng/mL) /MIC

12b ND - 256 1 ND - ND - ND - ND -

12c ND - 256 1 ND - ND - ND - ND -

13c ND - 32 1 ND - ND - ND - ND -

13d 64 1 32 1 32 1 ND - ND - ND -

l4a ND - ND - ND - ND - 8 1 8 1

l4c ND - 64 1 ND - ND - ND - ND -

14d ND - 32 1 ND - ND - 8 1 32 1
15d 64 1 128 1 64 1 64 1 32 1 64 1

16a ND - ND - ND - ND - 8 1 32 -

16b ND - ND - ND - ND - 16 1 32 1

16c ND - ND - ND - ND - 4 1 8 1
16d 64 1 ND - 128 1 64 1 128 1 16 1

17a ND - ND - ND - ND - 32 1 34 1

17c ND - ND - ND - ND - 16 1 16 1
17d 64 1 128 1 128 1 64 1 64 1 32 1

ND = no detected activity at 256 pg/mL. MBC/MIE = bactericidal activity; MBC/MI€4 = bacteriostatic activity.



This study also investigated the hemocompatibibtythe quinone derivatives
12a-d 13a-d 14a-d 15a-d 16a-d and 17a-d using the hemolysis test (Graphic 1).
These compounds (20Qg/mL) were added to the solution of healthy human
erythrocytes to check whether or not erythrocytenim@ne lysis would occur, with
consequent release of hemoglobin. Among the 24 culds tested, the quinone
compounds containing free amino gral@d and15d and glycoconjugated derivatives
12a-d 13a-b 14a-¢ 15a-g 16a-h 17a and 17c showed a percentage of lysis of
erythrocytes less than 10% which classified therm@shemolytic, according to the
literature!®® The results showed that non-halogenated isoquiedj8-dionesl2b-c
were less toxic than their chlorinatd@b-c and brominated compound&4a-c An
opposite effect occurred with the naphthoquinoneéesewhere the halogenated
derivativesl6a-g 17aand17cwere less toxic than their non-halogenated anaegii
quinone. The quinone compounds containing free amgioupl13d, 14d, 15d, 16d and
17d and threeglycoconjugated derivatived3c, 16c and 17b showed a discrete
hemolytic profile (10.08-14.43%).
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Graphic 1. Hemocompatibility profile of glycoconjugate andmglycoconjugate
amino compounds derived from of isoquinoline-5,8ad and 1,4-naphthoquinone
through hemolytic assay. Non-hemolytis10%. Van = vancomycin; Cip =
ciprofloxacin; C- = negative control (1% DMSO) a@d = positive control (1% Triton
X-100).



Finally, we analyzed the theoretical Absorptionstlbution, Metabolism and
Excretion (ADMET) profiles of the derivativel?a-d, 13a-d 14a-d 15a-d 16a-dand
17a-dand the results revealed all with high gastrotmes(Gl) absorption profile. This
is an important an expected parameter for oral aidtnation medication$¥ According
to thein silico data, only non-glyconconjugate amino compoundsvel@érfrom 1,4-
naphthoquinonelbd, 16dand17d) showed cross blood-brain barrier (BBB) features.
This result suggested that the sugar groups méyeimfe the polarity, lipophilicity and
volume of these molecules, leading to the reductiorthe ability to overcome the
barrier®™ BBB is known as avoiding the brain uptake of mpharmaceutical®’
including some antibiotics of clinical use such aprofloxacin, vancomicyn,
nitrofurantoin and cefoxitin (Table 4). Moleculdsat overcome this barrier may be
used in the treatment of nervous system infectferts, meningitis)>®>"

Cytochrome P4503A4 is the most commonly isoform homan liver,
responsible for metabolization about 60% of theapeutics drugS® The interaction
with CYP3A4 can interfere in drug metabolism anchace toxicological effects.
Antibiotics such as macrolide®.¢, erythromycin and clarithromycin), used to treat
respiratory tract infections, skin infections anglslis, are moderate/potent inhibitors
of CYP3AA4. This feature increases the risk of ddugg interactions and severe toxicity
when co-administrated with CYP3A4 substrates,g( sildenafil, midazolam and
omeprazoleP*®? In this work we analyzed whether the derivativesild act as
inhibitors of the CYP3A4 isoenzyme by using thewafe SwissADME.

Table 4. Absorption, Distribution, Metabolism and ExcretighDME) and theoretical
toxicity parameters, calculated by SwissADME andhatSAR software, respectively.
Comparison among glycoconjugate and non-glycocatgigamino compounds and

antibiotics (ciprofloxacin, vancomycin, nitrofuram and cefoxitin) of clinical use.

ADMET parameters

Compounds

Gl BBB CYP3A4 inhibitor Carcinogenic Mutagenic
12a-c High
12d High - - - +
13a-d High
1l4a-d High
15a-c High
15d High + + - +
16a-c High

16d High + + - +



17a-c High

17d High + + - +
Ciprofloxacin High
Vancomycin Low
Nitrofurantoin High - + - +
Cefoxitin Low - +

Gl = Gastrointestinal; BBB = Blood-brain barrieryE3A4 = Cytochrome P450 3A4.

The results predicted that 7-amino-isoquinolinedighe glycoconjugate$2a-
¢, 13a-candl4a-cand non-glycoconjugate derivativé2d, 13d and14d did not inhibit
CYP3A4. However, the non-glycoconjugate compoundsrivdd from 1,4-
naphthoquinone 16d, 16d and 17d) showed inhibitory activity suggesting that the
presence of carbohydrate substituent in the paseuattureslb5a-¢ 16a-c and 17a-c
seems to be important to avoid enzyme inhibition.

Theoretical toxicity analysis predicted glycocorgtey quinonesl2a-g 13a-G
1l4a-¢ 15a-¢ 16a-c and 17a-c with no carcinogenic or mutagenic profiles, simila
ciprofloxacin, vancomycin and cefoxitin (Table 4Jhe results highlighted the
importance of the sugar groups in contributinght® mon-mutagenic effect observed for
these derivatives, since those non-glycoconjugatedpoundsl2d, 15d, 16dand17d
presented a risk of mutagenic effect. It is impatrt® note that far from assuming the
absence of risk and side effects profiles, ithesilico data reinforced the promising
potential of carbohydrate-conjugated quinones tiother exploringn vitro andin vivo
studies and to priorize the molecules for theséuatians.

Experimental Section

In vitro biological assay

Bacterial strains

The species used in this study were supplied loeréz and obtained by the
American type culture collection (ATCC), of which@Gram-positivesEnterococcus
faecalisINCQS 00234 (ATCC 29212)5. aureusINCQS 00015 (ATCC 25923)S.
epidermidisINCQS 00016 (ATCC 12228%. simulangNCQS 00254 (ATCC 27851),
and 4 Gram-negativélroteus mirabiliSINCQS 00095 (ATCC 15290Rseudomonas



aeruginosalNCQS 00099 (ATCC 27853)E. coli INCQS 00033 (ATCC 25922),
Klebsiella pneumoniaédNCQS 00083 (ATCC 4352). We also used a multirasist
MRSA strain, BMB9393, from the lineage ST239 of thotus sequencing type
(MLST), which is highly disseminated in Braziliaogpitals. This variant was isolated
in 1993 from a case of nosocomial bloodstream tifadn Rio de Janeif)!, and its
complete genome was sequenced by Costa and cowffkedll strains were kept in
Muller Hinton Broth (MHB) supplemented with 10% y/glycerol at -70°C and were

routinely cultivated on MHB.

Disc Diffusion Test

The screening of the antibacterial activity of qunes was perfomed by the method
initially describes by Kirby-Bauer and according liye Clinical and Laboratory
Standards Institute CLSF! Bacterial strains were carried out in Mueller Idimt
medium (HIMEDIA) and adjusted to $@FC/mL (0.5 McFarland standard) and was
uniform spread with swab at petri plate containkgar Mueller Hinton (HIMEDIA).
The compounds were dissolved in dimethyl sulfoXid®SO, Sigma-Aldrich) 99.9%
and applied in paper disks (Laborclin) in the coiion of 5mg/mL. After the
incubation period at 37°C between 18-24h the inétapion of result occurred by the
measurement of the inhibition zone forming aroumeldisk. The negative control used
was DMSO. The positive controls utilized were vanezyn (by Gram-positive strains)
and ciprofloxacin (by Gram-negative strains). Thesays were realized in three

independent triplicates.

Minimum Inhibitory Concentration (MIC) using miciliadion method

The MIC is defined as the lowest concentratiorhef substance that prevents visible
bacterial growth. The active molecules detectedisik diffusion method were diluted in
a 96-well microplate with 10QL of liquid growth medium in geometrically increagi
concentrations (0.125g/mL to 256ug/mL). Then 10QuL of bacteria suspension which
the inoculum containing PAOUFC/mL was added in each well. The highest DMSO
concentration used in this system was 5%, which r@aceffect on bacterial growth.
Ciprofloxacin and vancomycin were used as positmetrol against Gram-negative and
Gram-positive strains, respectively. After 24 hoofsncubation at 37°C, the presence

of turbidity or a sediment indicates growth of noerganism and the MIC was



determined by the lower concentration that led ¢o tarbidity. Experiments were

performed in triplicate.

Minimum bactericidal concentration — MBC

The MBC assay was performed through the transferefidche culture medium of
each well in MIC microplate with no visible growthO pL) to agar plates. These plates
were incubated during 24 h at 37°C and the MBC determined as the minimum
concentration of the compounds capable of inhigi®9.9% of bacterial growth. The
experiment was carried out in triplicate. A cologitmc assay using resazurin was also
performed and compared to the conventional platéodeto reinforce the quantitative
data. An aliquot of 20 uL of 0.01% resazurin (Sighldrich) was added into each well
of the 96-well microtiter plates used for the MI€say. The cells metabolically active
were identified by changing the color of the resawfrom blue to pink after incubation
for 2 hours at 37°C. The ratio of MBC/MIC was udedclassify if the mechanism of
action of the derivatives was bactericidal (MBC/MR} or bacteriostatic
(MBC/MIC=>4) Y

Hemocompatibility — hemolysis assay
The blood samples were donated from healthy hurnarests in compliance with

ethics committee and institutional guidelines, doeat number 621196 approved in
May 2014 with an expiration date of May 2018. Theod was donated after reading
and signing the consent form terms. Erythrocyteseweashed collected in citrate tube
and washed 3 times with PBS (pH 7.4) by centrifiogaind suspended in the same
buffer. All derivatives (200 pg/mL) were incubatedh the erythrocyte suspension for
3 h at 37°C. The interaction with the erythrocytesmbrane and possible release of
hemoglobin was quantified by spectrophotometridirgg of the supernatant at 545 nm.
The experiments were performed three times in iaddpnt way. Complete hemolysis
(positive control) was determined by using 1% Trid-100. Hemolysis less than 10%
represented hemocompatibility and non-toxicity agaierythrocyte membranes, as

described elsewhel¥!



In silico ADMET properties

Toxicological profile

Thein silico analysis involved toxicology parameters of two egf glycoconjugate
and non-glycoconjugate amino compounds derived fobmsoquinoline-5,8-dione and
1,4-naphthoquinone and their halogenated derivatbadculated by using admetSAR@
LMMD software (Immd.ecust.edu.cn:8000/). The daevcompared with the profiles
calculated for four antibacterial (cefoxitin, ciflaxacin, nitrofurantoin and
vancomycin). The carcinogenic and mutagenic proggerbf the molecules were
calculated based on a data bank with over 210,88 of toxicological information
for more than 96,000 compounds with 45 ADMET-assecl properties in scientific

literature!®

ADME parameters
The Absorption, Distribution, Metabolism and Exme (ADME) properties

were calculated using SwissADME web tool (www.swadse.ch). The analysis was

based on molecular fingerprint that uses a sequeingies that consider all fragments of
the molecular structure, allowing to access mod@sADME behaviors in a large
virtual screening. In this work, we analyzed ing#i@n with blood-brain barrier (BBB),
gastrointestinal absorption and inhibition of CYP&A4 (CYP3A4)%*

Chemistry

Melting points were determined with a Fisher-Joktadting Point Apparatus
instrument and are uncorrected. Infrared (IR) spewere recorded on a Perkin-Elmer
FT-IR, model 1600 series spectrometer in KBr pgllahd frequencies were expressed
in cm*. NMR spectra were recorded on a Varian Unity 08 MHz or 500 MHz
spectrometer, in the specified solvents. Chensl#ts @) are reported in ppm, and the
coupling constants (J) are expressed in Hertz. Mpsstra were recorded on a high-
resolution TOF apparatus — QTOF/Micro from Waternsf®Mass. The fragments are
described as the relation between atomic mass wamits the load (m/z). Column
chromatography was performed on silica gel flagimfrAcros. The reactions were
routinely monitored by thin layer chromatography.Cl) on silica gel pre-coated F254



Merck plates. The developed chromatograms wereedexmder ultraviolet light at 254

nm.

Synthesis of halogenates 2-amino-naphthoquinomegatiges16a-c and17a-c
Aminocarbohydrate derivatives3a-c (1.4 mmol) and\-halosuccinimide (1.35

mmol) were dissolved in 12.5 mL of methanol wastkafproom temperature for 24

hours. After the solvent was evaporated under mdlymressure, the products were

purified by column chromatography on silica gelngshexane:ethyl acetate (9:1) as

eluent to yield chlorinated and brominated compaurih-cand17a-¢ respectively.

3-chloro-2-(methyl-5’-deoxy-2’,3"-O-isopropylidene{f3-D-ribofuranosid-5’-yl)-
amino-1,4-naphthoquinone (16a)yield: 91% as a brown solid; m.p.: 165-1%5 IR
Vimax (€M™, KBr) : 3266 (N-H); 1681 and 1586 (C=0), 1564 (C=&J; NMR (500.00
MHz, CDCI3) & (ppm): 1.32 (s, 3H, Ch); 1.49 (s, 3H, Ch); 3.86-3.91 (m, 1H, H-57);
3.43 (s, 3H, OCh); 4.13-4.18 (m, 1H, H-5'); 4.44-4.47 (m, 1H, H-44.65 (d, 1HJ =
6,0 Hz, H-3"); 4.68 (d, 1H] = 6.0 Hz, H-2"); 5.05 (s, 1H, H-1"); 6.46 (s, 1N;H); 7.63
(td, 1H,J= 7.5 and 1.0 Hz, H-6); 7.72 (td, 181z 7.5 and 1.0 Hz, H-7); 8.04 (dd, 1H,
= 8.0 and 1.0 Hz, H-5); 8.14 (dd, 1H,= 7.5 and 1.0 Hz, H-8)"*C NMR (125.00
MHz, CDCl3) & (ppm): 25.10 (CH); 26.59 (CH); 47.82 (C-5’); 55.80 (OC#); 82.04
(C-3’); 85.46 (C-4"); 85.71 (C-2’); 110.06 (C-1112.98 (-OCQ; 127.01 (C-8 and C-
5); 130.35 (C-8a); 132.72 (C-6); 132.68 (C-4a);.085C-7); 149.22 (C-2); 170.72 (C-
4); 179.19 (C-1); HRMS-ESiwz [M + H]" calcd for GgH2oCINOg, 393.0979; found:
394.1046.

3-Chloro-2-(6’-Deoxy-1’,2":3’,4’-di- O-isopropylidene-D-galactopiranos-6’-yl)-
amino-1,4-naphthoquinone (16h) yield: 83% as a brown solid; m.p.: 93%85 IR
Vmax (cm®; film): 3330 (N-H), 1602 and 1677 (C=0), 1572 (C=&J.NMR (500.00
MHz, CDCl3) & (ppm): 1.31 (s, 3H, Ch); 1.36 (s, 3H, Ch); 1.45 (s, 3H, Ch); 1.50
(s, 3H, CH); 3.89-3.94 (m, 1H, H-6"); 4.03-4.05 (m, 1H, H-54.21-4.24 (m, 1H, H-
6"); 4.27 (dd, 1HJ = 8.0 and 1.5 Hz, H-4"); 4.33 (dd, 1H,= 5.0 and 2.5 Hz, H-2);
4.63 (dd, 1HJ = 8.0 and 2.5 Hz, H-3"); 5.54 (d, 1H= 5.0 Hz, H-1"); 6.52 (s, 1H, N-
H); 7.61 (td, 1HJ = 7.5 and 1.5 Hz, H-6); 7.71 (td, 1Bi= 7.5 and 1.5 Hz, H-7); 8.03
(dd, 1H,J = 8.0 and 1.0 Hz, H-5); 8.13 (d, 1B,= 8.0 and 1.0 Hz, H-8}°C NMR



(125.00 MHz, CDC§) d (ppm): 24.46 (CH); 25.03 (CH); 26.12 (CH); 45.25 (C-6");
66.98 (C-5’); 70.68 (C-2'); 71.04 (C-4’); 71.65 &), 96.53 (C-1’); 108.99 (-OCO-);
109.90 (-OCO-); 126.92 (C-5); 126.99 (C-8); 130(658a); 132.59 (C-6); 132.76 (C-
4a); 134.94 (C-7); 147.21 (C-2); 181.79 (C-4); #29(C-1). HRMS—-ESIm/z [M +
H]"* calcd for G,H24CINO7: 449.8815; found: 450.1302.

3-chloro-2-(5’-deoxy-1’,2’-O-isopropylidene-D-xilofuranos-5’-yl)-amino-1,4-
naphthoquinone (16c):yield: 80% as a brown solid; m.p.: 99-201 IR viax (cm™;
film): 3307 (N-H), 1598 and 1676 (C=0), 1566 (C=E) NMR (500.00 MHz,
CDCls) & (ppm): 1.32 (s, 3H, Ch); 1.50 (s, 3H, CH); 4.10-4.17 (m, 2H, H-5' and H-
5"); 4.34 (d, 1HJ = 2.5 Hz, H-3'); 4.42-4.44 (m, 1H, H-4") 4.55 (tH, J = 4.0 Hz, H-
2"); 6.00 (d, 1HJ = 3.5 Hz, H-1'); 7.62 (td, 1H] = 7.5 and 1.5 Hz, H-6); 7.70 (td, 1H,
J=7.5and 1.0 Hz, H-7); 8.00 (dd, 18= 7.5 and 1.0 Hz, H-5); 8.12 (dd, 18+ 8.0
and 1.0 Hz, H-8)**C NMR (125.00 MHz, CDCk) & (ppm): 26.37 (CH); 26.91 (CH);
62.44 (C-5"); 75.65 (C-3"); 79.25 (C-4); 85.71 (@) 104.77 (C-1"); 112.22 (-OCO-);
127.12 (C-5); 127.78 (C-8); 130.06 (C-8a); 132.8446); 135.03 (C-7); 135.64 (C-6);
146.30 (C-2); 171.55 (C-4); 176.94 (C-1). HRMS-ES8¥z [M + H]* calcd for
C18H1sCINOg: 379.0823; found: 380.0883.

3-bromo-2-(methyl-5’-deoxy-2’,3"-O-isopropylidene{f3-D-ribofuranosid-5’-yl)-
amino-1,4-naphthoquinone (17a)yield: 85% as a brown solid; m.p.: 124-1@5IR
Vimax (€M™, KBr) : 3065 (N-H); 1683 and 1581 (C=0), 1505 (C=&J.NMR (500.00
MHz, CDClI3) & (ppm): 1.32 (s, 3H, CH); 1.49 (s, 3H, Ch); 3.83-3.88 (m, 1H, H-5");
3.42 (s, 3H, OCh); 4.18-4.23 (m, 1H, H-5"); 4.45-4.47 (m, 1H, H-44.66 (d, 1HJ =
6.0 Hz, H-3'); 4.68 (d, 1H] = 6.0 Hz, H-2"); 5.05 (s, 1H, H-1"); 6.45 (s, 1N;H); 7.63
(td, 1H,J=7.5and 1.0 Hz, H-6); 7.71 (td, 181z 7.5 and 1.0 Hz, H-7); 8.03 (dd, 1H,
= 8.0 and 1.0 Hz, H-5); 8.14 (dd, 185 8.0 and 1.0 Hz, H-8}°C NMR (125.00 MHz,
CDCl3) & (ppm): 25.10 (CH); 26.59 (CH); 48.21 (C-5'); 55.82 (OC¥J; 82.05 (C-3");
85.46 (C-4"); 85.55 (C-2'); 110.11 (C-1"); 112.90(C0); 127.07 (C-5); 127.22 (C-8);
130.10 (C-8a); 132.66 (C-6); 132.37 (C-4a); 1340%); 146.77 (C-2); 176.64 (C-4);
180.22 (C-1). HRMS-ESiwz [M + 2H]" calcd for GgH20BrNOsg, 438.2709; found:
440.0523.



3-bromo-2-(6’-Deoxy-1',2":3’,4’-di-O-isopropylidene-D-galactopiranos-6’-yl)-
amino-1,4-naphthoquinone (17b)yield: 88% as a brown solid; m.p.: 108-1%M IR
vmax (cm™; film): 3335 (N-H), 1599 and 1677 (C=0), 1567 (C=&).NMR (500.00
MHz, CDCl3) & (ppm): 1.31 (s, 3H, Ch); 1.35 (s, 3H, Ch); 1.45 (s, 3H, Ch); 1.49
(s, 3H, CH); 3.89-3.95 (m, 1H, H-6"); 4.04-4.05 (m, 1H, H-54.25-4.27 (m, 1H, H-
6”); 4.28 (dd, 1HJ = 8.0 and 1.5 Hz, H-4’); 4.33 (dd, 18 = 5.0 and 2.5 Hz, H-2);
4.64 (dd, 1HJ = 8.0 and 2.5 Hz, H-3’); 5.52 (d, 1B= 5.0 Hz, H-1"); 6.53 (s, 1H, N-
H); 7.57 (td, 1HJ = 14.4 and 8.0 Hz, H-6); 7.70 (td, 1Bl= 14.5 and 8.0 Hz, H-7);
8.02 (d, 1H,J = 7.5, H-5); 8.13 (d, 1HJ = 7.5 Hz, H-8).*C NMR (125.00 MHz,
CDCl3) 8 (ppm): 24.44 (CH); 25.04 (CH); 26.15 (CH); 45.55 (C-6"); 66.86 (C-5’);
70.70 (C-2'); 71.04 (C-4); 71.64 (C-3’); 96.52 (L), 108.98 (-OCO-); 109.88 (-OCO-
); 127.02 (C-5); 127.14 (C-8); 130.11 (C-8a); 122(6-6); 133.69 (C-4a); 134.83 (C-
7); 148.41 (C-2); 176.58 (C-4); 180.11 (C-1). HRNESE mVz [M + 2H]* calcd for
CooH24CINO;: 494.0824; found: 496.0806.

3-bromo-2-(5’-Deoxy-1’,2"-O-isopropylidene-D-xilofuranos-5’-yl)-amino-1,4-
naphthoquinone (17c):yield: 68% as a brown solid; m.p.: 85%87 IR vmax (cm™;
film): 3312 (N-H), 1601 and 1660 (C=0), 1571 (C=G) NMR (500.00 MHz,
CDCl3) & (ppm): 1.32 (s, 3H, CH); 1.49 (s, 3H, Ch); 4.09-4.14 (m, 1H, H-5’); 4.20-
4.23 (m, 1H, OH); 4.33-4.35 (m, 1H, H-3’); 4.35-8.8n, 1H, H-5"); 4.42-4.44 (m, 1H,
H-4") 4.55 (d, 1H,J = 4.0 Hz, H-2'); 6.00 (d, 1H) = 3.5 Hz, H-1'); 7.62 (td, 1HJ =
8.0 and 1.5 Hz, H-6); 7.70 (td, 1Bl= 7.0 and 1.0 Hz, H-7); 8.01 (d, 18= 7.5 Hz, H-
5); 8.12 (d, 1HJ = 7.5 Hz, H-8).°C NMR (125.00 MHz, CDCk) & (ppm): 26.36
(CHa); 26.92 (CH); 43.81 (C-5"); 75.66 (C-3’); 79.10 (C-4"); 85.6€-2"); 104.96 (C-
1’); 112.19 (-QCO-); 127.07 (C-5); 127.17 (C-8),01B3 (C-8a); 132.36 (C-4a); 132.63
(C-6); 134.93 (C-7); 147.10 (C-2); 177.24 (C-4)p1 (C-1). HRMS-ESIm/z: [M +
2H]" calcd for GgH1sBrNOg, 424.2415; found: 426.0382.

Conclusion



In this work, we synthesized the amino sugar-b&seglinoline-5,8-dione$2a-
¢ and the naphthoquinon&8a-¢ their corresponding halogen compoud8sa-¢ 14a-G
16a-c and 1l7a-g 7-amino-isoquinoline-5,8-dionesl2d, 13d and 14d and
naphthoquinone derivativessd, 16d and 17d. These substances were evaluated for
their antimicrobial activity against Gram-positie®d Gram-negative strains and the
isoquinoline-5,8-dion€el4a and the naphthoquinone derivativé6a-g 17a and 17c¢
exhibited promising bactericidal activity (MIC amdBC values in the range of 4-64
ug/mL) against Gram-negative bacteria responsibteirftections whose treatment is
very difficult.

Only non-glycoconjugate naphthoquinond®sd, 16d and 17d exhibited
important antimicrobial activity against two Granoesgive strainsS. aureusATCC
25923 ands. aureusMRSA (BMB9393) The compound$§4a 16a-G 17a 17cand15d
did not present a hemolytic profile when testeceiiythrocyte cultures and constitute
promising molecules for the rational synthetic dasof novel antimicrobial agents
against bacterial strains of clinical importance.
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Highlights

Amino sugar based quinones were synthesized with antimicrobial activity.
Quinones were tested against bacteria of clinical importance.

Several quinone derivatives exhibited promising activity against Gram-negative
bacteria.

Halogen compounds were classified as bactericidal agents against Gram-
negative bacteria.



