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Wykaz stosowanych skrotow

1. Wykaz stosowanych skréotow

ACP
cAmpC

pAmpC
BATSI

BLI
CDT
CFU
CHDL

CLSI
CRAB
CRE
CRPA

EMA
ESBL

EUCAST

FDA
FICI

FSMS

KPC
LeuRS
MBC
MDR
MFC
MIC
MPC

MPC-D

MPC-F

biatko nosnikowe grup acylowych (ang. acyl carrier protein)

chromosomalnie kodowany enzym typu AmpC (ang. chromosomally
encoded AmpC enzyme)

plazmidowo kodowany enzym typu AmpC (ang. plasmid-encoded AmpC
enzyme)

kwas boronowy - inhibitor stanu przejsciowego (ang. boronic acid transition
state inhibitors)

inhibitor B-laktamaz (ang. B-lactamse inhibitor)
krazkowy test kombinowany (ang. combination disc test)
jednostka tworzgca koloni¢ (ang. colony forming unit)

karbapenemazy z klasy D (ang. carbapenem-hydrolyzing class D p-
lactamases)

Instytut Norm Klinicznych i Laboratoryjnych (ang. Clinical and Laboratory
Standards Institute)

Acinetobacter baumannii oporny na karbapenemy (ang. carbapenem-
resistant A. baumannii)

Enterobacterales oporne na karbapenemy (ang. carbapenem-resistant
Enterobacterales)

Pseudomonas aeruginosa oporny na karbapenemy (ang. carbapenem-
resistant P. aeruginosa)

Europejska Agencja Lekdw (ang. European Medicines Agency)

B-laktamazy o rozszerzonym spektrum substratowym (ang. extended-
spectrum f-lactamases)

Europejski Komitet ds. Oznaczania Lekowrazliwosci (ang. European
Committee on Antimicrobial Susceptibility Testing)

Agencja Zywnosci i Lekéw (ang. Food and Drug Administration)

indeks czesciowego stezenia hamujacego (ang. fractional inhibitory
concentration index)

czestos¢ selekcji spontanicznych mutantow (ang. frequency of spontaneus
mutant selection)

karbapenemaza typu KPC (ang. Klebsiella pneumoniae carbapenemase)
syntetaza leucylo-tRNA (ang. leucyl-tRNA synthetase)

minimalne stezenie bakteriobojcze (ang. minimal bactericidal concentration)
wielolekooporny (ang. multidrug-resistant)

minimalne st¢zenie grzybobodjcze (ang. minimal fungicidal concentration)
minimalne st¢zenie hamujace wzrost (ang. minimal inhibitory concentration)

minimalne st¢Zenie zapobiegajace selekcji opornych mutantéw (ang. mutant
prevention concentration)

minimalne st¢zenie zapobiegajace selekcji mutantéw dominujacych (ang.
dominant mutant prevention concentration)

minimalne st¢zenie zapobiegajace selekcji mutantow o obnizonej sprawnosci
(ang. inferior mutant prevention concentration)



Wykaz stosowanych skrotow

MRSA

MSC
MSSA
MSW
MSW-D

MSW-F

NDM
OBORT
PABN
PBA
PDR
VIM

VISA

VRE
VRSA
WHO
XDR

Staphylococcus aureus oporny na metycyling (ang. methicillin-resistant
S. aureus)

minimalne st¢zenie selekcyjne (ang. minimal selective concentration)
S. aureus wrazliwy na metycyline (ang. methicillin-sensitive S. aureus)
okno selekcji mutantéw (ang. mutant prevention concentration)

okno selekcji mutantéw dominujgcych (ang. dominant mutant prevention
concentration)

okno selekcji mutantow o obnizonej sprawno$ci (ang. inferior mutant
prevention concentration)

metalo-B-laktamaza typu NDM (ang. New Delhi metallo-f-lactamase)
putapkowanie tRNA oksaborolem (ang. oxaborole tRNA-trapping)
L-fenyloalanino-L-arginino-p-naftylamid

kwas fenyloboronowy (ang. phenylboronic acid)

oporny na wszystkie leki (ang. pandrug-resistant)

metalo-B-laktamaza typu VIM (ang. Verona integron-encoded metallo-f-
lactamase)

S. aureus o obnizonej wrazliwosci na wankomycyng (ang. vancomycin-
intermediate S. aureus)

enterokoki oporne na wankomycyne (ang. vancomycin-resistant enterococci)
S. aureus oporny na wankomycyng (ang. vancomycin-resistant S. aureus)
Swiatowa Organizacja Zdrowia (ang. World Health Organization)

0 rozszerzonej opornosci (ang. extensively drug-resisnat)
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2. Streszczenie w jezyku polskim

Stowa kluczowe: antybiotykoopornos¢, benzosiloksaborole, kwasy aryloboronowe,
aktywnos$¢ przeciwdrobnoustrojowa, inhibitory p-laktamaz, selekcja opornych
mutantéw, MPC, MSW

Narastajgca wielolekooporno$¢ wsréd szczepoéw drobnoustrojow sprawila, ze
W lecznictwie pilnie potrzebne sg kolejne, oryginalne leki aktywne wobec patogendw,
glownie wobec tzw. patogendw priorytetowych, dla ktorych dostepnych jest niepokojaco
malto opcji terapeutycznych. W opinii WHO, liczba takich lekow wprowadzonych
w ostatnich latach do obrotu oraz aktualnie przechodzacych badania kliniczne jest
niewystarczajaca. Jednoczesnie, w badaniach przedklinicznych znajduje si¢ wiele
substancji o obiecujgcej aktywno$ci wobec bakterii i grzybow. Brakuje jednak
parametréw in vitro pozwalajacych na tym etapie precyzyjnie przewidzie¢ zakres st¢zen,
w ktérym moze dochodzi¢ do selekcji opornych mutantdw w warunkach in vivo (ang.
mutant selection window — MSW). Warto$¢ MPC (ang. mutant prevention concentration)
wyznaczajaca gorng granice¢ MSW czesto przekracza prog toksycznosci lekow, a takze
charakteryzuje si¢ niedostateczng powtarzalno$cig in vitro oraz stabg odtwarzalnosciag
in vivo. Utrudnia to wskazywanie do dalszych etapéw prac badawczo-rozwojowych
zwigzkow o najmniejszym potencjale selekcjonowania opornosci szczepow bakteryjnych
in vivo oraz opracowanie nowych, ograniczajacych narastanie oporno$ci schematow
dawkowania.

Celami niniejszej pracy bylo: (I) poszukiwanie ws$rdod nowych pochodnych
boraheterocyklicznych i kwasow aryloboronowych substancji aktywnych wobec bakterii
1 grzyboéw drozdzopodobnych oraz (Il) opracowanie nowego podejscia do oceny
potencjatu selekcjonowania opornosci wsrod szczepdw bakteryjnych przez zwiagzki
przeciwbakteryjne, mozliwego do zastosowania na wczesnym etapie przedklinicznych
badan in vitro.

Realizujgc  cel |  prowadzono szerokie badania  mikrobiologiczne
44 benzosiloksaboroli oraz 33 kwasow aryloboronowych, gtéwnie di- oraz
triboronowych. W pracy zbadano: (A) ich bezposrednig aktywno$¢ wobec bakterii
I grzybow drozdzopodobnych (wyznaczajac wartosci MIC, MBC i MFC dla szczepow
wzorcowych i klinicznych); (B) udziat blonowych pomp MDR (ang. multidrug-resistant)
bakterii Gram-ujemnych w aktywnym usuwaniu zwigzkow z komorki (wyznaczajgc

wartosci MIC w obecnosci inhibitora pomp), (C) zdolnos¢ zwigzkéw do inhibicji
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B-laktamaz (krgzkowymi testami kombinowanymi, wyznaczajgc wartosci MIC
B-laktamdw w obecnosci badanych zwigzkow dla szczepéw KPC-, AmpC- oraz VIM-
dodatnich, oraz potwierdzajac cel molekularny metodami mikrobiologicznymi
I biochemicznymi) oraz (D) zalezno$¢ struktura — sita synergistycznego oddzialywania
kwasow aryloboronowych z B-laktamami (wyznaczajac metodg szachownicy wartosci
FICI i okreslajac rodzaj interakcji, a takze przeprowadzajac analize statystyczng).

W  pracy stwierdzono  wysoka  aktywno$§¢  przeciwgronkowcows,
18 benzosiloksaboroli benzenosulfonianowych i sulfonamidowych (wartosci MIC 0,39-
6,25 mg/l) oraz wysoka aktywnos$¢ przeciwenterokokowa 3 benzosiloksaboroli
benzenosulfonianowych (wartosci MIC 6,25 mg/l). Wykazano zdolnos¢ do inhibicji
B-laktamaz typu KPC/AmpC 25 zwiazkéw w wysokich stgzeniach (30-300 pg/krazek),
a 17 kwasow aryloboronowych takze w niskich stezeniach (4-16 mg/l). Kwas orto-
fenylenodiboronowy najefektywniej przywracal wrazliwos$¢ na karbapenemy szczepom
Escherichia coli i Klebsiella pneumoniae KPC-dodatnim (powodujac nawet 64-krotne
redukcje wartosci MIC karbapenemoOw) oraz umiarkowanie zwigkszat aktywnosé
ceftazydymu wobec szczepow E. coli i Pseudomonas aeruginosa AmpC-dodatnich, nie
przywracajac wrazliwo$ci tym szczepom. Kwasy para-fenylenodiboronowe przywracaty
wrazliwos$¢ na karbapenemy szczepom KPC-dodatnim i na ceftazydym szczepom AmpC-
dodatnim, natomiast kwasy meta-fenylenodiboronowe przywracaly wrazliwo$¢ na
ceftazydym szczepowi E. coli CMY-2-dadatniemu. Badania z wykorzystaniem catych
komorek oraz wyizolowanych biatek catkowitych transformanta E. coli DH5a niosacego
gen blakpc3z potwierdzity, ze enzymy typu KPC sa punktem uchwytu kwasow orto-
i para- ale nie meta-fenyleonodiboronowych. Przeprowadzona analiza statystyczna
wykazala, ze obecnos¢ dwoch grup boronowych w pozycji orto istotnie nasila synergie
kwasow fenylenodiboronowych z karbapenemami (p=0,0001) ale ostabia ich synergie
z ceftazydymem (p=0,04). Z kolei obecnos¢ fluoru w czasteczce ostabia synergie tych
kwasow z karbapenemami (p=0,036) ale nasila synergi¢ z ceftazydymem (p=0,005). Nie
wykryto natomiast istotnego udziatlu blonowych pomp MDR w aktywnym usuwaniu
badanych zwigzkoéw z komorek bakteryjnych.

Realizujac cel 11 opracowano: (A) nowe parametry in vitro do wyznaczania gornej
granicy zakresu MSW, tj. parametr MPC-D (odnoszacy si¢ do tzw. dominujgcych
mutantow o wysokim potencjale selekcjonowania takze in vivo) oraz parametr MPC-F
(odnoszacy si¢ do mutantow o obnizonej sprawnosci), (B) nowa metode rozcienczen
w bulionie do wyznaczania wartosci MPC-D i MPC-F oraz (C) nowa, wielostopniowa

metode otrzymywania inokulum bakteryjnego o wysokiej gestosci (>10 CFU/ml),
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zwickszajacego precyzje wyznaczania zaproponowanych parametrow. Nowoscig pracy
jest takze powigzanie wartos$ci klasycznego MPC z czgstoscig selekcji opornych
mutantow w metodzie rozcienczen w agarze, CO ma miejsce w opracowanej metodyce
wyznaczania warto$ci nowego parametru MPC-D. Badania prowadzono na szczepie
S.aureus ATCC 29213 dla 3 zwigzkoéw bedacych przedstawicielami réznych grup
0 dziataniu przeciwbakteryjnym, tj. cyprofloksacyny, linezolidu i benzosiloksaborolu
No37. Metoda rozcienczen w agarze wyznaczono wartosci MPC i MPC-D, a metoda
rozcienczen w bulionie warto$ci MPC-D i MPC-F. Wyjsciowe inokula bakterii, uzyskane
nowa metoda miaty gestosci 5—7,5x10 CFU/mI, co jest kluczowe przy wyznaczaniu
parametrow MPC. W przypadku linezolidu i benzosiloksaborolu No37 wszystkie
wyznaczone parametry mialy taka samg warto§¢. W przypadku cyprofloksacyny
uzyskano wynik: MPC-D<MPC-F<MPC. Jej wartosci MPC-D wyznaczone obiema
metodami byly porownywalne. W pracy wykazano zatem, iz: (I) MPC-D moze by¢
w przypadku niektorych zwigzkow przeciwbakteryjnych nizsze niz MPC, przez co
bardziej akceptowalne klinicznie jako podstawa schematow dawkowania, (I1) powigzanie
warto$ci MPC-D z czestos$cia selekcji opornych mutantow jest kluczowe dla zwigkszenia
powtarzalnosci in vitro parametru MPC-D w poréwnaniu do parametru MPC oraz (I11)
zaproponowana metoda rozcienczen w bulionie pozwala na zréznicowanie mutantow
powstajacych in vitro na mutanty dominujgce oraz mutanty o obnizonej sprawnosci, przez
co parametr MPC-D ma szans¢ by¢ lepiej odtwarzalny in vivo w poréwnaniu do
parametru MPC.

Uzyskane w pracy wyniki aktywno$ci przeciwdrobnoustrojowej badanych
zwiazkdéw boroorganicznych w potaczeniu z brakiem ich cytotoksycznosci pozwalaja
stwierdzi¢, ze (1) benzosiloksaborole benzenosulfonianowe i sulfonamidowowe mogg
by¢ postrzegane jako potencjalne zrédto nowych lekow aktywnych wobec
priorytetowych ziarenkowcow Gram-dodatnich oraz (I1) kwasy fenylenodiboronowe sg
interesujacymi strukturami wyjsciowymi do syntezy nowych inhibitoréw [-laktamaz
typu KPC/AmpC. Wykazano takze, iz warto$ci zaproponowanego parametru MPC-D
moga by¢ nizsze, bardziej powtarzalne in vitro i lepiej odtwarzalne in vivo niz wartosci
MPC, co moze usprawni¢ badania przedkliniczne kandydatow na nowe leki
przeciwdrobnoustrojowe oraz utatwi¢ opracowanie nowych, ograniczajacych narastanie

opornos$ci schematéw dawkowania.
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3. Streszczenie w jezyku angielskim

Studies on the antimicrobial activity of new compounds from the group of

boraheterocyclic derivatives and arylboronic acids.

Key words: antimicrobial resistance, boraheterocycles, arylboronic acids, antimicrobial

activity, resistant mutants selection, MPC, MSW

The growing multidrug resistance among microbial strains has led to the urgent
need for new, original drugs active against pathogens, primarily against so-called priority
pathogens, for which alarmingly few therapeutic options are left. According to the WHO,
the number of such drugs marketed in recent years and currently under clinical trials is
insufficient. Simultaneously, there are abundant compounds with promising activity
against bacteria and fungi in preclinical trials. However, in vitro parameters that can
predict at this stage the concentration range in which resistant mutants would likely be
selected under in vivo conditions (so-called mutant selection window - MSW) are lacking.
The mutant prevention concentration (MPC) value marking the upper boundary of the
MSW frequently exceeds the drug toxicity threshold, is insufficiently repeatable in vitro,
and can not always be reproduced in vivo. This impedes choosing the compound with the
lowest potential to select resistance of bacterial strains in vivo for further drug
development and the establishment of novel, resistance-restricting dosing regimens.

The aims of this thesis were: (1) to search for substances active against bacteria and
yeasts among new boraheterocyclic derivatives and arylboronic acids, and (11) to develop
a new approach to assess the potential of compounds to select resistance among bacterial
strains, possible to implement at the early stage of in vitro preclinical research.

To realize aim 1, extensive microbiological research was conducted on
44 benzosiloxaboroles and 33 arylboronic acids, mainly di- and triboronic acids. It was
evaluated: (A) their direct activity against bacteria and yeasts (by the MIC, MBC, and
MFC determination for reference and clinical strains); (B) the contribution of MDR efflux
pumps of Gram-negative bacteria in the active removal of compounds from bacterial cells
(by determining the MIC value in the presence of an efflux pumps inhibitor), (C)
compounds’ ability to inhibit B-lactamases (by phenotypic combination disc tests,
determining B-lactams’ MICs in the presence of tested compounds for KPC-, AmpC- and
VIM-positive strains, and confirming the molecular target in microbiological and

14



Streszczenie w jezyku angielskim

biochemical assays), and (D) the correlation: structure — strength of the synergy between
arylboronic acids and B-lactams (by determining the FICI values and the type of the
interaction in the checkerboard as well as by performing statistical analysis).

High antistaphylococcal activity, also against clinical strains of methicillin-resistant
Staphylococcus aureus (MRSA) was found for 18 benzenesulfonate and sulfonamide
benzosiloxaboroles (MICs 0.39-6.25 mg/L), whereas high antienterococcal activity for
3 benzenesulfonate benzosiloxaboroles (MICs 6.25 mg/L). The ability to inhibit
KPC/AmpC B-lactamases at high concentrations (30-300 pg/disc) was demonstrated for
25 arylboronic acids and at low concentrations (4-16 mg/L) for 17 arylboronic acids.
ortho-Phenylenediboronic acid most effectively restored the sensitivity to carbapenems
of Escherichia coli and Klebsiella pneumoniae KPC-positive strains (up to 64-fold MIC
reductions) and moderately increased ceftazidime activity against E. coli and
Pseudomonas aeruginosa AmpC-positive strains, without restoring the sensitivity of
these strains. para-Phenylenediboronic acids restored the susceptibility to carbapenems
of KPC-positive strains and the susceptibility to ceftazidime of AmpC-positive strains,
whereas meta-phenylenediboronic acids restored ceftazidime activity against E. coli
CMY-2-positive. Studies with the whole cells and total proteins extract of the E. coli
DH5a transformant carrying the blakecz gene confirmed that KPC-type enzymes are
indeed molecular targets for ortho- and para-, but not for meta-phenylenediboronic acids.
The statistical analysis revealed that the presence of two boronic groups in the ortho
position significantly increases the synergy of phenylenediboronic acids with
carbapenems (p=0.0001) but weakens their synergy with ceftazidime (p=0.04). In turn,
fluorine in the molecule weakens the synergy of these acids with carbapenems (p=0.036)
but increases their synergy with ceftazidime (p=0.005). Also, no significant contribution
of MDR efflux pumps in their active removal from bacterial cells was detected.

To realize aim 11 it was developed: (A) new in vitro parameters marking the upper
boundary of the MSW, i.e., parameter MPC-D (related to the so-called dominant mutants
with high selection potential in vivo) and parameter MPC-F (related to mutants with
impaired fitness), (B) a new broth-dilution method for determining MPC-Ds and MPC-
Fs, and (C) a new, multi-stage method for obtaining a high-density bacterial inoculum
(>10! CFU/mL), which increases the precision of determining the proposed parameters.
Another novelty of the work is linking the classical MPC value with the frequency of

resistant mutant selection in the agar-dilution method, which takes place in the developed
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methodology for determining the value of the new MPC-D parameter. The research was
conducted on the S. aureus ATCC 29213 strain for three compounds representing
different groups of antimicrobials, i.e., ciprofloxacin, linezolid, and benzosiloxaborole
No37. MPC and MPC-D values were determined by the agar-dilution method, while
MPC-D and MPC-F values were determined by the broth-dilution method. The initial
bacterial inocula obtained by the new method had densities of 5-7.5x10'! CFU/ml, which
is crucial when determining the MPCs parameters. All determined parameters had the
same value in the linezolid and benzosiloxaborole No37 case. In the case of ciprofloxacin,
the result was as follows: MPC-D<MPC-F<MPC. Its MPC-Ds determined by both
methods were comparable. Therefore, the study showed that (I) MPC-D may be lower
than MPC for some antibacterials, making it more clinically acceptable as a basis for
dosage regimens, (Il1) determining the MPC-D value based on the frequency of
spontaneous mutant selection is crucial to increase its in vitro repeatability compared to
the MPC, and (I11) the proposed broth dilution method allows for the differentiation of
mutants generated in vitro into dominant mutants and mutants with impaired fitness,
which makes likely that the MPC-D would be better reproducible in vivo compared to the
MPC.

The obtained results of the antimicrobial activity of the tested organoboron
compounds, combined with their lack of cytotoxicity, allow to conclude that
(1) benzenesulfonate and sulfonamide benzosiloxaboroles can be considered a potential
source of new drugs active against priority Gram-positive cocci and
(11) phenylenediboronic acids are interesting scaffolds for the future development of
novel KPC/AmpC B-lactamases inhibitors. It has also been shown that the proposed
MPC-D parameter may be lower, better repeatable in vitro, and likely better reproducible
in vivo than the MPC parameter, which may improve preclinical testing of candidates for
new antimicrobial drugs and facilitate the development of novel, resistance-restricting

dosing regimens.
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4. Wstep

Wprowadzenie do lecznictwa skutecznych i  bezpiecznych  lekow
przeciwdrobnoustrojowych jest uznawane za jeden z kamieni milowych w rozwoju
wspotczesne] medycyny [1]. Dzigki nim, niegdy$ zagrazajace zyciu infekcje staly sie
fatwo wyleczalnymi chorobami, drastycznie spadia $miertelno$¢ okotoporodowa,
mozliwe stalo si¢ rowniez bezpieczne przeprowadzanie powaznych interwencji
medycznych [1-3]. Wigkszo$¢ znanych dzi§ klas lekéw przeciwdrobnoustrojowych
wprowadzono jeszcze przed koncem lat 60. XX wieku (Rycina 1). Do stosowania
ogolnego u ludzi dostepne sg leki pochodzenia naturalnego, tj. antybiotyki (12 klas lekow
przeciwbakteryjnych i 2 klasy lekow przeciwgrzybiczych) oraz leki syntetyczne, ktérych
struktury nie majg swojego pierwowzoru w naturze, tzw. chemioterapeutyki (6 klas lekéw
przeciwbakteryjnych i 3 klasy lekow przeciwgrzybiczych) [3]. W ostatnich dekadach
znacznie maleje skutecznos¢ znanych antybiotykdéw i chemioterapeutykéw w leczeniu
zakazen. Oszacowano, ze w samym tylko 2019 roku infekcje bakteryjne byly powigzane
z ok. 4,95 mIn zgonow globalnie i byly bezposrednig przyczyna 1,27 min zgonow [4].
Liczbe zgondéw z powodu infekcji grzybiczych okresla si¢ natomiast na ponad 2 min
rocznie [5]. Szacuje si¢, ze bez podjecia zdecydowanych dziatan do 2050 roku z powodu
infekcji umiera¢ bedzie 10 miliondéw ludzi rocznie [6]. Pojawiajg si¢ nawet glosy, ze
ludzkos¢ stoi u progu ery post-antybiotykowej [7,8].

Przyczyna takiego stanu rzeczy jest narastajaca opornos¢ drobnoustrojow.
W praktyce klinicznej szczep uwaza si¢ za oporny na dany antybiotyk, jesli minimalne
stezenie tego antybiotyku hamujgce jego wzrost in vitro (ang. minimal inhibitory
concentration — MIC) jest wyzsze niz stgzenie mozliwe do osiggnigcia in vivo (we krwi
lub w tkankach pacjenta) [9]. W warunkach laboratoryjnych wartos¢ MIC antybiotyku
wyznacza sie, gdy jego dziataniu poddanych zostanie 10* CFU (ang. colony forming unit
— jednostka tworzaca kolonie) [10,11]. Szczepy klasyfikuje si¢ jako wrazliwe, wrazliwe —
zwigkszona ekspozycja (dawniej okreslane jako srednio wrazliwe lub o obniZzonej
wrazliwosci) oraz oporne na podstawie ustalonych, granicznych wartosci MIC, tzw.
punktow odcigcia (ang. breakpoints) [12-15].

Pewne gatunki, rodzaje lub cale grupy bakterii i grzybdw cechuje opornosé
naturalna  (nazywana rowniez wrodzong) na niektore grupy  $rodkow
przeciwdrobnoustrojowych [12-15]. Bakterie i grzyby maja takze zdolno$¢ do nabywania
opornosci [16]. Wrazliwe komorki typu dzikiego danego szczepu moga nabywaé geny

opornosci (czyli geny warunkujgce opornosc) od komorek innego szczepu tego gatunku,
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a nawet innego gatunku lub rodzaju, w drodze tzw. horyzontalnego transferu gendw. Ta
droga czesto przekazywane sg np. geny kodujace enzymy dezaktywujace antybiotyki [17].
Geny oporno$ci mogg takze powstawa¢ w komorkach typu dzikiego de novo dzigki
mutacjom, tj. zmianom w sekwencji nukleotydowej DNA bedacych nastgpstwem
spontanicznych bledéw podczas procesu jego replikacji. Spontaniczne mutacje pojawiajg
si¢ ze $rednig czestoscig 1 na 10'° — 10° nukleotydéw na generacje [18-20]. Do
fenotypowego ujawnienia si¢ opornosci niekiedy wystarczajagce jest pojawienie si¢
pojedynczej mutacji punktowej (tzw. opornos¢ jednostopniowa), czasami natomiast
konieczna jest akumulacja kilku mutacji w DNA (tzw. opornos¢ wielostopniowa) [21,22].
Dzigki mutacjom nabywana jest czg¢sto oporno$¢ zwigzana z modyfikacjg miejsca
docelowego antybiotyku (tzw. punktu uchwytu), zmniejszeniem przepuszczalnosci blony
zewnetrzne] czy tez ze zmianami w systemach regulatorowych prowadzacymi do
nadekspresji operondw kodujacych pompy blonowe odpowiedzialne za aktywne
usuwanie antybiotyku z komorki (tzw. zjawisko z ang. efflux) [18,19]. Powstajace
w drodze horyzontalnego transferu gendw lub mutacji komorki o zmienionym genotypie
1 zmniejszonej wrazliwosci na dany antybiotyk w pordwnaniu do komoérki macierzyste;
okresla si¢ mianem antybiotykoopornych mutantow [18,19].

W efekcie tych zjawisk, oporne szczepy bakterii izolowano od pacjentéw niemal
rownolegle z wprowadzeniem do lecznictwa kazdej nowej grupy antybiotykéw (Rycina
1). Zjawisko narastania opornosci zaobserwowano takze U grzybow np. wsrod szczepow
z rodzaju Candida. Z biegiem lat zaczely rowniez pojawiaé si¢ wielolekooporne (ang.
multidrug-resistant — MDR) szczepy drobnoustrojow, tj. oporne na co najmniej jeden
zwiazek w trzech roznych grupach, z wylaczeniem grup, na ktore s one naturalnie oporne
oraz szczepy o rozszerzonej opornosci (ang. extensively drug-resisnat — XDR),
zachowujace wrazliwo$¢ tylko na antybiotyki z jednej lub dwoch grup [23,24].
Najgrozniejsza aktualnie grupe stanowig natomiast Szczepy oporne na wszystkie znane
leki przeciwdrobnoustrojowe (ang. pandrug-resistant — PDR) [23,24]. Dekady
powszechnego stosowania antybiotykow w medycynie, weterynarii, hodowli zwierzat
oraz w rolnictwie znacznie zwigkszyly czestos¢ powstawania antybiotykoopornych
mutantow — obecno$¢ antybiotyku w srodowisku nasila bowiem horyzontalny transfer
gendw [17,25] oraz zwigksza czestos¢ powstawania mutacji [26]. Wiadomo jednak, ze
jedynie niewielki odsetek pojawiajacych si¢ antybiotykoopornych mutantéw ma
zdolnos$¢ do zdominowania populacji komorek danego szczepu i do rozprzestrzeniania

si¢ [16].
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Rycina 1. Kalendarium wprowadzania do lecznictwa klas lekow przeciwdrobnoustrojowych do stosowania ogdlnego (z wylaczeniem lekOw przeciwpratkowych) oraz pojawiania si¢ pierwszych szczepow

opornych i wybranych fenotypow opornosci drobnoustrojow. Opracowano na podstawie: [27-45].

Antybiotyki i chemioterapeutyki? nitroimidazole
'Srimetc))prim

antybiotyki (1962)

polienowe streptograminy

(1958) (1962)

makrolidy ansamycyny karbapenemy diazabicyklooktanowe BLIs
(1952) (1963) (1983) (2015)

@ penicyliny nitrofurany linkozamidy flucytozyna monobaktamy echinokandyny boronowe BLlIs

(1941) (1953) (1963) (1971) (1984) (2001) (2017)
amlnogllkozydy glikopeptydy chinolony imidazole B-laktamowe BLlIs oksazolidynony B-laktamy sideroforowe
(1946 (1958) (1963) (1978) (1984) (2000) (2019)

sulfonamidy tetracykliny polimyksyny cefalosporyny fosfomycyna fluorochinolony triazole lipopeptydy pleuromutyliny

(1935) (1948) (1964) (1974) (1986) (1990) (2003) (2019)3

amoksycylina -kwas

tetracyklina pristinamycyna

polimyksyna B

aztreonam ceftazydym-awibaktam

prontosil penicylina
®(1939) @ (1940)

(1953) (1960) (1977) (1984) klawulanowy (1992) (2015)
e streptomycyna erytromycyna kwas nalidyksowy fosfomycyna imipenem linezolid meropenem-waborbaktam
(1946) (1955) (1966) (1977) (1986) (2001) (2016)
nitrofurantoina cefalotyna flucytozyna cyprofloksacyna kaspofungina amfoterycyna B
(1958) (1967) (1977) (1985) (2004) (2016)
MDR Shigella trimetoprim metronidazol wankomycyna daptomycyna cefiderokol
(1955) (1968) (1978) (1987) (2005) (2017)
linkomycyna mikonazol flukonazol VRSA (2002) lefamulina
(1968) (1978) (1988) (2019)

ryfampicyna PDR Acinetobacter (2004)

CRAB (1985)
(1969)

PDR Pseudomonas aeruginosa (2005)
PDR Enterobacterales (2009)

MRSA (1960) CRPA (1986)

VRE (1986) (@) c:ndida auris (2009)

Opornosé?

@ klasy lekow klasy lekéw @ opornosé na leki opornosé na leki rézowa czcionka —

przeciwbakteryjnych przeciwgrzybiczych przeciwbakteryjne przeciwgrzybicze leki syntetyczne

1 Podano date pierwszego wprowadzenia na rynek europejski lub amerykanski pierwszego leku z danej klasy do stosowania ogdlnego u ludzi.
2 Podano nazwe leku i rok, w ktorym pierwszy raz opisano oporno$¢ drobnoustrojow na lek z danej klasy.
% Podano rok zarejestrowania pleuromutylin do stosowania og6lnego u ludzi — leki z tej grupy byly wcze$niej zarejestrowane do stosowania miejscowego.
BLIs — inhibitory B-laktamaz (ang. p-lactamses inhibitors); MDR — wielolekooporny (ang. multidrug-resistant); MRSA — Staphylococcus aureus oporny na metycyling (ang. methicillin-resistant S. aureus); CRAB-Acinetobacter
baumannii oporna na karbapenemy (ang. carbapenem-resistant A. baumannii); CRPA — Pseudomonas aeruginosa oporny na karbapenemy (ang. carbapenem-resistant P. aeruginosa); VRE—enterokoki oporne na wankomycyne

(ang. vancomycin-resistant enterococci); CRE—Enterobacterales oporne na karbapenemy (ang. carbapenem-resistant Enterobacterales), VISA — S. aureus o obnizonej wrazliwosci na wankomycynge (ang. vancomycin-intermediate
S. aureus); VRSA — S. aureus oporny na wankomycyng (ang. vancomycin-resistant S. aureus); PDR — oporny na wszystkie znane leki (ang. pandrug-resistant).

bakteryjne fenotypy grzyby
opornosci wielolekooporne
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4.1. Selekcja antybiotykoopornych mutantéw bakteryjnych

Zdolno$¢ komorek nowo powstalego, antybiotykoopornego mutanta do
zdominowania populacji i nastepnie do rozprzestrzeniania si¢ jest uzalezniona zarOwno
od ponoszonych przez niego tzw. kosztow sprawnosciowych nabycia opornosci (ang.
fitness costs of resistance) jak i od warunkow zewnetrznych, tj. przede wszystkim od
stezenia antybiotyku w $rodowisku oraz od aktywno$ci ukladu immunologicznego
gospodarza [18,46-48]. Koszty sprawno$ciowe nabycia opornosci, rozumiane jako
spowolnienie tempa podziatow komdrkowych w porownaniu do komérek wrazliwych, to
czesta sytuacja, niezaleznie od mechanizmu powstania mutanta. Replikacja, transkrypcja
i translacja nowych genéw, nabytych droga transferu horyzontalnego wymaga od
komorki bakteryjnej dodatkowych naktadow energii i zasobéw, moze rowniez zaktocac
pewne wilasne funkcje komorkowe. Z kolei oporno$¢ mutacyjna polegajaca np. na
modyfikacji miejsca docelowego leku oznacza zmiang struktury biatka zaangazowanego
w wazny proces metaboliczny bakterii, cO moze niekorzystnie wptynaé na
funkcjonowanie komorek [18,48]. W przypadku braku antybiotyku w §rodowisku lub gdy
jego stezenie nie przekracza wartosci MIC komorek typu dzikiego, powstate komorki
antybiotykoopornych mutantow o obnizonej sprawnosci zazwyczaj nie s3 w stanie
skutecznie konkurowaé¢ z komoérkami dzikimi o zasoby pokarmowe srodowiska
I w wickszosci przypadkow zanikaja — nie s3 wykrywane w badanej ponownie populacji
komdrek danego szczepu [49,50]. Wyjatkiem jest sytuacja, gdy nabycie opornosci nie
wigze si¢ z zadnymi kosztami sprawnosciowymi (komorki antybiotykoopornych
mutantbw mogg woéwczas utrzymywaé sie w populacji nawet po ustaniu presji
antybiotykowej) lub gdy subinhibitorowe st¢zenia antybiotyku w niewielkim stopniu
spowalniaja tempo podzialow komorek typu dzikiego, dajac  przewage
antybiotykoopornym mutantom [47,51]. Komorki mutantdw moga wowczas stopniowo
zwigksza¢ swoja liczebnos$¢ w ogdlnej populacji komorek 1 ustanowi¢ antybiotykooporng
subpopulacje, a z czasem nawet zniwelowac koszty sprawnosciowe dzigki pojawieniu si¢
dodatkowych mutacji kompensacyjnych [47,51]. Zakres stezen w ktorym dochodzi do
takiej sytuacji nazwano subinhibitorowym oknem selekcyjnym (ang. sub-MIC selective
window). Jego gorng granice¢ stanowi warto§¢ MIC komorek typu dzikiego, a dolng
granice wyznacza warto$¢ tzw. minimalnego stezenia selekcyjnego (ang. minimal
selective concentration — MSC), przy ktorym tempo podziatow komorkowych mutantow

1 komorek typu dzikiego zrownuje si¢ [47,51]. Warto§¢ MSC jest specyficzna dla kazdej
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kombinacji antybiotyk-szczep, niekiedy jest takze ekstremalnie niska, nawet rzedu 1/230
warto$ci MIC. Do ekspozycji drobnoustrojow na takie stgzenia antybiotyku moze zatem
dochodzi¢ czesto, zarowno w srodowisku jak i w trakcie antybiotykoterapii, np. wskutek
stosowania zbyt niskich dawek, niewlasciwego przyjmowania leku przez pacjenta lub
stabej penetracji antybiotyku do okre$lonych tkanek i narzagdow [47,51-55]. W efekcie tych
zjawisk, raz powstale antybiotykooporne mutanty s3 trudne do eradykacji. Ich
subpopulacje moga by¢ obecne W populacji komorek odpowiedzialnych za wywotywanie
infekcji, pozostajac niewykrywalne podczas wyznaczania wartoSci MIC szczepu.
Antybiotykooporne mutanty moga jednak szybko zdominowaé populacje po jej
ponownej ekspozycji na antybiotyk, zwtaszcza gdy jego stezenia przekrocza wartosé
MIC komorek typu dzikiego [56,57].

Obecnos¢ w srodowisku antybiotyku w stezeniu przekraczajagcym wartos¢ MIC
komorek typu dzikiego, ale nie wystarczajacym do zahamowania wzrostu
antybiotykoopornych mutantdw powoduje natomiast, ze komérki mutantow mogg sie
selektywnie rozmnaza¢, pomimo niekiedy znacznych kosztow sprawnos$ciowych. Taki
zakres stgzen antybiotyku nazwano oknem selekcji mutantow (ang. mutant selection
window — MSW). Jago dolng granice¢ stanowi warto$¢ MIC komorek typu dzikiego,
agoérng tzw. stezenie zapobiegajace selekcji mutantow (ang. mutant prevention
concentration — MPC) [46,58,59]. Zgodnie z oryginalng definicja zaproponowang w pracy
Dong i wsp. z 1999 roku, MPC to najmniejsze st¢zenie antybiotyku catkowicie hamujace
wzrost bakterii, gdy jego dziataniu poddanych zostanie co najmniej 10*° CFU [58]. Tak
duza gestos¢ populacji zapewnia wysokie prawdopodobienstwo obecnosci w niej
spontanicznych mutantéw (czesto$é ich powstawania wynosi zwykle 10— 1078), jest to
rowniez liczebno$¢ populacji typowa dla wielu miejsc infekcji [21,58]. Do wyznaczania
wartosci MPC, Dong i wsp. [58] zaproponowali metode rozcienczen antybiotyku
w agarze. Autorzy podkreslili takze, iz uzyskana w ten sposob warto$¢ jest Scisle
uzalezniona od liczby CFU poddanych badaniu, istotne jest zatem dodanie
odpowiedniego subskryptu przy podawaniu wyniku, np. MPCiov, jesli w badaniu
zastosowano 10*° CFU [58]. Rozmnazanie sie antybiotykoopornych drobnoustrojow przy
stezeniach powyzej wartosci MPC wymagataby jednoczesnego powstania dwoch
mutacji, co jest zjawiskiem niezwykle rzadkim [46,58]. Autorzy teorii okna selekcji
mutantow podkreslili takze, iz jest to zakres stezen, w ktorym moga selektywnie
zwigksza¢ swoja liczebno$¢ zardwno spontaniczne mutanty powstajace w trakcie

antybiotykoterapii jak 1 te obecne w wyjsciowe] populacji przed jej ekspozycja na
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antybiotyk [46,60]. Warto§¢ MPC jest wiec tak naprawdg¢ najmniejszym stgzeniem
hamujagcym wzrost najbardziej opornego mutanta w populacji, niezaleznie od czasu
I Sposobu jego powstania [46,60].

Zauwazono, ze gdy schematy dawkowania eksponowaly bakterie na stezenia
antybiotyku z zakresu MSW, szczepy oporne pojawiaty si¢ w stosunkowo krotkim czasie
od jego wprowadzenia do lecznictwa [46,59]. Z kolei w przypadku antybiotykdéw, ktorych
stezenia w trakcie terapii przekraczaly wartosci MPC, szczepy oporne w warunkach
klinicznych izolowano rzadko [61,62]. Istnienie okna selekcji mutantow potwierdzono
takze w modelach dynamicznych in vitro, polegajacych na prowadzeniu hodowli
bakteryjnej w cyrkulujacym bulionie z dodatkiem antybiotyku [63-67]. W wigkszosci
przypadkow dochodzito do selekcji antybiotykoopornych mutantow, gdy st¢zenia
oscylowaly w zakresie MSW wyznaczonym in vitro [58]. Podobna sytuacja miata miejsca
w trakcie do§wiadczen ze zwierzetami, co dowiodto, ze dla wielu kombinacji antybiotyk-
szczep okno selekcji mutantow istnieje takze in vivo [68-72]. Uzyskane wyniki
potwierdzity wyj$ciowe hipotezy [46,59,60,73], zgodnie z ktorymi dawkowanie w sposob
zapewniajacy utrzymywanie st¢zenia antybiotykéw w trakcie terapii powyzej wartosci
MPC dla danego szczepu powinno znacznie ograniczy¢ narastanie opornosci wsrod
bakterii, przyczyniajac si¢ tym samym do wydhizenia okresu skutecznosci klinicznej
antybiotykow. Znane juz antybiotyki, 0 bardzo szerokich zakresach MSW dla danych
szczepOw bakteryjnych powinny natomiast by¢ stosowane tylko w terapii skojarzonej,
wylacznie z antybiotykiem o innym mechanizmie dziatania. W trakcie terapii skojarzonej
utrzymywanie stgzen obu antybiotykow w powyzej ich indywidualnych wartosci MPC
powoduje, iz rozmnazanie si¢ antybiotykoopornych mutantéw byloby mozliwe jedynie
w przypadku posiadania co najmniej dwoch mutacji (tj. warunkujacych opornos¢ na jeden
i drugi antybiotyk) [46,59]. Zauwazono réwniez, ze antybiotyki z tej samej grupy,
0 znacznym stopniu podobienstwa strukturalnego i poréwnywalnych wartosciach MIC,
moga roznic si¢ istotnie pod wzgledem szerokosci okien selekcji lekoopornych mutantow
[68,59,61,62,74-76]. Wazne jest zatem wyznaczanie parametru MPC juz na etapie
wczesnych badan przedklinicznych kandydatow na nowe leki przeciwbakteryjne, w celu
wskazania do dalszych prac zwigzkOw nie tylko o niskich wartosciach MIC, ale rowniez
o jak najwezszych zakresach MSW. Takie zwiazki w najmniejszym stopniu
stymulowatyby narastanie oporno$ci wsrdd szczepow bakteryjnych w trakcie ich

stosowania w lecznictwie.
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Mimo udowodnienia, ze aktualnie obowigzujace, oparte na wartoSciach MIC
schematy dawkowania antybiotykoOw sprzyjaja narastaniu opornosci wsrod bakterii
i skracajg okres przydatnosci klinicznej antybiotykoéw [46,59,60,73], z kilku powodow sa
stosowane do dzi§. Po pierwsze, zwigkszenie dawek tak, by utrzymywaé stezenie
antybiotykéw w trakcie terapii powyzej wartosci MPC nie zawsze jest osiggalne, ze
wzgledu na mozliwe dziatania niepozadane antybiotyku [46,73]. Po drugie, zwigkszanie
dawek lekow nie zawsze jest zasadne — aktualnic obowigzujgce schematy dawkowania
zapewniaja sukces terapeutyczny u wigkszosci pacjentoOw przy najmniejszym mozliwym
nasileniu efektow niepozadanych antybiotykdw [46,73]. Po trzecie, wiadomo, ze komorki
lekoopornych mutantéw moga by¢ pod kontrolg uktadu immunologicznego gospodarza,
jezeli tylko ich liczba utrzymuje si¢ na niskim poziomie [46,73]. Za bezpieczne dla
powodzenia antybiotykoterapii przyjmuje si¢ czesto te stgzenia antybiotykow, dla
ktorych czesto$é selekcji opornych mutantéw in vitro wynosi 1x108 lub mniej (tj. nie
wiecej niz 1 mutant selekcjonowany jest spoérod 108 wrazliwych komérek) [46,77,78].
Sytuacja wyglada jednak odmiennie u pacjentow z immunosupresja (np. po
transplantacjach, czy zakazonych wirusem HIV), ktorych liczba nieustannie rosnie.
Selekcjonujace si¢ w tej grupie chorych oporne mutanty moga by¢ przyczyna
niepowodzenia terapeutycznego lub nawrotu infekcji. Moze rowniez dojs¢ do kolonizacji
takich pacjentdw przez lekooporne mutanty bakteryjne, a nast¢gpnie do rozprzestrzenienia
si¢ lekoopornych mutantéw na innych pacjentow [46,79].

Wyznaczanie wartosci MPC za pomocg obecnie stosowanej metody rozcienczen
w agarze [58] jest takze pracochtonne oraz implikuje kilka problemdéw technicznych.
Jednym z nich jest konieczno$¢ uzyskania inokulum o wysokiej gestosci, najlepiej
przekraczajacej 101 CFU/mI. Przy obecnie stosowanej metodzie jego przygotowywania,
polegajacej na jednostopniowym zageszczaniu hodowli ptynnej, rzadko uzyskiwano tak
geste zawiesiny [58,74,80], czesciej osiagajac gestos¢ rzedu 10° CFU/mI [64,66,67,72,81-83]
lub tylko 10° CFU/mlI [84,85]. Uzyskanie zawiesiny o mniejszej gestosci, zwazywszy na
konieczno$é poddania ekspozycji na kazde stezenie antybiotyku minimum 10'° CFU,
wymaga przygotowania duzej liczby ptytek agarowych z kazdym stgzeniem badanego
antybiotyku. Zwigksza to czasochtonnos¢ i pracochtonno$¢ wyznaczania wartosci MPC,
utrudniajgc jego wyznaczanie w warunkach laboratoriow szpitalnych. Z tych samych
powodow, wyznaczenie wartosci MPC jest problematyczne takze na etapie badan
przedklinicznych kandydatéw na nowe leki przeciwbakteryjne, gdzie liczba badanych

substancji jest duza, a ich dost¢gpnos$¢ czesto znacznie ograniczona.
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Wreszcie, wykorzystanie MPC jako podstawy do opracowania nowych schematéw
dawkowania utrudnia réwniez fakt, ze warto$¢ ta nie cechuje si¢ pozadang
powtarzalnos$cig. Gdy oznaczenie wartosci MPC pigciu antybiotykow z r6znych klas dla
jednego szczepu Staphylococcus epidermidis powtorzono 20 razy w obrebie tego samego
laboratorium, wyniki réznity si¢ znacznie W przypadku kazdego z badanych
antybiotykow [83]. Stanowi to wyrazny kontrast z dobrze powtarzalnymi warto§ciami
MIC [83]. Ponadto, granice MSW wyznaczone in Vitro nie zawsze pokrywajg si¢
Z granicami obserwowanymi pozniej in Vivo — jak chociazby w przypadku fosfomycyny,
dla ktdrej okno selekcji opornych mutantow Escherichia coli i Staphylococcus aureus
okazalo si¢ istnie¢ wylacznie in vitro [86,87]. Wciaz aktualny pozostaje zatem apel
Swiatowej Organizacji Zdrowia (ang. World Health Organization — WHO)
0 koniecznosci poszukiwania nowych, ograniczajacych narastanie opornosci schematow
dawkowania, zawarty w raporcie pt. ,,Globalna strategia WHO dotyczaca ograniczania
opornosci na S$rodki przeciwdrobnoustrojowe” (ang. WHO Global strategy for
containment of antimicrobial resistance”) z 2001 roku [57]. Sa one niezb¢dne do
maksymalnego wydtuzenia okresu skutecznosci klinicznej znanych oraz nowych
antybiotykéw. We wspomnianym raporcie zarekomendowano réwniez podjgcie szeregu
dodatkowych dziatan, ukierunkowanych na zmniejszenie presji antybiotykowe;j, takich
jak racjonalizacja stosowania antybiotykbw w medycynie i weterynarii (stosowanie
zgodne ze wskazaniami, wlasciwe dawkowanie, monitorowanie zuzycia antybiotykéw),
ograniczenie ich wykorzystywania w rolnictwie 1 hodowli zwierzat oraz ograniczanie
szerzenia si¢ chorob zakaznych [57]. Zalecenia te byly potem wielokrotnie powtarzane na
forum migdzynarodowym [8,88-90]. Zwazywszy jednak na fakt, Ze raz powstale
antybiotykooporne mutanty sg trudne a niekiedy wregcz niemozliwe do wyeliminowania,
od samego poczatku podkreslono, Ze realizacja w/w zalecen moze jedynie spowolni¢
nieuchronny proces narastania oporno$ci drobnoustrojow i stopniowej utraty
skuteczno$ci antybiotykow. Istnieje zatem takze konieczno$¢ poszukiwania wcigz

nowych zwigzkow przeciwdrobnoustrojowych [8,88-90].

4.2. Koniecznos¢ poszukiwania nowych lekéw przeciwdrobnoustrojowych

Mimo ponawianych apeli [8,88-90], wciaz nie udato si¢ przerwaé trwajacego od lat
70. XX wieku impasu we wprowadzaniu na rynek nowych klas antybiotykow (Rycina 1)
[8,57]. Przyczyna takiego stanu rzeczy sg przede wszystkim wysokie koszty opracowania

i zarejestrowania oryginalnego antybiotyku potaczone z ograniczeniami narzucanymi

25



Wstep

W jego stosowaniu oraz wysokim ryzykiem utraty klinicznej skutecznosci nawet przed
zwrbceniem si¢ poniesionych naktadéw finansowych [8,57]. Powszechnie uwaza sig¢, ze
nalezy pilnie zwickszy¢ fundusze przeznaczane na poszukiwania nowych lekow
przeciwdrobnoustrojowych i zacheca¢ do podejmowania prac badawczo-rozwojowych
w tej dziedzinie. Aby ukierunkowac te prace na najbardziej pilne potrzeby, w 2017 roku
opublikowana zostata lista tzw. bakteryjnych patogenoéw priorytetowych WHO (ang.
WHO priority pathogens) [91], a w 2022 roku pojawila si¢ analogiczna lista
najgrozniejszych, chorobotworczych grzybow [92]. Znalazly si¢ na nich drobnoustroje,
dla ktorych liczba dostgpnych opcji terapeutycznych jest niepokojaco ograniczona,
a zatem poszukiwanie nowych, aktywnych wobec nich lekéw jest szczegolnie pilne.
W obu dokumentach patogeny zostaty przypisane do trzech kategorii: o krytycznym,
wysokim lub $rednim priorytecie. Ich pelng liste przedstawiono w Tabeli 1. Zgodnie
z rekomendacjami WHO, poza aktywno$cia wobec patogenow priorytetowych, nowo
opracowywane leki powinny by¢ rdwniez innowacyjne, tj. mie¢ nowa struktur¢ (nowa
klasa chemiczna), nowy punkt uchwytu, nowy mechanizm dziatania lub dla ktorych nie
istnieje znana opornos¢ krzyzowa [93]. Innowacyjnos¢ lekow zostata uznana za czynnik
istotnie zwickszajacy szanse na ich dhugi okres przydatnosci klinicznej.

Szeroko zakrojone dziatania na rzecz zintensyfikowania prac badawczo-
rozwojowych nad nowymi lekami przeciwdrobnoustrojowymi nie przyniosty jak dotad
zadowalajacych efektow. W latach 2018-2020 Europejska Agencja Lekdéw (ang.
European Medicines Agency — EMA) dopuscita zaledwie szes¢ oryginalnych,
szerokospektralnych  preparatow, aktywnych wobec bakteryjnych patogendw
priorytetowych: dwie kombinacje f-laktaméw z inhibitorami f-laktamaz
(imipenem/relebaktam — Recarbrio® oraz meropenem/waborbaktam — Vaborem®),
pierwszy antybiotyk sideroforowy (cefiderokol — Fetroja®), nowy fluorochinolon
(delafloksacyne — Quofenix®), nowa tetracykling (erawacykling — Xerava®) i pierwsza
pleuromutyling do stosowania ogoélnego (lefamuling — Xenleta®). Ich wlasciwosci
doktadnie scharakteryzowano w przegladowej Publikacji P1 [94], wchodzacej w sktad
cyklu publikacji stanowigcych niniejszg rozprawe doktorska. W tym samym czasie
amerykanska Agencja Zywnosci i Lekow (ang. Food and Drug Administration — FDA)
zarejestrowata dodatkowo jeszcze jedng tetracykling (omadacykling — Nuzyra®)

I aminoglikozyd nowej generacji (plazomycyne — Zemdri®) [38].
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Tabela 1. Szczepy chorobotwérczych bakterii i grzybow o krytycznym, wysokim

I sSrednim priorytecie wg WHO [91,92].

Bakterie

Grzyby

priorytet krytyczny

Acinetobacter baumannii oporne na karbapenemy;
Pseudomonas aeruginosa oporne na karbapenemy;
Enterobacterales oporne na karbapenemy;
Enterobacterales oporne na cefalosporyny |11
generacji;

Mycobacterium tuberculosis;

Cryptococcus neoformans
Candida auris
Aspergillus fumigatus

Candida albicans

priorytet wysoki

Staphylococcus aureus oporne na metycyling;
Staphylococcus aureus oporne na wankomycyng;
Enterococcus faecium oporne na wankomycyne;
Helicobacter pylori oporne na klarytromycyne;
Campylobacter spp. oporne na fluorochinolony;
Salmonella spp. oporne na fluorochinolony;
Neisseria gonorrhoeae oporne na fluorochinolony

i cefalosporyny Il generacji

Nakaseomyces glabrata
(Candida glabrata)
Histoplasma spp.
eumycetoma causative
agents

Mucorales

Fusarium spp.

Candida tropicalis

Candida parapsilosis

priorytet Sredni

Streptococcus pneumoniae niewrazliwe na
penicyling
Haemophilus influenzae oporne na ampicyling

Shigella spp. oporne na fluorochinolony

Scedosporium spp.
Lomentospora prolificans
Coccidioides spp.

Pichia kudriavzeveii
(Candida krusei)
Cryptococcus gattii
Talaromyces marneffei
Pneumocystis jirovecii

Paracoccidioides spp.
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Nastepny, oryginalny lek przeciwbakteryjny pojawit si¢ dopiero w maju biezacego
roku na rynku amerykanskim, kiedy to FDA zarejestrowala kolejng kombinacje
B-laktamu z inhibitorem B-laktamaz: sulbaktam/durlobaktam pod nazwa Xacduro® [95].
Sposrod w/w dziewieciu oryginalnych lekow tylko jeden (cefiderokol) wykazuje istotng
aktywno$¢ wobec wszystkich patogendw krytycznych. Kolejne cztery leki
(meropenem/waborbaktam, imipenem/relebaktam, erawacyklina oraz plazomycyna) sa
aktywne tylko wobec szczepow Enterobacterales opornych na karbapenemy (ang.
carbapenem-resistant Enterobacterales — CRE), natomiast sulbaktam/durlobaktam tylko
wobec szczepow A. baumannii opornych na karbapenemy (ang. carbapenem-resistant
A. baumannii — CRAB). Pozostate trzy leki (delafloksacyna, lefamulina i omadacyklina)
wykazuja aktywno$¢ wobec patogenéw o wysokim priorytecie, tj. enterokokOw opornych
na wankomycyng (ang. vancomycin-resistant enterococci — VRE) i szczepOw S. aureus
opornych na metycyling (ang. methicillin-resistant S. aureus — MRSA) [38]. Kryteria
innowacyjnosci WHO spetniaja: meropenem/waborbaktam (nowa klasa chemiczna,
prawdopodobnie takze brak opornosci krzyzowej), lefamulina (nowa klasa chemiczna do
stosowania ogdlnego) oraz prawdopodobnie cefiderokol (brak opornosci krzyzowej) [94].
Najnowszym oryginalnym lekiem przeciwgrzybiczym do stosowania ogélnego na rynku
amerykanskim jest rezafungina (Rezzayo®) — nowa echinokandyna, zarejestrowana
w marcu 2023 do leczenia inwazyjnych kandydoz [96]. Rezafungina nie uzyskala jeszcze
rejestracji na rynku europejskim, na ktérym ostatnim dopuszczonym, oryginalnym
lekiem przeciwgrzybiczym do stosowania o0go6lnego pozostaje izawukonazol
(Cresemba®) — przedstawiciel azoli, zarejestrowany zaréwno przez EMA jak i FDA
w 2015 roku do leczenia inwazyjnej aspergilozy oraz mukormykozy u pacjentdw,
u ktorych leczenie amfoterycyna B nie jest wskazane [97,98].

Przeprowadzona ostatnio przez WHO analiza lekdéw przeciwbakteryjnych
przechodzacych aktualnie badania kliniczne wykazata, ze nie odpowiadajg one w petni
na najpilniejsze potrzeby [38]. W 2021 roku w badaniach klinicznych znajdowato si¢
tacznie 45 nowych lekow przeciwbakteryjnych. Sposrod nich 12 wykazywato aktywnos¢
wobec M. tuberculosis, a kolejnych 27 wobec innych patogendw priorytetowych, z czego
az 13 stanowily nowe kombinacje PB-laktamow z inhibitorami B-laktamaz. Sposrod
27 lekdéw aktywnych wobec patogenow priorytetowych tylko 6 spetnialo co najmniej
jedno kryterium innowacyjnosci, z czego zaledwie dwa byty aktywne wobec patogenow
0 krytycznym priorytecie. Zdaniem WHO, podstawowym problemem jest zbyt niska

innowacyjno$¢ lekéw  przeciwbakteryjnych w  badaniach klinicznych  oraz
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niewystarczajaca liczba lekoéw aktywnych wobec patogenéw o krytycznym priorytecie
[38]. W badaniach klinicznych znajduje si¢ ponadto 8 nowych lekéw przeciwgrzybiczych
do stosowania ogolnego. Wsrdd nich 3 zwiagzki to nowi przedstawiciele znanych grup,
tj. dwa azole i jeden antybiotyk polienowy. Pozostate 5 zwigzkoéw to leki innowacyjne —
jeden jest przedstawicielem nowej grupy triterpenoidoéw (o tym samym co echinokandyny
mechanizmie dzialania, zrejestrowany juz w 2019 roku do leczenia grzybicy pochwy),
natomiast kolejne 4 zwigzki wykazuja innowacyjny mechanizm dziatania [99-101].

W badaniach przedklinicznych w 2021 roku znajdowato si¢ tacznie 217 zwigzkoéw
o wlasciwosciach przeciwbakteryjnych, z ktérych 69 wykazywalo aktywno$¢ wobec
opornych na karbapenemy szczepéw P. aeruginosa (ang. carbapenem-resistant
P. aeruginosa — CRPA), 50 wobec szczepow CRAB, a 60 wobec szczepow CRE. Az
95 zwigzkow wykazywato selektywna aktywno$¢ wobec okreslonych drobnoustrojow,
wtym 21 zwigzkéw wobec P. aeruginosa, 8 wobec A. baumannii, 15 wobec
Enterobacterales, 19 wobec S. aureus i 20 wobec M. tuberculosis. Zwrdécono rowniez
uwage na stosunkowo wysoki poziom innowacyjnosci lekéw przeciwbakteryjnych
w badaniach przedklinicznych [38]. Ostatnio opisano rowniez wiele innowacyjnych pod
wzgledem struktury substancji przeciwgrzybiczych oraz wytypowano kilku kandydatow
na nowe leki przeciwgrzybicze sposrod substancji zarejestrowanych juz z innymi
wskazaniami, m. in. przeciwnowotworowy tamoxifen, przeciwdepresyjna sertralina oraz
celekoksyb z grupy niesteroidowych lekow przeciwzapalnych [100]. Dodatkowo, udato
si¢ wskaza¢ nowe punkty uchwytu dla lekow przeciwgrzybiczych, takie jak
hemobiosynteza oraz synteza sfingolipidow. Jest to szczeg6lnie cenne, zwazywszy na
znaczne podobienstwo komorek eukariotycznych grzybéw do komorek ludzkich,
utrudniajace opracowanie skutecznego leku o niskim poziomie toksycznosci dla
czlowieka [100].

Mimo tak duzej liczby nowych, innowacyjnych substancji o aktywnosci
przeciwdrobnoustrojowej w badaniach przedklinicznych, liczba nowo zarejestrowanych
lekow oraz lekéw w badaniach klinicznych jest wciaz niewystarczajaca. Istnieje zatem
potrzeba przyspieszenia opracowywania nowych, przede wszystkim innowacyjnych,
kandydatow na leki. W ostatnich latach duze zainteresowanie jako zrodio takich

substancji wzbudzaja zwigzki boroorganiczne.
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4.3. Bor i jego zwiazki w medycynie

Bor to pierwiastek z grupy metaloidéw, szeroko rozpowszechniony w naturze. Dla
bakterii, grzybow 1 roslin jest niezbednym mikroelementem. Jego rola w organizmach
zwierzecych nie jest w pelni poznana, aczkolwiek zostal on sklasyfikowany przez WHO
jako pierwiastek ,,prawdopodobnie niezbedny” dla cztowieka. Uwaza sig, ze jest istotny
dla prawidtowego przebiegu gospodarki wapniowej czy metabolizmu hormonow
steroidowych [102,103]. Jako pierwiastek chemiczny bor prezentuje szereg ciekawych
wlasciwo$ci. Pusty orbital p powoduje, Zze jest on silnym kwasem Lewisa oraz
elektrofilem, zdolnym do tworzenia wigzan koordynacyjnych z nukleofilami, takimi jak
grupy hydroksylowe i aminowe obecne w biatkach, weglowodanach i kwasach
nukleinowych. Powstanie takiego wigzania pociaga za sobg zmian¢ hybrydyzacji atomu
boru z sp? na sp® oraz konwersje ptaskiej, trojkatnej struktury obojetnej do tetraedryczne;j
struktury anionowej. W przypadku wielu jego zwiazkéw jest to mozliwe takze
w warunkach fizjologicznego pH. Stwarza to szerokie mozliwosci ich zastosowania
w medycynie, m. in. do inhibicji réznych enzymow. Obecno$¢ boru w czasteczce
zwigzku odpowiada za jego interakcj¢ z miejscem aktywnym enzymu, natomiast site
I selektywnos¢ jej wigzania z czasteczkami docelowymi mozna modulowac,
wprowadzajac odpowiednie modyfikacje strukturalne [104,105]. Zwigzki boru obecne sg
w medycynie od lat. Antyseptyczne wilasciwos$ci prostego kwasu borowego zaczgto
wykorzystywac¢ juz w XIX wieku 1 do dzi$ jest to zar6wno popularny konserwant oraz
sktadnik antyseptycznych preparatow do stosowania zewnetrznego [105,106]. Mimo to,
zwigzki boru przez wiele lat byly pomijane jako Zrddlo substancji leczniczych do
stosowania ogoélnego ze wzgledu na domniemang toksyczno$¢ tego pierwiastka.
Ostatecznie jednak wykazano, ze bor nie jest toksyczny per se, a toksyczno$¢ niektorych
jego zwiazkow wynika z ich indywidualnej struktury 1 mechanizmu dzialania [104,105].

Brak toksycznos$ci oraz opisane powyzej, interesujace wtasciwosci boru sprawity,
ze jego zwiazki, przede wszystkim te boroorganiczne (tj. zawierajace wigzanie bor-
wegiel), to w chwili obecnej niezwykle liczna grupa, w ktorej intensywnie poszukuje si¢
nowych substancji o aktywnosci biologicznej. Wsrdéd badanych pochodnych mozna
wyr6zni¢ zwigzki niecykliczne (alifatyczne i aromatyczne kwasy boronowe oraz ich estry
i hemiestry) jak rowniez zwigzki boraheterocykliczne (zawierajace w pierScieniu poza
borem i weglem takze inny atom, np. tlen, azot czy krzem), np. cykliczne estry i hemiestry
kwaséw boronowych (nazywane czasem cyklicznymi kwasami boronowymi),

benzoksaborole, benzosiloksaborole, diazaboryny, oksadiazaborole i oksazaborolidyny
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(Rycina 2) [104-107]. Wséréd zwigzkow  boraheterocyklicznych — najwicksza
I najintensywniej badang grupe stanowia benzoksaborole — cykliczne hemiestry kwasu
2-(hydroksymetylo)fenyloboronowego, ktérych czasteczka skiada si¢ z pierscienia
benzenowego skondensowanego z pieciocztonowym pierscieniem oksaborolu [108]. Ich
strukturalnymi analogami sg benzosiloksaborole, zawierajace atom krzemu w miejscu
jednego atomu wegla w pierScieniu oksaborolu [109,110]. W odroznieniu od
niecyklicznych kwasow boronowych wigzanie bor-wegiel w pierscieniu oksaborolu jest
mniej podatne na hydrolize. Dodatkowo, benzoksaborole charakteryzuja si¢ znacznie
nizsza kwasowoscig niz kwasy boronowe, co przeklada si¢ na ich lepszg rozpuszczalnosé
w wodzie przy fizjologicznym pH oraz tatwiejsze tworzenie wigzan z biologicznymi
nukleofilami, a co za tym idzie na wigksza aktywno$¢ terapeutyczng. Dalsze obnizenie
kwasowos$ci benzoksaboroli mozna uzyska¢ miedzy innymi poprzez wprowadzenie

atomu krzemu do pier$cienia oksaborolu [111,112].

Rycina 2. Grupy zwigzkéw boroorganicznych, ktorych przedstawiciele wykazuja

aktywno$¢ przeciwbakteryjng lub przeciwgrzybicza.
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Wsrod dotad otrzymanych zwigzkéw boroorganicznych uzyskano liczne pochodne
0 dzialaniu m. in. przeciwnowotworowym, przeciwzapalnym, przeciwbakteryjnym,

przeciwgrzybiczym, przeciwwirusowym i przeciwpasozytniczym [104-107]. Pierwszym
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borooganicznym lekiem byt bortezomib (Velcade®) — dipeptydowy kwas boronowy,
zarejestrowany w 2003 przez FDA, a w 2004 roku przez EMA do leczenia szpiczaka
mnogiego i chtoniaka z komorek ptaszcza [107,113]. Kolejny lek z tej samej grupy i 0 tym
samym wskazaniu (iksazomib) zostal zarejestrowany przez FDA w 2015, a przez EMA
w 2016 roku pod nazwa Ninlaro® [107,113]. W nast¢pnych latach FDA zarejestrowata
réwniez pierwsze benzoksaborole do stosowania miejscowego — W 2014 roku tawaborol
(Kerydin®) do leczenia grzybicy paznokci, a w 2017 crisaborol (Eucrisa®) do leczenia
atopowego zapalenia skoéry [104]. Pierwszym boroorganicznym zwigzkiem
przeciwbakteryjnym zarejestrowanym jako lek do stosowania ogdlnego u ludzi byt
natomiast opisany w przegladowej Publikacji P1 waborbaktam (w kombinacji
z meropenemem) [94]. Sukces tawaborolu i waborbaktamu w potaczeniu
Z innowacyjnoscia struktury ~ zwigzkow  boroorganicznych  jako lekow
przeciwdrobnoustrojowych  sprawily, ze ich wlasciwosci przeciwgrzybicze
| przeciwbakteryjne sa3 w ostatnich latach intensywnie badane, a wsr6d uzyskanych
pochodnych znajduja si¢ zar6wno zwigzki o wysokiej aktywnos$ci bezposredniej wobec
grzybow i bakterii (takze szczepOw priorytetowych wg WHO) jak i zwigzki zdolne do
inhibicji ~ bakteryjnych  p-lakatamaz.  Najbardziej  obiecujagce  wlasciwosci
przeciwdrobnoustrojowe wykazano jak dotad dla kwasow boronowych, benzoksaboroli

i benzosiloksaboroli [104,107].

4.3.1. Boroorganiczne inhibitory p-laktamaz

Znanym sposobem przywracania skutecznoséci antybiotykoéw p-laktamowych
wobec bakterii wytwarzajacych inaktywujace je enzymy (B-laktamazy) jest ich
podawanie razem z odpowiednim inhibitorem B-laktamaz (ang. fp-lactamses inhibitor —
BLI). Pierwsze tego typu zwiazki, tj. kwas klawulanowy, sulbaktam, tazobaktam, oparte
na szkielecie B-laktamowym, pojawily si¢ na rynku juz w latach 80. 1 90. XX wieku [37].
Nie wykazujg one jednak aktywnos$ci wobec najistotniejszych obecnie B-laktamaz,
tj. karbapenemaz. Wytwarzanie karbapenemaz jest jedna z gtéwnych przyczyn opornosci
patogenow krytycznych wg WHO [32]. Najistotniejsze klinicznie karbapenemazy
pateczek Gram-ujemnych naleza, zgodnie z klasyfikacja Amblera [114], do klasy
A (przede wszystkim enzymy typu KPC — ang. Klebsiella pneumoniae carbapenemase,
sposrod ktorych najbardziej rozpowszechnione na $wiecie sg warianty KPC-2 i KPC-3),
klasy B (tzw. metalo-p-laktamazy, np. z rodzin NDM — ang. New Delhi metallo-4-
lactamase oraz VIM — ang. Verona integron-encoded metallo-s-lactamase) i klasy

32



Wstep

D (enzymy z grupy CHDL — ang. carbapenem-hydrolyzing class D p-lactamases,
0 zachowanej aktywnos$ci oksacylinaz z rodziny OXA) [32]. Rzadsze sa karbapenemazy
z klasy C, jak np. enzym ADC-68 u A. baumannii [115116]. Duzym problemem
klinicznym jest takze opornos¢ bakterii o krytycznym priorytecie na cefalosporyny III
generacji, co zwigzane jest z wytwarzaniem nalezacych do klasy A p-laktamaz
0 rozszerzonym spektrum substratowym (ang. extended-spectrum g-lactamases—ESBL),
np. typu CTX-M lub z nadprodukcjg cefalosporynaz z klasy C (enzymow AmpC),
zarowno chromosomalnych (cAmpC) jak i kodowanych plazmidowo (pAmpC, np.
enzymu CMY-2) [117,118]. Dopiero w ostatnich latach wprowadzono do lecznictwa kilka
nowych, nie-B-laktamazowych inhibitorow diazabicyklooktanowych (awibaktam,
relebaktam oraz durlobaktam) i boroorganicznych (waborbaktam), ktérych spektrum
obejmuje takze niektore karbapenemazy z klasy A, w tym enzymy typu KPC [94,119] oraz
z klasy D [95]. Jednakze enzymy z klasy B sa wcigz poza spektrum inhibitorow
dopuszczonych do stosowania w lecznictwie [38,119].

Odwracalne hamowanie penicylinazy Bacillus cereus przez kwas borowy,
fenyloboronowy (ang. phenylboronic acid — PBA) oraz meta-aminofenyloboronowy
opisano juz w latach 70. XX wieku [120]. Dwa ostatnie kwasy s3 wcigz wykorzystywane
w rekomendowanych przez Europejski Komitet ds. Oznaczania Lekowrazliwosci (ang.
European Committee on Antimicrobial Susceptibility Testing — EUCAST) fenotypowych
metodach wykrywania szczepow pateczek Gram-ujemnych wytwarzajacych enzymy
typu KPC [121]. Kwasy boronowe nazywane s3 czesto inhibitorami stanu przejsciowego
(ang. boronic acid transition state inhibitors—BATSISs), poniewaz atom boru nasladujgc
karbonylowy atom wegla pierscienia [B-laktamowego tworzy tetrahedralny addukt
zseryng w centrum Kkatalitycznym B-laktamaz, przypominajacy stan przejSciowy
w reakcji hydrolitycznej. W efekcie zwigzki te dzialajg jako kompetycyjne, odwracalne
inhibitory [-laktamaz serynowych [122,123]. W ostatnich latach prace badawczo-
rozwojowe koncentrowaly si¢ przede wszystkim na syntezie kwasow boronowych
0 bardziej rozbudowanej strukturze, zapewniajace] wigksza selektywno§¢ wobec
bakteryjnych B-laktamaz oraz nizsza toksyczno$¢ — otrzymano wiele pochodnych
(zarowno niecyklicznych jak i cyklicznych) o obiecujacej aktywnos$ci [113,123]. Ponadto
opisano réwniez boroorganiczne inhibitory -laktamaz z grupy benzoksaboroli [124-126]

oraz benzosiloksaboroli [110].
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4.3.1.1. Cykliczne kwasy boronowe jako inhibitory p-laktamaz

Pierwszym wprowadzonym do lecznictwa inhibitorem B-laktamaz z grupy tzw.
cyklicznych kwasow boronowych jest opisany w przegladowej Publikacji P1
waborbaktam,  tj. kwas  2-[(3R,6S)-2-hydroksy-3-[(2-tiofen-2-ylacetyl)amino]
oksaborinan-6-ylJoctowy (Rycina 3) [94,127]. Jest to monocykliczny inhibitor enzymow
z klasy A (enzymow ESBL z rodzin CTX-M, TEM i SHV, karbapenemaz typu KPC
i SME) oraz klasy C (enzymow AmpC), ale bez aktywnosci inhibicyjnej wobec
B-laktamaz z klasy B (np. z rodzin NDM, VIM) oraz D (np. OXA-48). Nie wykazuje on
takze bezposredniej aktywnosci przeciwbakteryjnej w stezeniach terapeutycznych [94].
Stwierdzono, ze waborbaktam skutecznie zwigksza aktywno$¢ meropenemu wobec
szczepow CRE (z wylaczeniem szczepoéw produkujacych metalo-B-laktamazy) ale nie
wobec szczepéw CRPA, CRAB czy Stenotrophomonas maltophilia [94]. Opornos¢ na
meropenem/waborbaktam jest zwykle zwigzana z wytwarzaniem metalo-pB-laktamaz,
zaburzeniem wnikania waborbaktamu do komorki (mutacje w genach kodujacych biatka
poryn takich jak OmpK35, OmpK36), lub nadprodukcja enzymow typu KPC, zwigzanej
ze zwigkszeniem liczby kopii genow blakec W genomie bakteryjnym. Jak dotad, nie
opisano przypadku opornosci szczepu wynikajacej jedynie z mutacji w genach blakec
[94,128]. Kombinacja meropenem/waborbaktam do stosowania dozylnego zostala
zarejestrowana przez FDA 29 VI1II 2017 roku (Vabomere®) [129], a przez EMA 20 XI
2018 roku (Vaborem®) [130]. Wskazania tych lekéw obejmujg leczenie powiktanych
zakazen ukladu moczowego (w tym odmiedniczkowego zapalenia nerek), powiktanych
zakazen w obregbie jamy brzusznej, szpitalnych zapalen pluc (takze respiratorowych
zapalen phuc) oraz zakazen wywotanych tlenowymi drobnoustrojami Gram-ujemnymi
u pacjentéw dorostych, z ograniczonymi mozliwosciami leczenia [131]. Ze wzglgdu na
narastajacy problem zakazen szczepami wytwarzajacymi metalo-p-laktamazy podjeto
robwniez proby skojarzenia meropenemu/waborbaktamu z  aztreonamem —
monobaktamem rozktadanym przez szereg enzymoéow z klasy A, C oraz D (tzw.
serynowych [-laktamaz), ale opornym na dzialanie metalo-pB-laktamaz. Taka
trojsktadnikowa kombinacja wykazuje wysoka skutecznos¢ in  vitro wobec
wielolekoopornych szczepoéw K. pneumoniae oraz E. coli wytwarzajacych zaréwno
enzymy typu NDM jak i enzymy typu ESBL lub KPC [94]. Istniejg rowniez doniesienia
o klinicznych sukcesach terapeutycznych wynikajacych ze stosowania takiej kombinacji
w leczeniu zakazen wywotanych szczepami produkujacymi metalo-B-laktamazy,

opornymi na kombinacj¢ ceftazydym/awibaktam [132,133].
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Badania kliniczne przechodza aktualnie trzy kolejne boroorganiczne inhibitory
B-laktamaz oparte na farmakoforze cyklicznego kwasu boronowego (Rycina 3). Sa to
[38,134,135]:

e taniborbaktam (wczesniej nazywany VNRX-5133) — aktualnie w fazie 3,
testowany w kombinacji z cefepimem do podawania dozylnego
w powiktanych zakazeniach drog moczowych;

e ledaborbaktam (wczesniej VNRX-5236) — aktualnie w fazie 1, testowany
w kombinacji z ceftibutenem do podawania doustnego w leczeniu
powiklanych zakazen drog moczowych;

e kseruborbaktam (wczesniej QPX7728) — aktualnie w fazie 1, testowany
W kombinacji z B-laktamem QPX2014 do podawania dozylnego oraz
w kombinacji z B-laktamem QPX2015 do podawania dozylnego oraz

doustnego.

Rycina 3. Boroorganiczne leki o aktywnosci inhibitorow B-laktamaz.

Leki zarejestrowane Leki w badaniach klinicznych
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W poréwnaniu do waborbaktamu, taniborbaktam jest inhibitorem bicyklicznym,
0 znacznie szerszym spektrum substratowym, obejmujagcym zardéwno serynowe
B-laktamazy z klasy A (ESBL z rodzin SHV i CTX-M oraz karbapenemazy KPC-2
I KPC-3), z klasy C (AmpC) oraz D (z grupy OXA-48), jak i metalo-B-laktamazy
(z rodzin NDM, VIM, z wytaczeniem IMP). Taniborbaktam przywraca wrazliwo$¢ na

cefepim zarowno szczepom CRE jak i CRPA [136-138]. Zmniejszong wrazliwos$¢ na
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kombinacje¢ cefepim/taniborbaktam stwierdzano u szczepoéw produkujacych enzymy
IMP, ze zmienionym biatkiem PBP3, ze zmianami w strukturze poryn btony zewnetrznej
(OmpK35, OmpK36) oraz z nadprodukcjg pompy btonowej AcrAB [136,137]. Ostatnio
wykazano jednak, ze taniborbaktam nie hamuje aktywno$ci enzymu NDM-9, r6znigcego
si¢ od enzymu NDM-1 zaledwie jednym aminokwasem [139]. Znaczne
rozpowszechnienie szczepéw wytwarzajacych NDM-9 [140], w potaczeniu ze
stwierdzonym niedawno rozpowszechnieniem heteroopornosci na
cefepim/taniborbaktam wsrod szczepéw CRE wytwarzajacych metalo-B-laktamazy [141]
grozg skroceniem okresu klinicznej skutecznosci tego inhibitora wobec szczepow
wytwarzajacych metalo-B-lakatamazy.

Ledaborbaktam jest bicyklicznym inhibitorem enzymdéw typu ESBL (np. z rodzin
CTX-M oraz SHV), cefalosporynaz z klasy C (np. P99 oraz CMY-2) oraz karbapenemaz
z klasy A (typu KPC) i D (z grupy OXA-48). Nie jest jednak inhibitorem enzymow
zklasy B, jak roéwniez nie wykazuje bezposredniej aktywnosci przeciwbakteryjnej
[134,142-144]. Skutecznie przywraca wrazliwo$¢ na ceftibuten wytwarzajacym powyzsze
enzymy szczepom z rzgdu Enterobacterales, a jego niewatpliwg zaletg jest mozliwosc¢
podawania per os (w postaci proleku — etzadroksylu ledaborbaktamu, wcze$niej
nazywanego VNRX-7145). Stwarza to mozliwosci leczenia zakazen wywolanych
opornymi szczepami Enterobacterales bez koniecznosci hospitalizacji [134,142]. Czestos¢
selekcji spontanicznych mutantow in vitro na stezeniach odpowiadajacych 4xMIC
ceftibutenu w obecnosci 4 mg/l ledaborbaktamu jest niska (<1071%) [143], wcigz jednak
brakuje  szczegotowych danych  dotyczacych  ewentualnych  mechanizmow
niespecyficznej opornosci na ceftibuten/ledaborbaktam [134].

Najszersze spektrum aktywnosci sposrod inhibitorow boroorganicznych wykazuje
jak dotad kseruborbaktam — takze reprezentant inhibitorow bicyklicznych [127,135].
Hamuje on aktywno$¢ serynowych enzymow typu ESBL z klasy A (z rodzin CTX-M,
SHV, TEM, VEB oraz PER), karbapenemaz z klasy A (z rodzin KPC, SME, NMCA oraz
enzymow GES-20, VCC-1 i BKC-1), enzymoéw z klasy C (zarébwno plazmidowych
z rodzin CMY, FOX, MIR oraz DHA, jak i chromosomalnie kodowanych z rodzin PDC
i ADC), oraz karbapenemaz z klasy D (z grupy OXA-48 u Enterobacterales oraz
enzymow CHDL z rodzin OXA-23, OXA-24, OXA-72 oraz OXA-58 u A. baumannii).
Ponadto, w jego spektrum dziatania jako inhibitora wchodza metalo-fB-laktamazy typu
NDM, VIM, IMP oraz GIM, jak rowniez enzym CcrAl [145,146]. Kseruborbaktam

przywracal wrazliwo$¢ na meropenem, cefepim, aztreonam szczepom CRE, na
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meropenem szczepom CRAB oraz na meropenem, cefepim, ceftolozan i piperacyling
szczepom CRPA [145]. Rozwazana jest zatem mozliwos$¢ jego dopuszczenia do obrotu
jako samodzielnego leku, do stosowania w terapii skojarzonej z réznymi B-lakatamami
[145]. W przeciwienstwic do innych boroorganicznych inhibitoréw p-laktamaz,
kseruborbaktam wykazuje takze umiarkowang aktywno$¢ bezposrednig wobec szczepow
Enterobacterales (wartosci MIC rzedu 16—32 mg/l) oraz A. baumannii (wartosci MIC
rzedu 16—64 mg/l), co jest wynikiem jego wigzania si¢ z biatkami PBP. W rezultacie
kseruborbaktam dziata synergistycznie z karbapenemami takze wobec szczepow
niewytwarzajacych karbapenemaz [135]. Wykazano réwniez, ze niespecyficzne
mechanizmy opornosci (takie jak zmniejszenie przepuszczalnosci blony zewnetrznej czy
zwigkszenie aktywnego usuwania z komorek bakteryjnych przez pompy btonowe) maja
niewielki wptyw na aktywnos$¢ kseruborbaktamu [147]. Poza wymienionymi powyzej
zwigzkami, wiele innych, cyklicznych inhibitorow boroorganicznych znajduje si¢

aktualnie w r6znych fazach badan przedklinicznych [123,148-151].

4.3.1.2. Niecykliczne kwasy boronowe jako inhibitory [-laktamaz

Bogatym zrédlem substancji o aktywnos$ci inhibitorow -laktamaz sa takze
niecykliczne kwasy boronowe, zarowno alifatyczne jak i aromatyczne. Wsrdd nich
uzyskano pochodne zdolne do hamowania aktywnos$ci enzymow z klasy A, np. PC1 [152],
TEM-1 [152,153] oraz z rodzin SHV [154], GES [155], KPC [154-158] i CTX-M
[122,153,158,159], jak rowniez enzymow z klasy C, tj. CAmpC [152,153,155,158-164]. Ostatnio
otrzymano takze pochodne o aktywnosci inhibitora enzymow klasy D, tj. z rodzin OXA-
24 [158,164,165] oraz OXA-48 [166], a nawet klasy B, tj. z rodzin VIM [158,166] i NDM
[158,166]. Niektore zwigzki charakteryzowaty si¢ Szerokim spektrum hamowanych
B-laktamaz, obejmujacym zaréwno enzymy klasy A jak i enzymy klasy C [153,158] lub
klasy C oraz D [164]. Opisano nawet czgsteczki kwasow boronowych zdolne do
hamowania enzyméw nalezgcych do wszystkich czterech klas wg Amblera, wlacznie
z enzymami z klasy B np. VIM-2 i NDM-1 [166]. Wiele z tych zwigzkéw bylo w stanie
takze zwigksza¢ aktywno$¢ antybiotykdw wobec bakterii wytwarzajacych okre§lone
B-laktamazy, w tym takze wobec bakterii Gram-ujemnych, np. E. coli [154,155,157,158,163],
K. pneumoniae [154,158], A. baumannii [158,163], P. aeruginosa [155,158]. Niestety,
niektore pochodne kwasow boronowych, zwlaszcza o rozbudowanej strukturze mimo
duzego powinowactwa do B-laktamaz in vitro, nie byly jednak w stanie zwigkszaé

aktywnosci antybiotykéw p-laktamowych wobec bakterii  Gram-ujemnych, co
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przypuszczalnie wynikalo z niemozliwosci ich wnikania do wngtrza komorek
bakteryjnych. Blona zewnetrzna wystepujaca u pateczek Gram-ujemnych jest bowiem
barierg, ktora chroni je przed wieloma antybiotykami, bedac czgstg przyczyng braku
skutecznos$ci zwigzkow przeciwbakteryjnych [152,161,164-166].

Mimo tak duzego zainteresowania kwasami boronowymi jako potencjalnymi
inhibitorami B-laktamaz, prowadzone dotad badania koncentrowaty si¢ na otrzymywaniu
kolejnych pochodnych kwasu boronowego Ilub fenyloboronowego. Tymczasem
interesujgcg grupg zwigzkow boroorganicznych sg takze kwasy di- oraz triboronowe,
ktore dzigki obecnosci dodatkowych grup boronowych charakteryzuja si¢ zmniejszong
lipofilowo$cia oraz kwasowos$cia w pordéwnaniu do zwigzkéw monoboronowych.
Aromatyczne kwasy di- oraz triboronowe sg od dawna stosowane w syntezie organicznej
[167,168], jednak dane o ich aktywno$ci biologicznej sg szczatkowe [169]. Jest to rOwniez
grupa dotad pomijana w pracach badawczo-rozwojowych nad nowymi lekami

przeciwdrobnoustrojowymi.

4.3.1.3. Benzoksaborole oraz benzosiloksaborole jako inhibitory f-laktamaz
Boroorganiczne inhibitory B-laktamaz o strukturze benzoksaboroli [124,125] oraz
benzosiloksaboroli [110] znajduja si¢ aktualnie w fazie badan przedklinicznych. Jak dotad
wykazano, ze wiele C6-heterofenylenoksy podstawionych benzoksaboroli w testach
enzymatycznych hamuje aktywno$¢ enzymow z klasy A (CTX-M-9a oraz TEM-1), jak
réwniez z klasy C (CAmpC oraz CMY-2), a najbardziej aktywne z nich juz w stezeniu
8 mg/l przywracaly wrazliwos¢ na ceftazydym szczepowi Enterobacter cloacae cAmpC-
dodatniemu oraz E. coli CMY-2-dodatniemu [125]. Dalsze modyfikacje strukturalne
doprowadzity do otrzymania innych, 6-fenylenoksy podstawionych pochodnych, ktore
w testach enzymatycznych poza enzymami z klasy A (TEM-1, CTX-M-15 oraz
karbapenemazy KPC-2) i z klasy C (P99 czy cAmpC), hamowatly takze aktywnos$¢
karbapenemazy OXA-24 z klasy D. Najbardziej aktywny byt 6-tiadiazoloksy
podstawiony benzoksaborol, ktory juz w stezeniu 4 mg/l zwigkszat aktywnos¢ cefepimu
wobec klinicznych szczepdw E. coli i K. pneumoniae wytwarzajacych rézne p-laktamazy,
w tym KPC-2 [124]. Ostatnio otrzymano natomiast 3-fenylenobenzoksaborole o szerokim
spektrum inhibicji, obejmujagcym w testach enzymatycznych zarowno enzymy serynowe
(m. in. KPC-2) jak i metalo-pB-laktamaz¢ NDM-1. Najbardziej aktywny inhibitor

zwickszat takze aktywno$¢ meropenemu wobec szczepow E. coli KPC-2-dodatnich [126].
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Sposrod  benzosiloksaboroli najwigksza aktywno$¢ wykazywata jak dotad
pochodna zawierajaca grupe B(OH)2 w pozycji 6. Zwiazek ten juz w stgzeniu 16 mg/l
powodowal znaczacg (tj. minimum 4-krotng) redukcje wartosci MIC meropenemu
u szczepow E. coli i K. pneumoniae wytwarzajacych enzymy KPC-2 oraz KPC-3, jak
réwniez ceftazydymu u szczepow wytwarzajacych cAmpC (P. aeruginosa) i CMY-2
(E.coli i K. pneumoniae). Dokowanie molekularne potwierdzito, ze jego forma
dianionowa tworzy silne wigzania z enzymem KPC-2 [110]. Analogiczne
benzosiloksaborole zawierajagce grupe B(OH), w pozycji 5 lub 7 nie byly natomiast
aktywne [110]. Umiarkowang aktywno$¢ inhibitorow enzymu CMY-2 wykazywaty
rowniez benzosiloksaborole podstawione atomami fluoru w pozycji 6 1 7, oraz dwa
zwigzki o unikatowej strukturze, zawierajace dodatkowy pierScien oksaborolu
skondensowany z pier§cieniem benzenowym benzosiloksaborolu. Pochodne te, dodane
w ilosci 300 pug na krazek z 30 pg ceftazydymu znaczaco powickszaty strefe
zahamowania wzrostu szczepu E. coli CMY-2-dodatniego w poréwnaniu do krazka

z samym antybiotykiem [110].

4.3.2. Boroorganiczne zwigzki 0 bezposredniej aktywnosci
przeciwdrobnoustrojowej
Zwiazki boroorganiczne sg takze bogatym zrddlem substancji o bezposredniej
aktywnosci przeciwbakteryjnej oraz przeciwgrzybiczej. Najwigcej zwigzkow o wysokiej
bezposredniej aktywnosci przeciwdrobnoustrojowej uzyskano w grupie benzoksaboroli
oraz benzosiloksaboroli. Sposréd innych zwigzkéw boroorganicznych najwigcej
doniesien dotyczyto potencjalu przeciwdrobnoustrojowego niektérych kwasow

boronowych i diazaboryn, rzadko oksadiazaboroli czy oksazaborolidyn [104,107].

4.3.2.1. Mechanizmy bezposredniego dziatania przeciwdrobnoustrojowego zwigzkow
boroorganicznych

Najczgséciej opisywanym mechanizmem dzialania przeciwdrobnoustrojowego
zwiazkow boroorganicznych jest hamowanie syntezy biatek poprzez blokownie
aktywnosci syntetazy leucylo-tRNA (ang. leucyl-tRNA synthetase - LeuRS) — enzymu
odpowiedzialnego za przytgczanie leucyny do tRNA, nalezacego do grupy 20 syntetaz
aminoacylo-tRNA, specyficznych dla kazdego z 20 aminokwasow [170]. Uchodza one za
dobry cel terapeutyczny dla nowych lekdéw przeciwdrobnoustrojowych, przede

wszystkim ze wzgledu na znaczne rdznice migdzy enzymami wystepujacymi u ssakow,
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a ich odpowiednikami u bakterii i grzybow [170]. Przykladem antybiotyku o takim
mechanizmie dziatania jest mupirocyna, bedaca inhibitorem syntetazy izoleucylo-tRNA.
Lek ten nie jest jednak zarejestrowany do stosowania ogolnego ze wzgledu na swoj profil
farmakokinetyczny [170]. Po raz pierwszy hamowanie aktywnosci LeuRS opisano dla
benzoksaboroli, ktore tworzg stabilne ,,spiroaddukty” z kompleksem LeuRS-tRNA,
uniemozliwiajgc tRNA zaréwno opuszczenie tego kompleksu jak i przemieszczenie si¢
do centrum aktywnego enzymu. Ten specyficzny mechanizm inhibicji LeuRS nazwano
putapkowaniem tRNA oksaborolem (ang. oxaborole tRNA-trapping - OBORT) [171].
Leki przeciwdrobnoustrojowe hamujace LeuRS spetniajg kryteria innowacyjnosci
wg WHO (nowy mechanizm dziatania) [38]. Rzadziej opisywane sg inne niz LeuRS
punkty uchwytu benzoksaboroli o bezposrednim dziataniu przeciwdrobnoustrojowym,
takie jak: (1) dehydrogenaza NADH u M. tuberculosis w przypadku 7-fenyloben-
zoksaboroli [172], (Il) zaangazowana w synteze¢ kwasow ttuszczowych reduktaza enoilo-
ACP (ang. acyl carrier protein— bialko nos$nikowe grup acylowych) u E. coli
w przypadku 6-benzyloksybenzoksaboroli [173], oraz (111) anhydrazy weglanowe u Vibrio
cholerae w przypadku benzoksaboroli podstawionych mocznikiem lub tiomocznikiem
w pozycji 6 [174]. Inhibitorami reduktazy enoilo-ACP sg takze niektére diazaboryny
[105,107]. Niewiele wiadomo jak dotad o molekularnych mechanizmach dziatania innych

grup zwigzkow boroorganicznych o bezposredniej aktywnosci przeciwdrobnoustrojowe;.

4.3.2.2. Benzoksaborole i  benzosiloksaborole o  bezposrednim  dziataniu
przeciwdrobnoustrojowym

Jedynym zarejestrowanym juz lekiem boroorganicznym o bezposredniej
aktywnosci przeciwdrobnoustrojowej jest w chwili obecnej tawaborol (wcze$niej
0 nazwie AN2690), tj. 5-fluoro-1,3-dihydro-1-hydroksy-2,1-benzoksaborol (Rycina 4).
Jego 5% roztwoér do stosowania miejscowego (Kerydin®) zostal dopuszczony w 2014
roku przez FDA do leczenie grzybicy plytki paznokcia wywolywanej przez dermatofity
Trichophyton rubrum i Trichophyton mentagrophytes [175]. Zasadniczg trudnoscia
w opracowywaniu lekéw skutecznych w tym schorzeniu jest koniecznos¢ ich
przenikniecia do ptytki paznokcia. Tawaborol, z uwagi na swoje niewielkie rozmiary,
bardzo dobrze przenika do tego kompartmentu, osiggajac zardwno w ptytce jak i tozysku
paznokcia stezenia przekraczajace wartosci minimalnych stezen grzybobdjczych (ang.
minimal fungicidal concentration — MFC) [175]. W warunkach in vitro tawaborol

wykazuje szerokie spektrum aktywnosci — w stezeniach 0,25—2 mg/l hamuje wzrost
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szczepéw Candida spp., Malassezia spp., Microsporum spp., Trichophyton spp.,
Crypococcus neoformans oraz A. fumigatus. Zakres wartosci MIC dla klinicznych
izolatéw T. rubrum i T. mentagrophytes wynosit 1-32 mg/l, a wartosci MFC wynosity
2—>32 mg/l [175,176]. Wykazuje on rowniez umiarkowang aktywno$¢ wobec bakterii
Gram-dodatnich (zakres wartosci MIC 12,5-200 mg/l), Gram-ujemnych pateczek
niefermentujagcych (zakres wartosci MIC 6,25-400 mg/l) oraz pateczek z rzgdu
Enterobacterales (zakres wartosci MIC 6.25-100 mg/l) [175,177]. Mechanizm dziatania
tawaborolu polega na hamowaniu aktywnos$ci LeuRS [171]. Oporno$¢ na tawaborol
powstaje w nastgpstwie mutacji w genie kodujagcym LeuRS ale jak dotad nie wigzata si¢
ona z opornoscig krzyzowa na inne leki przeciwgrzybicze. Czgsto$¢ selekcji
spontanicznych, jednostopniowych mutantdbw T. rubrum przy stezeniu 4xMIC
tawaborolu ksztattowata si¢ na poziomie ok. 10® [178]. Wykazano, ze do selekcji
opornych na tawaborol mutantéw moze dochodzi¢ takze w stezeniach subinhibitorowych
(0,5xMIC). Zwazywszy jednak na osiggane w trakcie terapii wysokie stezenia w miejscu
infekcji oraz brak opornosci krzyzowej uznano, ze tawaborol moze by¢ z powodzeniem
stosowany w leczeniu grzybicy paznokci [178]. Ostatnio wykazano rowniez
synergistyczne oddziatywanie tawaborolu z aminoglikozydami wobec szczepow E. coli
[179]. Zwazywszy na niska toksycznos¢ tawaborolu po podaniu ogdlnym, moze on by¢
rozwazany jako kandydat do =zastosowania w systemowej, skojarzonej terapii

przeciwbakteryjnej [179].

Rycina 4. Boroorganiczne leki 0 bezposredniej aktywnosci przeciwbakteryjnej lub

przeciwgrzybiczej.
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W chwili obecnej w fazie badan klinicznych znajduja si¢ dwa boroorganiczne
zwiazki (benzoksaborole) o bezposredniej aktywnosci przeciwdrobnoustrojowej, a $cislej
przeciwpratkowej — GSK3036656 (nazywany takze GSK656) [180,181] oraz epetraborol
(wczesniej GSK2251052 oraz AN3365) [182,183]. Ich struktury przedstawiono na
Rycinie 4. Obydwa zwiazki sg inhibitorami LeuRS o wysokiej aktywnosci zarowno
wobec pratkow gruzliczych (M. tuberculosis) jak i niegruzliczego pratka Mycobacterium
abscessus — wewnatrzkomorkowego patogenu o wysokim poziomie naturalnej oporno$ci
na znane antybiotyki, wywotujacego grozne infekcje U pacjentow z mukowiscydozg [180-
183]. GSK656 jest aktualnie testowany w fazie 2 badan klinicznych jako lek
przeciwgruzliczy [180,181]. Z kolei epetraborol, z racji wigkszej aktywnosci wobec
M. abscessus niz M. tuberculosis, jest testowany (aktualnie w fazie 3) jako lek na choroby
wywotywane przez pratki niegruzlicze [182,183]. Ostatnio wykazano rowniez
synergistyczne wobec M. abscessus dziatanie epetraborolu z norwaling (niebiatkowym
aminokwasem), ktora nie tylko zmniejsza czestos¢ selekcji opornych mutantow in vitro,
ale takze nasila dziatanie epetraborolu in vivo. Wykazano, ze zmieniona LeURS mutantow
opornych na epetraborol wykorzystuje norwaling zamiast leucyny do syntezy biatek, co
jest dla tych mutantéw toksyczne [184]. Ponadto aktywnos$¢ przeciwpratkowa na etapie
badan przedklinicznych wykazuje wiele innych benzoksaboroli [172,185,186].

Epetraborol byt juz wczesniej testowany w badaniach klinicznych jako lek
przeciwbakteryjny do stosowania ogoélnego w powiklanych zakazeniach drog
moczowych oraz powiktanych zakazeniach wewnatrzbrzusznych [187,188]. W warunkach
in vitro jest on wysoce skuteczny wobec szczep6w Enterobacterales (takze KPC-
dodatnich), P. aeruginosa (takze opornych na karbapenemy), A. baumannii oraz
S. maltophilia [188]. Badania kliniczne zostaly jednak przerwane na etapie fazy 2 ze
wzgledu na gwattowne narastanie opornosci — juz drugiego dnia leczenia izolaty E. coli
pobrane od czterech pacjentow wykazywaly minimum 32-krotny wzrost wartosci MIC
epetraborolu. Wykazano, Zze powstaly one w wyniku mutacji w genie kodujagcym LeuRS.
Tak krotki czas od rozpoczgcia terapii do zdominowania populacji szczepu wyjsciowego
przez komorki lekoopornych mutantow byt zaskakujacy, bowiem u szczepow
izolowanych od pacjentow nie stwierdzono zwigkszonej czestosci selekcji
jednostopniowych mutantow w poréwnaniu do szczepoéw badanych wczesniej in vitro
[187]. Dopiero ostatnio wykazano, ze uzyskiwane in vivo stezenia epetraborolu oscyluja
w zakresie MSW [189]. Przypadek epetraborolu dobitnie podkreslit koniecznos¢

udoskonalenia metod przedklinicznych badan in vitro oceniajacych potencjal do
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selekcjonowania opornos$ci przez nowe zwiazki, tak by lepiej przewidywaty selekcje
opornosci in vivo [187].

Mimo tego niepowodzenia, benzoksaborole s3 w dalszym ciggu przedmiotem
licznych, przedklinicznych prac badawczo-rozwojowych nad nowymi lekami
przeciwdrobnoustrojowymi. Przechodzi je m. in. analog epetraborolu —DS86760016,
takze bedacy inhibitorem LeuRS [189]. Wykazuje on wysoka aktywno$¢ wobec szerokiej
gamy wielolekoopornych bakterii Gram-ujemnych — wartosci MIC dla szczepow
Enterobacterales, P. aeruginosa i S. maltophilia ksztattuja si¢ na poziomie 0,25—2 mg/I.
Zwigzek ten nie hamuje wzrostu szczepow A. baumannii, Bacteroides spp. ani bakterii
Gram-dodatnich [189,190]. Czestos¢ selekcji opornych na niego mutantow na stezeniu
4xMIC byta poréwnywalna do epetraborolu (rzedu 10® do 10° dla szczepow
P. aeruginosa, E. coli i K. pneumoniae), podobnie jak wartosci MPC obu zwigzkéw dla
szczepéw E. coli i K. pneumoniae. Natomiast wartosci MPC benzoksaborolu
DS86760016 dla P. aeruginosa byly co najmniej 8-krotnie nizsze niz w przypadku
epetraborolu [189]. Wtasciwosci farmakokinetyczne DS86760016 pozwalaja jednak na
uzyskanie in vivo stezen powyzej wartosci MPC w trakcie terapii — w efekcie nie
izolowano opornych mutantéw E. coli ani P. aeruginosa od myszy leczonych
DS86760016. Uwaza si¢ zatem, ze DS86760016 w znacznie mniejszym stopniu
predysponuje do szybkiego narastania oporno$ci w warunkach klinicznych [189]. Ostatnio
wykazano takze obiecujaca aktywnos¢ tego zwiazku in vitro wobec M. abscessus [191].
W badaniach przedklinicznych znajduje si¢ ponadto wiele innych benzoksaboroli
0 obiecujgcej, bezposredniej aktywnosci wobec bakterii takich jak E. coli [173],
V. cholerae [174], S. pneumoniae [192,193], S. aureus (takze MRSA) [194] oraz wobec
grzybdw [195].

Wsréd niedawno opisanych benzosiloksaboroli uzyskano z kolei pochodne
0 obiecujacej aktywnosci przeciwgrzybiczej. Dla szczepéw Candida spp. wartosci MIC
pochodnych podstawionych fluorem przy pierscieniu benzenowym wynosity 0,78—200
mg/l [109,110], a pochodnych podstawionych chlorem miescily si¢ w granicach
3,12-25 mg/1 [110]. Wiele benzosiloksaboroli wykazywalo takze bezposrednig aktywnos¢
wobec bakterii Gram-dodatnich, zaréwno z rodzaju Staphylococcus (zakres wartosci MIC
6,25—200 mg/l) jak 1 Enterococcus (zakres wartosci MIC 25—>400 mg/l). Pochodne
chlorowe byly bardziej aktywne niz fluorowe wobec bakterii Gram-dodatnich.
Najwieksza aktywnos¢ wykazywaly jednak benzosiloksaborole o unikatowej strukturze,

zawierajace dodatkowy pierscien oksaborolu skondensowany z pierScieniem
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benzenowym benzosiloksaborolu. Hamowaly one wzrost szczepéw S. aureus
I S. epidermidis juz w stezeniach 3,12—6,25 mg/l [110]. Jednocze$nie zwigzki te nie
wykazywaly istotnej aktywno$ci przeciw bakteriom Gram-ujemnym, prawdopodobnie

bowiem sg substratami dla pomp btonowych tych pateczek [110].

4.3.2.3. Kwasy boronowe i inne zwiqzki boroorganiczne o bezposredniej aktywnosci
przeciwdrobnoustrojowej

Kwasy boronowe mogg réwniez wykazywaé bezposrednie dziatanie
przeciwdrobnoustrojowe. Ostatnio opisano bis(indolilo)metanowa pochodng kwasu
boronowego o wysokiej aktywnosci wobec szczepu MRSA (MIC 3,91 mg/l). Dokowanie
molekularne wykazato, ze jego prawdopodobny mechanizm dziatania moze by¢
zwiagzany z hamowaniem aktywnosci LeuRS, aczkolwiek dzialanie bakteriobojcze tego
zwigzku sugeruje istnienie takze dodatkowego mechanizmu dziatania. Mozliwe, ze
zwigzek ten oddziatuje na $ciang komorkowg bakterii Gram-dodatnich, wykazywat
bowiem powinowactwo do warstwy peptydoglikanu [196]. Rzadziej opisywane sg kwasy
fenyloboronowe o bezposrednim dziataniu przeciwdrobnoustrojowym, jak np. kwasy
(trifluorometoksy)fenyloboronowe o niskiej aktywnosci wobec E. coli i B. cereus (zakres
wartosci  MIC  125->500 mg/l) [197] oraz kwas 5-trifluorometylo-2-
formylofenyloboronowy o umiarkowanej aktywnosci wobec B. cereus (MIC 8 mg/l)
i niskiej wobec E. coli (MIC 125 mg/l), Aspergillus niger (MIC 32 mg/l) oraz C. albicans
(MIC 50 mg/l) [198]. Dokowanie molekularne wykazato, ze prawdopodobny mechanizm
dzialania tych zwigzkow rowniez polega na hamowaniu aktywnosci LeuRS [197,198].

Kwasy boronowe moga takze dziala¢ jako inhibitory btonowych pomp MDR.
Wykazano, ze kwasy 6-(fenyleno)alkoksypirydyno-3-boronowe hamuja aktywnosc¢
pompy NorA u S. aureus [199,200]. Pompa ta jest odpowiedzialna m. in. za usuwanie
z komorki bakteryjnej fluorochinolondw, a nadekspresja genu norA wsrod szczepow
MRSA jest czesta. Szczepy o takim mechanizmie opornosci na fluorochinolony stanowig
istotny problem kliniczny. W obecnosci niektorych kwasow  6-(fenyleno)-
alkoksypirydyno-3-boronowych w stezeniu 16 mg/l wartosci MIC cyprofloksacyny oraz
norfloksacyny szczepow MRSA ulegaty 4-8-krotnej redukcji. Jednoczesnie zwigzki te
nie wykazywaty bezposredniej aktywnos$ci wobec badanych szczepdéw. Wykazano, ze dla
uzyskania aktywnosci inhibitora btonowych pomp NorA u tych zwigzkéw niezbedna jest

obecno$¢ boru oraz podstawnika w pozycji para w stosunku do grupy B(OH)2 [199,200].
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Sposréd innych grup zwigzkéw boroorganicznych bezposrednia aktywno$é
przeciwdrobnoustrojowa wykazuja m. in. diazaboryny [105,107]. Niektore z nich hamuja
wzrost szczepow E. coli (wartosci MIC 2—16 mg/l), Mycobacterium smegmatis (MIC
najbardziej aktywnej pochodnej 4 mg/l) oraz M. tuberculosis (MIC 4 mg/I dla najbardziej
aktywnego zwiazku). Mechanizm dziatania tych zwigzkéw wynika z hamowania
reduktazy enoilo-ACP [105,107]. Opisano takze kilka zwigzkoéw z grupy oksadiazaboroli
aktywnych wobec szczepow C. albicans (zakres wartosci MIC 0,08—0,75 uM) i S. aureus
(MIC 0,06 uM dla najbardziej aktywnej pochodnej) oraz z grupy oksazaborolidyn
hamujacych wzrost szczepdw Streptococcus mutans (zakres wartosci MIC

0,53-6,75 uM) takze w formie biofilmu [107].

4.4. Podsumowanie czesci teoretycznej

Narastanie opornosci drobnoustrojow na antybiotyki i chemioterapeutyki jest
naturalnym procesem, nierozerwalnie zwigzanym z ich powszechnym stosowaniem oraz
w wigkszo$ci przypadkéw nieodwracalnym. Utrata klinicznej skutecznosci znanych
lekow przeciwdrobnoustrojowych jest zatem nieuchronna. Narastaniu opornosci sprzyja
powszechne i1 czesto niewlasciwe stosowanie antybiotykow oraz chemioterapeutykow
w lecznictwie, aktualnie obowigzujace schematy dawkowania oraz ich wykorzystywanie
w hodowli zwierzat i w rolnictwie. Poza dzialaniami majagcymi na celu spowolnienie tego
procesu (np. racjonalizacja antybiotykoterapii oraz ograniczenia w pozamedycznym
stosowaniu antybiotykdéw), niezbedne jest takze opracowywanie 1 wprowadzenie do
lecznictwa wcigz nowych lekow przeciwdrobnoustrojowych lub  substancji
przywracajacych skutecznos$¢ tych juz znanych (np. przez taczne stosowanie z nowymi
inhibitorami B-laktamaz). Liczba nowych lekdw tego typu w badaniach klinicznych oraz
wprowadzonych do obrotu w ostatnich latach jest wcigz wysoce niewystarczajaca.
Szczegdlnie niepokojaca jest niewielka liczba lekow skutecznych wobec patogenow
priorytetowych oraz lekow innowacyjnych. W badaniach przedklinicznych znajduje si¢
natomiast ogromna liczba Zwigzkow 0 obiecujacym potencjale
przeciwdrobnoustrojowym, takze tych spelniajacych kryteria innowacyjnosci WHO, jak
chociazby opisane powyzej zwigzki boraheterocykliczne i kwasy boronowe. Jednym
z najwickszych wyzwan tego etapu badan pozostaje jednak wskazanie najlepszego
kandydata do dalszych prac badawczo-rozwojowych sposréd wielu pochodnych

0 podobne;j strukturze i porownywalnej aktywnosci. Powinien to by¢ zwiazek nie tylko
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wysoce aktywny, lecz rowniez w jak najmniejszym stopniu generujacy narastanie
oporno$ci w trakcie jego stosowania w lecznictwie. Metody wyznaczania parametrow
in vitro charakteryzujacych bezposrednig aktywnos$¢ przeciwdrobnoustrojowa nowych
zwigzkow, takich jak wartosci MIC czy minimalne stezenie bakteriobdjcze (ang. minimal
bactericidal concentration — MBC) oraz MFC sg dobrze wystandaryzowane i rutynowo
stosowane. Te dobrze wystandaryzowane parametry nie s3 jednak bezposrednio
powigzane z narastaniem opornosci drobnoustrojow. Wyzwaniem pozostaje zatem
prawidlowe wyznaczenie w warunkach in vitro zakresu stezen badanych zwigzkow,
w ktorych moze dochodzi¢ do selekcji opornych mutantow in vivo tj. okna selekcji
opornych mutantow — parametru MSW. W chwili obecnej za goérng granice MSW
przyjmuje si¢ warto§¢ MPC wyznaczang metoda rozcienczen w agarze. Metoda ta
implikuje jednak szereg trudno$ci technicznych, uzyskiwane warto§ci MPC
charakteryzujg si¢ niedostateczng powtarzalnoscia, a zakresy MSW wyznaczone in vitro
nie zawsze sg tozsame z zakresami obserwowanymi pozniej in vivo. Nie udato si¢ rowniez
wykorzysta¢ parametru MPC jako podstawy do opracowania nowego, ograniczajacego
narastanie oporno$ci schematu dawkowania antybiotykow. Istnieje wiec pilna potrzeba
zwickszenia precyzji metod in vitro okreslajacych potencjatl kandydatow na leki
przeciwdrobnoustrojowe do selekcjonowania opornosci, jak rOwniez opracowania

charakteryzujacych go parametrow in vitro i metod ich wyznaczania.
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5. Zalozenia i cele pracy

Gléwnymi celami niniejszej pracy bylo:

. poszukiwanie wsrod nowych pochodnych boraheterocyklicznych i kwasow
aryloboronowych substancji przeciwdrobnoustrojowych, aktywnych wobec
wielolekoopornych szczepOw bakterii i grzybow drozdzopodobnych,
aw konsekwencji wytypowanie nowych, potencjalnych kandydatow na leki
lub interesujacych struktur wyjsciowych do syntezy nowych pochodnych
0 potencjalnie wysokiej aktywnosci przeciwdrobnoustrojoweyj;

Il.  opracowanie nowego podejscia do oceny potencjatu selekcjonowania
opornosci, wsrod szczepéw Dbakteryjnych przez zwigzki przeciw-
drobnoustrojowe, mozliwego do =zastosowania na wczesnym etapie
przedklinicznych badan in vitro (takze nowych zwigzkéw zawierajacych
bor), w celu wskazania do dalszych prac zwigzku wysoce aktywnego
I rbwniez w jak najmniejszym stopniu generujgcego narastanie opornosci

w trakcie jego stosowania w lecznictwie.

Cele glowne byly realizowane poprzez cele szczegdlowe:

1) Dokonanie przegladu pismiennictwa i analizy:

a. oryginalnych lekdw przeciwbakteryjnych zarejestrowanych po publikacji listy
patogenow  priorytetowych WHO w celu ukierunkowania prac
eksperymentalnych na najistotniejsze potrzeby;

b. wilasciwosci przeciwdrobnoustrojowych znanych zwigzkow borahetero-
cyklicznych i1 kwaso6w boronowych, w celu ustalenia mozliwych kierunkow
I mechanizmow dziatania nowych zwiazkow z tych grup oraz zaprojektowania
czesci eksperymentalnej pracy umozliwiajacej ich zbadanie.

2) Przeprowadzenie szerokich badan mikrobiologicznych nowo otrzymanych
zwigzkoéw boraheterocyklicznych i kwasow aryloboronowych, obejmujacych:

a. oznaczenie bezposredniej aktywnos$ci przeciwbakteryjnej i przeciwgrzybiczej
wobec szczepow wzorcowych z gatunkéw istotnych klinicznie, takze
priorytetowych wg WHO;

e dla nowych zwiazkéw o aktywnosci porownywalnej z substancjami

czynnymi znanych lekow przeciwdrobnoustrojowych oznaczenie takze

47



Zatozenia i cele pracy

aktywnosci  wobec  szczepow  klinicznych, o  zdefiniowanych
mechanizmach opornosci;

b. badania udzialu pomp btonowych w aktywnym usuwaniu nowych zwigzkow
z komorek bakteryjnych;

c. badanie zdolnosci nowych zwigzkéw do inhibicji najistotniejszych klinicznie
B-laktamaz (karbapenemaz, cefalosporynaz, enzymdw typu ESBL) wytwarzanych
przez pateczki Gram-ujemne;

d. badania dodatkowe dla wybranych zwigzkow o najwyzszej aktywnosci
przeciwdrobnoustrojowej (np. poszukiwanie synergistycznego oddziatywania ze
znanymi antybiotykami).

3) opracowanie nowej metodyki wyznaczania gérnej granicy okna selekcji opornych
mutantdw, w oparciu 0 zaproponowane W niniejszej pracy doktorskiej nowe
parametry, uwzgledniajace czestos¢ selekcji opornych mutantow oraz ich potencjat do

dominowania w populacji.
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6. Omowienie wynikow i dyskusja

W niniejszej pracy poszukiwano nowych substancji przeciwdrobnoustrojowych
wsrod 77 nowych zwigzkow, w tym 44 benzosiloksaboroli i pokrewnych heterocykli
0 rozszerzonym pierscieniu (Publikacje O1 i O2) oraz 33 kwasow aryloboronowych,
glownie fenyloboronowych (29 zwigzkéw) (Publikacja O4). Opracowano roéwniez
metode wyznaczania gornej granicy okna selekcji opornych mutantéw in vitro
wykorzystujaca rozcienczenia zwigzku w podtozu ptynnym, w oparciu o nowe parametry
uwzgledniajace potencjat selekcjonowanych mutantéw do dominowania w populacji oraz
czestos¢ ich selekeji — Publikacja O3.

Badania byly prowadzone w ramach projektu Narodowego Centrum Nauki
OPUS16 UMO-2018/31/B/ST5/00210 pt. ,,Poszukiwanie korelacji struktura-aktywnosé
przeciwdrobnoustrojowa  wybranych grup zwigzkdw  boraheterocyklicznych”,
realizowanego przez konsorcjum Politechnika Warszawska (PW) — Warszawski
Uniwersytet Medyczny (WUM), w latach 2019-2024. Syntezy i analizy chemiczne
nowych zwiazkow byly prowadzone przez zespot Pana Prof. dr hab. inz. Sergiusza
Lulinskiego z PW, a analizy mikrobiologiczne przeprowadzano w ramach niniejszej
pracy doktorskiej pod kierunkiem dr hab. Agnieszki E. Laudy w Zaktadzie Mikrobiologii
Farmaceutycznej i Bioanalizy WUM. Zgodnie z zalozeniami w/w projektu w pierwszym
etapie do badan mikrobiologicznych otrzymywano zwiazki, ktore stanowity podstawowa
struktur¢ danej grupy oraz ewentualnie jej nieliczne pochodne. Na podstawie
uzyskiwanych wynikoéw aktywno$ci mikrobiologicznej i ich analizy, podejmowane byty
decyzje o kierunkach dalszych syntez. W ten sposéb otrzymywane, nowe pochodne
poddawane byly badaniom mikrobiologicznym. Uzyskane wyniki zostaly zawarte
w cyklu Publikacji O1, O2 oraz O4. W tej czesci rozprawy doktorskiej przedstawiono
sumaryczng analiz¢ aktywno$ci przeciwdrobnoustrojowej wszystkich uzyskanych

zwigzkoéw z badanych grup.

6.1. Badania bezposredniej aktywnoSci przeciwdrobnoustrojowej

Podstawowymi badaniami wykonywanymi w czgéci eksperymentalnej bylo
okreslenie bezposrednie] aktywnosci przeciwdrobnoustrojowej nowych
benzosiloksaboroli i kwasow aryloboronowych wobec szczepow wzorcowych. Do badan
wlgczono szczepy z gatunkow o krytycznym i wysokim priorytecie wg WHO [91,92], jak
réwniez inne gatunki potencjalnie chorobotwoércze dla cztowieka. Lacznie wykorzystano

24 szczepy WzOrcowe:
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e 6 szczepOw bakterii Gram-dodatnich: metycylinowrazliwy S. aureus (ang.
methicillin-sensitive S. aureus — MSSA) ATCC 6538P, metycylinooporny
S. aureus subsp. aureus (MRSA) ATCC 43300, S. epidermidis ATCC
12228, Enterococcus faecalis ATCC 29212, E. faecium ATCC 6057,
Bacillus subtilis ATCC 6633;

e 5 szczepdw bakterii Gram-ujemnych z rzedu Enterobacterales: E. coli
ATCC 25922, K. pneumoniae ATCC 13883, Proteus mirabilis ATCC
12453, Enterobacter cloacae DSM 6234, Serratia marcescens ATCC
13880;

e 6 szczepow Gram-ujemnych pateczek niefermentujacych: P. aeruginosa
ATCC 27853, A. baumannii ATCC 19606, S. maltophilia ATCC 13637,
S. maltophilia ATCC 12714 (oprécz Publikacji O4), Burkholderia cepacia
ATCC 25416, Bordetella bronchiseptica ATCC 4617,

e 7 szczepow grzybow drozdzopodnych: C. albicans ATCC 90028,
C. parapsilosis ATCC 22019, C. tropicalis IBA 171, C. tropicalis
(Castellani) Berkhout ATCC 750, Candida guilliermondii IBA 155,
C. krusei ATCC 6258, oraz dodatkowo niepatogenny Saccharomyces
cerevisiae ATCC 9763.

Dla wszystkich badanych zwigzkéw wykonywano oznaczenie bezposredniej
aktywnoS$ci wobec bakterii oraz grzybow metodg krazkowo-dyfuzyjng wedlug zalecen
EUCAST [201] oraz amerykanskiego Instytutu Norm Klinicznych i Laboratoryjnych (ang.
Clinical and Laboratory Standards Institute - CLSI [202], a nastgpnie wyznaczajac
wartosci MIC, MBC 1 MFC wedlug wytycznych EUCAST [11], CLSI [10,14,203] oraz
zgodnie z metodologig opisang w pracy Canton i wsp. [204]. Wyjatkiem byly zwiazki,
ktore nawet przy niskich stezeniach ulegaly wytragceniu w $rodowisku badania
okreslajacego wartosci MIC. Dla tych zwiazkéw mozliwe bylo jedynie wykonanie
oznaczenia aktywno$ci metoda krazkowo-dyfuzyjna.

Dla wszystkich powyzszych szczepéw wzorcowych okreslono $rednicg strefy
zahamowania wzrostu wokot krazkow zawierajacych 400 pg badanych zwigzkow.
Oznaczenia wykonano dla wszystkich 77 badanych zwigzkéw (Publikacje O1, 021 O4).
Nastepnie, dla tych samych szczepow (z wyjatkiem B. subtilis, ze wzglgdu na problem
z uzyskaniem jednorodnej zawiesiny) wyznaczano aktywnos¢ zwigzkéw metoda

mikrorozcienczen w bulionie, wartosci MIC oraz MBC/MFC, w =zakresie stezen
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0,39-400 mg/l. W przypadku niektorych zwiazkow, ulegajacych wytraceniu w wyzszych
stezeniach w $rodowisku badania, oznaczenie wartosci MIC prowadzono w we¢zszym,
mozliwym do uzyskania zakresie tj. 0,39—200 mg/l, 0,39-100 mg/I lub 0,39-50 mg/l. Na
tym etapie zbadano bezposrednig aktywno$¢ przeciwbakteryjng 68 zwigzkow
rozpuszczalnych w podtozu Mueller-Hinton Il bulion, w tym 36 benzosiloksaboroli
(Publikacje O1 i O2) i 32 kwasow aryloboronowych (Publikacja O4). Bezpos$rednia
aktywnos$¢ przeciwgrzybiczg zbadano dla 75 zwigzkéw rozpuszczalnych w podtozu
RPMI, w tym 43 benzosiloksaboroli (Publikacje O1 i 0O2) i 32 kwasow
aryloboronowych (Publikacja O4). Dla wyselekcjonowanych zwiazkéw o wysokiej
aktywno$ci wobec szczepdw wzorcowych, wykonano dodatkowo oznaczenia aktywnosci
wobec szczepdéw klinicznych. W pracy wykorzystano pig¢ szczepow klinicznych
S. aureus MRSA o nastepujacych numerach: NMI 664K, NMI 1576K, NMI 1712K, NMI
1991K oraz NMI 2541K. Szczepy te pochodzity z kolekcji Zaktadu Mikrobiologii
Farmaceutycznej i Bioanalizy WUM.

6.1.1. Aktywnos¢ wobec bakterii Gram-dodatnich

W badaniach aktywnos$ci nowych zwigzkow wobec bakterii Gram-dodatnich
(zaréwno szczepow wzorcowych jaki i klinicznych) jako antybiotyk referencyjny
stosowano linezolid — przedstawiciela jednej z nowszych grup lekow
przeciwbakteryjnych (oksazolidynon6w), wykorzystywanego w leczeniu zakazen
wielolekoopornymi ziarenkowcami, w tym takze szczepami MRSA i wankomycyno-
opornymi enterokokami (tj. szczepami VRE) [205,206]. Wartosci MIC linezolidu dla
badanych szczepow wzorcowych wynosity: 1 mg/l dla szczepu S. aureus ATCC 6538P
MSSA i szczepu S. epidermidis ATCC 12228 oraz 2 mg/l dla szczepu S. aureus ATCC
43300 MRSA i obu enterokokéw. Wykazano, ze wiekszo$¢ badanych zwigzkdéw jest
aktywna wobec ziarenkowcdéw Gram-dodatnich w badanym zakresie st¢zen — wartosci
MIC dla co najmniej 3 z 5 badanych szczepdw wzorcowych oznaczono dla 28 z 36
rozpuszczalnych benzosiloksaboroli oraz dla 26 z 32 kwasow aryloboronowych. Wysoka
aktywno$¢ wobec wzorcowych szczepow MSSA | MRSA  wykazywato
18 benzosiloksaboroli, w tym: 16 pochodnych benzenosulfonianowych (zakres wartosci
MIC 0,39-3,12 mg/l — Publikacja O1) oraz 2 pochodne sulfonamidowe (zakres wartosci
MIC 3,12—- 6,25 mg/l — Publikacja O2). W publikacji O2 oznaczono takze aktywnos$¢
benzosiloksaboroli sulfonamidowych wobec pigciu klinicznych szczepow MRSA.

Wartosci MIC tych benzosiloksaboroli miescily si¢ zakresie 3,12—6,25 mg/l, a wartosci
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MIC linezolidu wynosily 1 mg/l. Tym samym uzyskane wyniki potwierdzily wysoka
aktywno$¢ benzosiloksaboroli sulfonamidowych takze wobec klinicznych szczepow
MRSA. Wsrod 16 benzosiloksaboroli benzenosulfonianowych o wysokiej aktywnosci
przeciwgronkowcowej 3 pochodne wykazywaly dodatkowo wysoka aktywnos¢
przeciwenterokowa (MIC 6,25 mg/l — Publikacja O1). Kolejnych 10 z 36
rozpuszczalnych benzosiloksaboroli wykazywato skuteczno$¢ od umiarkowanej po niska
wobec gronkowcdw (zakres wartosci MIC 12,5-400 mg/l) oraz enterokokow (zakres
wartosci MIC 50—>400 mg/l) (Publikacje O1 i O2). Wérdd 32 badanych kwasow
aryloboronowych (Publikacja O4) najbardziej aktywne byly kwas 2-merkapto-
fenyloboronowy (wartosci MIC zaréwno dla gronkowcow jak i enterokokow w zakresie
12,5-25 mg/l) oraz kwas 2-fluoro-5-trifluorometylo-1,3-fenylenodiboronowy (zakres
wartos$ci MIC dla gronkowcow 0,78-12,5 mg/l, a dla enterokokow 50-100 mg/l). Kolejne
24 kwasy aryloboronowe wykazywaty aktywno$¢ od umiarkowanej po niskg (zakres
wartosci MIC 25—>400 mg/l) w zaleznos$ci od szczepu, a 4 kwasy boronowe niska lub
brak aktywnosci (zakres wartosci MIC 200—>400 mg/l).

Analiza uzyskanych w niniejszej pracy wynikoéw aktywnosci przeciwbakteryjne;j
44 nowo otrzymanych benzosiloksaboroli pozwolita na wyciagnigcie waznych wnioskow
dotyczacych korelacji struktura-aktywnos$¢ tej grupy zwigzkow. Cho¢ aktywno$¢ wobec
bakterii Gram-dodatnich jest w niej powszechna, do uzyskania wysokiej aktywnosci
kluczowe znaczenie okazala si¢ mie¢ obecno$¢ ugrupowania benzenosulfonianowego
(Publikacja O1) lub benzenosulfonamidowego (Publikacja O2). Wykazano rowniez, ze
sita dziatania pochodnych benzenosulfonianowych jest najwigksza w przypadku:
(1) obecnosci atomu chloru lub grupy trifluorometylowej w pozycji para, (I1) obecnosci
obu tych podstawnikow lub tylko chloru w pozycji para i meta lub (111) obecnosci trzech
grup metylowych w pozycji 2, 4 i 6. Wartosci MIC takich pochodnych byly mniejsze niz
linezolidu dla szczepéw S. aureus (0,39-0,78 mg/l dla MSSA oraz 0,39-1,56 mg/l dla
MRSA). Pochodne te wykazywaty rowniez wysoka aktywno$¢ przeciwenterokokowa
(MIC 6,25 mg/l). Pochodne niepodstawione lub majace inny podstawnik w tym miejscu
(. fluor, brom, jod, jedng grupe metylowa, nitrowa, metoksylowa, acetylowa lub tert-
butylowag) wykazywaty aktywno$¢ wobec szczepOw S. aureus porownywalng lub
mniejszg niz linezolid (zakres warto$ci MIC 1,56-3,12 mg/l) oraz umiarkowang wobec
enterokokow (wartosci MIC 12,5-50 mg/l) (Publikacja O1). Umiarkowang aktywno$¢
stwierdzono  takze dla  benzosiloksaboroli  funkcjonalizowanych  grupami

benzoiloksylowymi i pirydyn-2-oksylowymi (Publikacja O1). Z kolei zwiazki
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boraheterocykliczne o rozszerzonym pierscieniu nie wykazywaly aktywnoS$ci
przeciwbakteryjnej (Publikacja O2).

W trakcie wyznaczania wartosci MBC dla szczepow S. aureus w przypadku
15 benzosiloksaboroli (Publikacje O1 i O2) zaobserwowano wystepowanie tzw. efektu
Eagle’a, inaczej wzrostu paradoksalnego [207]. Konsekwencja tego byto wyznaczenie dla
tych zwiazkoéw dwoch wartosci MBC. Zgodnie z definicja, wartos¢ MBC to najnizsze
stezenie zwiazku zabijajace przynajmniej 99,9% komorek bakteryjnych [203].
W przypadku badanych zwigzkéw, pierwsza wartos¢ MBC byta réwna 2—4xMIC.
Natomiast na kilku kolejnych, wyzszych stezeniach przezywalno$¢ bakterii byta
paradoksalnie wigksza (powyzej progu MBC), po czym ponownie spadata do wartosci
progowej, w zalezno$ci od zwigzku przy stezeniach rzedu 16—256xMIC (druga wartos¢
MBC). Molekularne podstawy oraz kliniczne implikacje wzrostu paradoksalnego nie
zostaly jak dotad w pelni poznane, chociaz jest to zjawisko stosunkowo czgsto
obserwowane in vitro [207]. Istniejg jednak doniesienia, ze nizsze dawki lekow
wykazujacych efekt Eagle’a byly skuteczniejsze w leczeniu zakazen u zwierzat niz dawki
wyzsze [207].

Niezbgdnym elementem badan nad poszukiwaniem nowych zwigzkow
przeciwdrobnoustrojowych jest wykazanie, 1z zwiazki te nie maja aktywnosci
cytotoksycznej wobec komorek ludzkich. Dla wszystkich przebadanych w niniejszej
pracy doktorskiej zwigzkow oznaczenie cytototoksycznosci wobec ludzkich fibroblastow
MRC-5 wykonata Pani dr hab. Patrycja Winska z Katedry Biotechnologii Srodkéw
Leczniczych 1 Kosmetykow Politechniki Warszawskiej. Wykazany przez Nig brak
toksycznosci tych zwigzkow w stezeniach odpowiadajacych wyznaczonym w niniejszej
pracy doktorskiej wartosciom MIC (Publikacje O1, O2 i O4) jest kolejnym argumentem
potwierdzajacym ich potencjat jako Zrodta nowych lekow. Majac na uwadze powyzsze
oraz uzyskang w badaniach eksperymentalnych wysoka aktywno$¢ przeciwbakteryjna,
po dokonanej analizie wytypowano 4 zwigzki do dalszych prac in silico. Na podstawie
dokonanego przegladu literaturowego wskazano syntetazg leucylo-tRNA jako
potencjalny cel molekularny dla wykazanej bezposredniej aktywnos$ci badanych
zwigzkow [170,171]. Dokowania molekularne do tego enzymu zostalty wykonane przez
Pana mgr inz. Krzysztofa Nowickiego z Zakladu Chemii Fizycznej Politechniki
Warszawskiej oraz Pana dr Tomasza Stgpniewskiego z GPCR Drug Discovery Lab

Hospital del Mar Medical Research Institute w Barcelonie. Uzyskane wyniki
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potwierdzity, ze zwiazki te faktycznie mogg tworzy¢ stabilne addukty z enzymem LeuRS
1 wigzac si¢ do jej miejsca aktywnego (Publikacja O2).

Wyniki powyzszych badan interdyscyplinarnych, tj. wykazana w niniejszej pracy
doktorskiej wysoka aktywno$¢ przeciwgronkowcowa zsyntezowanych na Politechnice
Warszawskiej nowych benzosiloksaboroli w potaczeniu z brakiem ich toksyczno$ci
w stezeniach hamujacych wzrost drobnoustrojow, sprawiaja, ze zwigzki te moga by¢
brane pod uwage jako potencjalni kandydaci na nowe leki przeciwbakteryjne, bedace

najprawdopodobniej inhibitorami syntetazy leucylo-tRNA.

6.1.2. Aktywnos¢ wobec bakterii Gram-ujemnych

W niniejszej pracy wykazano, iz zardwno otrzymane benzosiloksaborole jak
I kwasy ayloboronowe nie wykazujg istotnej aktywnosci bezposredniej wobec bakterii
Gram-ujemnych. Wérdd 36 badanych benzosiloksaboroli dominowat brak aktywnos$ci
w badanym zakresie stezen (Publikacje O1 i O2). Tylko 13 pochodnych wykazywato
niskg aktywno$¢ (zakres wartosci MIC 50—400 mg/l) wobec SzczepOw wzorcowych
S. maltophilia lub B. bronchiseptica (Publikacja O1). Natomiast wérod 32 badanych
kwasOw aryloboronowych dominowata niska aktywnos$¢ — wartosci MIC 19 pochodnych
wahaty si¢ od 50 do >400 mg/l w zalezno$ci od szczepu, natomiast brak aktywnos$ci
w badanym zakresie stezen wobec wigkszosci szczepdéw stwierdzono w przypadku
11 pochodnych (Publikacja O4).

6.1.3. Aktywnos¢ przeciwgrzybicza

Zaobserwowana w pracy aktywno$¢ przeciwgrzybicza otrzymanych zwigzkow
byta zazwyczaj umiarkowana lub niska (Publikacje O1, O2 i O4). Wyjatkowo, kwas 4-
trifluorometylo-1,2-fenylenodiboronowy wykazywal wysoka aktywno$¢ wobec
wigkszosci badanych szczepéw Candida spp. (zakres wartosci MIC 3,12-12,5 mg/l)
I umiarkowang wobec C. krusei (MIC 25 mg/l) (Publikacja O4). Wsréd 43 zbadanych
benzosiloksaboroli najnizsze wartosci MIC uzyskano w przypadku 4 pochodnych
benzoiloksylowych dla C. tropicalis oraz C. krusei (3,12—12,5 mg/I). Wsro6d nich
najbardziej aktywna byla pochodna zawierajaca grupe metylowa w pozycji para
pierscienia fenylowego podstawnika (Publikacja O1). Umiarkowana aktywnosc¢
przeciwgrzybicza wykazywaty ponadto 3 orto podstawione kwasy fenyloboronowe oraz
kwas 2,5-dibromo-1,4-fenylenodiboronowy (zakres wartosci MIC 6,25-50 mg/l).

Kolejnych 17 kwasow aryloboronowych wykazywato niskg aktywno$¢ przeciwgrzybicza
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(zakres wartosci MIC 50—>400 mg/l) (Publikacja O4). Sposrod benzosiloksaboroli
aktywnos$¢ od umiarkowanej do niskiej wobec Candida spp. (zakres wartosci MIC
12,5->400 mg/l) wykazywato 27 zwigzkéw (Publikacja O1). Brak aktywnoSci
w badanym zakresie stezen wykazano dla 7 kwaséw fenylenodiboronowych, 2 kwasow
fenylenotriboronowych i kwasu pirydynodiboronowego (Publikacja O4), jak rowniez
dla 8 benzosiloksaboroli funkcjonalizowanych grupami opartymi na rdzeniu
oksazolinowym i 4 pokrewnych im zwigzkdw 0 poszerzonym pierscieniu (Publikacja
02).

6.2. Udzial pomp MDR w usuwaniu nowych zwiazkow z komérek bakterii Gram-

ujemnych

Zwazywszy na fakt, iz brak aktywnos$ci wielu antybiotykéw oraz lekéw z grupy
non-antibiotics wobec bakterii Gram-ujemnych jest czgsto zwigzany z ich aktywnym
usuwaniem z komérki przez pompy btonowe [208-210], dla wszystkich rozpuszczalnych
zwigzkow oznaczono takze ich wartosci MIC w obecnosci inhibitora tych pomp:
L-fenyloalanino-L-arginino-p-naftylamidu (PAPN) [211,212]. W celu uniknigcie wptywu
PABN na destabilizacj¢ oston komoérkowych zastosowano go w stezeniu 20 mg/l,
a oznaczenie wykonywano na podlozu z dodatkiem 1mM MgSQj4 [213-215]. Oznaczenie
wartosci MIC wykonano metodg mikrorozcienczen w bulionie, zgodnie z zaleceniami
CLSI [10]. Wykazano, Ze zjawisko aktywnego usuwania zwiazkow przez blonowe pompy
ma niewielki wptyw na aktywno$¢ badanych zwiazkéw wobec pateczek Gram-ujemnych.
Znaczace spadki wartosci MIC (tj. min. 4-krotne) w obecnosci inhibitora PAPN,
w stosunku do warto$ci MIC oznaczonych przy braku inhibitora w podtozu, stwierdzono
dla zaledwie 5 benzosiloksaboroli (Publikacja O1) oraz 3 kwasow aryloboronowych
(Publikacja O4) wobec pojedynczych szczepow. W przypadku pozostatych zwigzkow
uzyskane wyniki wskazuja, ze zwigzki te nie sg substratami dla btonowych pomp MDR

| potwierdzajg ich brak bezposredniej aktywno$ci wobec bakterii Gram-ujemnych.

6.3. Zdolno$¢ nowych zwigzkéw boroorganicznych do inhibicji p-laktamaz
bakterii Gram-ujemnych
Biorac pod uwage, iz: (I) niedawno dopuszczony do stosowania w lecznictwie
inhibitor B-laktamaz (ang. p-lactamase inhibitor — BLI) tj. waborbaktam jest
przedstawicielem nowej grupy zwiazkoéw — cyklicznych kwasow boronowych, (11) badnia
kliniczne przechodzg trzy kolejne inhibitory z grupy bicyklicznych kwaséw boronowych

oraz (lll) dane z piSmiennictwa wskazuja, ze aktywnos¢ BLI wykazuja roéwniez
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niecykliczne kwasy boronowe [122,152-166], benzoksaborole [124,125]
I benzosiloksaborole [110], w niniejszej pracy poszukiwano zwigzkéw o aktywnosci BLI
wsrod wszystkich 77 nowo otrzymanych zwigzkow boroorganicznych, w tym

44 benzosiloksaboroli oraz 33 kwasow aryloboronowych.

6.3.1. Badania przesiewowe

W pierwszym etapie badan poszukiwano zwigzkow zdolnych do inhibicji enzyméw
typu KPC, cAmpC, pAmpC i ESBL w wysokich stezeniach, przy uzyciu nastgpujacych,
fenotypowych krazkowych testdow kombinowanych (ang. combination disc tests —
CDTs), wykonywanych zgodnie z metodyka opisang w Publikacji O4:

e CDT-KPC - z wykorzystaniem rekomendowanego szczepu K. pneumoniae ATCC
BAA-1705 KPC-2-dodatniego, kragzkOw z samym meropenemem, kragzkOw
z meropenemem i PBA (jako referencyjnym inhibitorem enzymow KPC-2) oraz
krazkéw z meropenemem i badanymi zwiazkami;

e CDT-AmpC - z wykorzystaniem dwdch klinicznych izolatow: P. aeruginosa MUW
700 cAmpC-dodatniego oraz E. coli 77 CMY-2-dodatniego, krazkéw z samym
ceftazydymem, krazkéw z ceftazydymem i PBA (jako referencyjnym inhibitorem
enzymow AmpC) oraz krazkow z ceftazydymem i badanymi zwigzkami;

e CDT-ESBL EUCAST - z wykorzystaniem rekomendowanego szczepu
K. pneumoniae ATCC 700603 ESBL-dodatniego, kragzkdéw z samym ceftazydymem,
krazkow z ceftazydymem i kwasem klawulanowym (jako referencyjnym inhibitorem
enzymoOw typu ESBL) oraz krazkow z ceftazydymem i badanymi zwigzkami.

Otrzymane zwiazki testowano w najwyzszym stezeniu (300, 100 lub 30 pg/krazek),
w ktorym nie wykazywaly one bezposredniej aktywnos$ci wobec szczepow
wykorzystywanych na tym etapie, co oznaczono przed przystapieniem do eksperymentu
za pomocg metody krazkowo-dyfuzyjnej. Uznawano, ze aktywno$¢ BLI wykazujg te
zwiazki, ktorych dodanie na krazek z antybiotykiem powoduje powickszenie strefy
zahamowania wzrostu co najmniej takie samo jak dodanie na taki sam krazek
odpowiedniego inhibitora referencyjnego.

Stwierdzono, ze zaden z 44 badanych benzosiloksaboroli nie wykazuje aktywno$ci
BLI w Zadnym z przeprowadzonych testow przesiewowych. Aktywnosc¢ takg stwierdzono
natomiast dla 25 z 33 badanych kwaséw aryloboronowych — uzyskane dla nich wyniki
przedstawiono w Publikacji O4. Sposrod badanych kwaséw aryloboronowych

12 zwiazkoéw znaczgco zwigkszato S$rednice strefy zahamowania wzrostu zarowno
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szczepu wytwarzajacego KPC-2 jak i obu szczepow wytwarzajacych cefalosporynazy.
Byty to kwasy orto-, meta- i para-fenylenodiboronowe, 6 ich pochodnych podstawionych
fluorem, kwas fenyleno-1,2,4-triboronowy, kwas 2,5-difluorofenyloboronowy oraz kwas
tiofeno-2,5-diboronowy. Kolejnych 12 pochodnych wykazywato taka aktywno$¢
wylacznie wobec szczepow wytwarzajacych cefalosporynazy (byly to kwasy
fenylenodiboronowe podstawione fluorem, bromem, CFs lub OMe oraz kwasy fenyleno-
1,3,5-triboronowy i tiofeno-2,3,5-triboronowy). Natomiast kwas 2-merkaptofenylo-
boronowy powiekszal jedynie $rednice strefy zahamowania wzrostu szczepu
wytwarzajacego KPC-2. Zaden z badanych kwasow boronowych nie powickszal $rednicy
strefy zahamowania wzrostu szczepu ESBL-dodatniego.

6.3.2. Zwigzki wykazujgce aktywnosé BLI w niskich stezeniach

Do kolejnego etapu badan wybrano 25 kwasow aryloboronowych wykazujacych
aktywno$¢ BLI w co najmniej jednym tescie przesiewowym. Wsrdd nich poszukiwano
zwigzkow aktywnych W stezeniach porownywalnych ze stezeniami, w ktorych stosowane
sg najnowsze inhibitory B-laktamaz (waborbaktam, relebaktam oraz awibaktam) [12].
W tym celu, w obecnos$ci 25 wiw zwiazkow W stgzeniach 16, 8 i 4 mg/l wyznaczono

warto$ci MIC nastepujacych antybiotykow B-laktamowych:

e meropenemu dla dwoch szczepéw KPC-2-dodatnich (K. pneumoniae ATCC BAA-
1705 oraz klinicznego szczepu E. coli 76), jednego szczepu KPC-3-dodatniego
(kliniczny szczep K. pneumoniae 81) oraz jednego szczepu KPC-3/CTX-M-3-
dodatniego (kliniczny szczep K. pneumoniae 83);

e meropenemu dla szczepu klinicznego P. aeruginosa 1204 VIM-dodatniego;

e ceftazydymu dla klinicznego szczepu P. aeruginosa MUW 700 cAmpC-dodatniego
oraz klinicznego szczepu E. coli 77 CMY-2-dodatniego.

Co najmniej 4-krotna redukcja wartosci MIC antybiotyku w obecnosci badanego
zwigzku uznawana byta za znaczacg i traktowana jako wskaznik jego aktywnosci jako
BLI. Analizowano rdwniez, czy otrzymane zwiazki przywracaja wrazliwos¢ w/w
szczepOdw na te antybiotyki, tj. czy powoduja redukcje wartosci MIC antybiotyku do
odpowiedniego punktu odciecia wg EUCAST [12]. Zwazywszy na fakt, iz jednym z celow
pracy byta ocena wplywu obecnosci w czasteczce dodatkowej grupy boronowej na
aktywnos$¢ BLI zwiazku jako inhibitor referencyjny zastosowano PBA. Uzyskane wyniki

przedstawiono w Publikacji O4. Stwierdzono, ze 17 z 25 badanych zwigzkow wykazuje
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aktywno$¢ BLI w niskich stgzeniach wobec szczepow KPC- lub AmpC-dodatnich. Co
wazne, poza niepodstawionymi kwasami boronowymi aktywne byly wylacznie ich
fluorowe pochodne. Zaden z badanych zwiazkéw nie powodowal natomiast zmian
wartosci MIC meropenemu u szczepu VIM-dodatniego.

Aktywnos¢ BLI wobec obu szczepéw AmpC-dodatnich wykazano dla
16 zwigzkow. Najwigksze redukcje wartosci MIC ceftazydymu uzyskano w przypadku
5 kwasow para-fenylenodiboronowych oraz kwasu 2,5-difluorofenyloboronowego
(nawet 32/16/8-krotne odpowiednio przy 16/8/4 mg/l), nieznacznie mniejsze
w przypadku 4 kwasoéw meta-fenylenodiboronowych (maksymalnie 16/8/4-krotne
odpowiednio przy 16/8/4 mg/l). W/w 10 zwiazkéw wykazywalo wyzsza niz PBA
aktywnos¢ wobec szczepu E. coli CMY-2-dodatniego, wszystkie takze przywrocity jego
wrazliwo$¢ na ceftazydym (uzyskano redukcje wartosci MIC do poziomu <2 mg/1 — punkt
odcigcia dla ceftazydymu w obecnosci 4 mg/l awibaktamu u Enterobacterales [12]).
Natomiast wobec szczepu P. aeruginosa cAmpC-dodatniego aktywnos$¢ tych
10 zwigzkow byta mniejsza niz aktywno$¢ PBA oraz jedynie dwa sposrod nich (kwas
para-fenylenodiboronowy oraz 2,5-difluorofenyloboronowy) przywrocity jego
wrazliwo$¢ na ceftazydym (punkt odcigcia dla ceftazydymu-awibaktamu réwniez rowny
2 mg/l [12]). Pozostale aktywne wobec szczepow AmpC-dodatnich zwigzki, tj. 2 kwasy
tiofenoboronowe, 2 kwasy orto-fenyloenodiboronowe oraz kwas fenyleno-1,2,4-
triboronowy powodowaly maksymalnie 8/4/2-krotne redukcje wartosci MIC
ceftazydymu odpowiednio przy stezeniach 16/8/4 mg/l i nie przywracaty wrazliwosci na
te cefalosporyne zadnemu z badanych szczepéw AmpC-dodatnich.

Dla szczepow wytwarzajacych enzymy typu KPC znaczace redukcje wartosci MIC
meropenemu  uzyskano w  obecnosci 7  zwiazkow: 4  kwasOw  para-
fenylenodiboronowych, 2 kwaséw orto-fenylenodiboronowych oraz kwasu 2,5-
difluorofenyloboronowego. W kolejnym etapie badan w obecno$ci tych zwigzkow
w stezeniach 16, 8 1 4 mg/l wyznaczono dodatkowo wartosci MIC imipenemu oraz
ertapenemu dla tych samych szczepéw KPC-dodatnich. Wykazano, ze powoduja one
porownywalne redukcje wartosci MIC kazdego z badanych karbapenemoéw. Najwieksza
aktywno$¢ (1 wigksza niz PBA wobec wszystkich szczepéw) wykazal kwas orto-
fenylenodiboronowy, ktory w stezeniach 16/8/4 mg/l redukowat wartosci MIC
karbapeneméw odpowiednio nawet 64/16/8-krotnie. Przywrocit on wrazliwo$¢ na
meropenem wszystkim czterem badanym szczepom (osiagni¢to redukcje wartosci MIC

do poziomu <8 mg/l — punkt odciecia dla meropenemu w obecnosci 8 mg/l waborbaktamu
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u Enterobacterales [12]), a ha imipenem 3 z 4 badanych szczepOw (osiagni¢to redukcje
warto$ci MIC do poziomu < 2 mg/l - punkt odcigcia dla imipenemu w obecnosci 4 mg/1
relebaktamu u Enterobacterales [12]). Aktywnos$¢ poréwnywalng lub wigkszg niz PBA
wykazywaly  rowniez kwasy para-fenylenodiboronowy oraz  2,5-difluoro-
fenyloboronowy (maksymalnie 16/8/2-krotne redukcje wartosci MIC odpowiednio przy
ich stezeniach 16/8/4 mg/l). Kwas para-fenylenodiboronowy przywrocit wrazliwosé na
meropenem wszystkim czterem badanym szczepom, a kwas 2,5-difluorofenyloboronowy
3 z 4 szczepow. Obydwa zwiazki przywrocity takze wrazliwo$¢ na imipenem 2 z 4
szczepow (wylacznie KPC-3-dodatnim). Fluorowe pochodne kwasoéw para- i orto-
fenylenodiboronowego powodowaty mniejsze redukcje wartosci MIC karbapenemow niz
odpowiednie kwasy wyjéciowe. Zaden z 7 zwigzkéw o aktywnoséci BLI wobec szczepow
KPC-dodatnich nie przywracat im wrazliwo$ci na ertapenem (nie osiagni¢to redukcji
warto$ci MIC do poziomu <0,5 mg/l - punkt odcigcia dla ertapenemu stosowanego
samodzielnie u szczepdéw Enterobacterales [12]), aczkolwiek kwasy para- i orto-
fenylenodiboronowe redukowaty wartosci MIC ertapenemu odpowiednio nawet 8- i 16-

krotnie bardziej niz PBA wobec wszystkich szczepow.

6.3.3. Potwierdzenie celu molekularnego badanych kwasow fenylenodiboronowych

Majac na uwadze (I) wysokg skuteczno$¢ niepodstawionych kwasow orto- i para-
fenylenodiboronowych w przywracaniu wrazliwosci na karbapenemy szczepow KPC-
dodatnich oraz (IT) brak takiej aktywnosci kwasu meta-fenylenodiboronowego, do
dalszych  prac  wytypowano trzy najbardziej reprezentatywne pochodne,
tj. niepodstawione kwasy orto-, meta- i para-fenylenodiboronowe. Celem kolejnych
badan byto wykazanie, ze punktem uchwytu w/w zwigzkéw sg faktycznie enzymy typu
KPC. Zwazywszy na fakt, iz redukcje wartosci MIC karbapenemoéw w obecnosci
badanych zwigzkow byty 2-4-krotnie wigksze U szczepow wytwarzajacych enzymy KPC-
3 niz KPC-2, wykorzystano wrazliwy na meropenem szczep E. coli DH5a (MIC
0,016 mg/l) oraz jego transformanta — szczep E. coli 82 TR(pl 81) niosacy plazmid
z genem blakpc-3 (MIC meropenemu 2 mg/l). Transformant pochodzit z kolekcji Zaktadu
Mikrobiologii Farmaceutycznej i Bioanalizy WUM. Potwierdzenie celu molekularnego
w/w zwiazkow przebiegato trzyetapowo i zostato opisane w Publikacji O4.

W pierwszym etapie oznaczono wartosci MIC meropenemu szczepu E. coli DHSa
i jego transformanta w obecnosci 16, 8 i 4 mg/l badanych kwasdw fenylenodiboronowych

oraz PBA. Zgodnie z oczekiwaniami, zaden z badanych zwigzkéw nie spowodowat
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zmiany wartosci MIC meropenemu u E. coli DH5a, co wykluczyto aktywnos¢
bezposrednia nowych zwiazkéw wobec szczepu macierzystego. Znaczace redukcje
wartosci MIC meropenemu uzyskano natomiast dla jego transformanta w obecnos$ci
kwasow orto- i para-fenylenodiboronowych oraz PBA w stezeniach 16/8/4 mg/l
(odpowiednio  32/16/4-krotne, 16/8/4-krotne oraz 8/8/4-krotne). Kwas meta-
fenylenodiboronowy redukowat natomiast wartosci MIC meropenemu tego szczepu
maksymalnie 2-krotnie. Potwierdzono tym samym zdolno$¢ kwasdéw orto- i para-
fenylenodiboronowych do zwigkszania aktywnosci karbapenemow wobec szczepow
wytwarzajagcych enzym KPC-3 1 brak takiej aktywnos$ci kwasu meta-
fenylenodiboronowego.

W drugim etapie wykonano oznaczenia biochemiczne aktywnos$ci badanych
zwigzkow wobec wyizolowanych biatek catkowitych transformanta E. coli 82 TR(pl 81),
przeprowadzajac test hydrolizy nitrocefiny. W teScie tym hydroliza pier§cienia
B-laktamowego nitrocefiny przez p-laktamaze powoduje zmian¢ zabarwienia roztworu
Z 76ttego na ré6zowy, co wyraza si¢ wzrostem absorbancji. W niniejszej pracy mierzono
spektrofotometrycznie absorbancje roztworu nitrocefiny w obecnosci wyizolowanych
biatek catkowitych transformanta E. coli 82 TR(pl 81) zaréwno przy braku jak
I W obecnos$ci badanych zwigzkoéw i PBA w stezeniach 16, 8 1 4 mg/l. Wzrost absorbancji
przy nieobecnosci badanych zwigzkéw 1 PBA potwierdzit aktywnos¢ enzymu KPC-3
w uzyskanym ekstrakcie biatkowym (kontrola pozytywna). Z kolei redukcje absorbancji
w poréwnaniu do kontroli pozytywnej uzyskane w obecno$ci PBA oraz kwasow orto-,
para- i meta-fenylenodiboronowych (odpowiednio 0 53/44/42/29% przy st¢zeniu 16 mg/|
oraz 0 43/35/35/18% przy stezeniu 8 mg/l) potwierdzity, ze badane zwiazki sa faktycznie
inhibitorami enzymu KPC-3.

W trzecim etapie dla kwasow orto-, meta- i para-fenylenoodiboronowych zostaty
przeprowadzone badania in silico, wykonane przez Panig dr Krystiang A. Krzysko
z Zaktadu Biofizyki Uniwersytetu Warszawskiego oraz Pana mgr Piotra Chyzego
z Centrum Nowych Technologii Uniwersytetu Warszawskiego. Przeprowadzone przez
Nich symulacje metodami opartymi na mechanice kwantowej/ mechanice molekularnej
(ang. quantum mechanics/molecular mechanics — QM/MM) potwierdzity, ze kwas orto-
fenylenodiboronowy jest najlepszym sposrod badanych zwiazkow BLI, najczesciej
I najszybciej osiagajacym konfiguracje pozwalajaca na przeprowadzenie addycji
nukleofilowej w  sprzyjajacych  warunkach (centralny punkt hamowania

niekompetycyjnego).
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Wykazana w niniejszej pracy wysoka aktywnos$¢ kwasow fenylenodiboronowych
jako inhibitorow enzyméw typu KPC/AmpC w polaczeniu z ich brakiem
cytotoksycznosci w aktywnym zakresie stezen (wykazanym przez Panig dr hab. Patrycje
Winska z Katedry Biotechnologii Srodkéw Leczniczych i Kosmetykow Politechniki
Warszawskiej) oraz cytotoksycznoscia PBA w tym samym zakresie stgzen pozwala
stwierdzié, ze pomijane dotad w projektowaniu lekéw kwasy fenylenodiboronowe moga
by¢ postrzegane jako lepsze niz PBA struktury wyjsciowe do syntezy nowych,
innowacyjnych inhibitorow B-laktamaz bakterii Gram-ujemnych, zwlaszcza enzymow
typu KPC.

6.4. Analiza zalezno$ci miedzy strukturg a sila synergistycznego oddzialywania
nowych kwasow aryloboronowych z -laktamami
Zwazywszy na szczatkowe jak dotad dane o aktywnosci biologicznej kwasow di-
oraz triboronowych [169], mimo ich powszechnego stosowania w syntezie organicznej
[167,168], jednym z celéw niniejszej pracy byla takze ocena wplywu obecnosci
dodatkowych grup boronowych w czasteczce na zdolno$¢ zwigzku do hamowania
bakteryjnych pB-laktamaz. W niniejszej pracy przeprowadzono analiz¢ korelacji struktura
— sita synergistycznego oddziatywania z B-laktamami nowych, aromatycznych kwaséw
mono-, di- oraz triboronowych (Publikacja O4). Do badan wytypowano 17 pochodnych,
ktore we wcezesniejszym etapie wykazaly aktywnos¢ BLI w niskich stezeniach wobec
szczepOow KPC- lub AmpC-dodatnich. W pierwszym etapie, postugujac sie metoda
szachownicy wyznaczono wartosci indeksu czgéciowego stezenia hamujacego (ang.
fractional inhibitory concentration index — FICI) dla kombinacji:
e 16 kwasow boronowych i PBA z ceftazydymem wobec dwoch szczepéw AmpC-
dodatnich (facznie wyznaczono 34 wartosci FICI);
e 7 kwasoéw boronowych i PBA trzeba karbapenemami wobec 4 szczepéw KPC-

dodatnich (facznie wyznaczono 96 wartosci FICI).
Wartos$ci FICI w niniejszej pracy obliczono korzystajac z ponizszego wzoru [216]:

FICI=[(MIC antybiotyku w kombinacji) / (MIC antibiotyku)]+ [(MIC zwigzku
w kombinacji) / (MIC zwigzku)]

Nastepnie, wychodzac z zalozenia, ze im nizsza warto$¢ FICI tym silniejsze

synergistyczne oddziatywanie, przeprowadzono analiz¢ statystyczna, w celu okreslenia
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czy badane grupy zwiazkéw (zgodnie z klasyfikacjg strukturalng) réznig si¢ istotnie pod
wzgledem uzyskiwanych wartosci FICI dla ich kombinacji z B-laktamami. Ze wzglgdu
na wykazany testem Shapiro—Wilka brak rozkladu normalnego zastosowano test
nieparametryczny Kruskala—Wallisa. Analiza post-hoc zostala przeprowadzona przy
uzyciu testu wielokrotnych poréwnan (test Dunna). Poziom istotno$ci ustalono na

p<0,05. Stosujac powyzsze metody wykazano, ze:

e synergia otrzymanych kwasow fenyleonodiboronowych z karbapenemami jest
istotnie silniejsza wobec szczepow KPC-3- niz wobec szczepéw KPC-2-dodatnich
(p=0,046);

e synergia kwaséw orto-fenylenodiboronowych z karbapenemami jest istotnie
silniejsza niz synergia kwasow para-fenylenodiboronowych i fenyloboronowych
(w obu przypadkach p=0,0001);

e synergia kwasow orto-fenylenodiboronowych z ceftazydymem wobec szczepow
AmpC-dodatnich  jest istotnie stabsza niz synergia kwaséw meta-
fenylenodiboronowych (p=0,04) oraz fenyloboronowych (p=0,008);

e obecno$¢ fluoru w czasteczce ostabia synergistyczne oddziatywanie kwasow
fenylenodiboronowych z karbapenemami wobec szczepéw KPC-dodatnich
(p=0,036) ale nasila synergistyczne oddziatywanie z ceftazydymem wobec szczepu
CMY-2-dodatniego (p=0,005).

W pracy wykazano zatem, iz wprowadzenie do czasteczki kwasu
fenyloboronowego dodatkowej grupy boronowej w pozycji orto istotnie zwigksza site
synergistycznego oddziatywania z  karbapenemami cho¢ ostabia synergie
z ceftazydymem. Z kolei obecnos¢ fluoru w czgsteczce kwasow aryloboronowych ostabia

synergi¢ z karbapenemami, ale nasila synergi¢ z ceftazydymem.

6.5. Opracowanie nowej metodyki wyznaczania gornej granicy MSW

Istotnym  elementem  badan  przedklinicznych  nowych  zwigzkow
przeciwdrobnoustrojowych jest prawidlowe wyznaczenie w warunkach in vitro ich
zakresu stezen, w ktorych moze dochodzi¢ do selekcji lekoopornych mutantow in vivo
(tzw. parametru MSW) [46,59]. Jego dolng granice stanowi wartos¢ MIC komorek
wrazliwych typu dzikiego a gorng warto§¢ MPC, tj. najmniejszego stezenia antybiotyku
catkowicie hamujacego wzrost drobnoustrojow, gdy jego dzialaniu poddanych zostanie
co najmniej 10'° CFU [58]. Wiadomo, Ze stezenia antybiotykéw utrzymujace si¢ w trakcie

terapii w zakresie MSW moga by¢ przyczyna niepowodzen terapeutycznych oraz
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sprzyjaja selekcji szczepéw opornych [187], a pochodne o porownywalnej aktywnosci
I podobnej strukturze moga znacznie r6zni¢ si¢ pod wzgledem zakresu MSW [46,59,189].
Do dalszych prac badawczo-rozwojowych nalezy wiec typowaé zwigzki nie tylko
0 wysokiej aktywnosci, ale takze takie, dla ktorych bedzie mozliwe osiggnigcie in vivo
stezen powyzej wartosci MPC, tj. w najmniejszym stopniu generujace szybkie narastanie
oporno$ci szczepOw bakteryjnych w trakcie stosowania zwigzku w lecznictwie. Majac
jednak na uwadze, iz: (I) wartosci MPC wyznaczane aktualnie in vitro metods
rozcienczen w agarze charakteryzujg si¢ niedostateczng powtarzalnoscia [83], (I1) zakresy
MSW wyznaczone aktualnie in vitro nie zawsze sg tozsame z zakresami obserwowanymi
p6zniej in vivo [86,87], (III) istnieje konieczno$¢ opracowania nowych, ograniczajgcych
narastanie oporno$ci schematéw dawkowania antybiotykéw [8,57] oraz (IV) jak dotad nie
udato si¢ wykorzysta¢ parametru MPC jako podstawy takiego schematu dawkowania,
w niniejszej pracy doktorskiej, w Publikacji O3 zaproponowano nowe podejscie do
wyznaczania potencjatu selekcjonowania opornosci przez zwiagzki
przeciwdrobnoustrojowe.

Opracowano nowe parametry in vitro charakteryzujace ten potencjat: minimalne
stezenie zapobiegajace selekcji mutantdow dominujagcych (ang. dominant mutant
prevention concentration—-MPC-D), okno selekcji mutantéw dominujacych (ang.
dominant mutant selection window — MSW-D), minimalne st¢Zenie zapobiegajace
selekcji mutantow o obnizonej sprawnosci (ang. inferior mutant prevention
concentration—-MPC-F) oraz okno selekcji mutantéw o obnizonej sprawnos$ci (ang.
inferior mutant selection window—MSW-F). Wartosci MPC-D oraz MSW-D odnoszg si¢
do lekoopornych mutantow selekcjonowanych z duza czestoscia, bez znaczacych zmian
w sprawnos$ci w poréwnaniu do komorek typu dzikiego, co do ktorych istnieje wysokie
prawdopodobienstwo, ze beda one w stanie ustanowi¢ oporng populacje in Vivo.
Zaproponowano by w metodzie rozcienczen w agarze wartoS¢ MPC-D wyznacza¢ jako
najmniejsze stezenie zwigzku przeciwdrobnoustrojowego, dla ktorego czestos¢ selekcji
lekoopornych mutantéw in vitro (ang. frequency of spontaneus mutant selection — FSMS)
wynosi <10% Uznano, Ze mutanty powstajace z mniejsza czestoscia niz 10 beda
W minimalnym stopniu przyczyniaty by si¢ do selekcji szczepéw opornych, bowiem
lekooporne mutanty mogg by¢ kontrolowane przez uktad immunologiczny wigkszosci
pacjentow jezeli tylko ich liczba utrzymuje si¢ na niskim poziomie. Za bezpieczne dla
powodzenia antybiotykoterapii przyjmuje si¢ czgsto juz te stezenia antybiotykow, dla

ktorych czestosé selekcji opornych mutantéw w warunkach in vitro wynosi 1x107% lub
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mniej [46,77,78]. Mutanty powstajace z mniejsza czestoécig niz 10°° nie zawsze mogg by¢é
réwniez wykryte w trakcie badan in vitro. Powigzanie wartosci MPC-D z warto$cia
FSMS jest zatem kluczowe dla zwigkszenia powtarzalno$ci oznaczania parametru MPC-
D w porownaniu do oryginalnej wartosci MPC.

Aby jednak lepiej i szybciej oceni¢ czy lekooporne mutanty selekcjonowane in vitro
nie s3 znaczgco mniej sprawne niz komorki typu dzikiego, zaproponowano wyznaczanie
wartosci MPC-D metodg rozcienczen zwigzku w bulionie. W tej metodzie wartos¢
MPC-D zdefiniowano jako najnizsze stezenie leku, ktore uniemozliwia lekoopornym
mutantom selekcjonowanych sposrod 10'° CFU ustanowienie opornej populacji
0 gestosci co najmniej 10 CFU/ml w trakcie 24h inkubacji w podiozu plynnym ze
zwigzkiem (tj. mutanty nie sg w stanie zdominowa¢ populacji o tak wysokiej gestosci).
Z kolei parametry MPC-F/MSW-F odnoszg si¢ do lekoopornych mutantéw, u ktorych
nabycie lekoopornosci spowodowalo jednocze$nie znaczne ostabienie sprawnosci.
Mutanty te mogg powstaé in vitro, ale zwazywszy na ich brak zdolno$ci do dominowania
W populacji, jest mato prawdopodobne by byly selekcjonowane in vivo.

Ponadto, majac na uwadze fakt, iz do precyzyjnego wyznaczenia gornej granicy
MSW kluczowe znaczenie ma otrzymanie zawiesiny komodrek bakterii o wysokiej
gestoscei, tj. min. 10'° CFU/mI [58], a analiza piémiennictwa wykazata, ze tylko w kilku
publikacjach udato si¢ otrzymac¢ do doswiadczen tak geste zawiesiny komorek [58,74,80],
w niniejszej pracy doktorskiej opracowano nowa metode otrzymywania inokulum
0 wysokiej gestosci (>10'' CFU/ml), polegajaca na wielostopniowym zageszczaniu
hodowli ptynne;.

W Publikacji O3 wyznaczono potencjal selekcjonowania opornosci przy uzyciu
powyzszej, nowej metodyki i dokonano poroéwnania z klasyczng metoda wyznaczania
MPC. Wyznaczono wartosci MPC-D/MSW-D oraz MPC/MSW cyprofloksacyny,
linezolidu i nowego benzosiloksaborolu No37 dla szczepu S. aureus ATCC 29213
metodg rozcienczen w agarze. Nowos$cig pracy jest takze powigzanie wartosci
klasycznego MPC z czestoscia selekeji opornych mutantow w metodzie rozcienczen
W agarze co ma miejsce w opracowanej metodyce wyznaczania wartosci nowego
parametru MPC-D. Ponadto wyznaczono wartosci MPC-D/MSW-D i MPC-F/MSW-F
tych zwigzkdéw przeciwbakteryjnych dla tego samego szczepu nowa metoda rozcienczen
w bulionie. Badany zakres stezen kazdego zwiazku przeciwbakteryjnego w obu metodach
wynosit 1-32xMIC, a badaniu na kazdym stezeniu poddawano 10° CFU. Dzigki

zastosowaniu nowej metody wielostopniowego zageszczania hodowli ptynnej bakterii
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w trakcie dwoch powtdrzen doswiadczenia uzyskano wyjsciowe inokula o gestosci
7,5x10* CFU/mI oraz 5x10'! CFU/ml. Niezaleznie od zastosowanej metody, zakresy
wszystkich okien selekcji mutantow (MSW10%°, MSW-D10%°, MSW-F10'°) opornych na
linezolid 1 benzosiloksaborol No37 byly identyczne i wynosity odpowiednio 1-2xMIC
oraz 1-32xMIC. Zupehie inne wyniki uzyskano w przypadku cyprofloksacyny, dla
ktorej najwezszy zakres miato MSW-Di1o® w metodzie rozcienczen w bulionie
(1-8xMIC) oraz MSW-D10® w metodzie rozcienczen w agarze (1-16xMIC). Zakres
MSW-F10?® wynosit natomiast 1-32xMIC a zakres oryginalnego MSWio!® az
1—>32xMIC. Jednakze czestos¢ selekcji cyprofloksacyno-opornych mutantéw na
stezeniu 32xMIC byla ekstremalnie niska i wynosila 4,5x107t, Zatem warto$¢ MPC
cyprofloksacyny uzyskana w niniejszej pracy nie bylaby odtwarzalna w przypadku
poddaniu badaniu populacji mniejszej niz 2,2x10'° CFU, mimo iz bytaby to populacja
wystarczajaca do wyznaczenia wyniku MPC1o®.

W Publikacji O3 wykazano zatem, ze wartosci MPC-D w przypadku niektorych
zwigzkow przeciwbakteryjnych sg nizsze niz wartosci MPC, przez co moga okazac si¢
bardziej akceptowalne Kklinicznie jako podstawa schematow dawkowania lekdw.
Wykazano réwniez, ze wyznaczane metoda rozcienczen w agarze wartosci MPC-D moga
by¢ bardziej powtarzalne 1 odtwarzalne niz wartosci MPC. W pracy zaproponowano
ponadto wyznaczanie zakresu MSW za pomoca nowej metody rozcienczen w bulionie,
w ktorej dodatkowy etap 24-godzinnej inkubacji wyjsciowej populacji w podtozu ze
zwigzkiem pozwala zréznicowa¢ dominujgce mutanty od mutantéw o obnizonej
sprawnos$ci. Zakresy MSW-D wyznaczane ta metoda powinny lepiej korelowac
z zakresami MSW obserwowanymi pézniej w badaniach in vivo. W badaniach
przedklinicznych zaproponowane w niniejszej pracy nowe podejscie do oceny potencjatu
selekcjonowania opornosci przez zwigzki przeciwdrobnoustrojowe zwigkszy szanse na
wytypowanie do dalszych prac in vitro i in vivo zwigzku i jego zakresu stezen
W najmniejszym stopniu sprzyjajacych narastaniu opornosci w czasie jego stosowania
W lecznictwie. W dalszej perspektywie, moze ono przyczyni¢ si¢ do opracowania

ograniczajacych narastanie oporno$ci schematéw dawkowania.
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Abstract: The growing problem of antimicrobial resistance has been classified by the World Health Organization (WHO) as one of the
top ten threats to mankind. In a special report published in 2017, the WHO presented a list of microorganisms for which the search for
new therapeutic options is a priority. The highest (critical) priority was given to the search for new antibiotics active against carbapenem-
resistant strains of Acinefobacter baumannii and Pseudomonas aeruginosa as well as against carbapenem- and third-generation-cephalo-
sporin-resistant Enterobacterales strains (so-called critical priority pathogens). Whereas the second (high) priority was given among
others to the search for new antibiotics active against methicillin- and vancomycin-resistant strains of Staphylococcus aureus (MRSA
and VRSA) and vancomycin-resistant strains of Enterococcus faecium (VRE). Since the publication of the WHO report the European
Medicines Agency has approved 6 novel, broad-spectrum antibiotics, from 6 different groups, addressing the priority pathogens to a dif-
ferent extent. Two of them are new combinations of carbapenems with non-f-lactam inhibitors of B-lactamases (active also against carba-
penemases), belonging to two novel groups of inhibitors: diazabicyclooctanes (relebactam, combined with imipenem) and boronates
(vaborbactam, combined with meropenem). The third new drug is a siderophore cephalosporin (cefiderocol) with an innovative mecha-
nism of penetration into the bacterial cell. The next two antibiotics are the new fluoroquinolone (delafloxacin) and the new tetracycline
(eravacycline), designed and synthesized to be more active than older members of these groups. The last innovative antibiotic is lefamulin
- the first pleuromutilin approved for systemic use in humans. New approvals have expanded the number of available therapeutic options
in the treatment of complicated urinary tract infections (meropenem/vaborbactam, cefiderocol), complicated intra-abdominal infections
(meropenem/vaborbactam, eravacycline), nosocomial pneumonia (meropenem/vaborbactam, imipenem/relebactam), acute bacterial
skin and skin structure infections (delafloxacin) and community-acquired pneumonia (lefamulin).

1. Introduction 2. Boronate f-lactamases inhibitors 3. Diazabicyclooctane B-lactamases inhibitors 4. Siderophore cephalosporins 5. New
fluoroquinolones 6. New tetracyclines 7. Pleuromutilins 8. Summary

Keywords: delafloxacin, eravacycline, p-lactamases inhibitors, siderophores, vaborbactam

1. Introduction in third place, carbapenem-resistant Enterobacterales

(CRE). This group also includes Enterobacterales strains

According to the World Health Organization
(WHO), the growing drug resistance of microorgan-
isms is one of the top ten threats to humanity. In 2017,
the WHO published a special report containing a list
of pathogens for which the search for new therapeu-
tic options is a priority, due to the increasingly limited
range of antibiotics that can be used to treat infections
caused by them [121]. Twelve pathogens were entered
on the list, divided into 3 categories according to the
urgency of searching for new therapeutic options active
against them. The first group of pathogens with the
highest critical priority included carbapenem-resistant
Gram-negative bacilli. Carbapenem-resistant Acine-
tobacter baumannii (CRAB) strains were considered
to be the most dangerous, followed by carbapenem-
resistant Pseudomonas aeruginosa strains CRPA) and,

resistant to third-generation cephalosporins, as well as
Mycobacterium tuberculosis and other acid-fast myco-
bacteria. Whereas, multidrug-resistant strains of Gram-
positive cocci have been classified by the WHO into
the second group of pathogens with a high priority of
search for new drugs against them. This group includes
Staphylococcus aureus strains resistant to methicillin
(methicillin-resistant S. aureus - MRSA) and vancomy-
cin (vancomycin-resistant S. aureus - VRSA); vanco-
mycin-resistant Enterococcus faecium, as well as clari-
thromycin-resistant Helicobacter pylori; Campylobacter
spp., and Salmonella spp. resistant to fluoroquinolones;
and Neisseria gonorrhoeae resistant to fluoroquinolones
and third-generation cephalosporins [121].

The most important problem among the critical
priority pathogens is their resistance to carbapenems,
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associated with the production of hydrolyzing them
enzymes (carbapenemases), or with non-specific mech-
anisms such as decreasing the outer membrane per-
meability and overexpression of genes encoding efflux
pumps [26, 37, 60]. According to Ambler classifica-
tion [4], carbapenemases occurring among the strains
of Gram-negative bacilli belong mainly to classes A, B
and D. So far, only a few class C carbapenemases have
been described, e.g., the enzyme ADC-68 in A. bau-
mannii. Among the class A enzymes, the KPC plasmid
carbapenemases (Klebsiella pneumoniae carbapen-
emase), mainly the variants KPC-2 and KPC-3, are of
the highest clinical significance [37]. They are wide-
spread in Enterobacterales strains, primarily in K. pneu-
moniae strains and increasingly in E. coli strains. The
ability to produce them has also been demonstrated in
Gram-negative strains of non-fermenting bacilli, i.e.,
P. aeruginosa, and recently in A. baumannii. The genes
encoding them are located in transposons in large con-
jugative plasmids, which creates the possibility of their
easy horizontal transfer. In the therapy of infections
caused by KPC-positive strains only colistin, tigecy-
cline and sometimes aminoglycosides can be admin-
istered. The strains producing carbapenemases of the
family GES (Guiana extended-spectrum p-lactamase)
are of much lower clinical importance. It is relatively
rare for GES enzymes to be detected in both P aeru-
ginosa strains and in the bacilli of Enterobacterales,
and the genes encoding them are most often located in
class 1 integrons [37].

Out of the class B enzymes of the Ambler classifi-
cation system (metallo-B-lactamases - MBL) [37], the
enzymes of the NDM (New Delhi metallo-B-lactamase)
family occur the most frequently in Gram-negative
bacilli strains worldwide. Originally, enzymes of MBL
type posed a therapeutic problem mainly in P. aerugi-
nosa strains. The predominant enzymes in Europe, also
in Poland, were the ones from the VIM (Verona inte-
grated-encoded metallo-p-lactamase) family, and in the
Far East, IMP (imipenemase) enzymes. The first case of
the production of the NDM-1 enzyme in Enterobacte-
rales was described in 2009, and in the following years
the ability to produce NDM enzymes became widely
spread, mainly in K. pneumoniae, E.coli, P aerugi-
nosa and other bacilli. A wide substrate range of MBL
enzymes (they hydrolize all f-lactams except monobac-
tams) in combination with the easy horizontal transfer
of the genes encoding them (located in plasmids, inte-
grons or transposons) and the lack of an inhibitor that
can be utilized in therapy (they are inhibited, among
others, by EDTA) make these enzymes a significant
clinical problem. It is considered that the greatest threat
are NDM-positive strains , whose genomes also contain
genes encoding other P-lactamases (AmpC, OXA-48,
VIM, KPC) and genes determining resistance to other
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antibiotics (aminoglycosides and fluoroquinolones).
The strains producing MBL enzymes usually remain
sensitive to colistin, tigecycline and fosfomycin [37].

D class carbapenemases, according to the Ambler
classification system, are oxacillinases of the OXA
family, the substrate range of which has been expanded,
giving them the capability of hydrolysing also carba-
penems. The greatest clinical importance is pos-
sessed by the enzymes of the CHDL group (carbap-
enem-hydrolysing class D p-lactamases) and OXA-48
-lactamase. CHDL enzymes are the dominant mecha-
nism responsible for carbapenem resistance in A. bau-
mannii strains [79, 102]. In A. baumannii strains,
in addition to the naturally occurring chromosomal
OXA-51-like enzyme, also OXA-23-like and OXA-
24-like CHDL carbapenemases are most commonly
detected. In turn, the carbapenemase of OXA-48 is
commonly found in the bacilli of the order Enterobacte-
rales. The hydrolytic activity of class D carbapenemases
towards carbapenems and cephalosporins is lower
compared to MBL and KPC-type enzymes. However,
the presence of insertion sequences (ISAba) preceding
the bla ., genes significantly increases the resistance
of A. baumannii strains to carbapenems. A. baumannii
CRAB strains, owing to the variety of other resistance
mechanisms simultaneously occurring in them, are
considered to be among the most dangerous pathogens,
against which WHO recommends priority search for
new therapeutic options.

Resistance to carbapenems has also been described
among Enterobacterales strains as well as Gram-neg-
ative non-fermenting bacilli which do not produce
carbapenemases. The cause of the insensitivity of the
strains to carbapenems may lie in the reduction of
the outer membrane permeability, due to a reduction
in the abundance or changes in the conformation of
the porins through which carbapenems penetrate into
the cell, the so-called influx mechanism [26]. The
reduced abundance or absence of OprD porins was the
first reported mechanism of the resistance of P. aeru-
ginosa to imipenem. This mechanism of resistance to
carbapenems has also been described in K. pneumoniae
strains (associated with OmpK35 and OmpK36 porins),
E. coli (associated with OmpC and OmpF porins) and
in A. baumannii (primarily CarO). Active removal of
antibiotics from bacterial cells by the efflux pump sys-
tems, the so-called efflux mechanism plays an impor-
tant role - in CRE strains, RND family pumps are the
most important (e.g., AcrAB-TolC systems in E. coli as
well as in K. pneumoniae) in CRPA strains, the MexAB-
OprM and MexXY systems and the AdeABC system
in CRAB strains [60]. It is often found that the resist-
ance of Gram-negative bacilli to carbapenems includes
simultaneous participation of two or three mechanisms,
such as production of two different carbapenemases
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and/or disruption of antibiotic penetration into cells
and/or active removal of drugs with the participation
of efflux pump systems.

Among the pathogens from the second group
according to WHO classification, the high priority
kind, resistance of staphylococcal strains to methicil-
lin and glycopeptides and resistance of enterococci to
glycopeptides are the dominant problems [121]. The
resistance to methicillin in staphylococci is linked to the
presence of the mecA gene or its homologues, i.e., mecB,
mecC or mecD, which determine the synthesis of the
altered PBP-2a protein, having no affinity for p-lactam
antibiotics (except for ceftaroline and ceftobiprole)
[28]. The mec genes are located within a large mobile
DNA fragment, i.e., SCCmec (staphylococcal cassette
chromosome mec). In addition to being resistant to
p-lactam, MRSA strains also typically exhibit resistance
to aminoglycosides, fluoroquinolones, macrolides and
lincosamins. On the other hand, they often remain sen-
sitive to ceftaroline, ceftobiprole, linezolid, tigecycline,
daptomycin, dalbavancin and rifampicin. Following the
emergence of methicillin-resistant staphylococci, van-
comycin became the drug of choice for the treatment
of infections caused by them. Soon, however, strains
with reduced susceptibility to this antibiotic (vanco-
mycin intermediate-resistant Staphylococcus aureus
- VISA), and (less frequently) vancomycin resistant
strains appeared (vancomycin resistant Staphylococcus
aureus — VRSA) [28]. The reasons for the reduced sen-
sitivity of the VISA phenotype to vancomycin are not
yet fully understood. Most likely, it is related to a change
in the cell wall structure and a decrease in its perme-
ability to vancomycin. In turn, the complete resistance
to vancomycin, a VRSA phenotype, is conditioned by
the presence of an operon containing the vanA gene.
It has been demonstrated that this operon was located
in the Tn1546 transposon, derived from the enterococ-
cal conjugative plasmid. The resistance to vancomycin
was first observed in enterococci. Among the VRE
(vancomycin-resistant enterococci) strains responsi-
ble for hospital infections, E. faecium isolates display
resistance to vancomycin significantly more often than
E. faecalis [95]. The vanA gene, as well as other pre-
viously detected van genes (vanB, vanC, vanD, vanE,
vanG, vanL, vanM, vanN), which determine resistance
or reduced sensitivity of enterococci to vancomycin,
are the ones responsible for the synthesis of the altered
D-alanyl-D-alanine peptide fragment in the cell wall
precursor, forming the D-alanyl-D-lactate or D-alanyl-
D-serine. Thus, the target site of glycopeptide action
changes, which is expressed through different levels of
isolate resistance. In addition to VRE and MRSA strains,
also the strains simultaneously resistant to linezolid are
isolated, which may pose a serious clinical problem.
The resistance of priority pathogens to fluoroquinolo-
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nes results mainly from mutations in the genes encod-
ing topoisomerase II, i.e., gyrase (in the gyrA genes)
and topoisomerase IV (in the genes parC in E. coli and
grlA in staphylococci), which results in the synthesis of
altered subunits of these enzymes, with reduced affinity
for fluoroquinolones [42]. Additionally, fluoroquinolo-
nes are substrates for many MDR pumps in priority
pathogens, e.g., AdeABC in A. baumannii, MexAB-
OprM in P. aeruginosa, AcrAB-TolC in Enterobacterales,
NorA in §. aureus, CmeABC in Campylobacter spp. or
NorM in N. gonorrhoeae [42].

Since the publication of the 2017 WHO report
sounding alarm on the issue of searching for new
effective drugs against dangerous pathogens, six new
antibiotics from six different groups, addressing WHO
priorities to various degree have been approved on the
European market by the European Medicines Agency
(EMA). Two of them are a new combination of carbap-
enems with non-B-lactam inhibitors of -lactamases
(also active against carbapenemases), from two new
groups: diazabicyclooctane inhibitors (relebactam,
combined with imipenem) and boronate ones (vabor-
bactam, combined with meropenem). The success of
approving after many years new 3-lactamase inhibitors
from two unused before chemical groups resulted in
extending the scope of the search for new inhibitors [12,
19, 39]. In turn, the search for new ways to overcome
the barrier posed by the outer membrane of Gram-
negative bacteria, resulted in the market authorisation
of cefiderocol - siderophore cephalosporin. The use of
siderophores in drug design is a novel approach to the
concept of modern medication [80, 119]. Both the new
combination of carbapenems with -lactamase inhibi-
tors and cefiderocol are active towards critical WHO
pathogens to a varying degree. The next two original
antibiotics comprise a novel fluoroquinolone (dela-
floxacin) and a new tetracycline (eravacycline), the
molecules of which were designed and synthesized in
order to increase efficacy and minimize the suscepti-
bility to bacterial resistance mechanisms, typical of the
older representatives of these groups. Both antibiotics
are active against many WHO high priority pathogens.
The last of the new antibiotics is lefamulin, the first
representative of the pleuromutilin group registered for
systemic use in humans. A distinctive feature of this
group of antibiotics is its unique structure (meeting
the WHO innovation criteria), rare occurrence of
resistance and activity against pathogens of high pri-
ority according to the WHO. In turn, the strains of
Gram-negative bacilli, i.e., P aeruginosa, A. baumannii
and Enterobacterales are naturally resistant to lefamulin.
This article provides a review of new, wide-spectrum
antibiotics active against the WHO priority patho-
gens, authorized for use in the European Union since
2018 (Figure 1).
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Figure 1. Structures of new antimicrobial compounds

Compounds are active against priority pathogens according to WHO, approved in the European Union since 2018: A) vaborbactam - a boron inhibitor

of B-lactamases (combined with meropenem); B) relebactam - a diazabicyclooctane p-lactamase inhibitor (in combination with imipenem/ cilastatin);

C) cefiderocol - siderophore cephalosporin; D) delafloxacin - the fourth generation fluoroquinolones; E) eravacycline - the first fully synthetic tetra-
cycline; F) lefamulin - the first pleuromutilin for systemic use in humans.

2. Boronate inhibitors of f-lactamases

Boronate B-lactamase inhibitors are a relatively new
class of compounds with cyclic boronic acid as a phar-
macophore. Vaborbactam (previously RPX7009) was
dicovered under a program aimed at developing an
inhibitor of serine -lactamases, especially of the KPC
type [39]. It is a monocyclic, reversible competitive
inhibitor of class A enzymes according to the Ambler
system (CTX-M, KPC, BKC, FRI, SME, TEM, SHV)
and class C (AmpC) with which it creates covalent
bonds between the boronate moiety and the catalytic
serine centre. The inhibition of KPC by vaborbactam
does not trigger its inactivation and is characterized by
extremely slow reversibility. At the same time, vabor-
bactam is not active against class B enzymes (e.g.,
NDM, VIM) and class D (e.g., OXA-48), does not
inhibit human serine enzymes and does not exhibit
direct antimicrobial activity in therapeutic concentra-
tions [15, 39, 111]. In vitro research has demonstrated
that vaborbactam reduces the MIC values of carbap-
enems more vigorously than of the other p-lactams,
hence the meropenem-vaborbactam combination was
selected for further research [66].

In trials conducted on clinical isolates of Gram-
negative strains of (E. coli, Enterobacter spp., K. pneurmo-
niae, A. baumannii and P. aeruginosa), it was confirmed
that vaborbactam increases the activity of meropenem
against carbapenem-resistant strains of Enterobacterales
but not against P aeruginosa and A. baumannii strains
[59, 97]. In large-scale surveillance programmes, the
overall percentage of meropenem/vaborbactam among
Enterobacterales was 99.3% and was higher than for
meropenem (96.9%). In contrast, among Enterobac-

terales resistant to carbapenem, vaborbactam restored
meropenem activity in 73.9% of the strains, and among
the strains producing KPC in as much as 99.5%. Vabor-
bactam did not restore sensitivity to meropenem in
strains producing metallo-B-lactamases and OXA-48
enzymes [88] as well as in the strains of A. baumannii,
P aeruginosa and Stenotrophomonas maltophilia [14].
Similar results were obtained by analysing the sensitiv-
ity of the collection of clinical E. coli strains resistant
to carbapenems isolated around the world, in which
the overall proportion of meropenem/vaborbactam-
sensitive strains was 66% and was only lower than the
percentage of strains sensitive to tigecycline (100%)
and amikacin (74%). Sensitivity was greater among
the strains of Latin American origin (88%) and lower
among strains isolated in Europe (75%) and Asia (51%)
[52]. Also, in the study by Zhou et al. [129], it was con-
cluded that the proportion of K. prneumoniae strains
with increased MIC values of meropenem and vabor-
bactam in China is higher than in other geographical
areas, possibly due to the dissemination in this area
of strains with defects in both major porins (OmpK35
and OmpK36) involved in the entry of carbapenems
into a bacterial cell.

The growing problem of infections caused by the
strains producing metallo-3-lactamases (and therefore
resistant to all p-lactams, except aztreonam), combined
with the absence of an effective inhibitor of these
enzymes, has also resulted in attempts to combined
meropenem/vaborbactam with aztreonam - a mono-
bactam resistant to carbapenemases but destroyed
by a number of serine enzymes. So far, in vitro research
has demonstrated that meropenem/vaborbactam acts
synergistically with aztreonam against multidrug-
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resistant K. pneumoniae and E. coli strains producing
both NDM-type enzymes and serine B-lactamases [11,
70]. However, the effectiveness of this combination
requires further research.

The hitherto observed resistance of strains to mero-
penem/vaborbactam was most likely associated with
the production of metallo-p-lactamases [15], muta-
tions in genes encoding porins (OmpK35, OmpK36)
[24, 66, 108] responsible for drug influx and/or overex-
pression of AcrAB-TolC pump systems [15] involved in
the efflux mechanism, less often resistance was associ-
ated with an overproduction of KPC, associated with
an increase in the number of bla,, . gene copies [108].
So far, no case of resistance associated with a mutation
in the bla, , . genes has been described.

In clinical trials it was demonstrated that mero-
penem/vaborbactam (administered 2 g/2 g every 8h)
is non-inferior to piperacillin/tazobactam (4g/0.5g
every 8h) in patients with complicated urinary tract
infection (cUTI) [55]. The results of the latest clinical
trial (TANGO II) further indicate that meropenem-
vaborbactam is superior to the best available therapy
(BAT) in patients with a confirmed or suspected infec-
tion with Enterobacterales resistant to carbapenems
and with multiple comorbidities such as renal failure,
immunodeticiency, or prior antibiotic therapy [9, 10].
Increased cure rate, decreased mortality, and lower
nephrotoxicity were observed in the patients group
treated with meropenem/vaborbactam [9].

A preparation containing meropenem with vabor-
bactam powder for concentrate for solution for infusion
(1g/1g) under the trade name of Vaborem has been
approved on the European market since 20.11.2018
[20]. Tts therapeutic indications include the treatment
of complicated urinary tract infections (including
pyelonephritis), complicated intra-abdominal infec-
tions, nosocomial pneumonia (including ventilator-
associated pneumonia) and infections caused by
Gram-negative aerobic organisms in adult patients with
limited treatment options.

3. Diazabicyclooctane inhibitors of B-lactamases

Relebactam (formerly MK-7655) is the second, after
avibactam, non-B-lactam inhibitor of P-lactamases
from the group of diazabicyclooctane derivatives,
approved for treatment [20]. Relebactam is structur-
ally similar to avibactam, however, it contains an addi-
tional piperidine ring which ensures a positive charge
at physiological pH for the molecule, crucial for reduc-
ing its susceptibility to active removal by pump systems
in the phenomenon of efflux. Biochemical analyses
have demonstrated that relebactam is an inhibitor of
class A (of KPC type) and class C enzymes (AmpC type,
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e.g., AmpC Pseudomonas-derived cephalosporinase-3,
PDC-3) and in addition (similarly to imipenem), it is
not a substrate for the MDR pump systems in P. aeru-
ginosa [7, 12, 124]. The lack of susceptibility of the
imipenem/relebactam combination to being removed
from bacterial cells by the P. aeruginosa MDR pump
systems and the activity of relebactam against AmpC
enzymes resulted in this combination being selected for
further research. In vitro research has confirmed that
relebactam actually increases the activity of imipenem
against Enferobacterales strains, whose carbapenem
resistance was associated with the production of KPC
enzymes or in which the production of AmpC or ESBL
B-lactamases was observed combined with the reduced
permeability of the outer membrane (mutations in
OmpK36). As was also observed in the P. geruginosa
OprD-deficient strains and (at higher concentrations
of the drug) against P. aeruginosa MDR strains. Simi-
larly to vaborbactam, relebactam is not an inhibitor of
metallo-B-lactamases (NDM, IMP, VIM) or class D
enzymes (OXA), neither does it display direct antibac-
terial activity [36, 40, 63]. The synergistic interaction
of imipenem/relebactam with amikacin and colistin
against imipenem-resistant P aeruginosa strains has
also been described under in vitro conditions [6].

In many large surveillance studies, the suscepti-
bility to imipenem/relebactam of clinical strains iso-
lated from patients with lower respiratory tract infec-
tions, urinary tracts infections and intra-abdominal
infections has been tested [53, 54, 64, 65]. It has been
demonstrated that in the presence of relebactam,
imipenem concentrations able to prevent the growth
of most clinical Enterobacterales strains (including
carbapenem-resistant strains) were reduced, although
the MIC values of imipenem for Serratia marcescens
strains are usually higher than for other species. The
percentage of imipenem/relebactam-sensitive strains of
E. coli, Klebsiella spp., Citrobacter spp., and Enterobac-
ter spp. reached over 95%. However, among S. marc-
escens the percentage of susceptible strains was lower.
Imipenem/relebactam is also effective against P. aeru-
ginosa strains (the percentage of susceptible strains
reaching over 90%), with the exception of strains pro-
ducing B-lactamases of class B or D. Among the strains
resistant to carbapenems, 42-66% of Enterobacterales
strains and 74-78% of P aeruginosa strains remain
sensitive to imipenem/relebactam. Relebactam, how-
ever, does not increase the activity of imipenem against
Acinetobacter spp. [53, 54, 64, 65, 115].

The observed resistance of Gram-negative bacilli to
imipenem/relebactam stems mainly from the produc-
tion of metalloenzymes. In P. aeruginosa strains, it may
also be due to the ability to produce class A carbapene-
mases from the GES family and overexpression of genes
encoding PDC enzymes in combination with the loss of
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the OprD porin proteins [65, 124]. In Enterobacterales,
in turn, resistance may be caused by the production
of oxacillinases with carbapenemase activity, e.g.,
OXA-48, as well as mutations in the genes encoding
porin proteins and a decrease in the abundance of
these porins (OmpK35, OmpK36, OmpC and OmpF),
thereby limiting imipenem/relebactam penetration into
bacterial cells [30, 51].

Clinical studies have demonstrated that imipenem
(administered at a dose of 500 mg every 6 hours) in
combination with relebactam (125 mg or 250 mg every
6 hours) is a well-tolerated treatment and is non-infe-
rior than imipenem used alone in the group of patients
with complicated intra-abdominal infections and com-
plicated urinary tract infections [67, 101]. Imipenem/
relebactam was also characterized by comparable effi-
cacy and lower nephrotoxicity than the use of imipenem
and colistin in the combination therapy of infections
caused by imipenem-resistant Gram-negative bacilli
[78]. On the basis of the obtained results, a prepara-
tion containing imipenem/cilastatin (where cilastatin
is an inhibitor of dehydrogenase I, a kidney enzyme
which inactivates imipenem) with relebactam (Recar-
brio 500 mg/500 mg + 250 mg, powder for solution for
infusion) was approved by EMA on 13.02.2020 for the
treatment of nosocomial pneumonia (also associated
with mechanical ventilation) and in the treatment of
Gram-negative bacterial infections in adults with lim-
ited therapeutic options [20].

4. Siderophore cephalosporins

Cefiderocol is a representative of a new group of
antibiotics — siderophore cephalosporins [80]. Sidero-
phores are a structurally diverse group of small mol-
ecules (150-2000 Da) with chelating properties and
high iron affinity [119]. Iron is an essential element
for the functioning of many enzymes, and therefore
also for microorganisms. However, its acquisition by
bacteria is hampered due to the low solubility of iron
at physiological pH under aerobic conditions, in which
easily bioavailable Fe (II) ions are oxidized to Fe (III),
causing the formation of insoluble ferric oxyhydrox-
ides. In addition, host defence mechanisms cause fur-
ther reduction in iron accessibility at the infection site
due to the secretion of their own iron-binding proteins,
such as lipocalin 2, also called siderocalin, or neutro-
phil gelatinase associated lipocalin (NGAL). In order
to obtain the sufficient amount of iron, the bacteria
produce and secrete siderophores into the extracel-
lular environment, whose task is to bind its ions and
transport them inside the cell. More than 500 differ-
ent siderophores have been identified so far. Charac-
teristic structural elements in their molecules are iron
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chelating functional groups (hydroxamates, catechols,
carboxylates, phenolate moieties or combinations
thereof) attached to a linear or cyclic scaffold form-
ing a hexadentate structure. After binding an iron ion,
the resulting complex (ferrisiderophore) is absorbed in
the mode of active transport. In Gram-negative bac-
teria, the entire complex crosses both the outer and
inner membranes, and the bounded iron is released
in the cytoplasm. Alternatively, iron may be released in
the periplasmic space [119].

The first attempts to use siderophores to trans-
port antibiotics inside the cell were made already in
the 1970s. In the 20th century, this strategy was called
the “trojan horse approach” [80]. Cefiderocol (for-
merly S-649266, GSK2696266) is the first antibiotic of
this type introduced into healthcare. It is used in the
form of cefiderocol sulphate tosylate. It is a catechol
siderophore cephalosporin, which was selected from
other derivatives of a similar structure, in the course
of a program aimed at finding a new antibiotic active
against carbapenem-resistant strains [5]. Cefiderocol
has a structural similarity to cefepime, such as the pres-
ence of a pyrrolidinium group on the C-3 side chain,
increasing antimicrobial activity and stability against
B-lactamases, and a carboxypropanoxyimino group
on the C-7 side chain, which improves the transport of
cefiderocol across the outer membrane. Additionally,
cefiderocol also has a chlorocatechol group at the end
of the C-3 side chain, which is responsible for sidero-
phoric activity [96].

The principal mechanism of action of cefiderocol
is the inhibition of cell wall synthesis by binding to
PBPs (mainly PBP-3). Cefiderocol, after binding iron,
reaches the periplasmic space through active transport,
in which, inter alia, CirA and Fiu transporters in E. coli
and PiuA in P aeruginosa are involved. This transport
mechanism eliminates the problem of resistance associ-
ated with reducing the number of porins in the outer
membrane or the overexpression of the MDR pumps,
which are responsible for the phenomenon of efflux
[96]. Furthermore, a cefiderocol molecule is resistant
to a wide range of p-lactamases, both serine (KPC-3,
OXA-23, AmpC) and metallo-p-lactamases (IMP-1,
VIM-2) [46, 47]. However, this resistance may arise due
to mutations within the genes encoding either PBPs, or
a protein related to the regulation of iron ion uptake
or siderophores transport protein, as well as the pro-
duction of B-lactamases capable of hydrolysing cefi-
derocol (NDM, PER type) and overexpression of native
bacterial siderophores [58, 69, 96].

Cefiderocol is highly active against a broad spec-
trum of Gram-negative bacteria, both representatives
of Enterobacterales (Enterobacter spp., Klebsiella spp.,
Proteus spp., S. marcescens, Shigella flexneri, Salmonella
spp., Yersinia spp.) as well as non-fermenting bacilli

71



Publikacja P1

THE EUROPEAN MEDICINES AGENCY APPROVED THE NEW ANTIBACTERIAL DRUGS

(Acinetobacter spp., Pseudomonas spp., Burkholderia
spp., S.maltophilia) and Vibrio spp. [48]. However,
it displays no activity against aerobic Gram-positive
bacteria (Staphylococcus spp., Enterococcus spp.) as
well as anaerobic bacteria. Cefiderocol is also active
against strains producing various B-lactamases, such
as the KPC, VIM, NDM and OXA-48 types in Entero-
bacterales, or the VIM, IMP, NDM and GES types in
P aeruginosa or CHDL enzymes from the OXA-23,
OXA-24/40 and OXA-58 groups in A. baumannii [48].
The sensitivity of the clinical strains of Enterobacte-
rales and non-fermenting bacilli has been analysed in
several international surveillance studies [27, 35, 106].
So far, the percentages of cefiderocol-sensitive strains
isolated from patients suffering from, e.g., nosocomial
pneumonia, bloodstream infection, complicated intra-
abdominal infections and complicated urinary tract
infections are at a level >95%, irrespective of the geo-
graphic region. A lower percentage was observed only
in the case of K. pneumoniae strains (88%).

In clinical studies it has been demonstrated that cefi-
derocol (administered 2 g every 8 hours) is non-inferior
to imipenem (1g every 8 hours) in the treatment of
complicated urinary tract infections (cUTT) (APEKS-
cUTI study) [89], and non-inferior to meropenem (2 g
every 8 hours) in the treatment of nosocomial pneu-
monia (also linked to mechanical ventilation) (APEKS-
NP) [122]. It has also been demonstrated that cefidero-
col has similar clinical and microbiological efficacy in
the treatment of critically ill patients infected with car-
bapenem-resistant Gram-negative bacilli, compared to
the best available therapy (BAT), although in the group
treated with cefiderocol, higher mortality has also been
reported, mainly in patients with infections caused
by Acinetobacter spp. [8]. Cefiderocol was approved by
EMA on 23.04.2020 under the name of Fetcroja 1g,
powder for concentrate for solution for infusion. Its
current therapeutic indications include the treatment
of infections caused by aerobic Gram-negative bacteria
in adults, with limited therapeutic options [20].

5. New fluoroquinolones

Delafloxacin (formerly WQ-3034, ABT-492) is
a new 4th generation fluoroquinolone and the first
anionic compound in this group [57, 112]. Its mol-
ecule is distinguished primarily by the absence of the
basic group in the C7 position (which ensures acidic
properties), the presence of chlorine in the C8 position,
which serves as an electron-withdrawing group on the
aromatic ring (which increases the polarity of the com-
pound and improves its activity and stability) and the
presence of a voluminous heteroaromatic substituent in
the N1 position, whereby the surface area of delafloxa-
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cin is much larger than that of other fluoroquinolones.
As a result, delafloxacin exists in an anionic form at
neutral pH and in a neutral form in an acidic medium.
This contributes to its increased activity under low pH
conditions, while the activity of other fluoroquinolones
decreases as the pH drops.

The mechanism of action of delafloxacin, like all
fluoroquinolones, consists in inhibiting gyrase and
topoisomerase IV [81]. However, it has been shown to
act with comparable potency on both of these topoi-
somerases in both E. coli and S. aureus. Whereas the
remaining fluoroquinolones are more active against
topoisomerase IV in Gram-positive bacteria and
against gyrase in Gram-negative bacteria. The inhibi-
tion of gyrase activity is a more effective way of inhib-
iting DNA replication due to the involvement of this
enzyme at an earlier stage (removal of positive super-
coils before the replication forks) than in the case of
topoisomerase IV, which operates behind the replica-
tion forks (DNA decatenation and chromosomal sepa-
ration). Thus, the stronger interaction of delafloxacin
with gyrase in Gram-positive bacteria (in comparison
to the remaining fluoroquinolones) contributes to the
increased activity of this new fluoroquinolone against
these bacteria.

Additionally, the similar affinity to both topoi-
somerases suggested that delafloxacin, compared to
other fluoroquinolones, should predispose strains
to developing resistance to a lesser degree due to the
necessity to create mutations simultaneously in both
genes encoding these topoisomerases. In vitro studies
have demonstrated a lower potential for the selection
of resistant, spontaneous mutants of S. aureus MRSA
strains than in the case of other fluoroquinolones [92].
The mutant prevention concentration (MPC) values of
delafloxacin were 8 to 32 times lower than the MPC val-
ues of moxifloxacin, levofloxacin and ciprofloxacin, and
additionally, in the obtained mutants, compared to the
parent strain, a decrease in viability was observed. The
sensitivity analysis of the strains isolated from patients
treated with delafloxacin during clinical examinations
confirmed that delafloxacin retained high activity also
against the strains with mutations in quinolone resist-
ance-determining regions (QRDR) [72]. Delafloxacin
MIC values were not significantly increased (i.e., MIC
>0.5 mg/1) until there were simultaneous double muta-
tions in both gyrA and parC genes.

As anticipated, in in vitro studies, delafloxacin dem-
onstrated more significant activity than trovafloxacin,
levofloxacin and ciprofloxacin against sensitive and
quinolone-resistant strains of Gram-positive bacteria
(Staphylococcus spp., Enterococcus spp., Streptococ-
cus spp., Listeria monocytogenes), fastidious Gram-
negative bacteria (H. influenzae, Moraxella catarrhalis,
N. gonorrhoeae, Legionella pneumophila) and H. pylori. Its
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effectiveness against Enterobacterales and P. aeruginosa
strains was comparable with other fluoroquinolones,
and its effectiveness against Chlamydia spp. was compa-
rable with trovafloxacin and higher than levofloxacin [3,
29, 81]. Under in vitro conditions, delafloxacin is also
effective against Mycoplasma pneumoniae, Mycoplasma
fermentans, Mycoplasma hominis and Ureaplasma spp.
[113]. It also shows activity against the biofilm formed
by S. aureus MSSA and MRSA, with the ability to pen-
etrate into its interior reaching 52% (depending on
the proportion of polysaccharides in the matrix) and
increased effectiveness against biofilms of lower pH
[100]. It has been demonstrated that delafloxacin usu-
ally has a bactericidal effect against Streptococcus pneu-
moniae, H. influenzae and M. catarrhalis strains [34].

The high activity of delafloxacin against staphylo-
cocci (also MRSA) and streptococci, the strains most
often causing acute bacterial skin and skin structure
infections (ABSSSI), combined with its high activity in
the acidic environment (typical for the skin), directed
further research on the application of delafloxacin to
this disease. The recently published results of the sur-
veillance studies of the sensitivity of 11,866 strains iso-
lated over the years 2014-2019 in the USA and Europe
from patients with ABSSSI confirmed the high activity
of delafloxacin [99]. The most frequently isolated strains
were S. aureus MSSA (~30.6%), E. coli (11%), Strepto-
coccus spp. (10%) and S. aureus MRSA (7.2%). The sus-
ceptibility to this antibiotic was confirmed for 98.7%
of MSSA strains, 98.4% of Streptococcus spp. strains,
58% of E. coli strains and 65.6% of MRSA strains.

In clinical trials, delafloxacin turned out to be a drug
with linear pharmacokinetics, minimal accumulation
and was well-tolerated - gastrointestinal side effects
were observed only at single oral doses >1200 mg or
multiple doses >800 mg [44]. An oral dose of 450 mg
and an intravenous dose of 300 mg proved to have
comparable effects, providing an option of changing
the route of administration during the therapy [43].

In randomized clinical trials in patients with com-
plicated infections of the skin and subcutaneous tissue
(abscesses and wound infections after surgery, trauma,
burns and bites) intravenous delafloxacin (300 mg twice
daily) was as effective as tigecycline (50 mg twice daily)
[83], vancomycin with aztreonam (15 mg/kg+ 2 g twice
daily) [91] and linezolid (600 mg twice daily) [56] and
more effective than vancomycin (15 mg/kg of body mass
twice daily) [56]. Efficacy not worse than that of vanco-
mycin with aztreonam has also been demonstrated for
delafloxacin with the dosage pattern of 300 mg intrave-
nously (twice daily) for 2 days and then 450 mg orally
[82]. The same dosage pattern for delafloxacin was
non-inferior than moxifloxacin (400 mg intravenously
followed by 400 mg orally once daily) in the treatment
of community-acquired bacterial pneumonia (CABP),
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also pneumonia caused by atypical pathogens (M. prewu-
moniae, Chlamydia pneumoniae, L. pneumophila) [45].
Delafloxacin showed at least 16-fold greater activity
than moxifloxacin against Gram-positive bacteria and
fastidious Gram-negative bacilli, and also retained acti-
vity against resistant strains, e.g., S. pneumoniae MDR,
Haemophilus spp. producing p-lactamases and macro-
lide-resistant strains, as well as S. aureus MRSA and
fluoroquinolone-resistant strains [71, 73].

However, a single 900 mg dose of delafloxacin
turned out to be an ineffective form of treating uncom-
plicated gonorrhoea - many treatments for N. gonor-
rhoeae infections with MIC values below 0.008 mg/1
were unsuccessful, indicating the need to modify the
dosing regimen [41].

In the European Union, delafloxacin was approved
on 16.12.2019 for the treatment of acute bacterial skin
and skin structure infections (ABSSSI) and community
acquired pneumonia (CABP) in adults, when the appli-
cation of other antibacterial agents commonly recom-
mended for the initial treatment of these infections is
considered to be inappropriate. Both the oral (450 mg
tablets) and intravenous (300 mg) forms were registered
under the trade name Quofenix [20].

6. New tetracyclines

Tetracyclines are natural or semi-synthetic com-
pounds with amphoteric properties, containing four
fused carbocyclic rings (including an aromatic one) in
their molecule [31]. Their mechanism of action con-
sists in inhibiting protein synthesis by binding to the
308 ribosome subunit. All compounds from this group
are characterized by a broad spectrum of activity, both
against Gram-positive and Gram-negative bacteria,
mycoplasmas, chlamydia, rickettsiae and some protozoa.
The differences between individual representatives con-
cern the pharmacokinetic properties and potency. The
first tetracycline antibiotics (produced by various spe-
cies of actinomycetes — Streptomyces) were introduced
into medicine at the turn of the 1940s and 1950s. Unfor-
tunately, their intensive use in medicine led to the rapid
emergence and spread of resistance associated with
the presence of fet genes, encoding membrane pump
proteins involved in the phenomenon of the so-called
efflux (e.g., tet(A), tet(B), tet(K), tet(L) genes), ribosome
protective proteins (e.g., tet(M), tet(O), tet(P), tet(S)) or
tetracycline-inactivating enzymes, i.e., the tet(X) gene.

However, the growing drug resistance of microor-
ganisms to antibiotics from other groups contributed to
the renewed interest in tetracyclines. Determining the
structure of the tetracycline-30S ribosome co-crystal
demonstrated that the binding to the ribosome does
not involve only the region around the C5-C9 carbon
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atoms [13]. Therefore, attempts were made to introduce
structural modifications at C7 and C9 atoms, which
resulted in the market launch of semi-synthetic tetra-
cyclines (minocycline, tigecycline, omadacycline). The
new tetracyclines are characterized by increased anti-
bacterial activity and lower susceptibility to bacterial
resistance mechanisms [31]. However, the number of
the chemical modifications of natural tetracyclines and
thus the possibility of obtaining new, semi-synthetic
derivatives is limited. It was only the de novo synthesis
of subsequent compounds containing the tetracycline
skeleton that significantly increased the number of new
compounds from this group [107].

Eravacycline (formerly TP-434) is the first fully syn-
thetic tetracycline introduced into medicine [20]. Its
molecule is characterized by the presence of fluorine
at the C7 carbon atom and the pyrrolidinoacetamido
group at the C9 carbon of the tetracycline core and is
also active against tetracycline-resistant strains with the
tet(M) and tet(Q) genes (responsible for blocking the
tetracycline binding site to the ribosome) and the genes
tet(A), tet(B) and tet(K) (responsible for the synthesis
of membrane proteins of MDR pumps) [33, 123]. The
spectrum of eravacycline activity includes strains of
S. aureus (also linezolid resistant MRSA and MRSA),
Streptococcus spp., Enterococcus spp. (also VRE), E. coli,
K. pneumoniae, Klebsiella oxytoca, Enterobacter cloacae,
Enterobacter aerogenes, Citrobacter freundii, Morganella
morganii, Proteus mirabilis, Proteus vulgaris, Providen-
cia stuartii, . marcescens, Salmonella spp., Shigella spp.,
A. baumannii, Acinetobacter Iwoffii, S.maltophilia,
Legionella pneumophila, H. influenzae, M. catarrhalis,
N. gonorrhoeae, Bacteroides fragilis, Bacteroides vulga-
tus, Bacteroides thetaiotaomicron, Bacteroides ovatus,
Prevotella spp., Clostridioides difficile, and Clostridium
perfringens. Eravacycline maintains its effectiveness also
against strains resistant to fluoroquinolones, aminogly-
cosides, third-generation cephalosporins, carbapenems,
polymyxins and MDR strains, and its effectiveness is
usually 2-4 times higher than or equal to tigecycline,
both against Gram-positive and Gram-negative bacte-
ria [1, 23, 50, 62, 103, 110, 125, 127]. It has also been
shown that under in vitro conditions eravacycline acts
synergistically with colistin against A. baumannii strains,
also against strains resistant to carbapenems and colistin
[84]. Nevertheless, the strains of P. aeruginosa and Burk-
holderia cenocepacia are resistant to eravacycline [110].

Moreover, it has been demonstrated that eravacy-
cline is effective against the biofilm of the uropatho-
genic E. coli strain to a degree comparable to that of
gentamicin and levofloxacin, and to a greater degree
than in the case of colistin and meropenem [32]. How-
ever, eravacycline has not been shown to be effective
against the biofilm formed by S. aureus strains isolated
from periprosthetic-joint infections [130].
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Recently published results of large surveillance stud-
ies have confirmed the high effectiveness of eravacy-
cline against a wide spectrum of clinical strains [76,
77]. The percentage shares of susceptible strains were
respectively: 97.6% for S. aureus (95.5% for MRSA and
99.8% for MSSA), 84.6% for S. epidermidis, 89.9% for
S. haemolyticus, 99.4% for E.faecalis (98.3% for VR
strains, 99.5% for VS), 97.7% for E. faecium (96.1% for
VR strains and 98.9% for VS) and 92.6% for Entero-
bacterales (82% for MDR strains). In turn, for A. bau-
mannii strains for which no MIC breakpoints have
been defined, the MIC_/MIC, values reached 0.5 mg/1
and 1 mg/l, respectively (for MDR strains the MIC,
reached 2 mg/1).

However, the clinical effectiveness of eravacycline
may be threatened in the future by the increasing resist-
ance arising from the antibiotic-removal mechanism
(efflux), enzymatic degradation of this antibiotic and
modification of its binding site in the ribosome. So far,
it has been demonstrated that in S. aureus (both MRSA
and MSSA), E. faecalis and S. agalactiae strains, the MIC
values of eravacycline (similar to tigecyclines) showed
significant decreases in the presence of MDR pump
inhibitors such as carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP) and L-phenylalanine-L-arginine-
B-naphthylamide (PAPN) [61, 118, 127]. Additionally,
research describes clinical strains of A. baumannii
resistant to eravacycline with overexpression of the
AdeABC pump system [98], K. pneumoniae with over-
expression of OqxAB and MacAB-TolC pumps [128] as
well as K. pneumoniae PDR (pan-drug resistant) strains
isolated from farm animals in China with the expression
of a new RND eftflux pump, of the MexCD-Opr] type,
called TMexCD1-TOpr]1, responsible for the resist-
ance, among others to all tetracycline antibiotics [68].
Since the genes encoding it are located in the plasmid,
their spread among zoonotic strains of K. pneumoniae
may pose a serious clinical threat in the future. Another,
equally important threat to the effectiveness of apply-
ing eravacycline in therapy is the spread of tet(X) genes
located in plasmids and transposons. Several variants
of these genes have recently been described in China in
A. baumannii strains (environmental and clinical) [16,
116] and in Enterobacterales strains isolated from the
stool samples of healthy adults in Singapore [18]. They
are also widespread among E. coli strains isolated from
animals (pigs, chickens, migratory birds) and soil [17,
109], and recently the presence of these genes has also
been confirmed in Proteus sp. isolated from retail pork
[38]. Resistance to eravacycline may also result from
mutations in the genes encoding the proteins of the 30S
ribosome subunit, as already described in S. aureus and
S. agalactiae strains [61, 117].

Clinical studies have shown that when it comes
to the treatment of complicated intra-abdominal

74



Publikacja P1

258

infections, eravacycline (administered 1 mg/kg every
12 hours) is well tolerated and safe, as well as non-infe-
rior to meropenem (administered 1g every 8 hours)
and non-inferior to ertapenem (1g every 24 hours)
[104, 105]. Based on the results obtained, eravacycline
was approved by the EMA for use against this nosologi-
cal unit on 20.09.2018 and registered under the trade
name Xerava 50 mg, powder for concentrate for solu-
tion for infusion [20].

7. Pleuromutilins

Lefamulin is a new antibiotic from the group of pleu-
romutilins — derivatives of naturally occurring pleuro-
mutilin, isolated in the 1950s from the fungus Pleurotus
mutilus (presently, Clitophilus scyphoides) [86]. The first
semi-synthetic derivatives of pleuromutilin (tiamulin
and valnemulin) were approved for veterinary use in
1979 and 1999, respectively. However, these drugs were
used only in the treatment of pulmonary and intestinal
infections in animals but not in the production of food
of animal origin as growth promoters or for enhance-
ment of feed efficiency (unlike, among others, tetra-
cyclines, streptogramins or sulphonamides). This may
explain the low prevalence of bacterial resistance to
pleuromutilins. Retapamulin was the first antibiotic of
this class approved for human use, but it was only avail-
able as an ointment for topical application for a short-
term treatment of superficial skin infections (impetigo,
minor lacerations, abrasions, or sutured wounds). Lefa-
mulin (formerly BC-3781) is the second pleuromutilin
approved for human use, but the first to be approved for
systemic use, both in the intravenous and oral forms [86].

Chemically, pleuromutilins are diterpenoids con-
taining in their molecule a 14-carbon tricyclic scaffold
(essential for antimicrobial activity) and a glycolic ester
moiety forming a side chain at the C14 position, various
modifications of which correspond, among others, to
different pharmacodynamic properties of derivatives
[126]. The mechanism of action of this group of antibi-
otics consists in inhibiting protein synthesis by binding
to the 50S ribosome subunit at the peptidyl transferase
centre (PTC), in the middle of the domain V of the 23S
rRNA molecule. A tricyclic core that forms hydrogen
bonds with the nucleotides in the pocket near the A-site
of the ribosome is responsible for the attachment of
pleuromutilins to the ribosome, while the side chain
at position C14 extendes towards the P-site, hindering
the movement of the 3" tRNA end towards the P site.
A lefamulin molecule features a stronger bond to the
ribosome than other pleuromutilins due to the pres-
ence of the 2-(4-amino-2-hydroxycyclohexyl) sulfany-
lacetate side chain at the C14 position, the amino group
of which allows the formation of another hydrogen
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bond. Additionally, the presence of hydroxyl and pri-
mary amine groups in this chain increases the solubility
of lefamulin in water [21].

Under in vitro conditions, lefamulin is effective
against most Gram-positive cocci (S. aureus MSSA
and MRSA, S. epidermidis, vancomycin-resistant E. fae-
cium, S. pneumoniae (also resistant to penicillin, mac-
rolides and MDR strains), S.pyogenes, S. agalactiae,
Streptococcus spp. groups C and G), and some Gram-
negative bacteria (H. influenzae, Haemophilus parainflu-
enzae, L. pneumophila, M. catarrhalis, N. gonorrhoeae)
and atypical pathogens (M. pneumoniae, Ch. pneumo-
niae). However, it is not active against Gram-negative
non-fermenting bacilli and Enterobacterales [49, 74, 85,
93,94, 114].

Surveillance studies have confirmed that lefamulin
is exceedingly active against pathogens causing com-
munity-acquired pneumonia, isolated from patients
worldwide (SENTRY Antimicrobial Surveillance Pro-
gram) [85, 87]. The overall percentage share of strains
with the MIC values for lefamulin below 1 mg/1 (break-
point for S. preumoniae) was 99.2%, including 100%
for S. pneumoniae and M. catarrhalis strains, 99.8%
for S. aureus, 93.8% for H.influenzae and 88.1% for
E. faecium. Simultaneously, no cross-resistance was
detected between lefamulin and p-lactams, fluoroqui-
nolones and macrolides.

Resistance to lefamulin in the strains of usually sen-
sitive bacterial species may be a result of mutations in
the V domain 23S rRNA, e.g., due to the nucleotide
methylation at position 2503 influenced by Cfr methyl-
transferase [75]. The Cfr enzyme provides cross resist-
ance to oxazolidinones, lincosamides, phenicols and
streptogramins. Furthermore, the acquisition of resist-
ance may result from mutations in the genes encoding
the ribosomal protein L3 (rp/C) and L4 (rpID), which
modifies the structure of PTC and disturbs lefamulin
attachment to it. It has been demonstrated that the
resistance may also be related to the protection of
the lefamulin target binding site by membrane pump
proteins of the ABC-F subfamily encoded by the
vga(A), vga(B), vga(E) and Isa(E) genes. ABC-F pro-
teins may induce cross-resistance to lincosamides and
streptogramins A [75]. It has also been demonstrated
that the inactivation of the MtrCDE pump (but not
MacAB and NorM) in N. gonorrhoeae reduces signifi-
cantly (at least 4-fold) the MIC values of lefamulin [49].

In clinical trials it has been demonstrated that lefam-
ulin (administered 150 mg intravenously every 12 hours
tor 3 days, followed by 600 mg orally every 12 hours)
is non-inferior as moxifloxacin (400 mg administered
intravenously every 24 hours for 3 days, followed by
400 mg orally every 24 hours) in the treatment of com-
munity-acquired pneumonia [22]. Comparable results
were obtained when lefamulin and moxifloxacin were
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administered orally exclusively [2]. At the same time, in
the treatment of acute bacterial skin and skin structure
infections caused by Gram-positive pathogens, in the
group of patients treated with lefamulin (100 or 150 mg
intravenously every 12 hours), the percentage of clini-
cal successes was comparable to the group of patients
treated with vancomycin (1g intravenously every
12 hours) [90]. Currently, the intravenous (150 mg
injections every 12 hours) and oral (600 mg tablets)
forms of lefamulin, under the trade name Xenleta, were
approved for use on 27.07.2020 only in the treatment of
community-acquired pneumonia in adults [20].

8. Summary

Six new, broad-spectrum antibacterial drugs have
been registered on the European market since 2018,
which are, according to WHO, active against the strains
classified as pathogens with a critical and high prior-
ity need of search for new drugs. Two of them are new
combinations of p-lactams with non-p-lactam inhibi-
tors of P-lactamases (meropenem with vaborbactam
and imipenem/cilastatin with relebactam), one is
a representative of a new group of siderophore antibio-
tics (cefiderocol), the next two are new derivatives of
known groups of antibiotics: fluoroquinolones (dela-
floxacin) and tetracyclines (eravacycline). Moreover,
EMA approved lefamulin as the last of the new drugs
in July 2020, i.e., the first representative of a new group
of drugs - pleuromutilin, intended for systemic use in
humans. Lefamulin, unlike the aforementioned new
drugs, is not active against Gram-negative non-fer-
menting bacilli and Enferobacterales, which are naturally
resistant to it. According to the criteria adopted by the
WHO, two of the 6 new antibacterial drugs (delafloxacin
and lefamulin) were registered as effective against high
priority pathogens (vancomycin-resistant enterococci,
MRSA), and the remaining four (meropenem/vabor-
bactam, imipenem/cilastatin/relebactam, eravacycline
and cefiderocol) as active against critical pathogens
(carbapenem-resistant Enterobacterales), while only one
(cefiderocol) displays high effectiveness also against car-
bapenem-resistant strains of P. aeruginosa and A. bau-
mannii. The WHO innovation criterion is fully met only
by meropenem/vaborbactam (in the new chemical class
category) and partially by lefamulin, with the reserva-
tion that the representatives of this group (pleuromuti-
lins) have already been used in veterinary medicine and
for topical treatment in humans. On the other hand, the
innovation criterion in the category of the lack of cross-
resistance is potentially met by meropenem/vaborbac-
tam and cefiderocol.

Two of the approved drugs are available in both
intravenous and oral formulations (delafloxacin and
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lefamulin). Owing to new registrations, there has been
an increase in the number of therapeutic options in
the treatment of complicated urinary tract infections
(meropenem/vaborbactam, cefiderocol), complicated
intra-abdominal infections (meropenem/vaborbactam,
eravacycline), nosocomial pneumonia, including those
associated with mechanical ventilation (meropenem/
vaborbactam, cilastatin/relebactam), acute bacterial
skin and skin structure infections (delafloxacin) and
community-acquired pneumonia (lefamulin). Accor-
ding to the recent WHO report on new antibiotics,
the number of new therapeutic options available for
the treatment of infections caused by high and criti-
cal priority pathogens, as well as PDR (pan-drug resi-
stant) and XDR (extensively drug resistant) pathogens
is still insufficient [120]. Recently, however, a case of
therapeutic success has been reported in the treatment
of Achromobacter sp. PDR infection in a 10-year-old
female patient with cystic fibrosis after applying the
combination of cefiderocol, meropenem with vabor-
bactam and phage therapy (Ax2CJ45¢2). The treatment
was well tolerated and led to the eradication of Achro-
mobacter sp. [25]. It is thus possible that, owing to the
combination therapy, the new antibiotics will also prove
effective against PDR and XDR pathogens, which will
enhance the prospects of their application in healthcare.
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Development of structurally extended
benzosiloxaboroles — synthesis and in vitro

biological evaluationt

P. Pacholak,® J. Krajewska, 2 P. Winska® J. Dunikowska,? U. Gogowska,?
J. Mierzejewska,® K. Durka, 2 K. Wozniak, ©° A. E. Laudy ®*¢ and S. Lulinski @ *2

The synthesis of potassium 6-hydroxy-7-chloro-1,1-dimethyl-3,3-difluorobenzo-1,2,3-siloxaborolate 5b

from readily available 4-bromo-2-chlorophenol was developed. This compound proved useful in various
derivatizations resulting in a wide range of O-functionalized benzosiloxaboroles. Reactions of Sb with
selected substituted benzoyl chlorides gave rise to a series of respective derivatives with 6-benzoate side
groups attached to the benzosiloxaborole core. Furthermore, treatment of 5b with substituted

benzenesufonyl chlorides afforded several benzosiloxaboroles bearing functionalized benzenesulfonate

moieties at the

6 position.

The synthesis of related chloropyridine-2-yloxy substituted

benzosiloxaboroles was accomplished by a standard approach involving silylation/boronation of
appropriate heteradiaryl ethers. Investigation of biological activity of obtained compounds revealed that

some benzoate and most benzenesulfonate derivatives exhibit high activity against Gram-positive cocci
such as methicillin-sensitive Staphylococcus aureus ATCC 6538P as well as methicillin-resistant S.
aureus ATCC 43300 with the MIC values in the range of 0.39-3.12 mg L % Some benzenesulfonate
derivatives showed also potent activity against Enterococcus faecalis ATCC 29212 and E. faecium ATCC
6057 with MIC = 6.25 mg L’ Importantly, for the most promising cocci-active benzenesulfonate
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derivatives the obtained MIC values were far below the cytotoxicity limit determined with respect to

human normal lung fibroblasts (MRC-5). For those derivatives, the obtained ICsy values were higher than

DOI: 10.1039/d1ra04127d

rsc.li/rsc-advances

1. Introduction

Recently, organoboron compounds have attracted increased
attention as a subject of studies in the area of medicinal
chemistry."® Numerous compounds were found to exhibit bio-
logical activity, mostly as anti-cancer, anti-inflammatory and
anti-microbial agents. From the structural point of view,
selected classes of organoboranes seem to be especially suitable
for such applications. These include boron-rich -cluster
compounds, i.e., carborane derivatives considered for the use in
Boron Neutron Capture Therapy.* There are also numerous
examples of biologically active boronated peptide derivatives.>”
Currently, arylboronic acids are highly popular synthetic
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Warsaw, Poland. E-mail: sergiusz. lulinski@pw.edu.pl
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1 Electronic supplementary information (ESI) available. CCDC 2068345-2068349,
2069477 and 2077619. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d1ra04127d
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12.3 mg L. The results of antimicrobial activity and cytotoxicity indicate that the tested compounds can
be considered as potential antibacterial agents.

reagents which found also applications in other fields, e.g., as
potent receptors of saccharides and other diols with a special
emphasis on nucleosides and catechol derivatives.® Their anti-
microbial activity was recognized in the 1930's.” Benzoxaboroles
are a specific class of cyclic arylboronic hemiesters which were
obtained the 1950's.">"" However, they became highly popular
only 50 years later when their potent antimicrobial activity was
discovered.” Extensive studies resulted in the preparation of
numerous derivatives which were further evaluated from the
point of view of medicinal chemistry.”*”** Those efforts have
already met with success as two benzoxaboroles including
antifungal agent Tavaborole I (trade name Kerydin) (Fig. 1), and
anti-inflammatory Crisaborole II (trade name Eucrisa) (Fig. 1),
were approved by FDA for the clinical use.'® The mechanism of
action of benzoxaboroles relies on their physicochemical spec-
ifity based on enhanced electron-deficient character of the
boron atom. In fact, benzoxaboroles are stronger Lewis acids
than the corresponding arylboronic acids.'” In general, the
boron centre plays the key role in the binding to the biological
targets through formation of strong covalent bonds. However,
the binding can be substantially enhanced by additional inter-
actions occurring with participation of various functional

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Examples of biologically active benzoxaboroles.

groups or larger structural fragments. Thus, a specific activity
can be achieved by proper structural design, therefore intensive
efforts resulted in elaboration of synthetic protocols for the
preparation of thousands of functionalized benzoxaboroles.*
For example, 7-(cyanophenyl) benzoxaboroles HI (Fig. 1) showed
antituberculosis potency'® whereas 3-aminomethyl derivatives
were active against Gram-negative bacteria.'” In another work,
the series of compounds bearing substituted phenyl groups
connected to benzoxaborole core at the 6 position through
various linkages (Fig. 1) were prepared and tested as potential
antitrypanosomal agents.” It was demonstrated that
compounds with sulfone IV, sulfonamide V and amide VI
linkages were most promising, and therefore it was concluded
that their improved activity is connected to enhanced hydrogen-
bond-acceptor character of these linkage groups.

Based on the concept of bioisosterism,” we decided to
prepare some benzoxaborole congeners. Thus, we developed
synthetic routes to pyridoxaboroles®* where the benzene rings
replaced with the pyridine one. However, we have put our major
efforts to benzosiloxaboroles™>* where the silicon atom serves
as the bioisostere of the carbon atom in the oxaborole ring.
Despite the close analogy resulting from the location of carbon
and silicon in the same group of periodic table, the chemical
properties of those elements are quite different. From the point
of view of biological activity it is important to note that Lewis
acidity of the boron atom is increased when comparing ben-
zosiloxaboroles to benzoxaboroles which may be attributed to
increased m-acceptor ability of silicon vs. saturated carbon
atom.** In addition, one can expect that lipophilicity will be
increased when the methylene group is replaced with the larger
SiMe; fragment. As a consequence, antimicrobial activity of
respective benzoxa- and benzosiloxaboroles is different. We

YO
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i

e 0
/
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o [+ R,
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have already succeeded in preparation and comprehensive
characterization of various functionalized benzosiloxaboroles
VII (Fig. 2). It was found that simple fluorinated benzosilox-
aboroles are potent antifungal agents whereas other diboron
derivatives VIII-IX were identified as inhibitors of KPC-2 B-lac-
tamase.* We have also observed that replacement of fluorines
with chlorines at 6 and 7 positions was beneficial for antibac-
terial activity. Therefore, we decided to check whether intro-
duction of larger substituents adjacent to chlorine will further
enhance antibacterial potency. To some extent, this concept was
inspired by the fact that diverse biological activity of benzox-
aboroles is observed or improved due to attachment of various
pendant aryl substituents as demonstrated by examples shown
in Fig. 1. Thus, in this work we report new family of structurally
expanded benzosiloxaboroles with a special focus on derivatives
with arylsulfonate side groups which showed the most prom-
ising antibacterial activity, especially towards various strains of
Staphylococcus aureus. Clinical strains of methicillin-resistant S.
aureus have been a serious problem in both hospital and open
treatment for many years. S. aureus MRSA strains are resistant
to almost all p-lactams and often resistant to antibiotics of other
classes. Recently, an increase in the number of isolates resistant
to one of the newer group of antibiotics, i.e., glycopeptides, has
been observed.” Therefore, it is necessary to search for new
groups of compounds active against these bacteria, preferably
with a new mechanism of action.

2. Results and discussion
2.1. Synthesis

The general synthetic approach to final targeted benzosilox-
aboroles started with inexpensive 4-bromo-2-halophenols 1a-1b

.
H

OH HO OH H

/ \ I 1

B B B !

0 o] o H

s . g H

Si Si Si '

I N RS :

F H
H

vin IX H

Fig. 2 Examples of functionalized benzosiloxaboroles.?® Position numbering scheme is additionally provided for the general structure VIl {(note

that it is different between benzoxa- and benzosiloxaboroles)
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Scheme 1 Synthesis of hydroxy-substituted benzosiloxal(difluoro)borolates 5a—5b.

(Scheme 1). The hydroxyl groups were protected with chlor-
o(tert-butyl)dimethylsilane (TBDMSCI) and the resulting silyl
ethers 2a-2b were subjected to deprotonation with LDA in THF
at —78 °C followed by trapping of corresponding aryllithium
intermediates with Me,Si(H)Cl in accordance with a general
protocol reported by us previously.”® The reactions occurred
regioselectively at the position between two halogens in accor-
dance with a strong cumulated ortho-acidifying effect of those
two substituents.>** The functionalized arylsilanes 3a-3b were
converted to respective benzosiloxaboroles 4a-4b after some
optimization of reaction conditions. Thus, the most effective
approach involved Br/Li exchange with ¢-BuLi in THF at —78 °C
followed by immediate trapping with B(OiPr); present in
areaction mixture (“in situ quench” technique®). The hydrolysis
effected with water resulted in cleavage of Si-H bond which
occurs rapidly under alkaline conditions due to ortho-assistance
of the anionic boronate group.** The benzosiloxaboroles 4a-4b
bearing silyloxy groups at the 6-position have been obtained in
good yields as white solids soluble in common organic solvents
(Scheme 1). In a subsequent step, 4a-4b were subjected to
deprotection of OTBDMS groups with KHF, in MeOH/H,O.
Unfortunately, in the case of 4a, the reaction resulted in
a mixture of potassium salts of benzosiloxaborolate and aryl-
trifluoroborate anions 5a, 5a’, respectively; the latter product
formed due to subsequent cleavage of siloxaborole ring in 5a.
The attempts to isolate the desired product 5a in a pure form
were unsuccessful. In contrast, the salt 5b was formed selec-
tively as it was not prone to subsequent ring opening. It was
isolated as a non-stoichiometric DMF solvate as this solvent was
used for the final extraction of 5b from a crude product

25106 | RSC Adv, 2021, 11, 25104-25121

containing substantial amounts of inorganic fluoride salts. The
solvent could not be quantitatively removed even by prolonged
heating under reduced pressure (10~ mbar). However, the
presence of DMF does not disturb subsequent derivatization of
5b as it was also carried out using this solvent.

The presence of free hydroxyl group in 5b was utilized in
various derivatization reactions through initial generation of
anionic phenolate species. Various bases including K,CO;/
acetone, NaOH/EtOH and DIPEA (Hiinig's base)/THF were
tested but they proved ineffective which can be attributed to the
poor solubility or degradation of 5b under such conditions.
Finally, the use of sodium hydride in anhydrous DMF gave
satisfactory results allowing for clean and effective deprotona-
tion of the 6-OH group. Subsequent nucleophilic substitution
reactions with Mel, Et,NCOCI, benzoyl, and benzenesulfonyl
chlorides as electrophilic partners proceeded smoothly under
mild conditions (temperature range of 0-25 °C) giving rise to
a series of functionalized benzosiloxaboroles 6, 7, 8a-8g, and
9a-9r, respectively (Scheme 2). In addition, we attempted to use
the mixture 5a/5a" using the protocol developed for derivatiza-
tion of 5b but the results were not satisfactory as we were unable
to isolate 7-fluoro analogues of aforementioned products.

We have also used dichloropyridines 10a-10b as electro-
philes in order to attach the pyridine ring through the ether
linkage. Unfortunately, the reactions did not proceed under
conditions described above whereas at higher temperatures
a tarry mixture was obtained indicating that degradation of
starting materials occurred during heating. Thus, we have
changed the reactions sequence leading to targeted products
13a-13b (Scheme 3). In the first step, 10a-10b were subjected to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of functionalized benzosiloxaboroles 6, 7, 8a—8g,

Sn2Ar reactions with the phenolate anion generated from 1b
using NaOH/DMSO at 100 °C.** The obtained halogenated
phenoxypyridines 11a-11b were converted to respective dime-
thylsilyl derivatives 12a-12b followed by final transformation to
benzosiloxaboroles 13a-13b; both steps were carried out using
a protocol described for preparation of 4a-4b from 2a-2b.

9a-9r.

2.2. Compound characterization

All final benzosiloxaboroles were obtained and fully character-
ized by multinuclear NMR spectroscopy and HRMS analysis.
The "'B NMR spectrum of the salt 5b in DMSO-d; showed
a broadened resonance at 5.5 ppm consistent with the presence
of tetracoordinate boron atom whereas the respective '’F NMR

: '
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Scheme 3 Synthesis of chloropyridin-2-yloxy substituted benzosiloxaboroles 13a-13b.
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Table 1 Acidity (pK, values) of some obtained benzosiloxaboroles”

4b 8 8 9a 9b 9c¢ 9d 9k 9n 9o 13a

pK, 7.6 66 64 56 56 54 54 61 60 58 6.7

“ Determined by potentiometric titration with 0.05 M NaOH in MeOH/
H,O (2:1).

spectrum showed a signal at —133.60 ppm indicating the
attachment of fluorides. In addition, X-ray diffraction analysis
of the salt 5b confirmed the tetrahedral arrangement of the
boron atom (Fig. 3b) whereas the geometry of the entire bor-
acyclic ring in the benzosiloxaborolate anion is slightly different
than that in neutral benzosiloxaboroles, mainly due to elon-
gation of the B-O distance. The structural formulation of
selected benzosiloxaboroles 4b, 6, 8a, 9a, 9h and 13a was also
confirmed by single-crystal X-ray diffraction analyses (Fig. 3a
and c-g). The metric features of five-membered boracyclic rings
in all studied structures are similar to those found previously in
analogous compounds (Table S3, see ESI{).** In most cases, the
molecules tend to form centrosymmetric dimers due to
formation of intermolecular hydrogen bonds between BOH

View Article Online
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groups (Fig. S84, ESIt). Exceptionally, in the case of 13b, the
dimer is formed by O-H:--N hydrogen bonds between B(OH)
hydroxyl group and pyridine nitrogen atom (Fig. S85, ESIt).
Furthermore, the acidity (pK, values) of selected derivatives was
determined by potentiometric titration with 0.05 M aq. NaOH in
water/methanol solution (1 : 2). The results (see Table 1) indi-
cate that the benzenesulfonate derivatives (9a, 9¢, 9k, 90)
exhibit the highest acidity in the studied series (pK, in the range
5.4-6.1) which depends to some extent on the structure of the
pendant aryl substituent. This is in agreement with the strong
electron-withdrawing effect of the benzenesulfonate group. The
benzoate derivatives are slightly weaker acids (pkK, in the range
6.4-6.6) whereas acidity of 4b (pK, = 7.6) is decreased due to
strong electron-donating character of TBDMSO group. Overall,
the obtained pK, values indicate that the most of studied
compounds tend strongly to exist as corresponding anions
under standard physiological conditions (pH = 7.4), which
should enhance their solubility.

2.3. Antibacterial activity

It has been shown recently, that sulfonamide-substituted ben-
zoxaboroles have high activity against S. aureus including
methicillin-resistant S. aureus ATCC BAA-1762 strain.”» The MIC

Fig. 3 Molecular structures of (a) 4b, (b) 5b, (c) 6, (d) 8a, (e) 9a, (f) 9h and (g) 13a. Thermal motions given as ADPs at the 50% probability level. In
the case of the potassium salt 5b only the organoboron anion is presented.

25108 | RSC Adv, 2021, 11, 25104-25121
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values from 0.4 to 6.25 mg L~ ' were obtained for the most active
compounds. Besides, we have previously presented the anti-
bacterial activity, also against Gram-positive cocci, of the several
benzosiloxaboroles.*® In this study we have investigated anti-
microbial activity of the following groups of the newly synthe-
sized benzosiloxaboroles: Group I (TBDMSO derivatives 4a-4b),
Group II (benzoyloxy derivatives 8a-8g), Group III (benzene-
sulfonyloxy 9a-9r) and Group IV (chloropyridin-2-yloxy deriva-
tives 13a-13b). All obtained data for the new derivatives of
benzosiloxaboroles and the reference agents are presented in
the ESI in Tables S4-S6t. In general, the compounds from the
Group III (9a-9r) showed the highest antibacterial activity
towards cocci of the Staphylococcus genus, especially S. aureus. It
is worth to underline, that study was carried out with
methicillin-sensitive 5. aureus ATCC 6538P and methicillin-
resistant S. aureus ATCC 43300. 14 out of 16 well soluble
compounds from the Group III showed the high activity against
methicillin-sensitive as well as methicillin-resistant S. aureus
strains, with the MIC values in the range of 0.39-3.12 mg L. '
(Table 2, for full data set see Table S47).

Interestingly, compounds 9k, 9q and 9r showed relatively
high activity also against other Gram-positive cocci such as
Enterococcus faecalis ATCC 29212 and E. faecium ATCC 6057,
with the MIC value of 6.25 mg L™! (Tables 2 and $47). The
activity of new groups of compounds against Enterococcus sp. is
rarely observed. It is worth emphasizing that E. faecalis and E.
Sfaecium used in our research belong to two species of the genus

View Article Online
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Enterococcus tesponsible for frequent human infections,
including nosocomial infections.* Compounds from the
remaining three groups (4a-4b, 8a-8g and 13a-13b) showed
lower activity against Gram-positive bacteria as the MIC range
was 12.5-400 mg L' whilst diameters of the growth inhibition
zones ranged from 18-24 mm (Tables 2 and S4%). Thus, the
substitution of benzosiloxaboroles with benzenesulfonate
substituents is necessary to achieve high activity against
staphylococci and enterococci. In this study, linezolid - one of
the relatively new group of antibacterial drugs belonging to the
oxazolidinones, was used as the reference substance. The
indications for linezolid treatment are infections caused by
multi-drug resistant cocci including both methicillin-resistant
staphylococci ~ and  glycopeptide-resistant  enterococci
strains.””* We have found that five compounds from the Group
III were more active than linezolid against MSSA and MRSA
strains. The obtained MIC range of these compounds (9d, 9h,
9k, 9q and 9r) was 0.39-0.78 mg L™" for the MSSA strain (line-
zolid: MIC = 1 mg L' ') and 0.39-1.56 mg L ' for the MRSA
strain (linezolid: MIC = 2 mg L™ ") (Table 2). The high activity of
these compounds is due to the presence of chloro or tri-
fluoromethyl groups at the para position or two such groups at
the meta and para positions of the benzenesulfonate substit-
uent. Also the presence of three methyl groups at the 2,4,6
positions of the benzenesulfonate substituent results in the
high activity of 9k.

Table 2 The MIC values of selected new compounds against standard Gram-positive strains®

MIC [mg L]

S. aureus S. aureus S. epidermidis E. faecalis E. faecium
Compound ATCC 6538P MSSA ATCC 43300 MRSA ATCC 12228 ATCC 29212 ATCC 6057
6 50 50 50 200 50
7 12.5 12.5 50 200 200
8a 12.5 25 25 50 50
8f 12.5 12.5 12.5 50 50
8g 100 100 100 400 400
9a 1.56 1.56 12.5 50 50
9b 3.12 3.12 12.5 50 50
9c 3.12 3.12 12.5 50 50
9d 0.78 1.56 312 12.5 12.5
9e 1.56 1.56 6.25 12.5 25
9g 1.56 1.56 6.25 25 25
9h 0.39 1.56 312 25 25
9i 1.56 1.56 6.25 25 25
9j 1.56 1.56 6.25 25 25
9k 0.78 1.56 3.12 6.25 6.25
9m 3.12 3.12 6.25 50 25
9n 1.56 1.56 12.5 50 50
90 1.56 3.12 0.78 50 12.5
9Pp 3.12 3.12 3.12 25 25
9q 0.78 0.78 3.12 6.25 6.25
9r 0.39 0.39 3.12 6.25 6.25
13a 25 25 25 100 50
13b 25 50 25 50 50
LIN? 1 2 1 2 2

“ The highest activity indicated by the low MIC values (=3.12 mg L™} is shown in boldface. » LIN, linezolid was used as a reference agent active

against Gram-positive bacteria.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Contrary to staphylococci, no potency of the obtained
sulfonate-substituted benzosiloxaboroles comparable to line-
zolid was observed against enterococci. In the case of nine
derivatives of the parent compound 9a, the activity against E.
faecalis and E. faecium increased from 2- to 8-fold indicative of
positive effect of substituents at the benzenesulfonate scaffold.
The analysis of the relationship between the activity and the
structure of the tested compounds revealed that the presence of
two Cl (9q) or Cl and CF; groups (9r) as well as the presence of
three Me groups (9K) is necessary to achieve the highest activity
against enterococci. However, the activity of these compounds
was still 3-fold weaker than that of linezolid.

Examining the antibacterial activity of new compounds, the
minimum bactericidal concentration (MBC) can be determined
after establishing the MIC value. For most compounds of
Groups I, IT and IV, the MBC values were high = 200 mg L™".
Interestingly, in the case of the tested compounds from Group
111, a paradoxical growth effect was observed during the deter-
mination of bactericidal activity. This so-called Eagle effect has
previously been reported for several antibiotics, such as some (-
lactams, glycopeptides, aminoglycosides, quinolones and poly-
myxins.** This phenomenon was first published for S. aureus.*
According to the EUCAST and CLSI definitions, the MBC value is
the lowest concentration of a agent that kills 99.9% of
bacteria.?”** For 11 out of 16 well soluble compounds (9a, 9¢, 9d,
9g, 9i, 9j, 9m, 9n, 9p-9r) the two MBC values for both S. aureus
strains were observed (Table S471). Following the CLSI guide-
lines,* the results were read as the low MBC values in range
0.78-12.5 mg L™" for §. aureus MSSA and 1.56-25 mg L™ for 8.
aureus MRSA. However unusually, on the plates with samples
taken from the wells containing progressively increasing the
agent concentrations (from 2- to 4-fold over the first MBC
values), a significant increase in the number of growing colo-
nies, as a paradoxical growth effect, was observed. Finally the
second MBC value (in the range 25-400 mg L™") was obtained.
So far, the mechanisms causing paradoxical bacterial growth
with increasing concentrations of antibiotics are not fully
elucidated. However, there have also been several in vivo studies
in animal models to support the occurrence of the Eagle effect.*
In addition, two case reports of the Eagle effect observation
during the treatment of human bacterial infections have been
described. The reduction in the doses of antibiotics resulted in
therapeutic success and correlated with a reduction of the
bacteria survived in the bloodstream.”

Overall, all the studied groups of the newly synthesized
benzosiloxaboroles showed no significant activity against Gram-
negative rods (Table S5t). Only a few compounds from the
Group II and III of benzosiloxaboroles derivatives showed weak
activity against Stenotrophomonas maltophilia strains (MICs
200-400 mg L~') and Bordetella bronchiseptica (MICs 50-
400 mg L™"). As in our previous publications, we have investi-
gated the contribution of efflux pumps to the resistance of
Gram-negative bacilli to the new synthesized compounds.*>*®
We used the well-known RND efflux pump inhibitor, Phe-Arg-3-
naphthylamide (PAPN).*** It inhibits the activity of efflux
systems found in all Gram-negative rods, like Escherichia coli,
Klebstella pnewmoniae, Enterobacter sp., Proteus mirabilis,
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Pseudomonas aeruginosa, S. maltophilia and Acinetobacter bau-
mannit.*** According to the recent publications, we have used
lower concentration of PAPBN, ie., 20 mg L™ because the
destabilization of bacterial cell covers was observed at higher
concentration of this inhibitor.***® In order to minimize the
influence of PABN on cell covers, the tests were conducted also
in the presence of 1 mM MgSO,.* Only in the case of six
compounds, we showed a significant (4-fold) decrease in the
MIC value of the studied compound in the presence of PASN.
These results confirm the lack of activity of the tested benzo-
siloxaborole derivatives against Gram-negative rods.

2.4. Antifungal activity

Inspired by our previous report about high activity of few ben-
zosiloxaborole derivatives against yeast-like fungi, Candida tro-
picalis and C. guilliermondii,””* we have investigated the activity
of the newly synthesized benzosiloxaboroles against 5 species of
Candida and Saccharomyces cerevisiae ATCC 9763. For all but
one compounds, the antifungal activity determination was
performed using the disk diffusion method as well as by an
evaluation of the MIC and MFC values. The results of antifungal
activity of the newly synthesized benzosiloxaboroles agents are
presented in the ESI (Table S61). The collection strains of
Candida species which most commonly cause infections in
humans were selected for the study. In most cases, they are
responsible for opportunistic infections. However, they can
cause also nosocomial infections, including severe infections,
and cause death, mainly of immunocompromised patients.*”*®
Compounds from the Group II demonstrated the highest
activity against all tested Candida species, especially against C.
krusei and C. tropicalis. The presence of methyl group at the para
position of the phenyl ring (compound 8d) led to 2-4-fold

Table 3 The viability of human normal lung fibroblasts, MRC-5 after
72 h treatment with the tested compounds. Linezolid was used as
a reference. The concentration (ICsq) that causes a response half way
between the maximal (top) response and the maximally inhibited
(bottom) response was calculated using MTT-based assay data and an
equation Y = bottom + (top — bottom)/(1 + 10129 (G0 = X = HillSlope)y

Compound 1Cs0 [mg L") Compound ICs0 [mg L]
9a >50 5b >50

9¢ 49.13 + 8.93 7 32.04 + 3.76
9d 24.96 + 3.37 8a >50

9e 24.12 + 9.82 8b 21.67 + 2.72
of 25.89 £ 2.00 8d 13.31 + 3.09
9g >50 8e 14.30 + 1.96
9h 21.95 + 2.24 8f >50

9i 24.85 + 4.23 8g >50

9j 25.00 + 4.74 13a 40.46 + 2.70
9k 15.64 + 3.47 13b 3091 + 2.31
9m 27.52 £ 3.61 Linezolid >50

9n 29.43 + 5.76

90 25.74 + 3.56

9p 3.19 + 1.07

9q 16.83 + 3.89

9r 12.30 & 4.51

© 2021 The Author(s). Published by the Royal Society of Chermnistry
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increase in the activity against all tested Candida strains. The
lowest MIC values 3.12-6.25 mg L~ were observed for two
strains of C. tropicalis. Other studied benzosiloxaboroles
showed relatively high activity only against S. cerevisiae,
a species that is not clinically significant.

2.5. Cytotoxic activity

To evaluate the cytotoxic effect of the tested compounds, MTT-
based assay was performed. Human normal lung fibroblasts
MRC-5 were treated with the newly synthesized compounds at
the concentrations range of 0.78 to 50 mg L * for 72 h. IC;,
values describing half inhibitory concentrations of each tested
compound were calculated and summarized in Table 3. The
representative plots demonstrating sigmoidal dose response
curves for the tested compounds were shown in the ESI
(Fig. 586-59171). The obtained ICj5, values for compounds 9a-9r,
8a-8g, 13a-13b are in the range of 3.19 to above 50 mg L%, with
the lowest value for the 4-chloro-3-nitrobenzenesulfonate
derivative 9p, and the highest values for compounds 9a, 9g,
5b, 8f and 8g.

3. Conclusions

In conclusion, simple (MeO) and more structurally extended
moieties (Et;NCO,, ArCO,, ArSOs;, Py-2-O) were successfully
installed onto the benzosiloxaborole scaffold using modular
approaches based in most cases on the functionalization of the
newly obtained potassium 6-hydroxy-7-chloro-1,1-dimethyl-3,3-
difluorobenzo-1,2,3-siloxaborolate 5b. It seems that the elabo-
rated protocols can be directly adapted for the synthesis of other
benzosiloxaboroles with various substitution patterns.
Comprehensive characterization of antimicrobial activity of
obtained compounds was performed. Most importantly,
selected derivatives showed high activity against Gram-positive
cocci from Staphylococcus and Enterococcus genera with the MIC
values for as low as 0.39-0.78 mg L ™" and 6.25 mg L™* respec-
tively. SAR analysis comprising derivatives bearing ArCO,,
ArS0;, Py-2-O moieties clearly indicates that the presence of
-50,-0- linker between two aromatic units is essential for
achieving high antibacterial potency as the MIC values (deter-
mined for S. aureus) for benzenesulfonate derivatives (Group III)
were typically in the range of 0.39-3.12 mg L™". In contrast,
compounds from the Group II and IV were significantly less
active as the corresponding MIC values were equal to
12.5 mg L " at best. It should be stressed that the cytotoxicity
tests performed for human lung fibroblasts revealed that the
IC5, values are much higher than MIC values for the majority of
analyzed compounds. Importantly, for the most promising
cocci-active benzenesulfonate derivatives (except for 9p agent),
the obtained MIC values were not cytotoxic towards human
normal lung fibroblasts (MRC-5) with IC;, values exceeding
12.3 mg L '. To summarize, benzenesulfonate substituted
benzosiloxaboroles can be considered as potential candidates
for the treatment of infections caused by Gram-positive bacte-
rial pathogens and therefore, extended studies on the topic by
our research group are currently in progress.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Experimental section

4.1. General comments

Solvents used for reactions were dried by heating to reflux with
sodium/benzophenone and distilled under argon. Starting
materials including halogenated phenols (tert-butyl)dime-
thylsilyl chloride (TBDMSCI), alkyllithiums, diisopropylamine,
trialkyl borates, chlorodimethylsilane as well as other reagents
were used as received without further purification. In the *C
NMR spectra the resonances of boron-bound carbon atoms
were not observed in most cases as a result of their broadening
by a quadrupolar boron nucleus. 'H, and *C NMR chemical
shifts are given relative to TMS using residual solvent reso-
nances. For signal assignments purposes in selected 'H NMR
data, Ar®, Ar® Ar® stand for boronated benzene, benzoate and
benzenesulfonyl fragments, respectively. ''B and '’F NMR
chemical shifts are given relative to BF;-Et,0 and CFCl,
respectively. Crystallographic Information Files (CIFs) have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publications no. 2068345 (4b),
2068347 (5b), 2069477 (6), 2068346 (8a), 2068348 (9a), 2077619
(9h) and 2068349 (13a). Relevant crystallographic data is
provided in Table S1%.

4.2. Synthesis

4.2.1 (2a) 4-Bromo-2-fluoro-1-(tert-butyldimethylsilyloxy)

Br

! : : : .
benzene. >r\5i.° A suspension of NaH in mineral oil
F

(60%, 6.30 g, 157 mmol, 3.0 eq.) under argon atmosphere was
washed twice with anhydrous hexane (20 mL) and anhydrous
THF (20 mL) was added. The mixture was stirred for 10 min and
cooled to 0 °C and solution of 4-bromo-2-fluorophenol (10.0 g,
53.0 mmol, 1.0 eq.) in anhydrous THF (50 mL) was added for
20 min. After ca. 15 min stirring in 0 °C it was warmed to room
temperature and solution of TBDMSCI (8.4 g, 55.0 mmol, 1.1
eq.) in Et,O (30 mL) was added to the white suspension for
10 min. It was stirred for another 2 h at room temperature, then
it was evaporated to dryness under reduced pressure and the
residue was subjected to a simple distillation under reduced
pressure. The product was obtained as a yellow liquid, bp 70 °C/
5 107% mbar. Yield 13.4 g (83%). "H NMR (400 MHz, CDCl;)
6 7.22 (dd, J = 10.1, 2.4 Hz, 1H, Ar), 7.12 (ddd, J = 8.6, 2.4,
1.5 Hz, 1H, Ar), 6.80 (t,] = 8.7 Hz, 1H, Ar), 1.01 (s, 9H, {-Bu), 0.20
(d, J = 1.2 Hz, 6H, SiMe,) ppm. '°C NMR (101 MHz, CDCl,)
6154.20 (d, ] = 249.2 Hz), 142.8 (d, = 12.4 Hz), 127.4 (d, ] = 3.9
Hz), 123.4 (d,] = 2.5 Hz), 119.9 (d,] = 22.1 Hz), 112.8 (d, ] = 8.2
Hz), 25.5, 18.3, —4.7 (d, J = 1.8 Hz) ppm. Anal. calcd for C,,-
H,sBrFOSi (305.26): C 47.22, H 5.94; found C 47.27, H 5.88.
4.2.2 (2b) 4-Bromo-2-chloro-1-(tert-butyldimethylsilyloxy)

Br
benzene. >r\s{.°,© A solution of 4-bromo-2-chlorophenol
ci

(51.86 g, 0.250 mol, 1.0 eq.), TBDMSCI (41.45 g, 0.275 mol, 1.1
eq.) and Et;N (52.3 mL, 0.375 mol, 1.5 eq.) in Et,O (300 mL) was
stirred under argon atmosphere for 24 h at room temperature.
Obtained white suspension was evaporated to dryness under
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reduced pressure. The residue was triturated with heptane (400
mL) followed by filtration under reduced pressure. The yellow
filtrate was evaporated under reduced pressure and the residue
was subjected to a fractional distillation under reduced pres-
sure. The product was obtained as a yellow liquid, bp 106-115
°C/5 10~* mbar. Yield 74.3 g (92%). "H NMR (400 MHz, CDCl,)
6 7.48 (d, ] = 2.5 Hz, 1H, Ar), 7.23 (dd,J = 8.7, 2.5 Hz, 1H, Ar),
6.76 (d, J = 8.6 Hz, 1H, Ar), 1.03 (s, 9H, ¢-Bu), 0.22 (s, 6H,
SiMe,) ppm. **C NMR (101 MHz, CDCl,) é 151.1, 132.8, 130.6,
126.9, 122.0, 113.4, 25.8, 18.4, —4.2 ppm. Anal. caled for Cy»-
H,4BrClOSi (321.71): C 44.80, H 5.64; found C 44.69, H 5.53.
4.2.3 (3a) 4-Bromo-2-fluoro-3-(dimethylsilyl)-1-(tert-butyl-
Br

dimethylsilyloxy)benzene. z:siio <~ This compound was
I‘H
¢

obtained using the protocol described for 3b using 2a (12.2 g,
40.0 mmol, 1.0 eq.), n-BuLi (11 M, 4 mL, 44.0 mmol, 1.1 eq.),
{Pr,NH (6.2 mL, 44.0 mmol, 1.1 eq.) and Me,SiHCI (4.8 mL,
44.0 mmol, 1.1 eq.) as the starting materials. It was obtained as
a white powder. bp 95-100 °C. Yield 13.7 g (95%). "H NMR (300
MHz, CDCl,) 6 7.19 (dd, J = 8.5, 1.4 Hz, 1H, Ar), 6.79 (dd, ] = 9.2,
8.5 Hz, 1H, Ar), 4.79-4.73 (m, 1H, SiH), 1.01 (d,/ = 0.5 Hz, 9H, ¢t-
Bu), 0.46 (dd, J = 3.9, 1.8 Hz, 6H, Si(H)Me,), 0.20 (d,] = 1.1 Hz,
6H, Si(t-Bu)Me ,) ppm. **C NMR (101 MHz, CDCl,) 6 158.50 (d, J
= 243.5 Hz), 142.50 (d, J = 16.6 Hz), 129.0 (d,J = 3.7 Hz), 126.5
(d, J = 30.0 Hz), 124.4 (d, J = 3.0 Hz), 120.30 (d, ] = 10.9 Hz),
25.6, 18.4, —3.1 (d, J = 4.3 Hz), —4.7 (d,J = 1.9 Hz) ppm. °F
NMR (282 MHz, CDCl3) 6 —114.09 (t, J = 7.1 Hz) ppm. Anal.
caled for C,,H,,BrFOSi, (363.42): C 46.27, H 6.66; found C
46.12, H 6.58.

4.2.4 (3b) 4-Bromo-2-chloro-3-(dimethylsilyl)-1-(tert-butyl-

dimethylsiloxy)benzene. >[>s':.u .~A solution of 2b
[
cl

(74.30 g, 231.00 mmol, 1.0 eq.) in Et,O0 (70 mL) was added
dropwise at —75 °C for 15 min to a stirred solution of LDA,
freshly prepared from diisopropylamine (35.6 mL,
254.1 mmol, 1.1 eq.) and n-BuLi (2.5 M, 101.64 mL,
254.10 mmol, 1.1 eq.) in THF (400 mL). The solution turned
lucid yellow. After ca. 1.25 h stirring at —75 °C chlor-
odimethylsilane (30.8 mL, 277.2 mmol, 1.2 eq.) was added
slowly for 15 min and the formation of thick slurry was
observed. It was stirred for another 15 min at —75 °C, then it
was allowed to warm to room temperature. The obtained white
suspension was evaporated to dryness under reduced pres-
sure. The residue was triturated with heptane (200 mL) fol-
lowed by filtration. The yellow filtrate was evaporated under
reduced pressure and the residue was subjected to a simple
distillation under reduced pressure. The product was obtained
as a yellow liquid, bp 125-130 °C (5 10™° mbar). Yield 84.3 g
(96%). '"H NMR (400 MHz, CDCl;) 6 7.31 (d, J = 8.6 Hz, 1H, Ar),
6.73 (d,] = 8.5 Hz, 1H, Ar), 5.02 (sept, J = 3.9 Hz, 1H, SiH), 1.02
(s, 9H, t-Bu), 0.49 (d,/ = 4.0 Hz, 6H, Si(H)Me,), 0.22 (s, 6H, Si(t-
Bu)Me,) ppm. '*C NMR (101 MHz, CDCl;) é 150.7, 138.8,
133.3, 132.2, 122.4, 121.4, 25.6, 18.3, —2.6, —4.4 ppm. Anal.
caled for C;4H,,BrClOSi, (379.87): C 44.27, H 6.37; found C
44.19, H 6.32.
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4.2.5 (4a) 6-(tert-Butyldimethylsilyloxy)-7-fluoro-1,1-

dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.
B’OI"I

YR
described for 4b using 3a (12.1 g, 33.0 mmol, 1.0 eq.), £-BuLi
(1.7 M, 39 mL, 66.0 mmol, 2.0 eq.) and B(OiPr); (14.0 mL,
50.0 mmol, 1.5 eq.) as the starting materials. It was obtained as
awhite powder. mp 84 °C. Yield 9.5 g (88%). "H NMR (300 MHz,
CDCly) 6 7.43 (dd,J = 7.7, 0.6 Hz, 1H, Ar), 7.01 (t,f = 7.8 Hz, 1H,
Ar), 1.01 (s, 9H, £-Bu), 0.48 (s, 6H, OSiMe,), 0.22 (d, j = 1.0 Hz,
6H, Si (t-Bu)Me,) ppm. *C NMR (101 MHz, CDCI;) é 155.4 (d, J
= 243.4 Hz), 145.4 (d, ] = 14.9 Hz), 136.2 (d, ] = 28.5 Hz), 128.5
(d,J = 3.1 Hz),125.0 (d,] = 1.4 Hz), 25.5, 18.3, —0.7, —4.7 (d,] =
1.9 Hz). ''B NMR (96 MHz, CDCl;) 6 30.5 ppm. '°F NMR (282
MHz, CDCl;) § —123.40 (d, ] = 7.9 Hz) ppm. HRMS (ESI, positive
ion mode): caled for Cy4H,;BFO;Si,” [MH]" 327.1414; found
327.1416.

4.2.6

*° This compound was obtained using the protocol

(ab) 6-(tert-Butyldimethylsilyloxy)-7-chloro-1,1-

OH
’

dimethyl-3-hydroxybenzo-1,2,3-siloxaborole. _ \/ R /@::;0 A
Z ° cl I

solution of #BuLi (1.9 M, 150 mL, 285.0 mmol, 2.1 eq.) was
added dropwise at —75 °C for 30 min to a stirred solution of 3b
(51.55 g, 135.71 mmol, 1.0 eq.) and B(OiPr); (27.7 mL,
162.9 mmol, 1.2 eq.) in anhydrous THF (400 mL) under argon
atmosphere. After ca. 30 min stirring at —75 °C a thick slurry
was formed. It was stirred for another 1.5 h at —75 °C and
warmed to —10 °C, quenched with water and stirred at room
temperature until evolution of H, ceased. 1.5 M aq. H,S0, was
dropped to reach the pH = 2-3. Et,O (150 mL) and brine (50 mL)
were added. The aqueous phase was separated followed by
extraction with Et,O (2 x 100 mL). The extracts were added to
the organic phase and dried with anhydrous MgS0O,. Then it was
concentrated under reduced pressure. An oily residue was
mixed with water and hexane resulting in the formation of
awhite slurry. The white solid was filtered, washed several times
with water and dried ir vacuo, to give the product, mp 84-85 °C.
Yield 43.3 g (93%). 'H NMR (400 MHz, CDCl,) 6 7.56 (d, J =
7.8 Hz, 1H, Ar), 6.96 (d, j = 7.8 Hz, 1H, Ar), 1.04 (s, 9H, t-Bu),
0.49 (s, 6H, 0SiMe,), 0.26 (s, 6H, Si (-Bu)Me,) ppm. '*C NMR
(101 MHz, CDCl3) 6 153.7, 151.9, 131.1, 128.2, 122.7, 25.7, 18.4,
—1.4, —4.2 ppm. HRMS (ESI, positive ion mode): caled for
C,4H,5BClO;Si, " [MH]' 343.1118; found 343.1119.

4.2.7 (5b) Potassium 7-chloro-6-hydroxy-3,3-difluorobenzo-

kW
1,2,3-siloxaborolate. /@: o ¥"A solution of KHF, in water
i
HO' T 1 ~

(5M, 115 mL, 574 mmol, 6.7 eq.) was added to a stirred solution
of 4b (29.3 g, 85.5 mmol, e. 1.0) in MeOH (200 mL) in a sealed
polypropylene beaker. After 24 h of stirring at room temperature
it was concentrated under reduced pressure and obtained
residue was suspended in DMF. It was filtered and concentrated
under reduced pressure. The obtained white solid was dried in
vacuo at 70 °C, mp 248-249 °C. Yield 19.0 g (77%). "H NMR (400
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MHz, DMSO-d¢) 6 9.29 (s, 1H, OH), 6.97 (d,/ = 7.5 Hz, 1H, Ar),
6.75 (d, J = 7.5 Hz, 1H, Ar), 0.15 (s, 6H, SiMe,) ppm. ’C NMR
(101 MHz, DMSO-dg) 6 162.3, 150.0, 146.3, 127.7 (t, ] = 3.0 Hz),
121.3, 117.4, 1.0 ppm. "F NMR (376 MHz, DMSO-d;)
§ —133.65 ppm. *'B NMR (96 MHz, DMSO) § 5.8 ppm. HRMS
(ESI, negative ion mode): caled for CgHoBCIF,0,8i” [M — K]~
249.0127; found 249.0125.

4.2.8 (6) 7-Chloro-6-methoxy-1,1-dimethyl-3-hydroxybenzo-

OH
’

B
1,2,3-siloxaborole. ,[;ES;UA suspension of NaH in mineral
o i

hS
!:I’

oil (60%, 0.30 g, 7.50 mmol, 2.1 eq.) under argon atmosphere
was washed with anhydrous hexane (5 mL) twice and anhydrous
DMF (10 mL) was added and stirred for 10 min. Then it was
cooled to 0 °C and 5b (1.00 g, 3.50 mmol, 1.0 eq.) was added.
After ca. 30 min stirring in 0 °C, iodomethane (0.45 mL,
7.00 mmol, 2.0 eq.) was added to the white suspension. It was
stirred for 1.0 h at room temperature and concentrated by
a simple distillation under reduced pressure. The solid residue
was treated with 1.5 M aq. H,S0, to reach the pH = 2-3. The
obtained white solid was filtered and washed with water (5 mL)
and hexane (2 x 5 mL) and dried to give the product, mp 84-
85 °C. Yield 0.25 g (30%). "H NMR (400 MHz, CDCl;) 6 7.68 (d, J
= 8.0 Hz, 1H, Ar), 7.02 (d, J = 8.0 Hz, 1H, Ar), 3.94 (s, 3H, OMe),
0.50 (s, 6H, SiMe,) ppm. *C NMR (101 MHz, CDCL;) 6 156.9,
151.5, 131.6, 125.1, 114.2, 56.3, —1.3 ppm. HRMS (ESI, positive
ion mode): caled for CoHy3BClO;Si" [MH]" 243.0410; found
243.0412.

429 (7) 7-Chloro-6-(N,N-diethylcarbamoyloxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

OH
i

B,
/\uia’@f-}: This compound was obtained using the
) cl

protocol described for 6 using suspension of NaH in mineral oil
(60%, 0.14 g, 3.50 mmol, 2.0 eq.), 5b (0.5 g, 1.7 mmol, 1.0 eq.)
and N,N-diethylcarbamoyl chloride (0.44 mL, 3.5 mmol, 2.1 eq.)
as the starting materials. It was obtained as a white powder, mp
115-117 °C. Yield 0.35 g (63%). "H NMR (300 MHz, CDCl;) 6 7.66
(d,J = 7.8 Hz, 1H, Ar), 7.29 (d, ] = 7.8 Hz, 1H, Ar), 5.21 (s, 1H,
OH), 3.52 (q,/ = 7.0 Hz, 2H, CH,), 3.43 (q,/ = 7.0 Hz, 2H, CH,),
1.33 (t,J = 7.0 Hz, 3H, Me), 1.25 (t,/ = 7.0 Hz, 3H, Me), 0.49 (s,
6H, SiMe,) ppm. '*C NMR (101 MHz, CDCl;) é 153.1, 151.7,
149.4, 130.9, 126.2, 42.47, 42.1, 14.1, 13.3, —1.4 ppm. "'B NMR
(96 MHz, CDCl;) 6 31.4 ppm. HRMS (ESI, positive ion mode):
caled for C;3H,BCINO,Si' [MH]' 328.0938; found 328.0940.

4210 (8a) 7-Chloro-6-benzoyloxy-1,1-dimethyl-3-hydrox-

’OH
N 2 E‘ .
ybenzo-1,2,3-siloxaborole. Il o This compound was
o
1 N
cl

obtained using the protocol described for 6 using suspension of
NaH in mineral oil (60%, 0.10 g, 2.50 mmol, 1.8 eq.), 5b (0.5 g,
1.7 mmol, 1.0 eq.) and benzoyl chloride (0.24 mL, 2.0 mmol, 1.2
eq.) as the starting materials. It was obtained as a white powder.
mp 150-152 °C. Yield 0.07 g (12%). "H NMR (400 MHz, CDCl;)
4 8.24 (d, J = 7.8 Hz, 2H, Ar), 7.75 (d, ] = 7.7 Hz, 1H, Ar®), 7.67
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(t,J = 7.5 Hz, 1H, A1), 7.54 (t, ] = 7.6 Hz, 2H, Ar°), 7.36 (d,] =
7.5 Hz, 1H, Ar®), 0.52 (s, 6H, SiMe,) ppm. *C NMR (101 MHz,
CDCly) 6 164.4, 151.9, 149.2, 134.1, 131.3, 130.5, 130.3, 129.8,
128.8, 128.6, 126.1, —1.2 ppm. HRMS (ESI, positive ion mode):
caled for C;5H,;BClO,Si" [MH]" 333.0516; found 333.0518.

4.2.11 (8b) 7-Chloro-6-(4'-chlorobenzoyloxy)-1,1-dimethyl-

OH
;

o B,
3-hydroxybenzo-1,2,3-siloxaborole. O)Lo ,(;:Sii’ This
!
[~]

<l

compound was obtained using the protocol described for 8d
using suspension of NaH in mineral oil (60%, 0.14 g,
3.50 mmol, 2.0 eq.), 5b (0.5 g, 1.70 mmol, 1.0 eq.) and 4-chlor-
obenzoyl chloride (0.22 mL, 1.70 mmol, 1.0 eq.) as the starting
materials. It was obtained as a white powder. mp 161-164 °C.
Yield 0.32 g (52%). 'H NMR (400 MHz, CDCl;) & 8.18 (d, J =
8.5 Hz, 2H, Ar“), 7.76 (d, ] = 7.7 Hz, 1H, Ar®), 7.52 (d, ] = 8.5 Hz,
2H, ArY), 7.36 (d, J = 7.7 Hz, 1H, Ar®), 5.48 (s, 1H, OH), 0.53 (s,
6H, SiMe,). *C NMR (101 MHz, CDCl;) & 163.4, 152.0, 148.8,
140.6, 131.7, 131.2, 129.5, 129.1, 127.2, 125.8, —1.4 ppm. HRMS
(ESI, positive ion mode): caled for C,5sH;,BCLO,Si" [MH]'
367.0126; found 367.0126.

4.2.12 (8¢) 7-Chloro-6-(3'-bromobenzoyloxy)-1,1-dimethyl-

OH
/
B

[+] N
3-hydroxybenzo-1,2,3-siloxaborole. Br 0,@5‘9 This
f N
cl

compound was obtained using the protocol described for 8d
using suspension of NaH in mineral oil (60%, 0.14 g,
3.50 mmol, 2.0 eq.), 5b (0.5 g, 1.70 mmol, 1.0 eq.) and 3-bro-
mobenzoyl chloride (0.24 mL, 1.70 mmol, 1.0 eq.) as the starting
materials. It was obtained as a white powder. Yield 0.25 g (38%).
'H NMR (400 MHz, CDCl;) 6 8.38 (s, 1H, Ar*), 8.17 (d,J = 7.8 Hz,
1H, Ar°), 7.80 (d, J = 7.8 Hz, 1H, Ar), 7.75 (d, ] = 7.7 Hz, 1H,
Ar®), 7.42 (t, ] = 7.9 Hz, 1H, Ar%), 7.35 (d, ] = 7.7 Hz, 1H, Ar?),
4.86 (s, 1H), 0.52 (s, 6H, SiMe,) ppm. '*C NMR (101 MHz, CDCl;)
5 162.9, 152.3, 148.7, 136.9, 133.3, 131.1, 130.7, 130.2, 129.5,
128.9, 125.7, 122.7, —1.4 ppm. HRMS (ESI, positive ion mode):
caled for Cy;H,,BBrCl0,Si" [MH]" 410.9621; found 410.9621.
4.2.13 (8d) 7-Chloro-6-(4'-methylbenzoyloxy)-1,1-dimethyl-
3-hydroxybenzo-1,2,3-siloxaborole.

OH
’
B

/Ej)l\u,@s;" Suspension of NaH in mineral oil (60%,
’\
cl

0.14 g, 3.50 mmol, 2.0 eq.) under argon atmosphere was washed
with anhydrous hexane (5 mL) twice and anhydrous DMF (10
mL)was added and stirred for 10 min. Then it was cooled to 0 °C
and 5b (0.5 g, 1.70 mmol, 1.0 eq.) was added. After ca. 30 min
stirring in 0 °C, 4-toluoyl chloride (0.22 mL, 1.70 mmol, 1.0 eq.)
was added to the white suspension. It was stirred for another
1.0 h at room temperature, then concentrated by a simple
distillation under reduced pressure. The solid residue was
treated with 1.5 M aq. H,S0, to reach the pH = 2-3. The ob-
tained white solid was filtered and washed with water (2 x 5
mL) and hexane (2 x 5 mL). Aqueous NaHCO; (5 wt% in water,
2 mL) was added and the suspension was stirred for ca. 30 min.
The white solid product was filtered and washed with water (2 x
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2 mL). The product was dried in vacuo, mp 140-145 °C. Yield
0.19 g (32%). '"H NMR (400 MHz, CDCl;) 6 8.14 (d, ] = 8.1 Hz,
2H, ArY), 7.75 (d, J = 7.7 Hz, 1H, Ar®), 7.38-7.32 (m, 3H, Ar® +
Ar®), 5.35 (s, 1H, OH), 2.47 (s, 3H, Me), 0.53 (s, 6H, SiMe,) ppm.
3C NMR (101 MHz, CDCl;) é 164.3, 151.9, 149.1, 131.1, 130.5,
130.2, 129.7, 129.4, 129.2, 126.01, 125.99, 21.8, —1.4 ppm.
HRMS (ESI, positive ion mode): caled for C,6H,7BClO,Si" [MH]"
347.0672; found 347.0674.

4.2.14 (8e) 7-Chloro-6-{4'-(tert-butyl)benzoyloxy]-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

OH
o E'\
,@J\U/@ﬁp A suspension of NaH in mineral oil (60%,
/ ~N
ci
tBu’

0.14 g, 3.50 mmol, 2.0 eq.) under argon atmosphere was washed
twice with anhydrous hexane (5 mL) and anhydrous DMF (10
mL) was added. The mixture was stirred for 10 min, cooled to
0 °C and 5b (0.50 g, 1.70 mmol, 1.0 eq.) was added. After ca.
30 min stirring in 0 °C, 4-fert-butylbenzoyl chloride (0.34 mL,
1.70 mmol, 1.0 eq.) was added to the white suspension. It was
stirred for another 1.0 h at room temperature, and concentrated
by a simple distillation under reduced pressure. The solid
residue was treated with 1.5 M ag. H,SO, to reach the pH = 2-3.
Et,O (15 mL) and brine (10 mL) were added, and the aqueous
phase was separated followed by the extraction with Et,O (2 x
10 mL). The extracts were added to the organic phase and dried
with anhydrous MgSO,. Then it was concentrated under
reduced pressure. The solid was filtered and washed with water
(2 x 5 mL) and hexane (2 x 5 mL). Aqueous NaHCO; (5 wt%, 2
mL) was added and the suspension was stirred for ca. 30 min.
The white solid was filtered, washed with water (2 x 2 mL) and
dried in vacuo. Yield 0.36 g (56%). "H NMR (400 MHz, CDCl,)
48.18 (d, ] = 8.8 Hz, 2H, Ar°), 7.76 (d, / = 7.7 Hz, 1H, Ar"), 7.56
(d,J = 8.9 Hz, 2H, Ar°), 7.35 (d, ] = 7.7 Hz, 1H, Ar®), 5.46 (s, 1H,
OH), 1.38 (s, 9H, ¢-Bu), 0.53 (s, 6H, SiMe,) ppm. **C NMR (101
MHz, CDCl;) 6 164.2, 157.8, 151.9, 149.1, 131.1, 130.3, 129.7,
127.0, 126.0, 125.9, 125.7, 125.2, 35.3, 31.1, —1.4 ppm. HRMS
(ESI, positive ion mode): caled for C,oH,;BClO,Si" [MH]':
389.1142; found 389.1142.

4.2.15 (8f) 7-Chloro-6-(4"-cyanobenzoyloxy)-1,1-dimethyl-3-

OH
;
B,

o )
hydroxybenzo-1,2,3-siloxaborole. IQ)LD ,@i{ This
<l
NC’

compound was obtained using the protocol described for 8d
using suspension of NaH in mineral oil (60%, 0.14 g,
3.50 mmol, 2.0 eq.), 5b (0.50 g, 1.70 mmol, 1.0 eq.) and 4-cya-
nobenzoyl chloride (0.28 g, 1.70 mmol, 1.0 eq.) as the starting
materials. It was obtained as a white powder. mp 160-165 °C.
Yield 0.12 g (20%). 'H NMR (400 MHz, CDCl;) & 8.35 (d, J =
8.0 Hz, 2H, ArY), 7.85 (d, ] = 8.0 Hz, 2H, Ar®), 7.77 (d, ] = 7.8 Hz,
1H, Ar®), 7.36 (d, J = 7.7 Hz, 1H, Ar®), 4.96 (s, 1H, OH), 0.52 (s,
6H, SiMe,) ppm. *C NMR (101 MHz, CDCl;) é 162.7, 152.4,
148.5, 132.6, 132.5, 131.2, 130.8, 129.3, 127.7, 125.5, 117.7,
117.3, —1.4 ppm. HRMS (ESI, negative ion mode) caled for
Cy6H;,BCINO,Si™ [M — H|™ 356.0323; found 356.0321.
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4.2.16 (8g) 7-Chloro-6-(2',6'-dichloroisonicotinoyl)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

OH
|
o B\o
N o ’Si'\This compound was obtained using the
N = cl
cl

protocol described for 6 using suspension of NaH in mineral oil
(60%, 0.10 g, 2.50 mmol, 1.8 eq.), 5b (0.4 g, 1.4 mmol, 1.0 eq.)
and 2,6-dichloroisonicotinoyl chloride (0.23 mL, 1.7 mmol, 1.2
eq.) as the starting materials. It was obtained as a white powder,
mp 113-114 °C. Yield 0.22 g (39%). "H NMR (400 MHz, acetone-
ds) 6 7.89 (s, 2H, Py), 7.60 (d, J = 7.8 Hz, 1H, Ar®), 7.08 (d, ] =
7.8 Hz, 1H, Ar®), 0.43 (s, 6H, SiMe,) ppm. *C NMR (101 MHz,
acetone-dg) 6 163.5, 155.2, 151.3, 144.3, 131.8, 123.3, 119.2,
—1.8 ppm. HRMS (ESI, positive ion mode): caled for C,,;H,,-
BCI3;NO,Si" [MH]" 401.9689; found 401.9689.

4.2.17 (9a) 7-Chloro-6-phenylsulfonyloxy-1,1-dimethyl-3-

OH

B,
hydroxybenzo-1,2,3-siloxaborole. @xs’f’ stA suspension
g o T~
c

of NaH in mineral oil (60%, 0.10 g, 2.48 mmol, 2.5 eq.) under
argon atmosphere was washed with anhydrous hexane (5 mL)
twice and anhydrous DMF (10 mL) was added and stirred for
10 min. Then it was cooled to 0 °C and 5b (0.5 g, 1.7 mmol, 1.0
eq.) was added. After ca. 30 min stirring in 0 °C, benzene-
sulfonyl chloride (0.24 mL, 2.0 mmol, 1.2 eq.) was added to the
white suspension. It was stirred for another 1.5 h at room
temperature, then it was concentrated by a simple distillation
under reduced pressure and was quenched with water (5 mL)
and then with 1.5 M aq. H,50, to reach the pH = 2-3. Et,0 (15
mL) and brine (10 mL) were added, then the aqueous phase was
separated followed by the extraction with Et,O (2 x 10 mL). The
extracts were added to the organic phase and dried under
anhydrous MgSO,. Then it was concentrated under reduced
pressure. Hexane (5 mL) and acetone (0.5 mL) were added to
obtained oily residue and the mixture was stirred for 24 h. Then,
precipitated white solid was filtered and washed with hexane (2

x 2 mL). The product was dried in vacuo, mp 150-152 °C. Yield
0.28 g (48%). "H NMR (400 MHz, CDCl;) 6 7.93-7.89 (m, 2H,
Ar%), 7.72-7.69 (m, 1H, Ar®), 7.66 (d, J = 7.8 Hz, 1H, ArB), 7.56~
7.51 (m, 2H, Ar®), 7.36 (d, /] = 7.8 Hz, 1H, ArB), 0.44 (s, 6H,
SiMe,) ppm. **C NMR (101 MHz, CDCl;) 6 152.7, 147.3, 135.8,
134.6, 131.2, 130.3, 129.8, 129.3, 128.8, 126.2, —1.4 ppm. ''B
NMR (96 MHz, CDCl;) § 30.6 ppm. HRMS (ESI, negative ion
mode): caled for C;4H;4BClOsSSi™ [M — H]™ 367.0040; found
367.0039.
4.2.18 (9b) 7-Chloro-6-(2'-fluorophenylsulfonyloxy)-1,1-

dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

PH

.\

B,
@g?/QZFJThiS compound was obtained using the
L&Y

protocol described for 9a using suspension of NaH in mineral
il (60%, 0.14 g, 3.5 mmol, 2.0 eq.), 5b (0.51 g, 1.8 mmol, 1.0 eq.)
and 2-fluorobenzenesulfonyl chloride (0.23 mL, 1.7 mmol, 1.0
eq.) as the starting materials. It was obtained as a white powder,
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mp 158-161 °C. Yield 0.30 g (45%). "H NMR (400 MHz, CDCl)
6 7.92-7.82 (m, 1H, Ar®), 7.75-7.71 (m, 1H, ArY), 7.67 (d, ] =
7.9 Hz, 1H, Ar®), 7.36 (d, ] = 7.9 Hz, 1H, Ar®), 7.30 (d, J = 7.9 Hz,
1H, Ar®), 7.28-7.26 (m, 1H, Ar®), 0.45 (s, 6H, SiMe,) ppm. "*C
NMR (101 MHz, CDCl;) 6 159.7 (d, J = 261.3 Hz), 152.6, 147.1,
137.0 (d, J = 8.6 Hz), 131.4, 131.2 (d, J = 6.8 Hz), 129.9, 126.0,
124.4 (d,J = 4.1 Hz), 124.2 (d,/ = 13.7 Hz), 117.6 (d, ] = 20.9 Hz),
114.0, —1.6 ppm. '’F NMR (376 MHz, CDCl;) é —100.52
(m) ppm. HRMS (ESI, negative ion mode): caled C;;H;;-
BCIFO,SSi~ for [M — H] ~ 384.9946; found 384.9949.

4.2.19 (9¢) 7-Chloro-6-(4'-fluorophenylsulfonyloxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

F o
B,
@j/@ ©This compound was obtained using the
L+ SI\
o I
cl

protocol described for 9a using suspension of NaH in mineral
0il (60%, 0.14 g, 3.5 mmol, 2.0 eq.), 5b (0.51 g, 1.8 mmol, 1.0 eq.)
and 4-fluorobenzenesulfonyl chloride (0.36 g, 1.8 mmol, 1.0 eq.)
as the starting materials. It was obtained as a white powder, mp
142-144 °C. Yield 0.40 g (42%). '"H NMR (400 MHz, CDCl,)
4§ 7.95-7.90 (m, 2H, Ar%), 7.69 (d,J = 7.9 Hz, 1H, Ar®), 7.40 (d, ] =
7.9 Hz, 1H, Ar®), 7.24-7.18 (m, 2H, Ar’), 5.44 (s, 1H, OH), 0.45 (s,
6H, SiMe,) ppm. "*C NMR (101 MHz, CDCl,) 6 166.4 (d, ] = 257.9
Hz), 152.7, 147.2, 132.1 (d, J = 1.6 Hz), 131.7 (d, J = 9.8 Hz),
131.7, 131.4, 130.1, 126.3, 116.7 (d, ] = 22.9 Hz), —1.4 ppm. *°F
NMR (376 MHz, CDCl;) 6§ —101.53 to —101.67 (m) ppm. HRMS
(ESI, negative ion mode): caled for C,,H;3BCIFOsSSi~ [M — H]~
384.9946; found 384.9949.

4.2.20 (9d)  7-Chloro-6-(4"-chlorophenylsulfonyloxy)-1,1-
dimethyl—?.—hydmxybenzo-l,2,3—siloxabomle.

\©\,, /@: ©This compound was obtained using the
’/ o

protocol descrlbed for 9a using suspension of NaH in mineral
o0il (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-chlorobenzenesulfonyl chloride (0.52 g, 2.48 mmol,
1.0 eq.) as the starting materials. It was obtained as a white
powdet. mp 121-123 °C. Yield 0.46 g (46%). '"H NMR (400 MHz,
CDCl;) 67.84 (d,/ = 8.7 Hz, 2H, Ar®), 7.69 (d, ] = 7.8 Hz, 1H, Ar"),
7.51 (d,] = 8.7 Hz, 2H, Ar®), 7.38 (d, ] = 7.8 Hz, 1H, Ar"), 5.47 (s,
1H, OH), 0.45 (s, 6H, SiMe,) ppm. *C NMR (101 MHz, CDCl,)
6 152.7, 147.0, 141.4, 134.0, 131.2, 130.1, 130.0, 129.5, 126.0,
—1.6 ppm. HRMS (ESI): caled for C;4H;;BCLO585i [M — H]
400.9650; found 400.9652.

4.2.21 (9¢)  7-Chloro-6-(4'-bromophenylsulfonyloxy)-1,1-
dimethyl-3- hydroxybenzo-l,2,3-siloxab0role.

\@0 /E;: ©This compound was obtained using the
‘I ~o

protocol descrlbed for 9a using suspension of NaH in mineral
0il (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-bromobenzenesulfonyl chloride (0.64 g, 2.48 mmol,
1.0 eq.) as the starting materials. It was obtained as a white
powder, mp 108-111 °C. Yield 0.45 g (41%). 'H NMR (400 MHz,
CDCl;) 6 7.74-7.72 (m, 2H, Ar®), 7.69-7.66 (m, 3H, Ar® + ArF),
7.38 (d, J = 7.8 Hz, 1H, Ar®), 0.45 (s, 6H, SiMe,) ppm. *C NMR
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(101 MHz, CDCL;) 6 152.6, 147.0, 134.6, 132.5, 131.3, 130.1,
130.0, 127.8, 126.0, —1.6 ppm. HRMS (ESI): caled for Cy4H;s-
BBrClO;SSi [M - H]_ 444.9145; found 444.9147.

4.2.22 (9f) 7-Chloro-6-(4'-iodophenylsulfonyloxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.
| o

B,
sf’ /@[ﬁ:ﬂ’l‘his compound was obtained using the
i~

o
cl

protocol described for 9a using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-iodobenzenesulfonyl chloride (0.74 g, 2.48 mmol, 1.0
eq.) as the starting materials. It was obtained as a white powder,
mp 112-116 °C. Yield 0.50 g (41%). "H NMR (400 MHz, CDCly)
6 7.90 (d, J = 8.7 Hz, 2H), 7.67 (d, ] = 7.8 Hz, 1H), 7.59 (d, ] =
8.7 Hz, 2H), 7.37 (d, ] = 7.8 Hz, 1H), 0.44 (s, 6H, SiMe,) ppm. **C
NMR (101 MHz, CDCl;) 6 152.7, 147.0, 138.5, 135.2, 131.2, 130.0,
129.8, 126.0, 102.6, —1.6 ppm. HRMS (ESI): caled for C,,H, ;-
BCIIO;SSi™ [M — H]™ 492.9006; found 492.9010.

4.2.23 (9g) 7-Chloro-6-[2'(trifluoromethyl)phenyl-
sulfonyloxy]-1,1-dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

PH
[s] E\ . . .
& ©This compound was obtained using the
N0 si
CF 0 ]
cl

protocol described for 9a using suspension of NaH in mineral
oil (60%, 0.14 g, 3.5 mmol, 2.0 eq.), 5b (0.50 g, 1.8 mmol, 1.0 eq.)
and 2-(trifluoromethyl)benzenesulfonyl chloride (0.26 mL,
1.7 mmol, 1.0 eq.) as the starting materials. It was obtained as
a white powder, mp 160-162 °C. Yield 0.14 g (19%). '"H NMR
(400 MHz, CDCl;) 6 8.13 (d, ] = 7.3 Hz, 1H, Ar®), 8.00 (d, J =
7.2 Hz, 1H, Ar®), 7.84 (t, ] = 7.7 Hz, 1H, Ar®), 7.72 (t, ] = 7.2 Hz,
1H, Ar®), 7.66 (d, ] = 7.9 Hz, 1H, Ar®), 7.29 (d, J = 7.9 Hz, 1H,
Ar®), 5.26 (s, 1H, OH), 0.45 (s, 6H, SiMe,) ppm. '*C NMR (101
MHz, CDCl,) & 152.8, 147.2, 134.7, 134.5, 132.4, 132.2, 131.1,
129.9, 129.5 (q, / = 34.1 Hz), 128.8 (q,J = 6.1 Hz), 127.7, 126.2,
122.3 (q, J = 273 Hz), —1.6 ppm. ’F NMR (376 MHz, CDCls)
6 —58.11 ppm. HRMS (ESI, negative ion mode): caled for C,5-
H,3BCIF;0588i~ [M — H]~ 434.9914; found 434.9915.

4.2.24 (9h) 7-Chloro-6-[4'-(trifluoromethyl)phenyl-
qulfonyloxy]-l 1-dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

\@" ,@ ©This compound was obtained using the
’l ~o

protocol descrlbed for 9a using suspension of NaH in mineral
0il (60%, 0.14 g, 3.5 mmol, 2.0 eq.), 5b (0.51 g, 1.8 mmol, 1.0 eq.)
and  4-(trifluoromethyl)benzenesulfonyl chloride (0.43 g,
1.8 mmol, 1.0 eq.) as the starting materials. It was obtained as
a white powder. Yield 0.15 g (20%). "H NMR (400 MHz, CDCl;)
6 8.04 (dt, ] = 8.2, 0.7 Hz, 1H, Ar®), 7.80 (dt, / = 8.2, 0.7 Hz, 2H,
Ar%), 7.70 (d,J = 7.8 Hz, 1H, Ar®), 7.42 (d, ] = 7.9 Hz, 1H, Ar®),
5.18 (s, 1H, OH), 0.43 (s, 6H, SiMe,) ppm. C NMR (101 MHz,
CDCl;) 6 152.9, 146.8, 139.1, 136.1 (q, / = 33.2 Hz), 131.3, 129.2,
126.2 (q, / = 3.8 Hz), 126.0, 125.7 (q,/ = 271.7 Hz), —1.7 ppm.
'"F NMR (376 MHz, CDCl;) 6 —63.3 ppm. HRMS (ESI, negative
ion mode): caled for C,5H;3BCIF;05SSi~ [M — H] ™ 434.9914;
found 434.9913.
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4.2.25 (9i)  7-Chloro-6-(4'-methylphenylsulfonyloxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

OH
/

B
&2 /[;rs;m% suspension of NaH in mineral oil (60%,
g o ™~

cl

0.20 g, 4.96 mmol, 2.0 eq.) under argon atmosphere was washed
with anhydrous hexane (5 mL) twice and anhydrous DMF (10
mL) was added and stirred for 10 min, Then it was cooled to 0 °C
and 5b (0.72 g, 2.48 mmol, 1.0 eq.) was added. After ca. 30 min
stirring in 0 °C, tosyl chloride (0.47 g, 2.48 mmol, 1.0 eq.) was
added to the white suspension. It was stirred for another 1.5 h at
room temperature, then it was concentrated by a simple
distillation under reduced pressure and was quenched with
water (5 mL) and then with 1.5 M aq. H,SO, to reach the pH =
2-3. Et,O (15 mL) and brine (10 mL) were added, then the
aqueous phase was separated followed by the extraction with
Et,0 (2 % 10 mL). The extracts were added to the organic phase
and dried under anhydrous MgS0,. Then it was concentrated
under reduced pressure. 5% NaHCO;/H,0 (10 mL) was added to
obtained oily residue and was stirred for 15 min pending the
precipitation of white solid. It was filtered, washed with 1.5 M
H,80, (10 mL) and washed several times with water. The
product was dried in vacuo, mp 109-122 °C. Yield 0.98 g (96%).
"H NMR (400 MHz, CDCl,) 6 7.78 (d, J = 8.4 Hz, 1H, Ar®), 7.64 (d,
J = 7.8 Hz, 1H, Ar®), 7.35-7.30 (m, 3H, Ar® + Ar®), 5.18 (s, 1H,
OH), 2.45 (s, 3H, Me), 0.43 (s, 6H, SiMe,) ppm. "*C NMR (101
MHz, CDCl;) 6 152.6, 147.2, 145.7, 132.6, 131.0, 130.2, 130.0,
129.7, 128.7, 128.5, 125.9, 21.7, —1.6 ppm. HRMS (ESI, negative
ion mode): caled for Cy5H,¢BClOsSSi™ [M — H|™ 381.0197;
found 381.0200.

4.2.26 (9j) 7-Chloro-6-(3'-methylphenylsulfonyloxy)-1,1-
dimethyl-?.—hydroxybenzo-l,2,3-siloxabomle.

/@\u ,@ ©This compound was obtained using the
’I ~o

protocol dcscrlbcd for 9i using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 3-methylbenzenesulfonyl chloride (0.47 g, 2.48 mmol,
1.0 eq.) as the starting materials. It was obtained as a white
powder, mp 116-120 °C. Yield 0.60 g (63%). 'H NMR (400 MHz,
CDCly) 6 7.76-7.62 (m, 3H, Ar® + Ar®), 7.55-7.46 (m, 1H, Ar®),
7.41 (t,] = 7.7 Hz, 1H, Ar®), 7.34 (d, ] = 7.8 Hz, 1H, Ar®), 2.42 (s,
3H, Me), 0.45 (s, 6H, SiMe,). "*C NMR (101 MHz, CDCl,) 4 152.7,
147.4, 139.7, 135.6, 135.4, 131.2, 130.3, 129.1, 129.0, 126.2,
125.9, 21.4, —1.4 ppm. HRMS (ESI, negative ion mode): caled for
C15H16BCIOSSSi™ [M — H]™ 381.0197; found 381.0198.

4.2.27 (9k) 7-Chloro-6-[2',4',4"-trimethylphenylsulfonyloxy]-
1,1-dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

PH

B,
:;P ©oThis compound was obtained using the
N0 si_
° cl !

protocol described for 9i using suspension of NaH in mineral
0il (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 2,4,6-trimethylbenzenesulfonyl chloride (0.54 g,
2.48 mmol, 1.0 eq.) as the starting materials. It was obtained as
a white powder, mp 162-169 °C. Yield 0.68 g (67%). 'H NMR
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(400 MHz, CDCl;) 6 7.59 (d, J = 7.8 Hz, 1H, Ar®), 7.12 (d, J =
7.8 Hz, 1H, Ar”), 7.00 (s, 2H, Ar®), 2.61 (s, 6H, 0-Me), 2.34 (s, 3H,
p-Me), 0.47 (s, 6H, SiMe,) ppm. '*C NMR (101 MHz, CDCly)
8 152.6, 147.4, 144.1, 140.5, 131.8, 131.4, 130.9, 130.3, 125.5,
22.3,21.1, —1.5 ppm. HRMS (ESI, negative ion mode): caled for
C,,H,0BClO,8Si~ [M — H]~ 409.0510; found 409.0513.

4.2.28 (91) 7-Chloro-6-[4'-(tert-butyl)phenylsulfonyloxy]-1,1-
dimethyl-s-hydroxybenzo-l,z,3-siloxabomle.

X@\,, /E;: ‘6 This compound was obtained using the

protocol described for 9a using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-tert-butylbenzenesulfonyl chloride (0.58 g,
2.48 mmol, 1.0 eq.) as the starting materials. It was obtained as
a white powder, mp 122-124 °C. Yield 0.75 g (71%). '"H NMR
(400 MHz, CDCl;) 6 7.81-7.77 (m, 2H, Ar®), 7.67 (d, ] = 7.8 Hz,
1H, Ar®), 7.53-7.50 (m, 2H, Ar®), 7.40 (d, J = 7.8 Hz, 1H, Ar"),
1.34 (s, 9H, £-Bu), 0.43 (s, 6H, SiMe,) ppm. *C NMR (101 MHz,
CDCly) 6 158.8, 152.5, 147.2, 132.3, 131.1, 130.3, 128.6, 126.2,
126.1, 35.4, 31.0, —1.6 ppm. HRMS (ESI, negative ion mode):
caled for C,3H2,BClO5S8S1™ [M — H|™ 423.0666; found 423.0670.

4.2.29 (9m)  7-Chloro-6-(4"-acetylphenylsulfonyloxy)-1,1-
dimethyl 3-hydroxybenzo-1,2,3-siloxaborole.

)ﬂ,, ’@Z olhlS compound was obtained using the
l/ ~o

protocol descrlbed for 9a using suspension of NaH in mineral
0il (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-acetylbenzenesulfonyl chloride (0.53 g, 2.48 mmol,
1.0 eq.) as the starting materials. It was obtained as a white
powder, mp 113-115 °C. Yield 0.63 g (62%). 'H NMR (400 MHz,
CDCl;) 6 8.09 (d,] = 8.2 Hz, 2H, Ar®), 8.01 (d,J = 8.1 Hz, 2H, Ar®),
7.68 (d,] = 7.8 Hz, 1H, Ar®), 7.37 (d, ] = 7.9 Hz, 1H, Ar®), 2.67 (s,
3H, MeC0), 0.43 (s, 6H, SiMe,) ppm. '*C NMR (101 MHz, CDCL,)
6 196.6, 152.8, 147.0, 141.3, 139.4, 131.2, 129.,9, 129,0, 129.0,
126.0,26.9, —1.6 ppm. HRMS (ESI, negative ion mode): caled for
C16H,6BCIOGSSi ™ [M — H]~ 409.0146; found 409.0146.

4.2.30 (9n) 7-Chloro-6-(4'-methoxyphenylsulfonyloxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

o oH
- E
\©\su° /@:S)’This compound was obtained using the
70 i,
o =

protocol described for 9a using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-methoxybenzenesulfonyl chloride (0.53 g, 2.48 mmol,
1.0 eq.) as the starting materials. It was obtained as a white
powder, mp 120-124 °C. Yield 0.62 g (63%). 'H NMR (400 MHz,
CDCl;) 6 7.84-7.79 (m, 2H, Ar’), 7.65 (d, J = 7.8 Hz, 1H, Ar%), 7.36
(d,J = 7.9 Hz, 1H, Ar®), 7.00-6.95 (m, 2H, Ar%), 3.89 (s, 3H, OMe),
0.44 (s, 6H, SiMe,). '*C NMR (101 MHz, CDCl;) 6 164.4, 152.6,
147.3, 131.0, 131.0, 127.0, 126.1, 55.8, —1.6 ppm. HRMS (ESI,
negative ion mode): caled for C,5H;sBClO¢SSi [M — H]
397.0146; found 397.0146.
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4.2.31 (90) 7-Chloro-6-(4'-nitrophenylsulfonyloxy)-1,1-
dimethyl-%-hydmxybenzo-l 2,3-siloxaborole.

@\’l /@: ©This compound was obtained using the
lt ~o

protocol descrlbed for 9a using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-nitrobenzenesulfonyl chloride (0.55 g, 2.48 mmol, 1.0
eq.) as the starting materials. It was obtained as a white powder,
mp 146-148 °C. Yield 0.39 g (38%). '"H NMR (400 MHz, CDC,)
4 8.39 (d, J = 8.8 Hz, 2H, Ar¥), 8.12 (d, J = 8.9 Hz, 2H, Ar%), 7.72
(d,] = 7.8 Hz, 1H, Ar®), 7.42 (d, ] = 7.9 Hz, 1H, Ar®), 5.68 (s, 1H,
OH), 0.44 (s, 6H, SiMe,) ppm. *C NMR (101 MHz, CDCl,)
6 152.9, 151.2, 146.7, 141.3, 131.5, 130.0, 129.6, 126.0, 124.3,
118.6, —1.6 ppm. HRMS (ESI, negative ion mode): caled for
C14H;3BCINO,SSi [M — H]™ 411.9891; found 411.9894.

4.2.32 (9p) 7-Chloro-6-(4'-chloro-3"-nitro-
phenylsulfonyloxy)-1,1-dimethyl-3-hydroxybenzo-1,2,3-silox-

NO;
aborole. \©\ g /E;: oThls compound was obtained using

the protocol described for 9a using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-chloro-3-nitrobenzenesulfonyl chloride (0.63 g,
2.48 mmol, 1.0 eq.) as the starting materials. It was obtained as
a white powder, mp 96-98 °C. Yield 0.55 g (50%). 'H NMR (400
MHz, DMSO-d,) 6 8.57 (dd, ] = 2.0, 0.6 Hz, 1H, Ar®), 8.11-8.05 (m,
2H, Ar®), 7.21 (d,] = 7.7 Hz, 1H, Ar®), 7.00 (d,J = 7.6 Hz, 1H, Ar"),
0.13 (s, 6H, SiMe,) ppm. "*C NMR (101 MHz, DMSO-d;) 6 148.6,
148.2, 142.5, 135.3, 133.9, 133.2, 132.4, 128.9, 127.7, 126.0, 124.0,
1.0 ppm. HRMS (ESI, negative ion mode): caled for Cq4H;5BCl,-
NO,SSi [M — H]™ 445.9501; found 445.9502.

4.2.33 (9q) 7-Chloro-6-(3',4'-dichlorophenylsulfonyloxy)-
1,1-dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

g

cl
cl
o
S~ ’; :s
/™0 ]
cl

protocol described for 9i using suspension of NaH in mineral
oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 3,4-dichlorobenzenesulfonyl chloride (0.61 g,
2.48 mmol, 1.0 eq.) as the starting materials. It was obtained as
awhite powder, mp 95-100 °C. Yield 0.58 ¢ (53%). "H NMR (400
MHz, CDCl;) 6 7.96 (d, J = 2.2 Hz, 1H, Ar®), 7.75-7.69 (m, 2H, Ar®
+Ar™), 7.62 (d, ] = 8.5 Hz, 1H, Ar®), 7.40 (d, ] = 7.8 Hz, 1H, Ar"),
5.58 (s, 1H, OH), 0.46 (s, 6H, SiMe,). *C NMR (101 MHz, CDCL,)
6 152.8, 146.8, 139.7, 135.2, 134.0, 131.4, 131.2, 130.4, 129.8,
127.5, 126.1, 121.8, —1.6 ppm. HRMS (ESI, negative ion mode):
caled for C;,H;,BCl;05551 [M — H]  434.9261; found 434.9261.
4.2.34 (9r)  7-Chloro-6-[4'-chloro-3'-(trifluoromethyl)phe-
nylsulfonyloxy]-1,1-dimethyl-3-hydroxybenzo-1,2,3-siloxabor-

CFy

©OH
% This compound was obtained using the
i
N

cl OH
B . . .
ole. 2 ‘o This compound was obtained using the
s s,
o’ A

protocol described for 9i using suspension of NaH in mineral
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oil (60%, 0.20 g, 4.96 mmol, 2.0 eq.), 5b (0.72 g, 2.48 mmol, 1.0
eq.) and 4-chloro-3-(trifluoromethyl)-benzenesulfonyl chloride
(0.53 g, 2.48 mmol, 1.0 eq.) as the starting materials. It was
obtained as a white powder, mp 124-126 °C. Yield 0.85 g (73%).
'H NMR (400 MHz, CDCl;) 6 8.18 (d, ] = 2.1 Hz, 1H, Ar®), 8.04-
8.00 (m, 1H, Ar%), 7.74-7.68 (m, 2H, Ar® + Ar®), 7.45 (d, J =
7.9 Hz, 1H, Ar®), 5.09 (s, 1H, OH), 0.44 (s, 6H, SiMe,) ppm. *C
NMR (101 MHz, CDCl3) 6 153.0, 146.7, 139.4, 134.7, 132.7, 132.6
(q,J = 14.6 Hz), 129.8 (q, / = 32.8 Hz), 129.5, 128.00 (q, ] = 5.4
Hz), 124.6 (q, J = 274.3 Hz), —1.7 ppm. °F NMR (376 MHz,
chloroform-d) 6 —63.22 ppm. HRMS (ESI, negative ion mode):
caled for C;jsH;;BCLF;0555i [M — H] 468.9524; found
468.9525.

4235 (11a)  2-(4-Bromo-2-fluorophenoxy)-3-chloropyr-

Br
Z N
idine. @LDQ This compound was obtained using the
cl F

protocol described below for 11b using 4-bromo-2-fluorophenol
(12 ml, 110 mmol, 1.1 eq.), NaOH (4.40 g, 110 mmol, 1.1 eq.)
and 2,3-dichloropyridine (14.80 g, 100 mmol, 1.0 eq.) as the
starting materials. However, the temperature was maintained at
150 °C during the reaction. The product was obtained as
a yellow solid. mp 71-73 °C. Yield 16.6 g (55%). 'H NMR (400
MHz, CDCl3) 6 7.98 (dd, J = 4.9, 1.7 Hz, 1H, Py), 7.77 (dd,J = 7.7,
1.7 Hz, 1H, Py), 7.37 (dd,J = 9.6, 2.3 Hz, 1H, Ar), 7.33 (ddd, ] —
8.6, 2.3, 1.3 Hz, 1H, Ar), 7.15 (dd, J = 8.5, 8.1 Hz, 1H, Ar), 6.99
(dd, J = 7.7, 4.9 Hz, 1H, Py) ppm. *C NMR (101 MHz, CDCl;)
6 158.0, 154.7 (d, J = 254.1 Hz), 145.1, 140.1 (d, J = 12.2 Hz),
139.6, 128.0 (d, J = 3.8 Hz), 125.4 (d, J = 1.6 Hz), 120.6 (d, ] =
21.4 Hz), 119.9, 118.47 (d, J = 2.3 Hz), 118.4 ppm. '°F NMR (376
MHz, CDCl;) 6 —123.69 to —124.40 (m) ppm. Anal. caled for
C,1HgBrCIFNO (302.53): C 43.67, H 2.00, N 4.63; found C 43.57,
H 1.93, N 4.60.

4.2.36 (11b) 2-(4-Bromo-2-fluorophenoxy)-6-chloropyr-

z Br
idine. CIQ\OQ NaOH (4.40 g, 110 mmol, 1.1 eq.) was
F

dissolved in DMSO (100 mL) in 80 °C and obtained solution was
cooled to 50 °C. 4-Bromo-2-fluorophenol (12 ml, 110 mmol, 1.1
eq.) and 2,6-dichloropyridine (14.8 g, 100 mmol, 1.0 eq.) was
added to the stirred solution of NaOH in DMSO in 50 °C. It was
heated in 110 °C for 24 h, then it was cooled to the room
temperature and AcOEt (20 mL) was added and stirred for ca.
20 min. It was filtered and concentrated to dryness under
reduced pressure. Obtained solid was washed with water (100
mL) and it was filtered under reduce pressure. Then Et,O (70
mL) was added and obtained suspension was filtered under
reduce pressure. The filtrate was concentrated to dryness and
obtained solid residue was crystallized in heptane. The light
brown solid was filtered and washed several times with cold
heptane. The product was dried in vacuo, mp 69-72 °C. Yield
20.1 g (66%). "H NMR (400 MHz, CDCl;) 6 7.65 (dd, J = 8.1,
7.6 Hz, 1H, Py), 7.36 (dd, J = 9.7, 2.3 Hz, 1H, Ar), 7.30 (ddd, ] =
8.6, 2.3, 1.4 Hz, 1H, Ar), 7.14-7.10 (m, 1H, Ar), 7.05 (dd, J = 7.6,
0.6 Hz, 1H, Py), 6.89 (dd, J = 8.1, 0.7 Hz, 1H, Py) ppm. '*C NMR
(101 MHz, CDCl;) & 161.89, 154.65 (d, J = 254.0 Hz), 148.9,
141.7, 140.0 (d, J = 11.9 Hz), 128.0 (d, / = 3.8 Hz), 125.1 (d,/ =
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1.8 Hz), 120.6 (d, J = 21.4 Hz), 119.1, 118.1 (d, j = 8.3 Hz),
109.0 ppm. **F NMR (376 MHz, CDCl;) § —124.50 to —124.76
(m) ppm. Anal. caled for C;;HgBrCIFNO (302.53): C 43.67, H
2.00, N 4.63; found C 43.53, H 1.92, N 4.58.

4.2.37 (12a) 2-[4-Bromo-3-(dimethylsilyl)-2-fluorophenoxy|-

Z Br
3-chloropyridine. Q\ngﬁl This compound was obtained
| “H
cl F

using the protocol described for 3b using 11a (1.01 g, 3.3 mmol,
1.0 eq.), n-BuLi (1.6 M, 2.3 mL, 3.7 mmol, 1.1 eq.), iPr,NH (0.6
mL, 4.3 mmol, 1.3 eq.) and Me,SiHCI (0.5 mL, 4.5 mmol, 1.4 eq.)
as the starting materials. It was obtained as a yellow oil. Yield
0.87 g (73%). 'H NMR (300 MHz, CDCl;) é 8.02 (dd, J = 4.9,
1.7 Hz, 1H, Py), 7.79 (dd, J = 7.7, 1.7 Hz, 1H, Py), 7.43 (dd, ] =
8.5, 1.4 Hz, 1H, Ar), 7.16 (t,/ = 8.5 Hz, 1H, Ar), 7.02 (dd, ] = 7.7,
4.9 Hz, 1H, Py), 4.79-4.74 (m, 1H, SiH), 0.48 (dd, J = 3.9, 1.8 Hz,
6H, SiMe,) ppm. **C NMR (101 MHz, CDCl;) 6 158.6 (d, ] = 248.4
Hz), 158.0, 145.0, 139.7 (d, = 16.7 Hz), 139.4, 129.4 (d,J = 3.5
Hz), 127.4 (d, = 29.4 Hz), 126.3 (d, /= 2.2 Hz), 125.8 (d, /] = 10.8
Hz), 119.7, —3.2 (d,J = 4.3 Hz) ppm. '°F NMR (282 MHz, CDCl;)
4 —110.72 to —110.80 (m) ppm. Anal. caled for C;;H,,-
BrCIFNOSi (360.68): C 43.29, H 3.35, N 3.88; found C 43.13, H
3.28, N 3.87.

4.2.38 (12b) 2-[4-Bromo-3-(dimethylsilyl)-2-fluorophenoxy|-

z Br
6-chloropyridine. G.Qn’@m’ﬂ‘is compound was ob-
I°H
F

tained using the protocol described for 3b using 11b (3.03 g,
10.0 mmol, 1.0 eq.), n-BuLi (8 M, 1.1 mL, 9.0 mmol, 0.9 eq.),
iPr,NH (1.7 mL, 12.0 mmol, 1.2 eq.) and Me,SiHCI (1.4 mL,
13.0 mmol, 1.3 eq.) as the starting materials. It was obtained as
ayellow oil. Yield 3.53 g (98%). "H NMR (400 MHz, CDCl;) 6 7.65
(dd, j = 8.4, 7.6 Hz, 1H, Py), 7.37 (dd, J = 8.6, 1.4 Hz, 1H, Ar),
7.11 (t,] = 8.5 Hz, 1H, Ar), 7.04 (dd, ] = 7.6, 0.7 Hz, 1H, Py), 6.86
(dd,J = 8.1, 0.7 Hz, 1H, Py), 4.79-4.71 (m, 1H, SiH), 0.46 (dd, ] =
4.0,1.8 Hz, 6H, SiMe,) ppm. '*C NMR (101 MHz, CDCl;) 6 161.8,
158.5 (d, J = 248.0 Hz), 148.8, 141.5, 139.5 (d,J = 16.4 Hz), 129.3
(d, = 3.8 Hz), 127.4 (d,/ = 29.6 Hz), 125.9 (d, ] = 2.3 Hz), 125.5
(d, J = 11.0 Hz), 120.5 (d, J = 21.4 Hz), 118.8, —3.3 (d, ] = 4.2
Hz) ppm. '°F NMR (376 MHz, CDCl;) 6 —109.94 to —111.02
(m) ppm. Anal. caled for C,3H,,BrCIFNOSI (360.68): C 43.29, H
3.35, N 3.88; found C 43.22, H 3.22, N 3.85.

4.2.39 (13a) 7-Fluoro-6-(3-chloropyridin-2-oxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

‘UH
2 N B, . . .
. > This compound was obtained using the protocol
o i
n
cl F

described for 4b using 12a (0.87 g, 2.4 mmol, 1.0 eq.), #-BuLi
(1.9 M, 3.0 mL, 5.7 mmol, 2.4 eq.) and B(QiPr); (2.9 mL,
13.0 mmol, 5.4 eq.) as the starting materials. However, the
temperature was maintained below —90 °C during the reac-
tions. It was obtained as a yellow powder, mp 134-141 °C, Yield
0.18 g (23%). '"H NMR (400 MHz, CDCl;) 4 8.01 (dd, J = 4.8,
1.7 Hz, 1H, Py), 7.78 (dd, J = 7.6, 1.7 Hz, 1H, Py), 7.63 (d, ] =
7.7 Hz, 1H, Ar®), 7.36 (t, ] = 7.5 Hz, 1H, Ar®), 6.99 (dd, J = 7.7,
4.9 Hz, 1H, Py), 0.50 (s, 6H, SiMe,) ppm. °C NMR (101 MHz,
CDCly) § 158.5, 155.9 (d, J = 248.5 Hz), 145.3, 142.7 (d, J = 14.9
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Hz), 139.5, 137.2 (d, J = 28.2 Hz), 128.7 (d, J = 3.4 Hz), 126.7,
119.8, 118.7, —0.5. '°F NMR (376 MHz, CDCl,) § —119.78 (d, ] =
7.4 Hz) ppm. HRMS (ESI, negative ion mode): caled for C,;-
H;;,BCIFNO;Si™ [M — H]™ 322.0279; found 322.0282.

4.2.40 (13b) 7-Fluoro-6-(6-chloropyridin-2-oxy)-1,1-
dimethyl-3-hydroxybenzo-1,2,3-siloxaborole.

- Y
CIJ:N\/”\n,(p;if’This compound was obtained using the

A

protocol described for 4b using 12b (3.53 g, 9.8 mmol, 1.0 eq.), ¢-
BuLi (1.9 M, 11 mL, 21.0 mmol, 2.1 eq.) and B(OiPr); (3.4 mL,
15.0 mmol, 1.5 eq.) as the starting materials. It was obtained as
a pale brown solid, mp 94-104 °C. Yield 0.41 g (20%). '"H NMR
(400 MHz, DMSO-de) 6 9.35 (s, 1H, OH), 7.94 (t, ] = 8.0 Hz, 1H,
Py),7.70(d,J = 7.7 Hz, 1H, Ar®), 7.43 (t,] = 7.6 Hz, 1H, Ar®), 7.28
(dd, J = 7.7, 0.6 Hz, 1H, Py), 7.14 (dd, J = 8.1, 0.6 Hz, 1H, Py),
0.43 (s, 6H, SiMe,) ppm. *C NMR (101 MHz, DMSO-d,) 6 162.1,
155.5 (d, J = 246.2 Hz), 147.8, 143.80, 141.9 (d, J = 14.9 Hz),
137.0 (d, J = 28.3 Hz), 129.5 (d, ] = 3.2 Hz), 126.8, 119.7, 110.1,
—0.2 ppm. "°F NMR (376 MHz, DMSO-d) 6 —120.86 (d, J = 7.6
Hz) ppm. HRMS (ESI, negative ion mode): caled for C,3H;-
BCIFNO,Si~ [M — H]|~ 322.0279; found 322.0281.

4.3. Antimicrobial activity

4.3.1 Bacterial and fungal strains and their growth condi-
tions. The following standard strains to determine the direct
antimicrobial activity were used in the study: (1) Gram-positive
cocci: Staphylococcus aureus ATCC 6538P MSSA, S. aureus subsp.
aureus ATCC 43300 MRSA, S. epidermidis ATCC 12228, Entero-
coccus faecalis ATCC 29212, E. faecium ATCC 6057, Bacillus
subtilis ATCC 6633; (2) Gram-negative bacteria from Enter-
obacteriales order: Escherichia coli ATCC 25922, Klebsiella pneu-
moniae ATCC 13883, Proteus mirabilis ATCC 12453, Enterobacter
cloacae DSM 6234, Serratia marcescens ATCC 13880; (3) Gram-
negative non-fermentative rods: Pseudomonas aeruginosa ATCC
27853, Acinetobacter baumannii ATCC 19606, Stenotrophomonas
maltophilia ATCC 12714, S. maltophilia ATCC 13637, Bur-
kholderia cepacia ATCC 25416, Bordetella bronchiseptica ATCC
4617; (4) yeasts: Candida albicans ATCC 90028, C. parapsilosis
ATCC 22019, C. tropicalis IBA 171, C. tropicalis (Castellani)
Berkhout ATCC 750, C. guilliermondii IBA 155, C. krusei ATCC
6258 and Saccharomyces cerevisiae ATCC 9763.

All strains were stored at —80 °C. Prior to testing, each
bacterial strain was subcultured twice on tryptic soy agar TSA
(bioMerieux) medium and yeast strains on Sabouraud dextrose
agar (bioMerieux) for 24-48 h at 30 °C to ensure viability.

4.3.2 Determination of antimicrobial activity. Direct anti-
microbial activity against yeast, Gram-positive and Gram-
negative bacterial strains was examined by the disc-diffusion
test and the MIC determination assays according to the
EUCAST**** and CLSI’** recommendations. Additionally, in
the study of antimicrobial activity of new benzosiloxaboroles
three following reference agents were used: fluconazole (in the
case of fungi), linezolid (for Gram-positive bacteria) and nitro-
furantoin (for Gram-negative rods). The MIC value of flucona-
zole was tested by Etest method.**** Determination of MIC/MBC

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values of linezolid and nitrofurantoin was done using the CLSI
methods,** however, its concentration range was compatible
with Etest. The solutions of all tested benzosiloxaboroles were
prepared in DMSO (Sigma). The disc-diffusion test was deter-
mined on Mueller-Hinton II agar medium (MHA) (Becton
Dickinson) for bacteria and on MHA supplemented with 2%
glucose and 0.5 mg L™ methylene blue dye (Sigma) (MHA +
GMB medium) for yeasts. The MIC determination was per-
formed in Mueller-Hinton II broth medium (MHB) (Becton
Dickinson) for bacteria and in RPMI 1640 broth medium
(Sigma) with 2% glucose (Sigma) for yeasts. Results of antimi-
crobial activity were evaluated after incubation at 35 °C for 18 h
(bacteria) and 24 h (yeasts). Determination of bactericidal
(MBC) and fungicidal (MFC) activity was performed according
to the CLSI recommendations.***

4.3.3 Determination of the MICs of agents in the presence
of PABN. To determine the ability of the Gram-negative bacte-
rial strains to remove newly synthesis compounds by MDR
efflux pumps, the MIC values of studied agents, with or without
the pump inhibitor, PABN (20 mg L ') (Sigma) were evaluated.®
The MIC determination was performed in MHB with 1 mM
MgS0, (Sigma), using 2-fold serial dilutions, according to the
CLSI guidelines™ in order to compare these two assays. The
presence of 1 mM MgSO, stabilizes the outer membrane.** At
least a 4-fold decrease in the MIC value after the addition of
PABN was considered significant.*>*

4.4. Cytotoxicity studies

4.4.1 Culture method. MRC-5 pd30 human fibroblasts were
cultured in MEME, Minimum Essential Medium Eagle (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Sigma-
Aldrich), 2 mM i-glutamine, antibiotics (100 U mL " peni-
cillin, 100 pg mL ' streptomycin, Sigma-Aldrich) and 1% non-
essential amino-acids (Sigma-Aldrich). Cells were grown in 75
em?” cell culture flasks (Sarstedt), in a humidified atmosphere of
COy/air (5/95%) at 37 °C.

4.4.2 MTT-based viability assay. Stock solutions of the
tested compounds were prepared in DMSO, so the final
concentration of vehicle was 0.5% in each case. For the cyto-
toxicity studies 2-fold serial dilutions were prepared in the
proper medium containing 0.5% DMSO. All the experiments
were performed in exponentially growing cultures. Before the
treatment MRC-5 cells were trypsinized in 0.25% trypsin-EDTA
solution (Sigma-Aldrich) and seeded into 96-well microplates
(Sarstedt) at a density of 6 x 10° cells per well. Cells were treated
with the tested compounds or DMSO (0.5%) at the appropriate
concentrations 18 h after plating. After 72 h incubation with the
compounds, the supernatants were discarded, and subse-
quently MTT stock solution (Sigma-Aldrich) was added to each
well to the final concentration of 1 mg mL™". After 1 h incu-
bation at 37 °C, water-insoluble dark blue formazan crystals
were dissolved in DMSO (100 pL) (37 °C/10 min incubation).
Optical densities were measured at 570 nm using BioTek
microplate reader. All measurements were carried out in three
replicates and the results expressed as a percent of viable cells
versus control cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Antimicrobial activity.
Table S4. The antibacterial activity of tested agents against standard Gram-positive strains.

MIC in mg/L [MBC in mg/L]* (Diameter of inhibition zone in mm)

Agent 8. aureus 8. aureus S. epidermidis  E. faecalis E. faecium B. subtilis
tested  ATCC 6538P MSSA  ATCC 43300 MRSA ATCC 12228 ATCC 29212 ATCC 6057 ATCC 6633°
4a  NT(24) NT (23) NT (36) NT (17) NT (20) NT (30)
4b  NT(21) NT (21) NT (29) NT (15) NT (16) NT (26)
6 50 (24) 50 (24) 50 (26) 200 (14) 50 (17) NT (27)
7 12.5(22) 12.5(22) 50 (26) 200 (14) 200 (15) NT (30)
8a  12.5(22) 251507 (22) 25 [200] (27) 50 [100] (16) 50[200](18)  NT (26)
8b  NT(19) NT (18) NT (24) NT (16) NT (17) NT (23)
8¢  NT(18) NT (15) NT (23) NT (16) NT (17) NT (21)
8d NT(23) NT (24) NT (24) NT (17) NT (19) NT (24)
8e  NT(I5) NT (14) NT (18) NT (14) NT (13) NT (17)
8f°  12.5[200] (20) 12.5[100] (21) 12.5[200] (19)  50(-) 50 (12) NT (15)
8g  100(16) 100 (16) 100 (23) 400 (-) 400 (-) NT (15)
9a  1.56 [6,25/200]%(28) 1.56 [25/200] (27) 12.5[200] (24) 50 [400] (17) 50 (15) NT (29)
9b  3.12[200] (26) 3.12 [12,5/200](25) 12.5[400] (18) 50 (-) 50 (=) NT (16)
9¢ 3.2 [6.25/200] (26) 3.12[12,5/200] (27) 12.5[200] 27) 50 [400] (17) 50 (16) NT (27)
9d¢  0.78 [3.12/501 (27) 1,56 [6,25/200]1 (22)  3.12 [50] (25) 12.5[200] (16) 12.5 (15) NT (28)
9¢! 1,56 [50] (26) 1,56 [6,25/50] (25) 6.25[100] (25)  12.5[100] (17) 25(14) NT (26)
9f  NT(24) NT (23) NT (25) NT (14) NT (14) NT (23)
9g¢  1.56 [3.12/100] (27) 1,56 [6,25/1001 (20)  6.25[100] (26)  25(16) 25(17) NT (24)
9h¢  0.39 [50](28) 1,56 [50] (26) 3.12 [50] (22) 25 [100] (17) 25(17) NT (26)
9i¢  1.56 [3.12/100] (23) 1,56 [12,5/200] (26)  6.25(22) 25(17) 25(17) NT (24)
9j 1.56 [3,12/100] (28) 1,56 [12,5/200] (25)  6.25[200] (25)  25[200](17) 25[200](16)  NT (24)
9ke  0.78 [50] (23) 1.56 [50] (23) 3.12(22) 6.25 (16) 6.25 (16) NT (21)
91  NT(21) NT (20) NT (22) NT (16) NT (15) NT (20)
9m  3.12 [6.25/200] (18) 3.12[712,5/200] (26)  6.25[400] (24) 50 (15) 25 (14) NT (26)
9n  1.56 [6.25/400] (29) 1,56 [12,5/400] (26) 12.5(22) 50 (16) 50 (15) NT (29)
90  1.56 [50] (26) 3,12 [50] (25) 0.78 [50] (28) 50 (16) 12.5(19) NT (27)
9p 3.2 [12.5/50](23) 3.12[6.25/50] (24) 3.12[12.5]1(22)  25[400] (17) 25(20) NT (24)
9q¢  0.78 [1.56/25] (25) 0.78 [3.12/25] (25) 3.12 (25) 6.25 [50] (18) 6.25[50] (20) NT (24)
9r*  0.39[0,78/25](25) 0.39 [1.56/25] (27) 3.12 (25) 6.25 [50] (19) 6.25[50] (18) NT (25)
13a 25 [200] (22) 25[200] (22) 25 [400] (23) 100 (13) 50 (14) NT (27)
13b¢  25[200](20) 50 (22) 25(22) 50 (15) 50 (15) NT (24)
LIN® 1 [>128](25) 2 [>128] (25) 1 [>128] (26) 2 [>128] (15) 2[>128](14) NT (30)

The highest activity against Gram-positive bacteria indicated by the low MIC values (<3.12 mg/L) is shown in boldface.

(-): The inhibition zone was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm.
NT: not tested. The MIC determination could not be performed, because tested substance dissolved in DMSO precipitated after implementation
into the MHB (Mueller-Hinton II broth) medium.

# Only the MBC values <400 mg/L are presented.

" The growth type of B. subtilis in the MHB medium prevented reading the MIC values of tested substances.

¢ The MIC and MBC values of the substance were determined up to 200 mg/L. In the table, only the MBC values <200 mg/L are presented.
The tested substance dissolved in DMSO precipitated after implementation into the MHB medium at a concentration above 200 mg/L.

4 The MIC and MBC values of the substance were determined up to 100 mg/L. In the table, only the MBC values <100 mg/L are presented.
The tested substance dissolved in DMSO precipitated after implementation into the MHB medium at a concentration above 100 mg/L.

¢ The MIC and MBC values of the substance were determined up to 50 mg/L. In the table, only the MBC values <50 mg/L are presented. The
tested substance dissolved in DMSO precipitated after implementation into the MHB medium at a concentration above 50 mg/L.

FLIN, linezolid was used as a reference agent active against Gram-positive bacteria. The diameter of commercial disc containing 0.03 mg of
linezolid was 6 mm; the MIC of linezolid was determined according to the CLSI recommendations. *

£ The Eagle effect was observed during the determination of the MBC value of same tested agents against S. aureus strains. * The Eagle effect
is shown in italic face.
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Table S6. The antifungal activity of tested agents against yeasts strains.

MIC in mg/L [MFC in mg/L]* (Diameter of inhibition zone in mm)

Agent  C albicans  C. parapsilosis  C. tropicalis C. tropicalis C. guilliermondii  C. krusei S. cerevisiae
tested  ATCC 90028 ATCC 22019 IBA 171 ATCC 750 IBA 155 ATCC 6258  ATCC 9763
4a >400(-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
4b  NT(-) NT (12) NT (11) NT () NT (19) NT (-) NT (-)
6 100 (21) 100 (18) 100 [400] (21) 200 (16) 50 [400] (30) 100 (15) 3.12 [200] (37)
7 50 (20) 400 (-) 400 (-) >400 (-) 200 (12) 200 (22) 0.78 [6.25] (38)
8a  200(-) 100 (-) 12.5[100] (13)  25(15) 100 (14) 50 (-) 0.39 [50] (26)
8° 509 125(-) 12.5(14) 50 (13) 50 (14) 12.5(13) 312 (20)
8" 50() 25(-) 25[501(-) >50(-) =50 (-) 12.5 () 12.5 [25] (16)
8d°  50() 25(12) 3.12(17) 6.25 (17) 50 (-) 12.5(13) 0.19 [12.5]1 (31)
8e" 550 (9 >50 (-) 12.5(-) >50 (-) >50 (-) 12.5(-) >50 (<)
8t 100 (-) 100 (-) 200 (-) 100 (-) 50 () 100 (-) 50 [100] (-)
82 >400(-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
9a  >400(-) >400 (-) 400 (-) 400 () >400 (-) 100 (-) 0.78 [25] (22)
9b =400 (-) >400 (-) 400 (-) 400 (-) 400 (-) 200 (-) 0.39 [50] (22)
9¢ 400 (-) 200 (-) 200 [400] (-) 400 (-) 100 (-) 50 (20) 50 [501(21)
9d  200() 100 (-) 50 [100] (-) 100 [200](-)  25(-) 25[4001(17)  12.5[50](20)
9e  200(-) 100 (-) 50[200] (-) 200 (-) 400 (-) 25[200](16)  12.5[25](-)
9" >50(18) >50(-) =50 (-) >50(-) =50 (-) 12.5(13) 6.25 [25] (20)
92 >400(-) >400 (-) >400 (-) 400 (-) >400 (-) 100 (-) 12.5[25](23)
9h  200(-) 400 (-) 100 (-) 400 (-) >400 (-) 25(13) 25 [501(-)
9i 400 (-) >400 (-) 100 (-) 400 (-) 200 (-) 100 (16) 6.25 [50] (30)
9 400 [400] (-) 400 (-) 100 [400] (-) 400 (-) 200 (-) 100 (-) 1.56 [25] (34)
9K*  >100(-) >100 (-) >100 (-) >100 (-) >100 (-) 50 (-) 25 [100] (15)
I >50(-) =50 (-) =50 (-) >50(-) =50 (-) =50 (-) 0.19 [12.5] (20)
9m  >400(-) =400 (-) =400 (-) >400 (-) >400 (-) 200 (-) 100 [100] (21)
In 400 (-) 400 (-) 200 (-) 400 (-) 400 (-) 100 (15) 25 [50] (20)
90 400(-) 200 (-) 100 [400] (-) 200 (-) >400 (-) 50 [400] (19) 50 [100] (18)
9p 100 (26) 100 (-) 50 (-) 100 (-) >400 (-) 25 [400] (15) 25 [50](-)
9°  >100(-) >100 (-) 50(-) 100 (-) >100 (-) 25(15) 12.5[50] (20)
9t >100(-) >100 (-) 100 (-) >100 (-) >100 (-) >100 (-) 25 [507(13)
13a 50(-) 100 (-) 25 (16) 200 (-) 50 () 100 (18) 100 (16)
13b 100 (22) 200 (-) 25 (21) 100 (15) 200 (-) 100 (15) 1.56 [50] (34)
FI*  1(43) 2(32) 0.38 (39) 0.38 (40) 0.75 (40) 64° (16) 16'(12)

The highest activity against yeasts indicated by the low MIC values (<12.5 mg/L) is shown in boldface.

(-):  The inhibition =zone was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm.
NT: not tested. The MIC determination could not be performed, because tested substance dissolved in DMSO precipitated after implementation into the
RPMI medium.

# Only the MFC values <400 mg/L are presented.

b The MIC and MFC values of the substance were determined up to 50 mg/L. In the table, only the MFC values <50 mg/L are presented. The tested
substance dissolved in DMSO precipitated after implementation into the RPMI medium at a concentration above 50 mg/L.

¢ The MIC and MFC values of the substance were determined up to 100 mg/L. In the table, only the MFC values <100 mg/L are presented. The tested
substance dissolved in DMSO precipitated after implementation into the RPMI medium at a concentration above 100 mg/L.

IFL, fluconazole was used as a reference antifungal agent; the diameter of commercial disc containing 0.025 mg of fluconazole was 6 mm; the MIC value
of fluconazole was determined by the Etest method. ©

¢ The ellipse was visible pointing the MIC value 64 mg/L, however, with macro-colonies up to concentration >256 mg/L. In accordance with the
recommendations for Etest method, the MIC value of fluconazole against C. krusei can be also interpreted as >256 mg/L. %7 C. krusei is intrinsically
resistant to fluconazole.

"The ellipse was visible pointing the MIC value 16 mg/L, with colonies up to concentration >256 mg/L. There are no recommendations for Etest method
interpretation of the MIC value of fluconazole against S. cerevisiae. The obtained MIC 16 mg/L is in line with the published results. ®
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Introduction

Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded
heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activityt

Joanna Krajewska,@a Krzysztof Nowicki, ©° Krzysztof Durka, ©° Paulina H. Marek-
Urban, ©° Patrycja Winska, ©° Tomasz Stepniewski, @ ¢ Krzysztof Wozniak, ©¢
Agnieszka E. Laudy ®*? and Sergiusz Lulifski & *®

Two isomeric benzosiloxaborole derivatives 3a and 5a bearing fluorine and 4,4-dimethyl-2-oxazolin-2-yl
substituents attached to the aromatic rings were obtained. Both compounds were prone to hydrolytic
cleavage of the oxazoline ring after initial protonation or methylation of the nitrogen atom. The
derivative 3c featuring N-methylammoniumalkyl ester functionality was successfully subjected to N-
sulfonylation and N-acylation reactions to give respective derivatives which demonstrates its potential
for modular synthesis of structurally extended benzosiloxaboroles. Compound 5c bearing N-
ammoniumalkyl ester underwent conversion to a unique macrocyclic dimer due to siloxaborole ring
opening. Furthermore, an unexpected 4-electron reduction of the oxazoline ring occurred during an
attempted synthesis of 5a. The reaction gave rise to an unprecedented 7-membered heterocyclic system
4a comprising a relatively stable B-O-B-O-Si linkage and stabilized by an intramolecular N-B
coordination. It could be cleaved to derivative 4c bearing BOH and SiMe,OH groups which acts as
a pseudo-diol as demonstrated by formation of an adduct with Tavaborole. Apart from the multinuclear
NMR spectroscopy characterization, crystal structures of the obtained products were determined in
many cases by X-ray diffraction. Investigation of biological activity of the obtained compounds revealed
that derivatives 3e and 3f with pendant N-methyl arylsulfonamide groups exhibit high activity against
Gram-positive cocci such as methicillin-sensitive Staphylococcus aureus ATCC 6538P, methicillin-
resistant S. aureus (MRSA) ATCC 43300 as well as the MRSA clinical strains, with MIC values in the range
of 3.12-6.25 mg L% These two compounds also showed activity against Enterococcus faecalis ATCC
29212 and Enterococcus faecium ATCC 6057 (with MICs of 25-50 mg L™Y). The results of the
antimicrobial activity and cytotoxicity studies indicate that 3e and 3f can be considered as potential
antibacterial agents, especially against 5. aureus MRSA.

linkage providing high thermodynamic stabilization.
Recently, various heterocyclic organoboron compounds have

Benzoxaboroles constitute one of the most extensively studied
groups of boron heterocycles which contain an endocyclic B-O
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attracted strong interest due to their promising properties
associated with improved stability and Lewis acidity compared
to analogous acyclic organoboranes.* Thus, they are predes-
tined for applications in medicine as they are hydrolytically
stable and resistant to oxidation in air. Benzosiloxaboroles can
be regarded as silicon bioisosteres of benzoxaboroles and show
analogous physicochemical and biological properties. Indeed,
available data indicate that selected benzosiloxaboroles are
potent antimicrobial agents. For example, simple halogenated
derivatives show strong antifungal activity whilst more
extended systems, especially compounds with pendant arylsul-
fonate ArSO; substituents were recognized as effective anti-
bacterials, especially towards Gram-positive cocci such as
Staphylococcus aureus (including methicillin-resistant S. aureus

RSC Adv, 2022,12, 23099-23117 | 23099
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strains, MRSA), Staphylococcus epidermidis, and Enterococcus
Sfaecalis.” In addition, a few benzosiloxaboroles were identified
as effective inhibitors of KPC-2 B-lactamase responsible for
resistance among clinical strains of Gram-negative rods e.g.
Klebsiella pneumoniae towards P-lactam antibiotics, including
carbapenems.® Other applications of benzosiloxaboroles
involved chemometric differential sensing of selected sugars.”
On the other hand, oxazolines and closely related oxazole
heterocycles are useful synthons in medicinal chemistry.*"*
Examples of boronated aryl oxazolines are rare. The synthesis of
ortho-boronated 2-phenyl-4,4-dimethyloxazoline was reported
in 1986 but it was only reported as an intermediate prone to
rapid hydrolysis resulting in a 2-carboxamidophenyl boronic
acid derivative.'> However, three isomeric boronated 2-phenyl-
4,4-dimethyloxazolines were successfully isolated in 2009 and
used with varying success for Suzuki cross-coupling reactions."*
Since it is known that the biological properties of benzosilox-
aboroles (and benzoxaboroles) are strongly tuned by pendant
structurally diverse functional groups, we embarked on the
preparation and characterization of compounds comprising
4,4-dimethyl-2-oxazoline rings attached to the benzosiloxabor-
ole scaffold. It is worth noting here that the chemistry of aryl-
boronic derivatives bearing nitrogen-based functionalities is
diverse and offers many synthetic possibilities; various systems
were also tested as potential antimicrobial agents."*'® Since
oxazolines have potential for subsequent transformations via
ring cleavage, we also exploited this possibility in our work
which gave rise to novel heterocyclic systems including deriva-
tive 4a featuring an unprecedented 7-membered ring
comprising a BOBOSI linkage. The obtained new derivatives
were comprehensively characterized including by single crystal
X-ray diffraction analyses. In addition, comprehensive
screening of antimicrobial activity was performed in order to
complement the assessment of the structure-activity relation-
ships of benzosiloxaboroles.

Results and discussion
Synthesis and structural characterization

The synthesis of oxazoline precursors 1b and 2b was performed
using one of the general methods (Scheme 1).*2! It involved
conversion of 4-bromo-2-fluorobenzoic acids 1 and 2 to corre-
sponding hydroxyamides 1a and 2a which involved treatment

H
NH o)
OH 4 soc
- SOCl, socl
X reflux X reﬂux2
2. H,N
Y Y
OH RV
1:X=F,Y=Br ;a:§:§ YY__B,E
2:X=Br,Y=F a.Ar=br Y=

Scheme 1 Synthesis of benzosiloxaborole precursors 1c and 2c.
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with SOCI, to give benzoyl chlorides followed by addition of 2
equiv. of 2-amino-2-methylpropan-1-ol. The intermediate
amides were subjected to dehydrative cyclization using SOCI, in
excess resulting in 2-aryl-4,4-dimethyl-2-oxazolines 1b and 2b in
good yields (ca. 70%). In the next step, the lithiation of 1b and
2b occurred regioselectively at the position between fluorine
and bromine using LDA/THF at —78 °C. It should be noted that
the oxazoline substituent is generally recognized to act as strong
ortho-directing group in aromatic lithiation which also provides
significant thermodynamic stabilization for resulting aryl-
lithiums.”* However, we were pleased to find that in both
studied cases the cumulated ortho-acidifying effect of halogens
seems to prevail strongly as subsequent trapping with Me,Si(H)
Cl afforded respective products 1¢ and 2c. However, it is
important to control the stoichiometry as in the case of 2b
where the formation of a disilylated byproduct was observed.
The conversion of 1c to oxazoline-substituted benzosilox-
aborole 3awas performed using a general protocol described by
us previously’ which involves the use of ¢-BuLi/Et,O at low
temperature (<—90 °C) followed by trapping of aryllithium
intermediates with B(OMe), (Scheme 2). After warming the
mixture to ca. 0 °C, hydrolysis was initially carried out by
addition of aq. NaOH which facilitates a cleavage of Si-H bonds.
Subsequent neutralization with dilute aq. HCI resulted in
precipitation of 3a which was isolated as a white solid; the
process should be performed under precise pH control in order
to avoid oxazoline protonation. The structure of compound 3a
was confirmed by multinuclear ('H, *°C, ''B, '°F and *°Si) NMR
spectroscopy. ''B NMR spectrum of 3a shows a resonance at
30.0 ppm typical of boronic acid derivatives with trigonal planar
boron atom which means that there is no tendency to self-
aggregation resulting from plausible formation of N-B dative
bonds.?* 2°Si NMR chemical shift of 19.61 ppm is in agreement
with the values reported previously for other benzosiloxabor-
oles.”*** In addition, single crystal X-ray diffraction revealed that
geometric parameters of benzosiloxaborole core in 3a are very
similar to those found previously in other derivatives whilst the
oxazoline ring is twisted with respect to aromatic ring by
47.3(2)° (Fig. 1). It is worth noting that discrete molecules do not
produce centrosymmetric dimeric motifs due to H-bonding
interactions of boronic groups which are characteristic for
most boronic acids®* and their cyclic analogues including

N
2 N
1. LDA, THF, -78 °C Z
X 2. Mey(H)SiCI X
—
Si(H)Me;
Y

1c: X=F,Y=Br
2c:X=Br,Y=F

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1. t-Bull, E40, -90 °C

2. B(OMe)3, ~90 - 0 ° & o
3. aq. NaOH, 1t IO % Y
4. aq. HySO4, pH =5-6 /
« 280, fk MeOTf, CHCh % H20 acetone T,o N
o
2
3 gf' NMP: b Z*SINMR: 3o
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= - X/o Rp MeCN, Et;N
§ E OQN ?'\ -Et;NH'OTf~
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= e 3e:R=H
§ £ 3:R=Cl
2 <
z
it 4
g g Scheme 2 Synthesis of benzosiloxaborole 3a and its transformation to derivatives 3b-3g.
=3
a9
d 2
S '@ benzoxa- and benzosiloxaboroles.”” In contrast, the molecules Compound 3a was subjected to a subsequent functionali-
5 Y are assembled by means of OH:-N hydrogen bonds (d...n = zation involving hydrolytic opening of the oxazoline ring. The
? 5 2.752(2) A, dyy..x = 1.89(2) A, aio p1.-.x = 169(2)°) to form infinite  process is typically initiated by alkylation or protonation of the
© 5 chains as a primary supramolecular motif (Fig. S1, ESIT). nitrogen atom which facilitates the nucleophilic attack owing to
P Ty Sup! g 5 P g
53
g a
S o
A~ 5
s g
2 =
E Nfo
5 o1 .
g r 04
< B
5 B
S @

Fig.1 The molecular structures of (a) 3a, (b) 3b, (c) 3d, (d) 3e. Thermal motions given as ADPs at the 50% probability level. C—H hydrogen atoms
were omitted for clarity. HB interaction between 3b* and TfO ™ is marked as red dashed line.
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generation of positive charge on the oxazoline ring. Thus, we
treated 3a with excess of MeOTf in chloroform which resulted in
rapid precipitation of the ionic species 3b in the form of white
relatively non-hygroscopic solid which can be handled under
ambient conditions. This enabled full characterization by
multinuclear NMR spectroscopy and X-ray diffraction (molec-
ular structure is shown in Fig. 1b). The comparison of *'B and
*°Si NMR data of 3a vs. 3b shows that they are essentially
unaffected by introduction of charge to the pendant oxazoline
framework. The geometric parameters of the benzosiloxaborole
cation of 3b and its precursor 3a are also very similar, although
the oxazoline ring in erystal structure 3b is inversely twisted
around C-C bond with respect to 3a molecule. The formation of
hydrogen-bonded chain motif is hampered as B-OH group is
arranged in HB interaction with TfO~ anion (do...x = 2.827(3) A,
dy..n = 2.03(2) A, doar.n = 160(4)°). Upon addition of water to
the acetone solution of 3b, the cleavage of the imine bond in
oxazoline ring occurs readily at room temperature affording
cleanly derivative 3¢ which comprises ester functionality deco-
rated with N-methylammonium end group. It should be noted
that oxazoline ring opening occurs frequently with the forma-
tion of a respective amide functionality.”®** However, seminal
mechanistic studies by Deslongchamps et al.’>*** confirmed by
further examples**** showed that hydrolysis of oxazoline ring
results in a respective aminoester. However, it is often prone to
rapid intramolecular N-acylation yielding a final hydroxyamide
product.**** The latter reaction can be suppressed by the
protonation of the nitrogen atom in the aminoester interme-
diate. Compound 3¢ was subjected to subsequent derivatiza-
tions. Inspired by the potential of pyrazineamide motif in
medicinal chemistry,*" we have obtained compound 3d by N-
acylation of 3¢ with pyrazinoyl chloride. Furthermore we have
also considered the importance of sulfonamides and converted
3¢ to benzosiloxaboroles 3e and 3f. The molecular structures of
3d and 3e were additionally confirmed by single crystal X-ray

1. t-BuLi (2 equiv)

View Article Online
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diffraction (Fig. 1c and d). In addition, we performed direct
hydrolysis of 3a in a mixture of acetone and 2 M aq. HCL. This
resulted in the ionic product 3g which is a close analogue of 3c.
However, subsequent acylation and sulfonylation of 3g gave
unsatisfactory results due to formation of mixtures of products
which may be ascribed to a higher reactivity of NH, versus
NHMe group.

When the protocol elaborated for synthesis 3a was used for
preparation of its regioisomer 5a from 2e, a mixture of products
was obtained. Subsequent workup resulted in the isolation of
an unexpected product 4a (Scheme 3). The molecular structure
of 4a was unambiguously determined by single crystal X-ray
diffraction (Fig. 2a) and represents the first example of
a seven-membered ring system comprising B-O-B-O-Si
linkage. It crystallizes as a racemic mixture in centrosymmetric
P2,/c space group. The geometric parameters of 4a including
the B-O and Si~O bond distances are similar to those found in
related systems such as boroxines and borosiloxane derivatives.
The rather wide B-O-Si bond angle of 137.9(1)° is also charac-
teristic for borosiloxane derivatives.” The ring features a quasi-
boat conformation which implies steric non-equivalence of Si-
bound methyl groups manifested by the shortest H---F
contact of 2.691(2) A for one of them vs. 2.907(2) A for the
second one. One of boron atoms covalently bound to aromatic
carbon and two oxygen atoms is four-coordinate due to exis-
tence of another dative bond with amine nitrogen which is
relatively short (1.650(2) A) considering a family of related
arylboronic azaesters.* The presence of B-N coordination bond
is consistent with the presence of two boron-centered five-
membered chelate rings. The '"H NMR spectrum of 4a is
rather complicated which reflects the lack of symmetry owing to
presence of the centre of chirality at the tetrahedral boron atom
(Fig. 3a). As a result, multiplets of diastereotopic protons of
both methylene groups as well as two separate singlets of
methyl groups attached to the oxazoline ring are observed.

Et,0, -90 °C H NH
2. B(OMe); —90 -0 °C N 2 OH
3. aq. NaOH, rt \Bfo acetone BI
4. aq. H;SOy4, pH = 5-6 \ ag. HCI, -70°C p
2c B-tBu ———— o
5i-0 —t-BuB(OH), Sli\ 295i NMR:
I e F 4b 5=1835
298i NMR: NaCo 8 pem
= el 3
=-1.25
ppm l H,0
OH NH o
‘O Tavaborole, \ &
‘! O\ acetone, 50 °C B‘OH
2 F OH
-0 -~
si I /Sg 23] NMR:
4d 4c §=212 ppm

Scheme 3 Synthesis of 4a—4d including general reaction conditions.
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Fig.2 The molecular structures of (a) 4a, (b) 4b and (c) 4c. Thermal motions given as ADPs at the 50% probability level. C—H hydrogen atoms
were omitted for clarity. HB in 4b (dy...o1 = 2.961(2) A, dyy...01 = 2.26(2) A, an_p...01 = 140(2)°; doy...ci = 3.074(1) A, dyy..co= 2.24Q2) A, aot..ci =
172(2)°) and 4c¢ (doz...o1 = 2.826(1) A, diy...01 = 2.00(2) A, ao3_1...01 = 165(2)°) are marked as red dashed line.

Interestingly, one of Si-bound methyl group resonances is not
a singlet but a doublet which can be explained by effective
through-space coupling (/iyr = 2.8 Hz) with adjacent fluorine
atom. A similar situation is observed in the '*C NMR spectrum
which shows a doublet at 2.0 ppm (Jci = 4.0 Hz) and a singlet at
1.8 ppm. This is in line with a closer contact between one of
those methyl groups and F atom observed in the molecular
structure determined by X-ray crystallography. ''B NMR spec-
trum of 4 shows two signals at 32.6 and 12.7 ppm (Fig. 3b); the
latter value confirms the tetrahedral coordination of one of the
boron atoms and is in the range characteristic for related aryl-
boronic azaesters. >’Si NMR chemical shift of 4a is —1.2 ppm
consistent with significantly higher shielding of silicon atom
(by ca. 20 ppm) relative to benzosiloxaboroles. This can be
explained by the release of strain at the silicon atom which is

benzosiloxaboroles due to compression of Si-O-B bond angle
by ca. 20° compared to the value observed in 4a. In addition, it is
worth noting that addition of a drop of CF;SO;D/D,0 to the
solution of 4a in DMSO-d, resulted in a strong simplification of
the "H NMR spectrum which can be generally explained by the
collapse of chirality caused by protonation of NH group with
concomitant formation of the trigonal planar boron centre.
However, neutralization of the solution results in regeneration
of 4a which suggests that the covalently bound scaffold of the
molecule is relatively stable.

The formation of 4a must involve 4-electron reduction of
oxazoline ring. It is plausible that the process is preceded by
hydride/methoxide interconversion between silicon and boron
atoms in the intermediate ate complex which occurs during
heating to ambient temperature. Such a process was observed

generated in  five-membered  heterocyclic ring of previously and seems to be responsible for activation of Si-H
Si(CH,),
0
C(CH:): by
[ — Bu P
N
&
3 =
o
58
O\‘/o
- = = Y
< < har Qe
el el (2] ™ ™

43424140393635 1716151413121.11.009080.7060.50.40.30.2

Fig. 3 The fragment of *H NMR spectrum of 4a showing the signals of diastereotopic protons.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 23099-23117 | 23103

110



Publikacja O2

Open Access Article. Published on 16 August 2022. Downloaded on 8/9/2023 2:54:16 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

O N O N 4 O NLi
> | \
B(OMe)sLi AT B(OMe),Li B(OMe),
2c —>» _ — or
SiMezH SiMe;OMe SiMe;OMe
F F F
2c-ateBH 2c-imine 2c-oxazolidine
preferred structure
intermolecular 34 7] - more stable by 45.4 kdmol!
hydride tranfer H ,?LT\ )
H 0 trapping of
4 ; t-BuB(OH)
H0 2
B(OMe),Li 2 dc 4a
SiMe;OMe
F
4c-ate -

Scheme 4 Proposed mechanism of the formation of 4a showing consecutive boron mediated hydride transfer steps from silicon to carbon

atom.

bond in aryldimethylsilanes with anionic trialkoxyborate group
at the ortho position*” The resulting borohydride species 2¢-
ateBH undergoes an intramolecular hydride transfer to the
oxazoline C2 atom. The process is somewhat related to the
intramolecular hydrosilylation of eyano group to imine which
was effected with Si-H bond activated by adjacent B(OMe),~
group.” We considered two structures of a plausible interme-
diate: the first one 2¢-imine would result from expansion of the
oxazoline ring initiated by the cleavage of the C-O bond.
However, DFT calculations (with Me,O molecules added to fill
the coordination sphere of lithium) indicate that the reduction
of the C=N bond in 2c-ateBH leading to 2c-oxazolidine is
strongly favourable (Scheme 4). However, the efficient forma-
tion of 4a implies that the subsequent intermolecular reduction
of an intermediate (presumably 2c-oxazolidine) with the
unreacted 2c-ateBH is strongly favourable. In other words, it
seems that the initial two-electron reduction of oxazoline is the
rate-limiting step which is followed by rapid conversion of an
intermediate product to the benzylamine species 4c-ate. It
should be stressed that the hydride transfer to oxazoline is
effective owing to its intramolecular character as an analogous
process was not observed during synthesis of 3a. The subse-
quent formation of 4a comprising unprecedented 7-membered
ring with B-O-B-O-Si linkage presumably occurs through
a trapping of an intermediate 4c possessing two hydroxyl groups
attached to boron and silicon atoms. Such a diol-like species
would combine with the molecule of tert-butylboronic acid
which is generated from the reaction of excess of #BuLi with
B(OMe);. Thus, the proposed explanation is based on the
known tendency of boronic acids to form cyclic esters with
various dihydroxyl compounds. In addition, the structure seems
to be stabilized owing to the presence of dative N-B bond and
also, a hydrophobic effect of bulky tert-butyl group. As a result,
the reverse hydrolysis process seems to be disfavored. For some
analogy, cyclic boronic esters with more lipophilic diols such as
pinacol are much more stable towards hydrolysis than esters
with ethylene glycol. However, heating of acidic solution of 4a in

23104 | RSC Adv, 2022, 12, 23099-23117

acetone/H,0 resulted in degradation 7-membered heterocycle
and formation of a benzosiloxaborole framework 4b with
pendant N-(1-hydroxy-2-methylprop-2-yl)aminomethyl arm iso-
lated as a hydrochloride salt. The structure of this product was
confirmed by multinuclear NMR spectroscopy and single-crystal
X-ray diffraction studies (Fig. 2b). Structural analysis shows that
the combination of intermolecular hydrogen bond interactions
involving BOH, NH," and CI~ gives rise to infinite molecular
chains (Fig. §5, ESIY) further assembled through CH,OH---Cl~
HB interactions. Subsequent neutralization of 4b with agq.
NaHCO; led to the cleavage of siloxaborole ring which clearly
results from preferred formation of 4¢ featuring an 8-membered
heterocyclic ring stabilized by an intramolecular N-B coordi-
nation (dp_y = 1.667(2) A), while Si-OH group acts as a donor of
intramolecular hydrogen bond interaction (doz...o1 = 2.826(1)
A, diy...o1 = 2.00(2) A, Q035101 = 165(2)°, Fig. 2¢). Overall, the
process is analogous to chelation of boronic derivatives with
various ethanolamine and diethanolamine derivatives which is
well documented and used for protection of boron atom against
nucleophilic attack.®* The DFT calculations confirm the
higher stability of 4c over other hypothetical tautomeric struc-
ture comprising siloxaborole ring and pendant N-(1-hydroxy-2-
methylprop-2-ylJaminomethyl arm (AG® = 34.2 k] mol™"), 4b/,
i.e., the neutral form of 4b (Fig. $10, ESIf). In addition, the
dehydration of the Si-OH and B-OH group is thermodynami-
cally disfavored (AG® = 47.0 k] mol ') as it would generate
considerable strain between both boracyclic rings. Notably,
compound 4¢ does not undergo dehydrative condensation of
BOH and SiMe,OH which would give rise to a dimeric species as
observed for a related derivative.”” In contrast, it acts as a diol-
like species and effectively traps Tavaborole to give a system 4d
comprising again the 7-membered boracylic ring (Scheme 3).
Theoretical calculations show that 4c is able to bind both
aliphatic and aromatic boronic acids as well as catechol (see
Scheme S1, ESIt).

In order to obtain compound 5a, the synthetic protocol
elaborated for 3a was modified. Most importantly, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of benzosiloxaborole 5a and its conversion to derivatives 5b—5d.

hydrolysis of the intermediate ate complex was carried out at
the low temperature (—70 °C) which prevented its trans-
formations initiated by activation of the Si-H bond. Moreover,
the amount of #-BuLi was reduced from 2 to 1.5 equiv. which
was still sufficient to perform Br-Li exchange quantitatively.
Overall, the introduced changes allowed to finally obtain 5a in
satisfactory yield (ca. 60%) (Scheme 5). Notably, in the "H NMR
spectrum of 5a the broad signal of BOH proton is strongly
deshielded (13.5 ppm) which points to the formation of a strong
intramolecular H-bond with the nitrogen atom of the oxazoline
ring. 5a is a much weaker acid (pK, = 9.5 in H,0/MeOH, 1: 1)
compared to other benzosiloxaboroles.® It should be noted that
the acidity of the isomeric compound 3a is relatively high; the
pK, of 5.8 falls within the range characteristic for various ben-
zosiloxaboroles bearing the formyl group instead of 4,4-
dimethyloxazolin-2-yl substituent which would indicate that
both substituents exert a similar acidifying effect on the boron
atom. The low acidity of 5a can be ascribed to the destabiliza-
tion of the anionic B(OH),O group by the adjacent bulky oxa-
zoline ring. Moreover, the neutral form of 5a gains additional
stabilization owing to the strong intramolecular hydrogen
bond. Accordingly, the theoretical calculations performed at
MO062X/6-311++G(d,p) level of theory confirms the higher
stability of 5a with respect to its 3a isomer (AG®
35.3 kJ mol ). This trend is also preserved for the pair of cor-
responding anions 5a-OH and 3a-OH , although the free
enthalpy difference is smaller (AG® = 15.3 k] mol ). Finally, the
DFT calculations of the standard free enthalpy of OH™ binding
to boron centres AGqy” are in line with acidity levels of both
isomers as the AGqy” value for 3a is more negative than for 5a
(—115.4 vs. —99.0 kJ mol ).

Unlike the case of 3a, the methylation of oxazoline ring in 5a
with MeOTf failed resulting in the isolation of the stable salt 5b

© 2022 The Author(s). Published by the Royal Society of Chemistry

with protonated nitrogen atom. Presumably, methylation of
oxygen atom of B-OH group is preferred in this case as its
nucleophilic character is enhanced due to participation in the
aforementioned OH---N hydrogen bond. The BOMe moiety in
a resulting cationic species is readily hydrolyzed to regenerate
BOH group. The structure 5b was confirmed by single crystal X-
ray diffraction showing the formation of ion-pair through B-
OH---"OTf hydrogen bond (do;..01 = 2.661(3) A, dyos =
1.87(2) A, aoiomr..00 = 155(2)°) as it was observed in case of 3b,
and intramolecular hydrogen bond interaction between NH
proton and B(OH) group acting as donor and acceptor of HB
(Fig. 4a), respectively (dy...o1 = 2.638(5) A, dyy..01 = 1.81(2) A,
an-r-01 = 155(2)°). The facile hydrolytic cleavage of the oxa-
zoline ring in 5a was accomplished by the addition of aq. HCl in
acetone giving rise to the ammonium salt 5c, i.e., the analogue
of 3g. Unfortunately, subsequent derivatizations with sulfon-
amide or carboxamide end groups were not effective due to low
selectivity. In contrast, 5¢ underwent a clean intramolecular
aminolysis of ester group to give the hydroxyamide derivative
5d. Single crystal X-ray diffraction revealed a unique dimeric
structure formed by means of two covalent B-O-Si linkages (the
bond angles of 131.3(1)° and 134.2(1)°, Fig. 4b). Thus, the
central part of the molecule comprises two seven-membered
rings fused through the B-O-B linkage with bond angle of
113.5(1)°. The structure is additionally stabilized by strong
dative O-B bonds (dp-p = 1.597-1.602 A) owing to the intra-
molecular coordination with amide groups. The tetrahedral
character of the boron atoms is retained in solution as
confirmed by '’B NMR chemical shift of 9.9 ppm. It is also
worth noting that the signal in the *’Si NMR spectrum of 5d is
strongly shifted upfield (6 = —5.62 ppm) relative to that recor-
ded for 5¢ (6 = 19.22 ppm) which clearly reflects the release of
ring strain characteristic for the latter compound.
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Fig. 4 The molecular structures of 5b {a) and 5d (b). Thermal motions given as ADPs at the 50% probability level. C—H hydrogen atoms were

omitted for clarity. HBs are marked as red dashed lines

Antimicrobial activity

As a part of our ongoing studies on the antimicrobial potential
of benzosiloxaboroles and related heterocycles we performed
comprehensive screening of activity of obtained compounds
towards selected bacteria and fungi strains. The obtained
results (Tables S5-57, ESIT) indicate that the most of tested
compounds were moderately active against Gram-positive
bacteria including Staphylococcus aureus and Staphylococcus
epidermidis. The only exception were the compounds 3e and 3f
that showed high activity against Gram-positive cocci such as
methicillin-sensitive S. aureus (MSSA) ATCC 6538P, methicillin-
resistant S. aureus (MRSA) ATCC 43300 as well as the MRSA
clinical strains, with the minimal inhibitory concentration
(MIC) values in the range of 3.12-6.25 mg L™ " (Tables 1 and 2).
Moreover, it has been observed that both compounds were
potentially active also against E. faecalis ATCC 29212 and
Enterococcus faecium ATCC 6057 (MICs range 25-50 mg L %)
(Table 1). Structure-activity relationships for 3d-3f shows that
the sulfonamide moiety is mainly responsible for biological
activity whilst the additional substitution of the pendant aryl
ring with chlorine (3f) did not significantly increase the

antimicrobial activity. The MIC values of 3e and 3f were from 16-
to 32-fold lower than the MICs of compound 3d for all S. aureus
strains. Recently, we demonstrated high activity of arylsulfonate
derivatives of benzosiloxaboroles against Gram-positive cocci
including MRSA ATCC 43300 (MICs in the range of 0.39-
6.25 mg L") and Enterococcus spp. (MICs range 6.25-
50 mg L™").% As the reference substance for the determination of
the activity against Gram-positive cocci we used linezolid (LIN)
which belongs to the relatively new group of antibacterial drugs
- oxazolidinones. It is used for treatment of severe infections
caused by multi-drug resistant cocci including MRSA strains.*
The most promising compounds 3e and 3f, showed 3- to 6-fold
less activity than LIN against MRSA. It should be emphasized
that, according to the CLSI recommendation from 2022, the cut-
off points for the MIC values determining the susceptibility of
clinical S. aureus strains to LIN are =4 mg L™" for susceptible
strains and =8 mg L ' for resistant ones.” Thus, the new
compounds 3e and 3f show promising activity against S. aureus
strains, including MRSA.

Furthermore, examining the antibacterial activity of new
compounds also the minimal bactericidal concentration (MBC)

Table 1 The antibacterial activity of agents 3a and 3d-3f against standard Gram-positive strains®

MIC? [MBC], mg L™ ! (diameter of inhibition zone in mm)

S. aureus

Agent ATCC 6538P S. aureus ATCC 43300 S. epidermidis ATCC E. faecalis ATCC E. faecium ATCC ~ B. subtilis ATCC
tested MSSA MRSA 12228 29212 6057 6633°

3a 50 [100] (21) 50 (21) 50 [200] (18) >400 (—) >400 (—) NT (20)

3d 200 [400] (15) 200 [400] (14) 400 (—) >400 (—) 200 (—) NT (13)

3e 6.25 (28) 6.25 (26) 12.5 (19) 50 (—) 25 (—) NT (20)

3f 3.12[400] (25)  6.25(22) 12.5 (16) 25(13) 25 (15) NT (22)

LINY 1 [>128] (25) 2 [>128] (25) 1 [>128] (26) 2 [>128] (15) 2 [>128] (14) NT (30)

“ The highest activity against Gram-positive bacteria indicated by the low MIC values (=6.25 mg L™ ") is shown in boldface. (—): the inhibition zone
was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm. ? Only the MBC values =400 mg L~* are presented. ¢ The
growth type of B. subtilis in the MHB medium prevented reading the MIC values of tested substances. ¢ Linezolid (LIN) was used as a reference agent
active against Gram-positive bacteria. The diameter of commercial disc containing 0.03 mg of LIN was 6 mm; the MIC of linezolid was determined

according to the CLSI recommendations.

23106 | RSC Adv, 2022, 12, 23099-23117
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Table 2 The antibacterial activity of agents 3a and 3d-3f against methicillin-resistant S. aureus clinical strains®

MIC” [MBC], mg L

NMI 664K NMI 1576K NMI 1712K NMI 1991K NMI 2541K
3a 100 100 100 100 100

3d 200 100 [200] 200 [200] 200 100 [400]

3e 6.25 [6.25/>400) 6.25 [6.25/>400) 6.25 [25/>400)] 6.25 6.25 [25/>400]
3f 6.25 3.12 [6.25/400] 6.25 [12.5/400] 6.25 625

LINY 1[>128] 1[>128) 1[>128] 1[>128] 1 [>128]

“ The highest activity against Gram-positive bacteria indicated by the low MIC values (=6.25 mg L™} is shown in boldface. (72: The inhibition zone

was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm. ? Only the MBC values <400 mg L™

are presented. © The

Eagle effect was observed during the determination of the MBC value of same tested agents against S. aureus strains.'® The Eagle effect is shown in
italic face. ¢ Linezolid (LIN) was used as a reference agent active against Gram-positive bacteria. The diameter of commercial disc containing
0.03 mg of LIN was 6 mm; the MIC of LIN was determined according to the CLSI recommendations.”

was determined. In the case of 3e and 3f, a paradoxical growth
effect, i.e., the two MBC values, was observed for S. aureus
clinical strains (Table 2). This paradoxical re-increase in the
number of observed colonies during the determination of
bactericidal activity is called Eagle effect and has been previ-
ously reported for several antibiotics.*® Some previously re-
ported  arylsulfonate-substituted  benzosiloxaboroles also
showed exhibit this Eagle effect.” The first lowest MBC values of
3e and 3f compounds determined according to CLSI recom-
mendations were 6.25-25 mg L™, However, on the plates with
samples taken from the wells containing progressively
increasing the agent concentrations (from 2- to 4-fold over the
first MBC values), a significant increase in the number of
growing colonies, as a paradoxical growth effect, was observed.
Finally the second MBC value (=400 mg L") was revealed. So
far, the causes of the Eagle effect have not yet been fully eluci-
dated in in vive studies in an animal models.*® However, there
have been reports of therapeutic cases in which a reduction in
antibiotic doses resulted in a reduction of bacteria in blood-
stream and, consequently, curing patients.*

In general, no activity was observed against the Gram-
negative rods and yeasts, the MIC values were above the solu-
bility limit of tested compounds (=400 mg L™, Tables $6 and
§7, ESIT). Exceptionally, compound 4d demonstrated the
activity against yeasts Candida spp. (the MIC value ranges were
3.12-12.5 mg L ') and against Gram-negative bacteria from
Enterobacterales  as from Gram-negative
fermentative rods (MICs 25-100 mg L '). Compound 4d can
be regarded as a conjugate of the pseudo-diol 4c and the well-
known Tavaborole. Food and Drug Administration (FDA)
approved in 2014 Tavaborole (trade name Kerydin) for the
treatment of onychomycosis - a fungal infection of the nail and
nail bed.? In this study, we also observed the activity of Tava-
borole against Gram-positive cocci (MICs 12.5-200 mg L ') and
non-fermentative Gram-negative rods (MICs 6.25-400 mg L™)
and from the order of Enterobacterales (MICs 6.25-100 mg L ).
Data concerning the following strains: S. aureus MSSA, MRSA, S.
epidermidis, E. faecalis, E. faecium, Escherichia coli and Pseudo-
monas aeruginosa, are in agreement with data presented for
Tavaborole in FDA document.” Unfortunately, inspection of
antimicrobial activity data for 4¢, 4d and Tavaborole (Table S8,

well as non-

© 2022 The Author(s). Published by the Royal Society of Chemistry

ESI}) points to a decrease in activity of 4d against all tested
strains of bacteria and yeast compared to Tavaborole which is
consistent with the lack of any synergistic effect which might
potentially result from combination of two organoboron
building blocks.

In the case of Gram-negative rods, one of the most likely
causes of resistance to new compounds as well as to the active
substances of the drugs used is their active removal through
membrane pump systems.***** The multidrug (MDR) efflux
pumps are widespread in Gram-negative rods. The biggest
problem is the resistance-nodulation-division (RND) efflux
systems which have a wide substrate range.” To assess the role
of efflux systems in resistance of Gram-negative rods to new
compounds the RND efflux pump inhibitor, phenylalanine-
arginine B-naphthylamide (PABN), was used.” No significant (at
least 4-fold) decrease in the MIC values of the new benzosilox-
aborole derivatives tested in the presence of the inhibitor PABN
was observed (Table Se6, ESIt). The obtained results firmly
confirm the lack of activity of the new compounds against
Gram-negative rods.

In addition, cytotoxicity studies were conducted for
compounds 3d-3f as well as their precursor 3b. We tested
viability of MRC-5 pd30 human fibroblasts after 72 h treatment
with the compounds used in the concentration range of 0.78-
50 mg L. The most cytotoxic compound, ie., 3f reduced
viability of cells more than 80%, whereas the least cytotoxic
compounds, i.e., 3b and 3d decreased cell viability by about 30%
at the highest concentration (for details, see Table 59, ESIT).
Moreover, the compounds 3e and 3f were not cytotoxic at the
concentration close to their MICs for S. aureus, ie., 3.12-
6.25 mg L.

Structural insights into the antibacterial activity of
benzosiloxaboroles

Although promising antibacterial activity results have been
obtained for compounds 3e and 3f, the mechanism of their
action on the bacteria remains unclear. However, there are
more and more reports indicating that molecular target for the
benzoxaboroles is leucyl-tRNA synthetase (LeuRS) and the
inhibition of this enzyme is based on the oxaborole tRNA-
trapping mechanism so-called OBORT mechanism.***” This
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Scheme 6 Chemical structure of the covalent adduct between oxa-
borole and the terminal AMP of tRNA on the example of benzosilox-
aborole 3f.

mechanism presupposes the formation of a stable tRNA™"~
oxaborole adduct in which the boron atom forms two covalent
bonds with the 2- and 3"-oxygen atoms of the ribose of the
terminal 3’ tRNA adenosine in the LeuRS editing site (Scheme
6). It leads to trapping of the enzyme-bound tRNA"*" and thus to
the prevention of catalytic turnover of leucine and consequently
inhibition of protein synthesis.*** Considering the similarity of
benzosiloxaboroles and benzoxaboroles it is tempting to spec-
ulate that both compound families share their antibacterial
mechanism. In support of this hypothesis, investigated
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benzosiloxaboroles display rather bacteriostatic than bacteri-
cidal character which is in line with the characteristics of the
OBORT mechanism. Following this assumption, we modelled
the AMP covalent adducts of 3a, 3d-3f, with the putative
molecular target, to try and identify properties of the ligand-
target complex, that could help us better understand the
differences in bacteriostatic activity.

We modelled the S. aureus MRSA leucyl-tRNA synthetase
(SaLeuRsS) structure based on the crystal structure of the T.
thermopilus LeuRS (TtLeuRS) with an adduct of AMP and
a closely related antibacterial benzoxaborole locked in the
editing site (PDB code: 2V0C).*® The sequence of the modelled
protein was derived from NCBI GenBank®-** (sequence simi-
larity to template 68.7%). Each ligand was studied as an AMP
adduct in order to mimic a terminus of the trapped tRNA which
is a common practice for molecular modelling studies con-
cerning the OBORT mechanism.**** Afterwards, the AMP
adducts of each of the studied compounds were placed in the
enzyme editing site, using coordinates of the crystallized ligand.
The resulting complexes were then minimized, using the
internal protocol available in MOE.® The obtained complexes
allow us to appreciate how in all adducts, the AMP moiety is
stabilized by multiple polar interactions with the protein, i.e.,
T247, Y331, R345, K408 (Fig. 5a-d). Interestingly when

(b)

(d)

Fig.5 Predicted complexes of benzosiloxaboroles 3a (a), 3d (b), 3e (c), and 3f (d) bound to LeuRS in complex with S. aureus MRSA leucyl-tRNA
synthetase. Residues contacting the compound are depicted in licorice, polar interactions are depicted as red lines.
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comparing compounds 3a and 3d we can appreciate, that within
the longer compound the carbonyl group is able to form polar
interactions with R245. This additional interaction does not
appear to impact the biological activity of this compound, as
both compounds 3a and 3d have similar antibacterial potency.
In contrast, both compounds 3e and 3f, apart from forming
polar interactions with R245, also interact with H342 which is
due to presence of a sulfonamide group in their structure.
Presumably, an increased number of polar bonds formed by 3e
and 3f contributes to the stability of their complexes with LeuRS
resulting in higher anti-bacterial activity.

Conclusions

In conclusion, two isomeric fluorinated benzosiloxaboroles 3a
and 5a bearing pendant oxazoline rings were successfully ob-
tained. The synthesis of compound 5a needs careful tempera-
ture control after boronation step as a specific merry-go-round
intramolecular hydride transfer from silicon through boron to
oxazoline C2 atom occurs at higher temperatures eventually
leading to a unique structure 4a being the first example of a 7-
membered heterocycle with Si-O-B-O-B linkage. It can be
readily converted to benzosiloxaborole 4b by simple treatment
with dilute aq. HCL. Under the same conditions, the opening of
oxazoline ring in 3a and 5a results in derivatives 3b and 5b,
respectively. They comprise carboxylic alkyl ester group with
attached terminal ammonium functionality. Interestingly, 3a
and 5a showed different reactivity towards methyl triflate which
is clearly affected by position of oxazoline ring with respect to
boronie functionality. Thus, N-methylation of 3a occurs cleanly
to give the salt 3¢ which is in contrast with net protonation of
5a. The N-methyloxazolinium cation in 3¢ undergoes readily
hydrolytic ring opening which results in compound 3d. Its
synthetic utility was demonstrated by N-sulfonylation and N-
acylation to give structurally expanded benzosiloxaboroles 3e-
3g. Antimicrobial activity of all new obtained benzosiloxaborole
has been investigated in order to gain deeper insight into
structure—property relationships for this group of organoboron
heterocycles. Compounds 3e and 3f demonstrate relatively high
antibacterial activity which shows that the presence of arylsul-
fonamide motif attached to the benzosiloxaborole core was
beneficial. Overall, obtained oxazoline-substituted benzosilox-
aboroles and products of their transformations seem to be good
candidates for various transformations including conjugation
with selected biomolecules which may give rise to novel systems
with diverse and potent bioactivity. Further studies in this area
will be carried out in our group and the results will be presented
in due course.

Experimental section
General comments

Solvents used for reactions were dried by heating to reflux with
sodium/benzophenone and distilled under argon. Starting
materials and other reagents including thionyl chloride, alkyl-
lithiums, diisopropylamine, trimethyl borate, chlor-
odimethylsilane, were used as received without further
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purification. In the *C NMR spectra the resonances of boron-
bound carbon atoms were not observed in most cases as
a result of their broadening by a quadrupolar boron nucleus.
'H, and "*C NMR chemical shifts are given relative to TMS using
residual solvent resonances. "'B and '°F NMR chemical shifts
are given relative to BF;-Et,0 and CFCl;, respectively.

Synthesis

N-[2-(1-Hydroxy-2-methyl)propyl]-2-fluoro-4-
bromobenzamide (1a). A mixture of 2-fluoro-4-bromobenzoic
acid 1 (25.0 g, 0.114 mol) and thionyl chloride (45.0 g, 28 mL,
0.378 mol) was refluxed under an argon atmosphere for 8 h. The
excess of SOCI, was removed under reduced pressure to leave
crude 2-fluoro-4-bromobenzoyl chloride as a colorless liquid. It
was dissolved in dry CH,Cl, (100 mL); the solution was cooled
in an ice bath followed by a dropwise addition a solution of 2-
amino-2-methyl-1-propanol (19.5 g, 0.219 mol) in CH,Cl, (100
mL) during 30 min. A white precipitate was formed immediately
and the obtained slurry was stirred at ambient temperature for
2 h. It was filtered and washed with CH,Cl, (2 % 50 mL). The
combined solutions were washed with water (2 x 100 mL) and
dried with anhydrous MgSO,. The solvent was evaporated under
reduced pressure to give 1a (28.4 g, 86%) as a colorless viscous
oil. 'H NMR (400 MHz, CDCl,) & 7.87 (t, / = 8.5 Hz, 1H), 7.38
(ddd,j =8.5,1.8, 0.4 Hz, 1H), 7.28 (dd, /= 11.3, 1.8 Hz, 1H), 6.77
(d,J = 13.5 Hz, 1H), 4.4 (s, 1H), 3.65 (s, 2H), 1.39 (s, 6H) ppm.
C NMR (101 MHz, CDCl,) 6 162.9 (d, J = 3.7 Hz), 160.0 (d, ] =
251.0 Hz), 133.1 (d,] = 2.6 Hz), 128.5 (d,/ = 3.4 Hz), 126.5 (d, ] =
10.5 Hz), 120.7 (d, ] = 11.5 Hz), 119.7 (d, ] = 28.2 Hz), 70.3, 56.8,
24.6 ppm. '°F NMR (376 MHz, CDCl;) § —110.99 (ddd, j = 13.6,
11.3, 8.6 Hz) ppm. Anal. caled for Cy,H,3BrFNO, (290.13): C,
45.54; H, 4.52; N, 4.83. Found: C, 45.42; H, 4.40; N, 4.80.

2-(2'-Fluoro-4'-bromophenyl)-4,4-dimethyl-2-oxazoline (1b).
Thionyl chloride (33.0 g, 0.277 mol) was added to the neat 1a
(28.0 g, 0.097 mol) at 0 °C. The yellow solution was formed in an
exothermic reaction; it was stirred at ambient temperature for
6 h. It was diluted with Et,O (300 mL) and the resulting slurry
was stirred for 1 h at 0 °C. It was filtered and the collected white
solid was washed with cold Et,0 (50 mL) and dissolved in water
(200 mL). The obtained clear colorless solution was neutralized
by dropwise addition of aqueous 20% NaOH (150 mL) at 0 °C,
with stirring. The product was extracted with Et,O (2 x 100 mL)
and the organic phase was dried over anhydrous MgSO,. The
solvent was removed under reduced pressure and the liquid
residue was subjected to distillation under reduced pressure, to
give pure 1b as a colorless viscous oil (b.p. 95-98 °C, ca. 1 mbar)
which crystallizes on standing to give a white solid, m.p. 38—
40°C. Yield 22.3 g (85%). "H NMR (400 MHz, CDCl;) § 7.71 (dd, ]
= 8.6, 7.8 Hz, 1H), 7.31-7.29 (m, 1H), 7.28-7.27 (m, 1H), 4.05 (s,
2H), 1.35 (s, 6H) ppm. **C NMR (101 MHz, CDCl;) 6 160.8 (d, ] =
262.5 Hz), 158.3 (d,/ = 5.5 Hz), 132.2 (d,/ = 2.6 Hz), 127.4 (d,] =
3.8 Hz), 125.8 (d,/ = 9.2 Hz), 120.3 (d, J = 25.2 Hz), 115.6 (d, ] =
10.7 Hz), 78.9, 68.0, 28.4 ppm. '°F NMR (376 MHz, CDCl;)
§ —106.66 (dd, J = 9.9, 7.7 Hz) ppm. Anal. caled for C,;H;;-
BIFNO (272.12): C, 48.55; H, 4.07; N, 5.15. Found: C, 48.52; H,
4,03; N, 5.14.
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2-(2-Fluoro-3'-dimethylsilyl-4'-bromophenyl)-4,4-dimethyl-
2-oxazoline (1c). A solution of 1b (10.9 g, 40.0 mmol) in THF (30
mL) was added dropwise at —75 °C to a stirred solution of LDA,
freshly prepared from diisopropylamine (4.55 g, 45.0 mmol) and
nBuli (1.6 M, 27.5 mL, 44.0 mmol) in THF (80 mL). After ca.
30 min stirring at —78 °C chlorodimethylsilane (4.70 g, 50
mmol) was added slowly and the mixture was stirred for 30 min
at —75 °C. It was allowed to warm to room temperature. The
resulting almost clear colorless solution was concentrated
under reduced pressure. The residue was triturated with
heptane (20 mL) and the obtained suspension was filtered in
order to remove the solid byproduct LiCl. The filtrate was
concentrated and finally subjected to high vacuum (105-110 °C,
ca. 1 mbar) to give 1c as a pale yellow oil. Yield 11.5 g (87%). 'H
NMR (400 MHz, CDCl;) ¢ 7.72-7.67 (m, 1H), 7.38 (dd, J = 8.3,
0.5 Hz, 1H), 4.83-4.75 (m, 1H), 4.08 (s, 2H), 1.39 (s, 6H), 0.46
(dd, J = 3.9, 1.9 Hz, 6H) ppm. *C NMR (101 MHz, CDCl,)
§165.00 (d,J = 256.5 Hz), 158.5 (d,/ = 6.0 Hz), 133.6 (d,/ = 12.2
Hz), 133.3 (d, ] = 3.3 Hz), 129.0 (d,] = 3.6 Hz),127.4 (d,] = 33.6
Hz), 115.3 (d, J = 15.6 Hz), 78.8, 68.1, 28.4, —3.1 (d, J = 4.3
Hz) ppm. "°F NMR (376 MHz, CDCl;) 6 —91.47 (dddt, J = 7.3,
5.5, 3.8, 1.9 Hz) ppm. Anal. calcd for C;3H,;,BrFNOSI (330.27): C,
47.28; H, 5.19; N, 4.24. Found: C, 47.22; H, 5.11; N, 4.20.
N-[2-(1-Hydroxy-2-methyl)propyl]-2-bromo-4-
fluorobenzamide (2a). The synthesis was performed as
described for 1a using 2-bromo-4-fluorobenzoic acid (20.0 g,
0.091 mol) and thionyl chloride (36.0 g, 22.5 mL, 0.302 mol).
The product was obtained as a white solid, m.p. 97-99 °C. Yield
(24.7 g, 93%). 'H NMR (400 MHz, CDCl;) 6 7.48 (dd, J = 8.6,
5.9 Hz, 1H), 7.30 (dd, J = 8.2, 2.5 Hz, 1H), 7.05 (ddd, ] = 8.6, 7.8,
2.5 Hz, 1H), 6.30 (s, 1H), 4.39 (broad, 1H), 3.63 (s, 2H), 1.39 (s,
6H) ppm. "*C NMR (101 MHz, CDCl) 6 167.6, 163.0 (d, ] = 254.8
Hz), 134.4 (d,] = 3.7 Hz), 131.1 (d,/ = 8.8 Hz), 120.7 (d,/ = 24.8
Hz), 119.9 (d, J = 9.5 Hz), 115.12 (d, ] = 21.4 Hz), 70.3, 57.3,
24.5 ppm. "’F NMR (376 MHz, CDCl;) 6 108.11 (td, J = 8.0, 6.0
Hz) ppm. Anal. caled for C,,H;;BrFNO, (290.13): C, 45.54; H,
4.52; N, 4.83. Found: C, 45.47; H, 4.43; N, 4.77.
2-(2-Bromo-4"-fluoro)-4,4-dimethyl-2-oxazoline  (2b). The
synthesis was performed as described for 1b starting with 2a
(24.0 g, 0.083 mol). The product was obtained as a colorless oil
(b.p. 94-96 °C, ca. 1 mbar). Yield (20.5 g, 91%). 'H NMR (400
MHz, CDCl3) 6 7.62 (dd, J = 8.7, 6.0 Hz, 1H), 7.31 (dd, ] = 8.3,
2.5 Hz, 1H), 7.00 (ddd, f = 8.7, 7.9, 2.5 Hz, 1H), 4.07 (s, 2H), 1.35
(s, 6H) ppm. "’C NMR (101 MHz, CDCl;) 6 164.5, 161.4 (d, J =
98.9 Hz), 132.8 (d, J = 9.1 Hz), 126.6 (d, ] = 3.5 Hz), 122.6 (d, J =
9.6 Hz), 121.1 (d, J = 24.5 Hz), 114.5 (d, / = 21.3 Hz), 79.4, 68.2,
28.3 ppm. "’F NMR (376 MHz, CDCL;) 6 —107.95 (td, ] = 7.9, 6.0
Hz) ppm. Anal. caled for Cy;Hy,BrFNO (272.12): C, 48.55; H,
4.07; N, 5.15. Found: C, 48.43; H, 4.00; N, 5.11.
2-(2'-Bromo-3'-dimethylsilyl-4'-fluorophenyl)-4,4-dimethyl-2-
oxazoline (2¢). The synthesis was performed as described for 1¢
starting with 2b (10.9 g, 40 mmol). The product 2¢ was obtained
as a colorless viscous oil (b.p. 108-112 °C, ca. 1 mbar). Yield
11.1 g (84%). 'H NMR (400 MHz, CDCl5) § 7.51 (dd, J = 8.5,
6.1 Hz, 1H), 6.97 (t, ] = 8.3 Hz, 1H), 4.76 (dhept, ] = 5.7, 3.9 Hz,
1H), 4.10 (s, 2H), 1.38 (s, 6H), 0.43 (dd, J = 3.9, 1.9 Hz, 6H) ppm.
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3C NMR (101 MHz, CDCl;) 6 167.6 (d, J = 249.4 Hz), 161.9,
133.6 (d, ] = 10.2 Hz), 130.0 (d, = 12.6 Hz), 128.0 (d, ] = 3.5 Hz),
127.81 (d, ] = 31.6 Hz), 114.1 (d, J = 27.8 Hz), 79.5, 68.2, 28.2,
—3.0(d,J = 4.6 Hz) ppm. '°F NMR (376 MHz, CDCl;) § —92.24 to
—92.17 (m) ppm. Anal. caled for C;3H;sBrFNOSi (330.27): C,
47.28; H, 5.19; N, 4.24. Found: C, 47.20; H, 5.07; N, 4.22.
6-(4,4-Dimethyl-2-oxazolin-2-yl)-7-fluoro-1,1-dimethyl-3-
hydroxybenzo[1,2,3]siloxaborole (3a). A solution of 1c (9.9 g, 30
mmol) in Et,0 (30 mL) was added dropwise to a solution of ¢-
BuLi (1.9 M in pentane, 31.5 mL, 60 mmol) in Et,O (50 mL) at
—90 “C. After 30 min of stirring at —95 °C, B(OMe); (6.6 mL, 60
mmol) was added slowly to the orange mixture at —90 °C. The
resulting suspension was warmed slowly to ca. 0 °C, quenched
with 1 M aq. NaOH (40 mL) and stirred at room temperature
until evolution of H, ceased. The two-phase mixture was
concentrated under reduced pressure in order to remove
solvents and other volatile organic components. The residual
aqueous alkaline solution was transferred to a separatory fun-
nel and washed with Et,O (30 mL) and hexane (30 mL). Then it
was placed in a beaker, cooled in an ice bath and carefully
neutralized by a slow dropwise addition with 1 M aq. H,S0, (to
reach the pH = 5-6). The precipitated voluminous white solid
was filtered and washed several times with distilled water. Then
it was resuspended in hexane (30 mL), stirred for 30 min and
filtered. Finally, the product was dried in vacuo to give 3a as
a white powder, m.p. 132-134 °C. Yield 6.68 g (76%). "H NMR
(400 MHz, CDCl,) 6 7.93 (t, / = 7.2 Hz, 1H), 7.58 (dd, J = 7.5,
1.6 Hz, 1H), 6.62 (broad, 1H), 4.12 (s, 2H), 1.41 (s, 6H), 0.46 (s,
6H) ppm. "*C NMR (101 MHz, CDCl;) 6 162.7 (d, J = 255.9 Hz),
159.3 (d, J = 5.9 Hz), 136.7 (d,/ = 32.4 Hz), 133.8, 127.4 (d, J =
3.6 Hz), 117.7 (d, ] = 13.4 Hz), 79.0, 68.1, 28.5, —0.7 ppm. "°F
NMR (376 MHz, CDCl;) 6 —100.43 to —100.45 (m) ppm. '°B
NMR (54 MHz, acetone-d¢) ¢ 30.0 ppm. *°Si NMR (99.3 MHz,
acetone-dg) & 19.61 ppm. Anal. caled for C,;;H;;BFNO;Si
(293.18): C, 53.26; H, 5.84; N, 4.78. Found: C, 53.12; H, 5.80; N,
4,75, HRMS (ESI, negative ion mode) caled for C;3H;BFNO;Si~
[M — H] : 292.0982; found: 292.0984. HRMS (ESI, positive ion
mode) caled for C,3H,;gBFNO;Si' [M + H]': 294.1128; found:
294,1125,
6-(3,4,4-Trimethyl-2-oxazolinium-2-yl)-7-fluoro-1,1-dimethyl-
3-hydroxybenzo[1,2,3]siloxaborole trifluoromethanesulfonate
(3b). Methyl trifluoromethanesulfonate (3.1 g, 18.9 mmol) was
added dropwise to a stirred solution of 3a (2.05 g, 7.0 mmol) in
CHCI; (10 mL). The temperature increased to ca. 50 °C during
a few minutes indicating the progress of the reaction. Subse-
quently, a gradual precipitation of a white solid was observed.
The suspension was stirred overnight at ambient temperature.
Then it was cooled to ca. —20 °C and filtered under argon. The
solid was washed with cold CHCl; (10 mL) and dried under
reduced pressure, to give 3b, m.p. 200-202 °C. Yield 2.65 g
(83%). "H NMR (400 MHz, acetone-d) 6 8.07 (dd, J = 7.5, 6.4 Hz,
1H), 7.92 (dd, j = 7.5, 1.9 Hz, 1H), 5.17 (s, 2H), 3.52 (d, J =
2.3 Hz, 3H), 1.83 (s, 6H), 0.51 (s, 6H) ppm. "*C NMR (101 MHz,
acetone-dg) 6 169.8 (d, J = 2.0 Hz), 162.1 (d, J = 255.3 Hz), 154.2
(broad), 137.7 (d, J = 31.2 Hz), 135.0, 129.0 (d, / = 3.2 Hz), 122.2
(d,J=321.4 Hz), 111.6 (d,] = 16.0 Hz), 83.6, 70.0, 31.3 (d,/ = 5.3
Hz), 23.9, —0.9 ppm. '°F NMR (376 MHz, acetone-ds) 6 —78.93,
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—100.22 (dp, J = 6.8, 2.3 Hz) ppm. '°B NMR (54 MHz, acetone-
de) 6 30.1 ppm. *°Si NMR (99.3 MHg, acetone-dg) 6 20.32 ppm.
6-[2-Methyl-2-(N-methylammonium)propoxycarbonyl]-7-
fluoro-1,1-dimethyl-3-hydroxybenzo[1,2,3]siloxaborole tri-
fluoromethanesulfonate (3c). Compound 3b (2.7 g, 7 mmol) was
dissolved in acetone (20 mL) and water (2 mL, 0.1 mol) was
added. The mixture was stirred for 2 h at ambient temperature.
Acetone was evaporated under reduced pressure and the
residue was dried under high vacuum. DCM (20 mL) was added
and the suspension was filtered to give 3¢ as a white solid, m.p.
161-164 °C. Yield (2.25 g, 80%). 'H NMR (400 MHz, DMSO-d,)
6 8.55 (q,/ = 5.4 Hz, 2H), 8.13 (t,] = 7.4 Hz, 1H), 7.76 (dd, ] =
7.4,1.5 Hz, 1H), 4.38 (s, 2H), 2.58 (t,] = 5.4 Hz, 3H), 1.35 (s, 6H),
0.44 (s, 6H) ppm. "*C NMR (101 MHz, DMSO-d) 6 163.1 (d, ] =
4.4 Hz), 162.6 (d, ] = 257.3 Hz), 150.5 (broad), 136.5 (d, J = 32.5
Hz), 134.6, 127.7 (d, ] = 3.5 Hz), 120.7 (q, ] = 322.2 Hz), 118.7 (d,
J = 12.1 Hz), 67.0, 57.4, 26.7, 20.3, —0.7 ppm. “°F NMR (376
MHz, DMSO-ds) 6 —77.79, —101.52 (d, J = 7.4 Hz) ppm. Anal.
caled for C;5H,,BF,NO,SSi (475.29): C, 37.91; H, 4.67; N, 2.95; S,
6.75. Found: C, 37.79; H, 4.62; N, 2.85; S, 6.67. HRMS (ESI,
positive ion mode) caled for Cy3H,,BFNO;SIT [M — OTf]'":
326.1390; found: 326.1387.
6-[2-Methyl-2-(N-methylpyrazinamido)propoxycarbonyl]-7-
fluoro-1,1-dimethyl-3-hydroxybenzo[1,2,3]siloxaborole (3d). To
a solution of 3¢ (293 mg, 1.0 mmol) in MeCN (5 mL) Et;N (0.45
mlL, 3.5 mmol) and pyrazinoyl chloride® (170 mg, 1.2 mmol)
were added. The mixture was heated at 60 °C for 3 h. Then it was
evaporated to leave the violet residue. It was dissolved in
acetone (5 mL) and water (5 mL) was added. The mixture was
concentrated to remove acetone and a white suspension was
obtained. The product was isolated as a white powder, m.p.
129-131 °C. Yield 255 mg (59%). 'H NMR (400 MHz, CDCl)
4 8.83 (d,J = 1.6 Hz, 1H), 8.60 (d, J = 2.5 Hz, 1H), 8.54 (dd, ] =
2.5, 1.5 Hz, 1H), 8.09-8.02 (m, 1H), 7.62 (dd,/ = 7.4, 1.6 Hz, 1H),
5.00 (s, 1H), 4.83 (s, 2H), 3.03 (s, 3H), 1.65 (s, 6H), 0.49 (s,
6H) ppm. '*C NMR (101 MHz, CDCl,) 4 168.5, 164.7 (d, ] = 4.0
Hz), 163.3 (d,] = 257.9 Hz), 151.5, 149.0 (br), 145.0, 144.7, 143.1,
137.2 (d, J = 33.2 Hz), 134.9, 127.5 (d, ] = 3.4 Hz), 119.8 (d,] =
12.9 Hz), 69.6, 59.4, 35.5, 24.1, —0.6 ppm. ‘°F NMR (376 MHz,
CDCl;) 6 —100.75 ppm. Anal. caled for CyoH,3BFN;O;Si
(431.30): C, 52.91; H, 5.38; N, 9.74. Found: C, 52.87; H, 5.33; N,
9.67. HRMS (ESI, negative ion mode) caled for C,oH,,BFN;0;Si
[M — H|: 430.1411; found: 430.1412.
6-[2-Methyl-2-(N-methylphenylsufonamido)
propoxycarbonyl]-7-fluoro-1,1-dimethyl-3-hydroxybenzo[1,2,3]
siloxaborole (3e). To a solution of 2b (190 mg, 0.40 mmol) in
MeCN (2 mL) Et;N (0.15 mL, 1.0 mmol) and PhSO,CI (88 mg, 0.5
mmol) were added. The mixture was heated at 60 °C for 3 h.
Then it was evaporated to leave the viscous colorless residue. It
was dissolved in acetone (5 mL) and water (5 mL) was added.
The mixture was concentrated to remove acetone and a white
suspension was obtained. The solid product 3 was collected by
filtration, washed with water (2 x 1 mL) and dried, m.p. 130-
132 °C. Yield 140 mg (75%). "H NMR (400 MHz, CDC,) 6 7.92 (t,
J=7.1Hz, 1H), 7.85-7.81 (m, 2H), 7.60 (dd, J = 7.4, 1.6 Hz, 1H),
7.39 (tt, ] = 8.8, 6.2 Hz, 3H), 5.05 (s, 1H), 4.52 (s, 2H), 3.05 (s,
3H), 1.50 (s, 8H), 0.51 (s, 6H) ppm. *C NMR (101 MHz, CDCl,)
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6164.4 (d,/ = 4.5 Hz), 163.4 (d,] = 258.6 Hz), 142.6, 137.2 (d,/ =
32.9 Hz), 134.9, 132.2, 128.9, 127.4 (d, / = 3.7 Hz), 127.0, 119.7
(d,J = 12.9 Hz), 71.1, 60.5, 33.2, 25.3, —0.6 ppm. '°F NMR (376
MHz, CDCl;) 6 —100.52 (dd, J = 7.4, 1.6 Hz) ppm. Anal. caled for
CaoHasBFNOGSSI (465.37): C, 51.62; H, 5.41; N, 3.01; S, 6.89.
Found: C, 51.40; H, 5.34; N, 2.97; S, 6.67. HRMS (ESI, negative
ion mode) caled for CygHyuBFNOGSI™ [M — H]™: 464.1176;
found: 464.1177.
6-{2-Methyl-2-[N-methyl-(4-chlorophenyl)sulfonamido)
propoxycarbonyl}-7-fluoro-1,1-dimethyl-3-hydroxybenzo[1,2,3]
siloxaborole (3f). The synthesis was performed as described for
3d using 4-chlorophenylsulfonyl chloride. Yield 125 mg (63%).
'H NMR (400 MHz, CDCl,) § 7.91 (dd, J = 7.5, 6.8 Hz, 1H), 7.75
(d,] = 8.9 Hz, 1H), 7.61 (dd, J = 7.4, 1.7 Hz, 1H), 7.31 (d, ] =
8.8 Hz, 1H), 4.85 (s, 1H), 4.51 (s, 2H), 3.04 (s, 3H), 1.51 (s, 6H),
0.51 (s, 6H) ppm. *C NMR (101 MHz, CDCl;) 6 164.4 (d, ] = 4.1
Hz), 163.3 (d,] = 258.3 Hz), 145.6, 141.1, 138.6, 137.3 (d,] = 32.8
Hz), 134.8, 129.2, 128.4, 127.5 (d, J = 3.7 Hz), 119.5 (d, ] = 12.8
Hz), 71.0, 60.7, 33.3, 25.4, —0.6 ppm. '°F NMR (376 MHz, CDCl;)
6 —100.54 (dd, J = 6.8, 1.3 Hz) ppm. Anal. calcd for C,oH,,-
BCIFNO,SSi (499.82) C, 48.06; H, 4.84; N, 2.80; S, 6.41. Found: C,
47.88; H, 4.79; N, 2.70; S, 6.23. HRMS (ESI, negative ion mode)
caled for C,H,;BCIFNOGSI [M — H] : 498.0786; found:
498.0794.
6-[2-Methyl-2-ammoniumpropoxycarbonyl]-7-fluoro-1,1-
dimethyl-3-hydroxybenzo[1,2,3]siloxaborole  chloride  (3g).
Compound 3a (293 mg, 1.0 mmol) was dissolved in acetone (5
mL) followed by addition of 2 M aq. HCI (0.7 mL). The mixture
was stirred for 30 min and concentrated under reduced pres-
sure. The residue was triturated with Et,0 (5 mL) and the ob-
tained suspension was filtered. The solid was washed with Et,0
(5 mL) and dried to give the product as a white powder, m.p.
220-224 °C. Yield 310 mg (89%). 'H NMR (400 MHz, DMSO-d)
6 8.40 (s, 3H), 8.20 (t,/ = 7.3 Hz, 1H), 7.78 (dd, J = 7.5, 1.6 Hz,
1H), 4.31 (s, 2H), 1.36 (s, 6H), 0.44 (s, 6H) ppm. “*C NMR (101
MHz, DMSO-d;) § 163.1 (d, J = 4.2 Hz), 162.6 (d, ] = 256.0 Hz),
150.3 (broad), 136.3 (d,J = 32.3 Hz), 134.6, 127.7 (d, ] = 3.7 Hz),
118.6 (d,J = 11.9 Hz), 68.8, 52.8, 22.5, —0.7 ppm. '°F NMR (376
MHz, DMSO-d) 6 —96.95 (d, J = 7.1 Hz) ppm. HRMS (ESI,
positive ion mode) caled for C,;H,,BFNO,SI' [M — CIJ:
312.1233; found: 312.1227.
10-(tert-Butyl)-7-fluoro-3,3,8,8-tetramethyl-2,3-dihydro-
4H,8H-1,9,11-trioxa-3a-aza-8-sila-10,11a,14-diborabenzo[j]
cyclopenta[clazulene (4a). A solution of 2¢ (9.9 g, 30 mmol) in
Et,0 (30 mL) was added dropwise to a solution of ¢-BuLi (1.9 M
in pentane, 23.5 mL, 45 mmol) in Et,0 (40 mL) at —90 °C. After
30 min of stirring at —95 °C, B(OMe); (6.6 mL, 60 mmol) was
added slowly to the orange mixture at —90 °C. The resulting
suspension was warmed slowly to ca. 0 °C, quenched with 1 M
aq. NaOH (40 mL) and stirred at room temperature until
evolution of H, ceased. The two-phase mixture was concen-
trated under reduced pressure in order to remove solvents and
other volatile organic components. The residual aqueous alka-
line suspension was cooled in an ice bath and carefully
neutralized by a slow dropwise addition with 1 M aq. H,50, (to
reach the pH = 5-6). It was filtered and washed several times
with distilled water, hexane (3 x 30 mL) and dried. The crude
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solid product was mixed with chloroform (50 mL), stirred for
30 min and filtered. The filter cake was washed with chloroform
(2 x 20 mL). Combined chloroform solution concentrated
under reduced pressure; the residue was mixed with hexane (20
mL) and obtained suspension was filtered, to give 4 as a white
powder, m.p. 247-250 °C. Yield 2.92 g (54%). "H NMR (400 MHz,
DMSO-d;;) 6 7.13 (dd, ] = 8.3, 5.1 Hz, 1H), 6.85 (t, ] = 8.6 Hz, 1H),
6.72 (t, ] = 6.8 Hz, 1H), 4.09 (dd, J = 15.8, 5.8 Hz, 1H), 3.99 (dd,
= 15.8, 8.0 Hz, 1H), 3.53 (d, ] = 9.4 Hz, 1H), 3.4 (d, ] = 9.4 Hz,
1H), 1.53 (s, 3H), 1.24 (s, 3H), 0.85 (s, 9H), 0.35 (d,J = 2.8 Hz,
3H), 0.29 (s, 3H) ppm. **C NMR (101 MHz, DMSO-d) 6 165.1 (d,
J = 238.1 Hz), 155.6, 136.8 (d, J = 1.8 Hz), 125.4 (d, ] = 8.1 Hz),
124.6 (d, J = 27.2 Hz), 113.0 (d, ] = 27.4 Hz), 73.1, 60.7, 47.5,
27.9,25.3,20.7, 2.0 (d, ] = 4.0 Hz), 1.8 ppm. '°F NMR (376 MHz,
DMSO-dg) 6 —106.06 to —106.11 (m) ppm. B NMR (54 MHz,
DMSO-dg) 6 32.6, 12.7 ppm. *’Si NMR (99.3 MHz, DMSO-d,)
6 —1.25 ppm. "H NMR (400 MHz, DMSO-d,, + TfOD/D,0) 6 7.60
(dd, J = 8.3, 5.1 Hz, 1H), 7.26 (dd, J = 8.3, 6.9 Hz, 1H), 4.31 (s,
2H), 3.48 (s, 2H), 1.29 (5, 6H), 0.83 (s, 8H), 0.41 (s, 6H) ppm. "*F
NMR (376 MHz, DMSO-de + TIOD/D,0) 6 —104.26 (t, ] = 5.6
Hz) ppm. Anal. caled for G,;H,4B,FNO,Si (363.12): C, 56.23; H,
7.77; N, 3.86. Found: C, 56.04; H, 7.62; N, 3.81. HRMS (ESI,
negative ion mode) caled for C,;Hy;B,FNO3Si™ [M — HJ:
362.1936; found: 362.1943. HRMS (ESI, positive ion mode) caled
for Cy7H,9B,FNO,;Si* [M + H]": 364.2081; found: 364.2077.
N-((7-Fluoro-3-hydroxy-1,1-dimethyl-1,3-dihydrobenzo[ c]
[1,2,5]oxasilaborol-4-yl)methyl)-1-hydroxy-2-methylpropan-2-
aminium chloride (4b). Compound 4a (0.55 g, 1.5 mmol) was
suspended in acetone (5 mL) followed by the addition of 2 M aq.
HCI (2 mL). The mixture was stirred for 2 h at 60 °C and the
resulting solution was cooled and concentrated under reduced
pressure. The residue was triturated with Et,O (5 mL) and the
obtained suspension was filtered. The solid was washed with
Et,0 (5 mL) and dried to give the product as a white powder,
m.p. 234-238 °C (decomp.). Yield 390 mg (78%). "H NMR (500
MHz, DMSO-dg) 6 9.60 (s, 1H), 8.68 (s, 2H), 7.78 (dd, J = 8.4,
5.0 Hz, 1H), 7.26 (t, ] = 7.6 Hz, 1H), 4.39-4.33 (m, 2H), 3.54 (s,
2H), 1.32 (s, 6H), 0.43 (s, 6H) ppm. *C NMR (101 MHz, DMSO-
de) 6164.3 (d, ] = 244.0 Hz), 145.6, 136.5 (d,] = 6.8 Hz), 134.5 (d,
J = 31.9 Hz), 133.0 (d, J = 2.9 Hz), 116.6 (d, ] = 24.4 Hz), 65.1,
60.3, 42.3 (d, J = 2.4 Hz), 20.6, —0.6 ppm. °F NMR (376 MHz,
DMSO-d;) 6 —104.47 (t, J = 6.1 Hz) ppm. '’B NMR (54 MHz,
DMSO-dg) 6 29.0 ppm. *°Si NMR (99 MHz, DMSO-dq)
6 18.33 ppm. HRMS (ESI, positive ion mode) caled for C;3H,,-
BFNO;Si" [M — CI]': 298.1441; found: 298.1437.
8-Fluoro-9-(hydroxydimethylsilyl)-3,3-dimethyl-2,3,5-trihy-
dro-10A4-benzo[3,4][1,2]azaborolo[2,1-b][1,3,2]oxazaborol-10-o0l
(4c). Compound 4b (333 mg, 1.0 mmol) was treated with the
solution of NaHCO; (125 mg, 1.5 mmol) in water (3 mL). The
obtained suspension was stirred for 1 h and filtered. The solid
was washed with cold water (2 x 2 mL) and dried to give the
product as a white powder, m.p. 153-156 °C. Yield 223 mg
(75%). "H NMR (400 MHz, DMSO-d;) 6 7.08 (dd, J = 8.2, 5.1 Hz,
1H), 6.81 (dd, / = 9.3, 8.2 Hz, 1H), 6.14 (t, ] = 6.0 Hz, 1H), 4.45 (s,
1H), 3.9 (d,/ = 5.3 Hz, 2H), 3.44 (d,] = 9.3 Hz, 1H), 3.11 (d, / =
9.3 Hz, 1H), 1.36 (s, 3H), 1.07 (s, 3H), 0.28 (d, J = 2.8 Hz, 3H),
0.25 (d, J = 1.7 Hz, 3H) ppm. "’C NMR (101 MHz, DMSO-d;)
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6 165.6 (d,J = 236.5 Hz), 137.7 (d,/ = 1.7 Hz), 126.4 (d, J = 26.6
Hz), 124.6 (d, ] = 8.5 Hz), 113.0 (d, J = 28.5 Hz), 72.5, 60.1, 46.8,
25.8,20.6,2.73 (d, ] = 4.6 Hz), 2.69 (d, ] = 2.8 Hz) ppm. '’B NMR
(54 MHz, DMSO-dg) 6 12.7 ppm. "*F NMR (376 MHz, DMSO-d;)
6 —104.36 ppm. ’$i NMR (99 MHz, DMSO-d) 6 2.12 ppm. Anal.
caled for C,;H,,BFNO;Si (297.20): C, 52.54; H, 7.12; N, 4.71.
Found: C, 52.31; H, 6.80; N, 4.65. HRMS (ESI, positive ion mode)
caled for C,3H,,BFNO,Si" [M + H]': 298.1441; found: 298.1436.
(5-Fluoro-2-(7-fluoro-3,3,8,8-tetramethyl-2,3-dihydro-4H,8H-
1,9,11-trioxa-3a-aza-8-sila-10,11ak*-diborabenzo[ij]cyclopenta
[c]azulen-10-yl)phenyl)methanol (4d). A mixture of 4¢ (75 mg,
0.25 mmol) and Tavaborole (38 mg, 0.25 mmol) in acetone (2
mL) was heated at 50 °C for ca. 10 min. The resulting solution
was concentrated and the residue was triturated with DCM (1
mL) followed by addition of hexane (2 mL). The obtained
suspension was cooled and filtered to give 4d as a white solid.
Yield 71 mg (66%). "H NMR (400 MHz, DMSO-d,) "H NMR (400
MHz, acetone-dg) 6 7.77 (dd, J = 8.1, 5.7 Hz, 1H), 7.19 (ddt, /] =
9.4, 1.6, 0.8 Hz, 1H), 7.14-7.06 (m, 2H), 6.79 (dd, J = 9.2, 8.3 Hz,
1H), 5.02 (s, 2H), 4.22-4.17 (m, 2H), 3.56 (d, J = 9.3 Hz, 1H), 3.22
(d,J = 9.3 Hz, 1H), 1.47 (s, 3H), 1.18 (s, 3H), 0.31 (d, = 2.3 Hz,
3H), 0.29 (d,/ = 2.3 Hz, 3H) ppm. °F NMR (376 MHz, acetone-
de) & —105.21, —111.89 (td, J = 9.4, 5.7 Hz) ppm. 'H and "F
NMR spectra show additional signals which may indicate some
instability of 4d in solution, therefore '*C NMR analysis was not
performed. The formation of 4d was confirmed by mass spec-
trometry. HRMS (ESI, positive ion mode) caled for C,oHy¢B,F,-
NO,Si" [M + H]": 432.1780; found: 432.1783.
4-(4,4-Dimethyl-2-oxazolin-2-yl)-7-fluoro-1,1-dimethyl-3-
hydroxybenzo[1,2,3]siloxaborole (5a). A solution of 2¢ (9.9 g, 30
mmol) in Et,0 (30 mL) was added dropwise to a solution of ¢-
BulLi (1.9 M in pentane, 23.5 mL, 45 mmol) in Et,O (40 mL) at
—90 °C. After 30 min of stirring at —95 °C, B(OMe); (5.5 mL, 50
mmol) was added slowly to the orange mixture at —90 °C. The
resulting suspension was allowed to warm slowly to ca. —70 °C,
quenched with 1 M aq. NaOH (40 mL) and stirred at room
temperature until evolution of H, ceased. A two-phase mixture
was concentrated under reduced pressure in order to remove
solvents and other volatile organic components. A residual
aqueous alkaline suspension was cooled in an ice bath and
carefully neutralized by a slow dropwise addition with 1 M aq.
H,S80, (to reach the pH = 5-6). It was filtered and washed
several times with water. The crude solid product was mixed
with hexane (70 mL), stirred for 30 min and filtered; the filter
cake was washed with hexane (2 x 30 mL). Combined hexane
solution was dried with MgSO, and evaporated to dryness, to
give 5a as a white powder, m.p. 67-69 °C. Yield 6.2 g (71%). 'H
NMR (400 MHz, CDCl,) 6 12.81 (broad s, 1H), 8.02 (dd, J = 8.6,
5.4 Hz, 1H), 7.10 (dd, ] = 8.6, 6.3 Hz, 1H), 4.16 (s, 2H), 1.43 (s,
6H), 0.47 (5, 6H) ppm. *C NMR (101 MHz, CDCl;) 6 166.6 (d, ] =
250.8 Hz), 163.6, 146.2, 137.6 (d, / = 33.3 Hz), 134.8 (d, ] = 7.5
Hz), 126.8 (d, ] = 3.1 Hz), 116.4 (d, ] = 24.9 Hz), 79.0, 67.3, 28.4,
—0.7 ppm. '’F NMR (376 MHz, CDCl;) 6 —98.86 (dd, /= 6.3, 5.4
Hz) ppm. '°B NMR (54 MHz, acetone-ds) 6 30.1 ppm. *°Si NMR
(99.3 MHz, acetone-dq) 6 18.35 ppm. Anal. caled for Cy3H;7-
BFNO,Si (293.18): C, 53.26; H, 5.84; N, 4.78. Found: C, 53.22; H,
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5.70; N, 4.68. HRMS (ESI, negative ion mode) caled for Cy3H;6
BFNO;Si™ [M — H] : 292.0982; found: 292.0985.
4-(4,4-Dimethyl-2-oxazolin-2-yl)-7-fluoro-1,1-dimethyl-3-
hydroxybenzo[1,2,3]siloxaborole trifluoromethanesulfonate
(5b). The synthesis was performed as described as described for
3b starting with 5a (1.46 g, 5.00 mmol). The product 5b was
obtained as a white powder, m.p. 206-209 °C. Yield 1.37 g
(62%). "H NMR (400 MHz, acetone-dg) 6 13.16 (s, 1H), 8.37 (dd, /
=8.7,5.2 Hz, 1H),7.54 (dd, = 8.7, 6.4 Hz, 1H), 5.10 (s, 2H), 1.78
(s, 6H), 0.53 (s, 6H) ppm. C NMR (101 MHz, acetone-ds)
$171.2,169.4 (d, ] = 255.5 Hz), 139.8 (d,j = 34.7 Hz), 138.5 (d, ]
=9.2 Hz), 122.1 (q, ] = 321.2 Hz), 121.5, 118.7 (d, ] = 25.6 Hz),
84.2, 65.1, 26.6, —1.2 ppm. '’F NMR (376 MHz, acetone-de)
6 —78.98 (s, OTf ), —93.52 (s) ppm. Anal. caled for C;4H;sBF -
NOGSiS (443.25): C, 37.94; H, 4.09; N, 3.16; S, 7.23. Found: C,
37.66; H, 3.98; N, 3.12; S, 7.11.
4-[2-Methyl-2-ammoniumpropoxycarbonyl]-7-fluoro-1,1-
dimethyl-3-hydroxybenzo[1,2,3]siloxaborole chloride (5¢). The
synthesis was performed as described for 3g using 5a (0.59 g, 2.0
mmol) as a starting material. The product was isolated as
a white powder, m.p. 221-224 °C. Yield 0.66 g (95%). "H NMR
(400 MHz, DMSO-dy) 6 9.43 (s, 1H), 8.50 (dd, J = 8.6, 4.9 Hz, 4H),
7.46-7.39 (m, 2H), 4.36 (s, 2H), 1.38 (5, 6H), 0.44 (s, 6H) ppm. °C
NMR (101 MHz, DMSO-d) & 168.4, 166.8 (d, ] = 250.7 Hz), 147.0,
137.5 (d,J = 7.9 Hz), 136.7 (d, ] = 33.0 Hz), 129.4 (d, ] = 3.2 Hz),
116.9 (d, ] = 24.9 Hz), 69.7 (d, ] = 2.1 Hz), 52.7, 22.4, —0.8 ppm.
F NMR (376 MHz, DMSO-d,) 6 —97.02 ppm. '’B NMR (54 MHz,
DMSO-dg) & 30.0 ppm. *°$i NMR (99 MHz, DMSO-dg)
4 19.22 ppm. HRMS (ESI, positive ion mode) caled for C,;H,4-
BFNO,Si' [M — CI]": 312.1233; found: 312.1227.
5,12-Difluoro-2,9-bis((1-hydroxy-2-methylpropan-2-yl)Jimi-
nio)-6,6,13,13-tetramethyl-2H,6H,9H,13H-1,7,8,14,15-pentaoxa-
6,13-disila-7a,14a-dibora-7a,14a-methanocyclodeca[1,2,3-
cd:6,7,8-c d'|diindene-7a,14a-divide  (5d). Compound 5¢
(347 mg, 1.0 mmol) was dissolved in methanol (10 mL) followed
by the addition of K,CO; (276 mg, 2 mmol). The mixture was
stirred for 12 h at 70 °C and cooled. 2 M aq. HCI (3 mL) was
added and mixture was concentrated. The obtained suspension
was filtered; the solid was washed with water (2 x 5 mL) and
dried to give the product as a white solid, m.p. 219-222 °C. Yield
274 mg (91%). *H NMR (400 MHz, DMSO-d;) 6 10.27 (s, 1H),
8.52 (dd, = 8.6, 4.7 Hz, 1H), 7.17 (t,] = 8.5 Hz, 1H), 3.59 (d,] =
11.2 Hz, 1H), 3.56 (d, ] = 11.2 Hz, 1H), 1.41 (s, 3H), 1.39 (s, 3H),
0.32 (s, 3H), 0.24 (s, 3H) ppm. °C NMR (101 MHz, DMSO-d)
6 172.0, 169.5 (d, J = 249.9 Hz), 165.6, 129.0 (d, ] = 11.3 Hz),
127.1,126.3 (d,J = 30.7 Hz), 114.7 (d, ] = 28.0 Hz), 66.6, 59.4 (d, ]
= 2.1 Hz), 23.1, 22.9, 1.83, 1.80 ppm. '°B NMR (54 MHz, DMSO-
de) 6 9.9 ppm. "°F NMR (376 MHz, DMSO-d;) § —95.38 ppm. *°Si
NMR (99 MHz, DMSO-ds) 6 —5.62 ppm. Anal. caled. for Cae-
H;6B,F,N,0,5i, (604.36): C, 51.67; H, 6.00; N, 4.64. Found: C,
51.43; H, 5.92; N, 4.64. HRMS (ESI, negative ion mode) caled for
C,6Hy5B.FoN,0,8i,~ [M — H|™: 603.2142; found: 603.2158.
HRMS (ESI, positive ion mode) caled for CpeHs7B,F,N,0,8i," [M
+H]": 605.2288; found: 605.2279.
Single crystal X-ray diffraction. Single crystals of all studied
systems were prepared by slow solvent evaporation at room
temperature from corresponding concentrated CHCI,
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solutions. Obtained crystals were measured on SuperNova
diffractometer equipped with Atlas detector (Cu-K, radiation, A
=1.54184 A). In all the cases a selected crystal was maintained
at low temperature (T = 100 K) with the use of Oxford Cry-
osystems nitrogen gas-flow device. The crystal structures were
established in a conventional way via X-ray data refinement
employing the Independent Atom Model (IAM). Data reduction
and analysis were carried out with the CrysAlisPro suites of
programs.® All structures were solved by direct methods using
SHELXS-97 (ref. 68) and refined using SHELXL-2016.° The
refinement was based on F* for all reflections except those with
highly negative values of F°. Weighted R factors (wR) and all
goodness-of-fit (GooF) values are based on #°. Conventional R
factors are based on F with F set to zero for negative F*. The F,” >
20(F,") criterion was used only for calculating R factors and is
not relevant to the choice of reflections for the refinement. All
non-hydrogen atoms were refined anisotropically. All carbon-
bound hydrogen atoms were placed in calculated positions.
The positions of O-H hydrogen atoms were derived from
difference electron density maps. The O-H distances were fixed
to 0.87 A with standard deviation of 0.01 A. All-important crys-
tallographic data including measurement, reduction, structure
solution and refinement details are included in Tables 51-S3
(ESTH) or in the associated CIF files. Deposition numbers
2166283 (3a), 2166284 (3b), 2166285 (3d), 2166286 (3e), 2166287
(4a), 2166288 (4c), 2166289 (5b), 2166290 (5¢), 2166291 (5d)
contain the supplementary crystallographic data for this paper.
Additional information on measured crystal structures
including packing description, parameters of hydrogen-bond
interactions and other relevant parameters can be found in
the ESL+

Theoretical calculations. Theoretical calculations were per-
formed using Gaussian16 program.” Molecules were optimized
using M062X”" method with 6-311++G(d,p) basis set.”> The
starting geometries were adopted from corresponding crystal
structures or manually modified in the GaussView” programme,
if crystal data was not available. Following geometry optimiza-
tion, the vibrational frequencies were calculated and the results
showed that optimized structures are stable geometric struc-
tures (no imaginary frequencies, Table $4, ESIT). Symmetry
constraints were not applied in optimization processes. The
standard Gibbs free energies (AG°) were obtained from the
frequency calculations with the temperature set to 298 K. To
take into account the experimental conditions all caleulations
were performed in the presence of the solvent field with the
polarizable continuum model (PCM) using the CPCM polariz-
able conductor calculation model.™ The standard Gibbs free
energies for the complexation of hydroxyl group (AGoy®) in 3a
and 5a were determined for the process A+ OH = AOH .

Antimicrobial activity

Bacterial and fungal strains and their growth conditions. To
determine the direct antimicrobial activity the standard and
clinical strains were used. The following standard strains were
tested: (1) Gram-positive cocci: methicillin-sensitive Staphylo-
coccus aureus ATCC 6538P (MSSA), methicillin-resistant .

RSC Adv, 2022,12, 23099-23117 | 23113

120



Publikacja O2

Open Access Article. Published on 16 August 2022, Downloaded on 8/9/2023 2:54:16 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

aureus subsp. aureus ATCC 43300 (MRSA), S. epidermidis ATCC
12228, Enterococcus faecalis ATCC 29212, E. faecium ATCC 6057,
Bacillus subtilis ATCC 6633; (2) Gram-negative bacteria from
Enterobacteriales order: Escherichia coli ATCC 25922, Klebsiella
pneumoniae ATCC 13883, Proteus mirabilis ATCC 12453, Enter-
obacter cloacae DSM 6234, Serratia marcescens ATCC 13880; (3)
Gram-negative non-fermentative rods: Pseudomonas acruginosa
ATCC 27853, Acinetobacter baumannii ATCC 19606, Steno-
trophomonas maltophilia ATCC 12714, S. maltophilia ATCC
13637, Burkholderia cepacia ATCC 25416, Bordetella bronchisep-
tica ATCC 4617; (4) yeasts: Candida albicans ATCC 90028, C.
parapsilosis ATCC 22019, C. tropicalis 1BA 171, C. tropicalis
(Castellani) Berkhout ATCC 750, C. guilliermondii 1BA 155, C.
krusei ATCC 6258 and Saccharomyces cerevisiae ATCC 9763.
Moreover, the study was carried out on 5 clinical strains of
methicillin-resistant S. aureus No. NMI 664K, NMI 1576K, NMI
1712K, NMI 1991K and NMI 2541K. All strains were stored at
—80 °C. Prior to testing, each bacterial strain was subcultured
twice on tryptic soy agar TSA (bioMerieux) medium and yeast
strains on Sabouraud dextrose agar (bioMerieux) for 24-48 h at
30 °C to ensure viability.

Determination of antimicrobial activity. Direct antimicrobial
activity against yeast, Gram-positive and Gram-negative bacte-
rial strains was examined as previously described® by the disc-
diffusion test and the MIC determination assays according to
the EUCAST>”® and CLSI*""""® recommendations. Determina-
tion of bactericidal (MBC) and fungicidal (MFC) activity was
performed according to the CLSI recommendations.”® The
following reference agents were used: fluconazole (in the case of
fungi), linezolid (for Gram-positive bacteria) and nitrofurantoin
(for Gram-negative rods). The tested compounds were dissolved
in DMSO.

Determination of the MICs of compounds in the presence of
PABN. To investigate the contribution of the MDR efflux pumps
to the resistance of Gram-negative rods to the new synthesized
compounds, the MIC values of studied agents with or without
the pump inhibitor PABN (20 mg L ') (Sigma) were deter-
mined.** The MIC determination was performed in Mueller-
Hinton I broth medium (MHB) (Becton Dickinson) using 2-fold
serial dilutions of tested agents, according to the CLSI guide-
lines.” In order to minimize the influence of PABN on desta-
bilization of bacterial cell covers, the tests were conducted in
the presence of 1 mM MgSO, (Sigma).* At least a 4-fold decrease
in the MIC value after the addition of PABN was considered
significant.®**

Cytotoxicity studies. MRC-5 pd30 human fibroblasts
(ECACC) were cultured in MEME, Minimum Essential Medium
Eagle (Merck) supplemented with 10% fetal bovine serum
(Merck), 2 mM r-glutamine, antibiotics (100 U mL " penicillin,
100 mg L " streptomycin, Merck) and 1% non-essential amino-
acids (Merck). Cells were grown in 75 em?” cell culture flasks
(Sarstedt), in a humidified atmosphere of CO,/air (5/95%) at
37 °C. MTT-based viability assay was conducted as described
previously.® Optical densities were measured at 570 nm using
BioTek microplate reader. All measurements were carried out in
three replicates and the results expressed as a percent of viable
cells versus control cells.
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Structural insights into the antibacterial activity of benzo-
siloxaboroles. Homology modelling of the S. aureus MRSA
leucyltRNA synthetase (SaLeuRS) editing domain has been
done based on the structure of the T. thermopilus LeuRS
(TtLeuRS) (PDB code: 2V0C). Studied molecules were placed
based on the ligand coordinates obtained from the crystal
structure. The resulting complexes were then minimized
(Amber10:EHT forcefield). All steps were carried out in MOE.*
Images were rendered using VMD.*®
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3. Antimicrobial activity.

Table S5. The antibacterial activity of tested agents against standard Gram-positive strains.

MIC in mg/L. [MBC in mg/L]* (Diameter of inhibition zone in mm)

Agent S. aureus 8. aureus S. epidermidis E. faccalis E. faecium B. subtilis

te%ted ATCC 6538P ATI(\;[(I:{;ZSW(] AT%C 12228 ggTzclgj AT](‘jC 6057 12:3(;,?
3a 50 [100] (21) 50 (21) 50 [200] (18) >400 (-) >400 (-) NT (20)
3b >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) NT (-)
3d 200 [400] (15) 200 [400] (14) 400 (-) >400 (-) 200 (-) NT (13)
3e 6.25 (28) 6.25 (26) 12.5(19) 50 (-) 25(-) NT (20)
3f 3.12 [400] (25) 6.25 [400] (22) 12,5 (16) 25 (13) 25 (15) NT (22)
3g >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) NT (-)
4a >200 (-) >200 (-) >200 (-) >200 (-) >200 (-) NT (-)
4b >400 (-) 400 (-) 400 (-) =400 (-) =400 () NT (-)
de >100 (-) >100 () >100 (-) >100 (-) >100 () NT (-)
4d 50 (19) 100 (19) 50 (28) 400 (-) >400 (-) NT (26)
5a >400 (-) >400 () >400 (-) >400 (-) >400 (-) NT (-)
5 >400 (-) >400 (-) 400 (-) =400 (-) >400 (-) NT ()
5d >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) NT (-)

LIN® 1 [>128] (25) 2 [>128] (25) 1[>128] (26) 2[>128](15) 2[>128](14)  NT (30)

The highest activity against Gram-positive bacteria indicated by the low MIC values (<6.25 mg/L) is shown in boldface.
(-): The inhibition zone was not observed in the disc-diffusion method. The diameter of the paper discs was 9 mm.

* Only the MBC values <400 mg/L (for 3a=3g, 4b, 4d, 5a, 5¢ and 5d), <200 mg/L (for 4a) and <100 mg/L (for 4c) are presented. The tested
substance 4a and 4c dissolved in DMSO precipitated after implementation into the MHB medium at a concentration above 200 mg/L for 4a and
above 100 mg/L for 4¢.

®The growth type of B. subtilis in the MHB medium prevented reading the MIC values of tested substances.

¢ LIN, linezolid was used as a reference agent active against Gram-positive bacteria. The diameter of commercial disc containing 0.03 mg of
linezolid was 6 mm; the MIC of linezolid was determined according to the CLST recommendations.!
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Table S8. Comparison of activity of 4¢, 4d, and Tavaborole against standard strains of
bacteria and yeasts.

MIC in mg/LL [MBC/MFC in mg/L]*/ x-fold reduction of MIC
In the presence of PABN® (Diameter of inhibition zone in mm)

Strain 4c 4d Tavaborole
S. aureus ATCC 6538P >100 (-) 50 (19) 25 (20)
S. aureus ATCC 43300 MRSA >100 (-) 100 (19) 50 (35)
S. epidermidis ATCC 12228 =100 (-) 50 (28) 12.5[400] (40)
E. faecalis ATCC 29212 >100 (-) 400 (-) 100 (20)
E. faecium ATCC 6057 >100 (-) >400 (-) 200 (-)
B. subtilis ATCC 6633¢ NT (-) NT (26) NT (35)
E. coli ATCC 25922 >100/2 (-) 25 (32) 6.25 (37)
K. pneumoniae ATCC 13883 >100 (-) 100 (20) 12.5 (33)
P. mirabilis ATCC 12453 >100 (-) 100 (26) 100 (22)
E. cloacae DSM 6234 >100 (-) 50 (29) 12.5 (29)
8. marcescens ATCC 13880 >100 (-) 50 (29) 25 (36)
P. aeruginosa ATCC 27853 >100 (-) >400 (-) 400 (13)
S. maltophilia ATCC 13637 >100 (-) 200 (20) 100 (19)
S. maltophilia ATCC 12714 >100 (-) 100 (25) 100 (19)
A. baumannii ATCC 19606 >100 (-) >400 (-) 6.25 (30)
B. cepacia ATCC 254161 >100 (-) >400 (-) 400 (14)
B. bronchiseptica ATCC 46174 >100 (-) 50 (32) 12.5(32)
C. albicans ATCC 90028 >100 (-) 3.12 (41) 0.78 (63)
C. parapsilosis ATCC 22019 >100 (-) 6.25 (37) 1.56 (59)
C. tropicalis IBA 171 >100 (-) 3.12 (33) 1.56 (48)
C. tropicalis ATCC 750 >100 (-) 3.12 (40) 1.56 (60)
C. guilliermondii IBA 155 >100 (-) 3.12 (40) 1.56 (64)
C. krusei ATCC 6258 =100 (-) 12.5 (25) 3.12 (45)
S. cerevisiae ATCC 9763 >100 (-) 0.78 [100] (51) 0.39 (74)

PAPBN, efflux pump inhibitor. (-) The inhibition zone was not observed in the disc-diffusion method. The diameter of paper
discs was 9 mm.

@ Only the MBC/MFC values <400 mg/L (for 4d and Tavaborole) and <100 mg/L (for 4¢) are presented. The tested substance
4c¢ dissolved in DMSO precipitated after implementation into the MHB and RPMI medium at a concentration above 100 mg/L.
b The growth type of B. subtilis in the MHB medium prevented reading the MIC values of tested substances. ¢ In the table, only
at least a 2-fold decrease in the MIC values of tested compounds after the addition of PABN are presented. 4 The growth of B.
cepacia ATCC 25416 and B. bronchiseptica ATCC 4617 strains was inhibited in the MHB medium supplemented with 1 mM
MgSO, and 20 mg/L PAPN.
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Joanna Krajewska,” ©Stefan Tyski,” © Agnieszka E. Laudy®

“Department of Pharmaceutical Microbiclogy and Bioanalysis, Medical University of Warsaw, Warsaw, Poland
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ABSTRACT The analysis of antimicrobial activity is usually MIC- and minimal bactericidal
concentration (MBC)-focused, though also crucial are resistance-related parameters, eg.,
the frequency of spontaneous mutant selection (FSMS), the mutant prevention concentra-
tion (MPC), and the mutant selection window (MSW). In vitro-determined MPCs, however,
are sometimes variable, poorly repeatable, and not always reproducible in vivo. We pro-
pose a new approach to the in vitro determination of MSWs, along with novel parame-
ters: MPC-D, MSW-D (for dominant mutants, i.e, selected with a high frequency, without
a fitness loss), and MPC-F, MSW-F (for inferior mutants, i.e, with an impaired fitness). We
also propose a new method for preparing the high-density inoculum (>10"" CFU/mL). In
this study, the MPC and MPC-D (limited by FSMS of <1079 of ciprofloxacin, linezolid,
and novel benzosiloxaborole (No37) were determined for Staphylococcus aureus ATCC
29213 using the standard agar method, while the MPC-D and MPC-F were determined
by the novel broth method. Regardless of the method, MSWs,,'® of linezolid and No37
were the same. However, MSWs,,'® of ciprofloxacin in the broth method was narrower
than in the agar method. In the broth method, the 24-h incubation of ~10" CFU in a
drug-containing broth differentiates the mutants that can dominate the cell population
from those that can only be selected under exposure. We consider MPC-Ds in the agar
method to be less variable and more repeatable than MPCs. Meanwhile, the broth
method may decrease discrepancies between in vitro and in vivo MSWs. The proposed
approaches may help establish MPC-D-related resistance-restricting therapies.

KEYWORDS MPC, MSW, FSMS, MPC-D, MSW-D, MPC-F, MSW-F, antibiotic resistance,
antimicrobial activity, antimicrobial agents

n vitro parameters describing the antimicrobial potency of compounds are important
concerning the increasing antimicrobial resistance. They apply to the search for both
new combination therapies (known antibiotics that would show a synergistic effect)

and structurally new compounds. Based on these parameters, the best new drug can- Copyright ® 2023 Krsjewska et al, This s an

didate is selected, while many other compounds are eliminated from further studies. open-access article distributed under the terms
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trials, the number of new antibiotics on the market is still insufficient (1 to 4). Thus, )
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improving the preclinical screening for novel antimicrobials and, consequently, facili- Received 14 October 2022
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cerning the activity of newly developed compounds against microorganisms are the
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MIC values and the minimal bactericidal/fungicidal concentration (MBC/MFC) values (5
to 8). However, an extremely important stage of preclinical research is also to deter-
mine the resistance-related parameters like the frequency of spontaneous mutant
selection (FSMS) and the so-called mutant prevention concentration (MPC) values (9 to
12). These are necessary for subsequent in vivo studies to determine the dose of the
new compound as a drug in animal models. It is known that resistant cells can be
selected at a high frequency in the population of bacteria living in the presence of an
antibiotic in a concentration ranging from the MIC value to slightly above the MIC
value (9, 10). In the natural environment, e.g., in a human host, a single-step mutation
often occurs in bacterial cells. If the frequency of spontaneous mutations is very low,
the host’s immune system will likely be able to combat the emerging bacterial mutants
(10). Zhao et al., in their reviews on the restriction of fluoroquinolone-resistant mutant
selection in Staphylococcus aureus and Mycobacterium bovis cell population, indicated
that mutants arising at a low FSMS value of 1 x 107%to 1 x 1078 could be controlled
by the host organism (10, 11). Similarly, Sun et al. used a frequency of <1 x 107% as a
threshold for reduced mutant selection in in vitro analysis assessing the activity of the mer-
openem-vaborbactam combination against Klebsiella pneumoniae strains producing the
Klebsiella pneumoniae carbapenemase (KPC)-type enzymes (13). Moreover, mutants with a
significant fitness cost of acquired resistance (with the decreased growth rate) also cannot
establish a resistant population in vivo and can be easily outcompeted by sensitive bacteria
in a nonantibiotic environment (14, 15). On the other hand, in preclinical in vitro studies of
new compounds, the concept of MPC was introduced as a value relating to the prevention
of the emergence of resistant mutants’ growth. The concept and definition of MPC were
proposed by Dong et al. in 1999 (9). According to this first definition, the MPC is estimated
by determining the minimal antibiotic concentration that allows no mutant to be obtained
when a large number of bacterial cells (>10'°) are applied to agar plates containing the an-
tibiotic. Thus, the MPC value is sufficient to block the growth of single-step mutants (9 to
11). More importantly, Dong et al. underlined that the MPC value depends on the number
of cells used in the study (9). Consequently, a subscript indicating the number of cells used
in the test should be added to the MPC (e.g., MPC,,'® indicates that 10'° cells were applied
to the plates). The acquired antibiotic resistance of the obtained mutants was checked by
their regrowth on the new agar plates with the same concentration of antibiotic (9).

The selective proliferation of resistant mutants (also called mutants enrichment) is con-
sidered to occur only in the presence of an antibiotic in the concentration range from the
MIC value for a wide-type strain up to the MPC value that inhibits the growth of single-step
resistant mutants. This interval of the antibiotic concentrations was named the mutant
selection window (MSW) (10). However, it is also known that mutants may arise in sub-MIC
concentrations of antibiotics (16 to 19), though their recovery drops off sharply then (20), as
the growth of sensitive wide-type cells is not inhibited (10). The basis for determining the
currently used drug doses are the MIC values and the standardized cutoff points defining
the susceptibility or resistance of the tested strains, according to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) (21) and the Clinical and Laboratory
Standards Institute (CLSI) documents (22). The MPC/MIC ratio ranges from 4 to >32,
depending on the antibiotic and the tested strain (9, 23 to 27). It seems that such a sizeable
x-fold increase in drug dose is not always necessary (20, 28) and not always feasible, due to
a higher risk of side effects, with little benefit to the patient (10), especially since MIC-based
doses are generally high enough to clear the infection with the lowest possible toxicity (10).
On the other hand, the problem may occur with immunocompromised patients who may
experience therapeutic failure due to the generation of resistant mutants, as emphasized
by Zhao and Drlica (10). Another problem is the scale of the mutant selection in a public
health context. When the bulk of therapies put antibiotic concentrations within the MSW,
the abundance of selected mutants and their spread will accelerate the loss of its activity
(10). Therefore, the question may still be raised about what concentrations should be used
to achieve therapeutic success, minimize toxicity for the patients and, at the same time, not
generate a selection of bacterial mutants to preserve the effectiveness of antibiotics.
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In this article, we propose a new approach to in vitro determination of the resistance
potential of antibacterial compounds. To date, no MPC-based, resistance-restricting dosing
scheme is in use. Moreover, Gianvecchio et al. have recently reported poor repeatability and
reproducibility of MPC results for some strain-drug combinations (29), while others observed
some discrepancies between the ranges of in vitro- and in vivo-determined MSWs (30, 31).
We assume that this is related to the frequency of mutant selection. Mutants selected
extremely rarely may not always be detectable in the agar-dilution method. Another prob-
lem is the mutants’ fitness, which is not assessed during the MPC determination. Considering
the above, we propose the following new resistance-related parameters characterizing the in
vitro-determined antimicrobial potency of compounds: a dominant mutant prevention con-
centration (MPC-D), an inferior mutant prevention concentration (MPC-F), a dominant mu-
tant selection window (MSW-D), and an inferior mutant selection window (MSW-F). MPC-D
and MSW-D refer to mutants selected with a high frequency, without a resistance-associated
fitness loss, which we named the dominant mutants. We assume they are likely to establish
a resistant population in vivo and should be considered relevant in the public health context.
MPC-D is the lowest drug concentration that blocks the selection of dominant mutants. In
the agar-dilution method, we defined MPC-D as the lowest drug concentration with the
FSMS <10 %, considering mutants selected less often are hardly detectable and of less sig-
nificance due to their rarity. However, to quickly predict whether mutants selected in vitro
are not significantly inferior to sensitive cells due to the fitness costs of the resistance, we
proposed a new broth-dilution method for their selection. In this method, we defined MPC-
D as the lowest drug concentration that, after the 24 h of incubation, prevents mutants
selected among 10'° CFU from establishing a resistant population of at least 10 CFU/mL in
the drug-supplemented broth culture (i, mutants are not able to dominate the population).
In turn, MPC-F and MSW-F refer to mutants with impaired fitness that can be selected in vitro
in concentrations above the MPC-D but cannot dominate the population in the broth cul-
ture. We named them the inferior mutants, whereas MPC-F was defined as the lowest drug
concentration that blocks their selection. We consider mutants unable to dominate in the
broth culture unlikely to appear in subsequent in vivo studies. The assumptions of our work
were based on the original definition of MPC. However, we believe that the ability of
mutants to dominate the cell population, rather than mutant selection, is the most important
point to consider in the further steps of both in vivo animal studies and clinical trials.

RESULTS

Susceptibility testing and the high-density inoculum. The MIC values for the par-
ent strain of Staphylococcus aureus ATCC 29213 were as follows: 0.25 mg/L for cipro-
floxacin, 2 mg/L for linezolid, and 3.12 mg/L for novel benzosiloxaborole No37.

The assumed high-density inoculum (>10"" CFU/mL) was obtained by a 6-stage
progressive culture concentration by centrifugation. Obtained densities for the two
repetitions of the experiment were 7.5 x 10" CFU/mL and 5 x 10" CFU/mL.

Frequency of spontaneous mutant selection (FSMS). The single-step spontane-
ous mutant selection was performed on A-series plates (mutant selection by the agar-
dilution method [AM]), which were visually assessed after incubation. Four types of
growth were observed on the plates, depending on the tested antimicrobial com-
pound and its concentration (Table 1).

In the case of ciprofloxacin, the dense bacterial lawn was detected at concentrations
up to 0.5 mg/L (2xMIC), the colony lawn with uncountable colonies at the concentration
of 1 mg/L (4xMIC), and countable colonies were detected at every higher concentration.
All obtained colonies were recovered on agar medium in the agar mutant recovery test
(aMRTest). Therefore, colony numbers at concentrations up to 1 mg/L (4x MIC) were clas-
sified as uncountable, and the FSMS values were classified as being above the upper
detection limit (>3 x 107%). Colonies at the 2-, 4-, and 8-mg/L concentrations were
counted (mean values are presented in Table 1), and the FSMS values were calculated as
55x107%6 x 107", and 4.5 x 10~ ", respectively (means from two repetitions).

Visual screening of the linezolid A-series plates only revealed a dense, noncolony
lawn, slightly thinner on the three highest concentrations tested. Such a result made
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TABLE 1 Agent-resistant mutant selection and their ability to regrow on the same concentration of the antibacterial compound

Agent Agar-dilution method: MPC Broth-dilution method: MPC-D Broth-dilution method: MPC-F
concentration and MPC-D determination® determination® determination®
aMRTests’
results
(hours to bMRTests’ results bMRTests’ results
mutants’ (hours to mutants’ (hours to mutants’
. regrowth)® . regrowth)® X regrowth)®
Visual mutants’ ——— Visual mutants’ ———— Visual mutants’ ———— 7
Agent x-fold growth on Agar growth on Broth Agar growth on Broth Agar
tested” mg/L  MIC  A-series plates® medium FSMS® B-series plates® medium medium C-series plates medium medium
P 025 1 L +(24) >3x108 L +(24)  +(24) L +(24) +(24)
0.5 2 L +(24) >3x10% CL +(24) +(24) CcL +(24) +(24)
1 4 CL +(24) >3 x107% 65 +(24) +(24) L +(24) +(24)
2 8 330 +(24) 55%x10°% NL —(72) —(72) 25 +(24) +(24)
4 16 4 +(24) 6x 10" NL —(72) —(72) 1 +(24) +(24)
8 32 3 +(24) 45 107" NL —(72) —(72) NL —(72) —(72)
LIN 2 1 L +(24) >3x108% L +(24) +(24) L +(24) +(24)
4 2 L —(72) <2x10°" SL —(72) —(72) L —(72) —(72)
8 4 L —(72) <2x 107" NL —(72) —(72) NL —(72) —(72)
16 8 SL —(72) <2x 107" NL —(72) —(72) NL —(72) —(72)
32 16 SL —(72) <2x 10" NL —(72) —(72) NL —(72) —(72)
64 32 SL —(72) <2x10°" NL —(72) —(72) NL —(72) —(72)
No37 312 1 L +(24) >3x 108 L +(24) +(24) L +(24) +(24)
6.24 2 L +(24) >3x10°% L +(24) +(24) L +(24) +(24)
125 4 L +(24) >3x10% CL +(24) +(24) L +(24) +(24)
25 8 L +(48) >3x107% CL +(48) +(48) L +(48) +(48)
50 16 L +(48) >3%x 108 CL +(48) +(72) L +(48) +(72)
100 32 L —(72) <2x 107" NL —(72) —(72) —(72) —(72)

aCIP, ciprofloxacin; LIN, linezolid; No37, novel benzosiloxaborole compound No37.

bMPC, mutant prevention concentration; MPC-D, dominant mutant prevention concentration; MPC-F, inferior mutant prevention concentration; FSMS, frequency of
spontaneous mutant selection; aMRTests, agar mutants recovery tests; bMRTests, broth mutants recovery tests.

<L, dense lawn; SL, semi-lawn (less dense, no colonies visible); CL, colony lawn (uncountable colonies); NL, no lawn (visually clear plate).

colony counting impossible. In the aMRTest, however, mutant growth was only con-
firmed for the concentration equal to 2 mg/L (1 xMIC), although no visual difference in
the density of the plate lawns was observed for concentrations up to 4xMIC. Based on
the aMRTest results, the FSMS for 2 mg/L (1xMIC) was established as being above the
upper detection limit (>3 x 10 8). In contrast, those for concentrations of 4 mg/L and
above (=2xMIC) were considered as being below the lower limit of detection
(<2 x 107",

The aMRTest was also required to determine the FSMS values for different concentra-
tions of compound No37, as only a dense, noncolony lawn was observed on all A-series
plates, regardless of the concentration. The aMRTest revealed that mutants were present on
all plates except those with the highest concentration tested (100 mg/L, 32xMIC); however,
the regrowth of mutants selected at No37 concentrations of 25 mg/L (8 xMIC) and 50 mg/L
(16xMIC) was impaired. At 8xMIC and 16xMIC, mutants needed 48 h to recover on agar.
Based on the aMRTest results, the FSMS for concentrations equal to and below 50 mg/L
(=16xMIC) were calculated as being above the upper detection limit (=3 x 1078). In com-
parison, those for the concentration of 100 mg/L (32xMIC) were considered being below
the lower limit of detection (<2 x 10~ 1),

Reduced mutant selection (<<107%) was obtained for concentrations =8 xMIC for
ciprofloxacin, =2xMIC for linezolid, and =32 xMIC for compound No37.

Mutant prevention concentration (MPC) value and dominant mutant preven-
tion concentration (MPC-D) parameter, determined by the agar-dilution method
(AM). The visual mutants’ growth on A-series plates, the mutants’ ability to regrow in
the aMRTest, and the cutoff points for both the MPC and MPC-D parameters are pre-
sented in Table 1, while the MPC,,'%, MPC-D,,'%, selection index (SI), and dominant
selection index (SI-D) values for the tested agents are shown in Table 2.
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TABLE 2 Activity of tested agents, expressed as MPC and Sl values

Agents®
Methods Par s of activity? CIP LIN No37
Susceptibility test MIC [mg/L] 0.25 2 3.12
Agar dilution MPC,,'° [mg/L] >8 4 100
SI >32 2 32
MPC-D,,'® [mg/L] 4 4 100
SI-D 16 2 32
Broth dilution MPC-D,,'® [mg/L] 2 4 100
SI-D 8 2 32
MPC-F ' [mg/L] 8 4 100
SI-F 32 2 32

aMPC, mutant prevention concentration; SI, selection index; MPC-D, dominant mutant prevention concentration;
SI-D, dominant selection index; MPC-F, inferior mutant prevention concentration; SI-F, inferior selection index.
bCIP, ciprofloxacin; LIN, linezolid; No37, novel benzosiloxaborole compound No37.

In the case of ciprofloxacin, as mutants were also detected at the highest tested
concentration of 8 mg/L (32xMIC), the MPC,,'° value was estimated as being above
8 mg/L (>32xMIC). However, we consider mutants selected with extremely rare fre-
quency (<1 x 107'°) unlikely to appear later in vivo often enough to be clinically sig-
nificant (thus, they are not dominant mutants). Consequently, 4 mg/L (16xMIC) was
designated the MPC-D,,'° of ciprofloxacin, as it was the lowest concentration with the
FSMS value below 1 x 10-°.

On the contrary, when linezolid and compound No37 were tested, a visual assess-
ment of mutant presence on the plates was impossible: only a gradually fading lawn
was observed on all A-series plates with linezolid, while a dense lawn was present on
all plates for compound No37, including the highest tested concentration. The aMRTest
revealed mutants capable of regrowth in the presence of the tested agent and allowed
the MPC,,'° values to be determined as 4 mg/L (2xMIC) for linezolid and 100 mg/L
(32xMIC) for compound No37. Because a sharp decrease in the FSMS values (from
>3 x 1078 to <2 x 10~"") was shown between 1xMIC (2 mg/L) and 2xMIC (4 mg/L)
for linezolid and between 50 mg/L (16xMIC) and 100 mg/L (32xMIC) for compound
No37, the concentrations of 4 mg/L of linezolid and 100 mg/L of compound No37 were
designated the MPC-D,,'°.

The MPC,,'° values determined for two of the three compounds tested, linezolid
and compound No37, were equal to the MPC-D,,'° values, while the MPC,,'° of cipro-
floxacin was at least 2 times higher than the MPC-D,,,'° value associated with its FSMS.

Overall, linezolid had the smallest selection indices in the AM: its SI (MPC/MIC ratio)
and SI-D (MPC-D/MIC ratio) were equal to 2.

Dominant mutant prevention concentration (MPC-D) and inferior mutant pre-
vention concentration (MPC-F) parameters, determined by the broth-dilution
method (BM). The visual mutants’ growth on B-series plates (inoculated with the ali-
quots from the liquid culture after 24 h of incubation) and C-series plates (inoculated
with the concentrated content of the liquid culture after 24 h of incubation), results of
the broth mutant recovery test (bMRTest), and the cutoff points for both MPC-D and
MPC-F parameters are presented in Table 1, while the MPC-D,,'%, MPC-F,,'°, SI-D, and
inferior selection index (SI-F) values for tested agents are shown in Table 2.

In the case of ciprofloxacin on B-series plates, a dense lawn was observed at
0.25 mg/L (1xMIC), an uncountable colony lawn at 0.5 mg/L (2xMIC), and 65 colonies
were detected at T mg/L (4xMIC). No visual growth was observed on plates with 2, 4,
and 8 mg/L of ciprofloxacin (8 to 32xMIC). The regrowth ability of the obtained resist-
ant mutants in the presence of an antibiotic was confirmed by the bMRTest. Thus, the
concentration of 2 mg/L (8 xMIC) was designated the MPC-D,,'° value. On ciprofloxa-
cin C-series plates, a dense lawn was observed at 0.25 mg/L (1xMIC), an uncountable
colony lawn at 0.5 to 1 mg/L (2 to 4xMIC), 25 colonies at 2 mg/L (8 xMIC), and 1 colony
at 4 mg/L (16xMIC). No colony was obtained on the plate with 8 mg/L (32xMIC) of
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ciprofloxacin, which is why this concentration was designated the MPC-F,,'® for
ciprofloxacin.

On B- and C-series linezolid plates, a dense lawn was observed at 2 mg/L (1xMIC),
while at 4 mg/L (2xMIC) a thicker lawn, a semi-lawn, and a dense lawn, respectively. In
the bMRTest, however, the bacterial lawn obtained at 4 mg/L was not able to recover
in broth medium with the same linezolid concentration, which is why the MPC-D,,'°
and MPC-F,,'° values were determined as 4 mg/L.

On B-series plates with compound No37, a dense lawn was visible up to 6.25 mg/L
(2xMIC), while a colony lawn from 12.5 to 50 mg/L (4 to 16xMIC). No visual growth
was observed at the concentration of 100 mg/L (32xMIC). The bMRTest confirmed
obtained resistant mutants’ ability to regrow in the same antibiotic concentrations.
Thus, the concentration of 100 mg/L (32xMIC) was designated the MPC-D,,'° value. In
contrast, on C-series plates, the colony lawn visible at 100 mg/L failed the bMRTest. As
a result, the MPC-F,,'° value was also designated 100 mg/L.

The MPC-D,,'° values determined for two of the three compounds tested, linezolid
and compound No37, were equal to the MPC-F,,'® values, while the MPC-F,,'° of cipro-
floxacin was 4 times higher than the MPC-D,,'° value.

Overall, in the broth-dilution method, linezolid had the smallest SI-D and SI-F (both
equal to 2), followed by ciprofloxacin (SI-D = 8, SI-F = 32) and compound No37 (both
equal to 32).

Mutant selection window (MSW), dominant mutant selection window (MSW-D),
and inferior mutant selection window (MSW-F) ranges. The ranges of MSW, MPC-D,
and MSW-F are presented in Fig. 1.

Overall, linezolid had the narrowest ranges of MSWs, MSW-Ds, and MSW-Fs. Regardless
of the method, all of the above-mentioned parameters ranged between 1 and 2xMIC.
Also, for compound No37, the MSW, MSW-Ds, and MSW-F had the same range of 1 to
32xMIC. In the case of ciprofloxacin, the narrowest range had the MSW-D,,'° determined
in the BM (1 to 8xMIC), while the MSW-D,,'® determined in the AM was broader, ranging
up to 4 mg/L (16 xMIC), and the MSW-F,,'° ranged up to 8 mg/L (32xMIC). The upper limit
of the MSW,,'® for ciprofloxacin was above the highest tested concentration of 8 mg/L
(>32xMIC).

DISCUSSION

Since the introduction of the mutant selection window hypothesis in 2001 (10), MPC
values have been determined for a large number of isolates according to the initially pro-
posed agar-dilution method (9). Generally, there is no correlation between MPC and MIC
(32). Moreover, currently used doses were proven to put many drug concentrations
inside the mutant selection window during therapy (11). However, for new fluoroquino-
lones, achieving serum concentrations above the MPC was possible with existing dosing
schemes (33, 34). For compounds whose serum level cannot exceed the MPC (e.g., due
to toxicity concerns), combination therapy was proved to restrict the mutant selection, as
then, two concurrent mutations are needed for resistance (10, 11, 35). Finally, it was
established that derivatives within the same group of antibacterial compounds might dif-
fer significantly in the mutant selection window size for particular strains (9, 11, 33, 34, 36
to 38). Consequently, preferential use of the derivatives with narrow selection windows
may prolong the life span of the whole class of antibiotics (10). Though generally suc-
cessful, the broad validation of the mutant selection window hypothesis provides some
evidence that in vitro-determined MSW ranges do not always fit in vivo boundaries (30,
31). Also, concerns about the repeatability of the MPC values have been recently raised
(29). This article presents the concept of new resistance-related parameters that differen-
tiate mutants selected in vitro into dominant mutants (relevant in the public health con-
text) and inferior mutants (unlikely to appear in vivo due to impaired fitness). We suggest
the in vitro-determined MSW-D (the concentration range where dominant mutants are
selected, limited by the MPC-D) should be avoided when adjusting doses in vivo, rather
than the original MSW, which refers to all mutants selected in vitro. Moreover, this article
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No37: MSW-D 15 (AM) No37: MSW-D 4'° (AM)

No37: MSW-D ,* (BM) No37: MSW-D 4'° (BM)

No37: MSW-F 5™ No37: MSW-F 11

1 2 4 8 16 32

Agent concentration (x-fold MIC)

Agent concentration (mg/L)

FIG 1 Scheme presenting the MSW,,'° ranges. Agents’ concentrations expressed in mg/L (A) or as x-fold MIC (B). CIP, ciprofloxacin; LIN, linezolid; No37,
novel benzosiloxaborole compound No37; MSW, mutant selection window; MSW-D, dominant mutant selection window; MSW-F, inferior mutant selection
window; AM, agar-dilution method; BM, broth-dilution method; pink color, MSWs of CIP; blue color, MSWs of LIN; green color, MSWs of No37; dotted
pattern, MSWs determined by the agar-dilution method; striped pattern, MSWs determined by the broth-dilution method; arrows indicate the MSW's upper
boundary was above the highest concentration tested.

shows that MPC-D can be lower than MPC. Thus, it should be more clinically useful due
to the lower risk of side effects.

In this article, the MICs, MPCs, and SIs (MPC/MIC ratios) of ciprofloxacin, linezolid, and
novel benzosiloxaborole No37 were determined for S. aureus ATCC 29213 by the initially pro-
posed agar method (9). Values obtained for the parameters mentioned above were 0.25 mg
per L/>8 mg per L/>32 for ciprofloxacin, 2 mg per L/4 mg per L/2 for linezolid, and 3.12 mg
per L/100 mg per L/32 for compound No37. In the case of ciprofloxacin, the SIs reported so
far for methicillin-susceptible Staphylococcus aureus (MSSA) strains with similar MICs to the
strain tested in our study (0.12 to 0.5 mg/L) ranged from 8 to 64 (9, 23, 24). Such significant
variations in the Sls of ciprofloxacin (6 to 156) have also been observed among wild-type
Escherichia coli strains with similar MICs (25). In contrast, the linezolid SIs reported so far for S.
aureus strains were usually equal to 2 or 4 (26, 39, 40). Likewise, no significant variability in
the Sls of vancomycin (32 to 64) and fosfomycin (64 to >256) was observed among methicil-
lin-resistant Staphylococcus epidermidis (MRSE) strains (27).

The initially proposed agar-dilution method for the MPC determination was successfully
used by many authors, though it implicates several challenges. One is the so-called “inocu-
lum effect” (41, 42). It is known that during MPC determination by agar-dilution assays,
“false mutants” (with wild-type MIC) may appear, probably because huge inocula protect
them from the drug action. Thus, testing the ability of obtained colonies to regrow on the
same drug concentration is necessary (41, 42). Another way to eliminate this effect is to
apply fewer cells on a large number of plates (33). This approach is time- and substance-
consuming. Thus, it is hard to implement in preclinical screening, where the availability of
new substances is frequently limited. In our study, we were also working with novel ben-
zoxaborole No37, available in small amounts, and we had to minimize the plates’ usage.
That is why we decided to eliminate the inoculum effect by performing MRTests instead of
increasing the number of plates.

Obtaining the high-density inoculum is another challenge. Currently, required inocula

May 2023 Volume 67 Issue 5 10.1128/aac.01373-22 7

137

Downloaded from https:/journals.asm.org/journal/aac on 09 August 2023 by 89.70.159.185.



Publikacja O3

MPC, FSMS, MSW—New Approach to Antimicrobial Potency

are prepared via a one-step concentration of the liquid culture. However, they rarely
exceed a density of 10" CFU/mL (9, 36, 43), usually reaching 10" CFU/mL (29, 39, 44 to 48)
or 10° CFU/mL (49, 50). The lower the inoculum density, the more plates are needed. Our
multi-step concentration of the liquid culture, with many centrifugation-resuspension
cycles, increases the chance of an inoculum with a density exceeding 10" CFU/mL. Thus, it
gives an advantage in circumstances when a substance is limited.

Finally, it was recently reported that MPC values sometimes show poor experiment-
to-experiment repeatability, even within one laboratory. When determining the MPCs
of 5 antibiotics from different classes for S. epidermidis was repeated 20 times, the
results varied significantly for all tested agents (29). This is in contrast with the gener-
ally repeatable MIC values. We assume it is connected with the frequency of mutant
selection. Mutants selected with low frequency may not always be present in the start-
ing inoculum, as emphasized by Firsov et al. (51). This may make the upper boundary
of the MSW changeable. We suggest that the FSMS value should provide a threshold
for the MPC. As at least 1 x 10'° CFU must be tested for the MPC determination, we
propose an FSMS of <1 x 10 '° (indicating less than 1 mutant per 10'° cells) for that.
We consider that mutants selected less often are not the dominant mutants due to
their rarity. Consequently, we proposed the lowest concentration with an FSMS
of <1 x 10 '° as the new MPC-D parameter, defined as the lowest concentration that
blacks the selection of dominant mutants. In our study, the MPC-Ds,'® of linezolid and
No37 were equal to their MPCs. In the case of ciprofloxacin, however, the MPC-D,,'®
was at least 4-fold lower than the MPC,,'° (16 x MIC versus >32xMIC, respectively). At
the highest concentration tested, mutants were selected with a frequency of
4.5 x 107" Thus, ciprofloxacin MPC determined in our study will not be reproducible
in studies where less than 2.2 x 10'° CFU will be examined.

Regardless of the implicated challenges, the existence of the mutant selection win-
dow has already been confirmed in in vitro dynamic models. These models aim to sim-
ulate dosing regimens and cultivate bacteria in circulating broth with the tested agent,
whose concentration fluctuates within the defined ranges (44). So far, for many strain-
drug combinations, resistant mutants usually emerged when the drug concentrations
were kept within the MSW range (39, 44, 46, 52, 53). However, some discrepancies
occurred. Allen et al. isolated resistant mutants of . aureus strains from a ciprofloxacin
dynamic model, even when fluoroquinolones concentration was 2-fold higher than the
designated MPC (23). On the other hand, the heterogeneity of the MSW was reported
for the S. aureus strain with a broad ciprofloxacin MSW (SI = 16) (44, 53, 54). Authors
noticed that its resistant mutants were enriched later and to a lesser extent when the
drug concentration was kept in the upper compartment of the window than when it
was kept in the lower compartment. Simultaneously, such differences were not
observed for a strain with a narrow window. We consider this may be explained by the
fact that mutants selected in the upper compartment are not the dominant mutants;
in our study, the tested strain had wide ciprofloxacin MSW,,'® (S| > 32), and its MPC-
D,,'® was at least 4-fold lower than its MPC,,'°.

It is also apparent that for many drug-strain combinations, the MSWs observed in vitro
exist in vivo as well. This has been proven in the levofloxacin treatment of rabbits infected
with S. aureus (20), E. coli (55), and Streptococcus pneumoniae (56), as well as for moxifloxa-
cin tested in a murine model of tuberculosis (57) and for the marbofloxacin treatment of
mice infected with E. coli (45). In all cases, animals received ~10'® CFU in 1 mL inoculum,
and the treatment began when bacterial counts reached 10° CFU/mL. Resistant mutants
were generally recovered, and their numbers were found to increase during the treatment
when the drug concentration fluctuated within the MSW. However, while testing fosfomy-
cin against E. coli, the MSW was found to exist only in vitro (no mutants were recovered in
a rabbit tissue cage model) (30), though it was associated with a decreased growth rate of
the obtained mutants compared to the paternal strain, which probably made them easy to
eradicate by the host's immune system. Simultaneously, the fosfomycin MSWs for
Pseudomonas aeruginosa were the same in vitro and in vivo, with no biological fitness costs

May 2023 Volume 67 lssue 5

138

Antimicrobial Agents and Chemotherapy

10.1128/aac.01373-22

Downloaded from https:/journals.asm.org/journal/aac on 09 August 2023 by 89.70.159.185.



Publikacja O3

MPC, FSMS, MSW—New Approach to Antimicrobial Potency

of resistance occurred (30). On the other hand, Mei et al. confirmed no in vivo selection of
the fosfomycin-resistant mutants of S. aureus ATCC 29213 within the in vitro-determined
MSW boundaries, even though there was no decrease in growth rate for the mutants
obtained in vitro (31). Such a result, however, may be associated with the immune system
response and the pleiotropic fosfomycin action in vivo, which could not be predicted in
vitro. Nevertheless, in some cases, in vitro-determined MSWs are broader than those
observed later in vivo. We propose the broth-dilution method for the in vitro MPC determi-
nation to eliminate these discrepancies. In this method, the 24-h incubation of ~10'° CFU
in a drug-containing broth allows the differentiation of selected mutants into dominant
mutants (able to proliferate and establish a resistant population of at least 10 CFU/mL, i.e,
able to dominate the population) and inferior mutants (unable to establish a resistant sub-
population due to impaired fitness). This is in contrast to the agar method, where mutants’
fitness does not influence the result. It was proven that the host’s immune system might
successfully overcome mutants with impaired fitness and that they can be easily outcom-
peted by sensitive bacteria in a non-antibiotic environment (14, 15). In our study, the cipro-
floxacin concentration that blocked the selection of dominant mutants was 4-fold lower
than the concentration that blocked the selection of inferior mutants (MPC-D = 8xMIC ver-
sus MPC-F = 32xMIC). We consider inferior mutants unlikely to appear in in vivo studies.
Thus, utilizing a dominant mutant selection window may increase compatibility with in
vivo studies.

So far, few attempts have been made to determine the MPC value in a broth medium
(42, 58 to 60). Quinn et al. tried to diminish the inoculum effect by increasing the volume
of the liquid culture (e.g., introducing 10" CFU into up to 1L of the drug-supplemented
broth). However, it turned out that the inoculum effect affected that method too, though
to a lesser degree (42). Other authors tested the modified microbroth-dilution method
(microtiter assay) to facilitate the introduction of MPC testing into dlinical laboratories,
exposing up to 10° CFU to tested drug concentrations. Obtained results were reproducible
and comparable with the agar-dilution method (59, 60). In our study, however, we decided
to expose 10" CFU to each drug concentration (exactly as in the agar method), which cor-
responded to 100 uL of our inoculum. Thus, a microdilution assay was not possible to
implement in this study. On the other hand, we also investigated a new compound with
limited availability, so we had to minimize its usage. Finally, we decided to conduct our
research by inoculating 5 mL of the drug-supplemented broth with 10'° CFU, whereas the
inoculum effect was eliminated by testing the ability of obtained mutants to regrow on
the same drug concentration (bMRTests). In our study, the MSW,,'° ranges of linezolid and
novel benzosiloxaborole No37 determined using the broth-dilution method were the
same as those determined in the agar-dilution method. In contrast, the MSWs,,'° of cipro-
floxacin determined by the broth-dilution method were narrower (SI-D = 8, SI-F = 32) than
the MSWs,,'© determined in the agar-dilution method (SI-D = 16, SI > 32). However, the
ciprofloxacin MPC-D,,'° values determined in both methods were comparable (16xMIC in
the agar-dilution method versus 8xMIC in the broth-dilution method). Thus, our results,
like previous reports, indicate that the broth-dilution method may be utilized for MPC
determination. It gives results consistent with the established agar-dilution method, and
the compatibility is better for the MPC-D determination.

Finally, for the therapeutic application of the MPC values, the MPC-based pharma-
codynamic parameter predicting the resistance development must be established
(e.9., Crax/ MPC, AUC/MPC, or %T,ysn). There is evidence supporting the hypothesis that
MPC-based PK/PD indices may better predict resistance development than the corre-
sponding MIC-based indices (61, 62). It was suggested that the mutants’ enrichment of
the bacterial cell population depends not only on the total time the drug concentra-
tion is in the MSW range but also on its position within the MSW (52, 53). In other
words, the time needed inside the MSW range for the mutants’ emergence and prolif-
eration is shorter when the drug concentrations fluctuate within the lower compart-
ment of the window (>30% when C_,, < MPC) and significantly longer when they
fluctuate in the upper compartment of the window (>80% when C,,,, > MPC) (20, 45).
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For other drug-strain combinations (e.g., marbofloxacin-K. pneumoniae), it is the ratio
of the time (T) above the MPC value over the time inside the MSW range (T > MPC/
Tusw) that seems to best predict resistance development (63). As no consensus has
been reached, the MPC values are still not used in clinics. Consequently, improvement
and standardization of the in vitro methods to determine the MPC value is crucial for
further research, as it may facilitate establishing novel, MPC-D-related PK/PD indices as
a basis for an "anti-mutant” dosing strategy. This, in turn, may prolong the life span of
old and new antimicrobial agents.

Conclusions. The MPC is a parameter that was hypothesized to supplement the
MIC value in the development of dosing regimens restricting the emergence of resist-
ance. However, switching to high (MPC-based) doses, while those lower (MIC-based)
are generally sufficient for a therapeutic success, is cumbersome. Moreover, MPC val-
ues show variability among strains with similar MICs, and concerns about their repeat-
ability have been recently raised. Additionally, some discrepancies occurred between
the MSW boundaries determined in vitro and those observed later in vivo. As a result,
the MPC-based, “anti-mutant” dosing regimens are yet to be defined. This study pro-
poses a new approach to the in vitro determination of MPC values and MSW ranges. It
shows that these values may be lower than initially proposed when only related to
dominant mutants (MPC-D and MSW-D). In the agar-dilution methodology, we pro-
pose determining the upper boundary of the MSW range based on the FSMS value
(MPC-D instead of MPC) to increase the repeatability and reproducibility of obtained
values. Second, we propose a novel broth-dilution method for determining the MSW
range (marked MSW-D), which may eliminate the discrepancies between in vitro and in
vivo values. Additionally, we propose a new method to achieve an inoculum that may
exceed 10" CFU/mL for a broader range of strains. Altogether, the proposed new
approaches aim to facilitate establishing MPC-D-based, resistance-restricting dosing
regimens and their clinical application.

MATERIALS AND METHODS

Antimicrobial agents, bacterial strain, and susceptibility testing. S. aureus ATCC 29213 was used
in this study. This strain is recommended by EUCAST and CLSI for the routine quality control of methods to
determine the activity of antibiotics and chemotherapeutic agents against bacteria (21, 22). Before all experi-
ments, the strain was stored at —80°C and subcultured twice on nutrition agar medium (BioMaxima SA,
Lublin, Poland) at 35°C for 24 h to ensure viability. The following antimicrobials were tested: linezolid (Pol-
Aura, Warsaw, Poland), ciprofloxacin (Pol-Aura, Warsaw, Poland), and novel benzosiloxaborole compound
No37 (synthesized at Warsaw University of Technology, Warsaw, Poland) (64). Powdered forms of linezolid
and ciprofloxacin were dissolved according to manufacturers’ instructions, while a stock solution of
compound No37 was prepared in DMSO (Sigma, St. Louis, MO, USA). All stock solutions were used as
fresh preparations. The susceptibility of S. aureus ATCC 29213 to the three tested compounds was
examined by determining the MIC values according to the CLSI guidance, using the 2-fold broth
microdilution method in Mueller-Hinton Il broth medium (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) (6). Strain susceptibility results were evaluated after incubation at 35°C for 18 h.

Preparation of the high-density inoculum. The high-density inoculum (above 10" CFU/mL) was
obtained by multi-stage, progressive culture concentration by the centrifugation method (Fig. 2). First,
three to five colonies of the tested strain from the 24-h culture on nutrition agar medium (BioMaxima
SA, Lublin, Poland) were transferred to 15 mL brain heart infusion (BHI) broth (BioMaxima SA, Lublin,
Poland) in a glass flask and incubated at 35°C for 6 h with shaking at 140 RPM. The obtained culture was
then diluted 1:100 in fresh BHI broth in a glass flask and further incubated at 35°C for 12 h with shaking
at 140 RPM. To ensure proper aeration, flasks were filled to a maximum of 50% of the flask volume.
Cultures with OD,,, of >6 were estimated to have a density above 10° CFU/mL. If the OD,,, values were
below 6, the next measurement was performed after an additional hour of incubation. The culture with
the required OD was centrifuged (2,061 x g = 4,000 RPM, 22°C, 15 min), and the obtained bacterial cell
pellet was resuspended in sterile 0.9% NaCl to reach half the volume of the initial culture and recentri-
fuged (2,061 x g = 4,000 RPM, 22°C, 15 min). The procedure was repeated until the volume of obtained
suspension was equal to 1/100 of the initial volume of the culture. This multi-step approach, with many
centrifugation-resuspension cycles, ensured a proper washout of the medium, dead cell elements, and
metabolites that might affect the viability of the final inoculum. The final inoculum was estimated to be
above 10" CFU/mL. The concentration of the final inoculum was confirmed by serial, 10-fold dilutions in
0.9% NaCl and plating on compound-free agar, After incubation at 35°C for 24 h, the bacterial colonies
were counted, and the inoculum concentration was calculated.

FSMS, MPC, MPC-D, MSW, and MSW-D determination by the agar-dilution method (AM).
The FSMS, MPC, MPC-D, MSW, and MSW-D parameters were determined simultaneously by the AM
(Fig. 3).
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FIG 2 Preparation of the high-density inoculum. SvC, starting volume of bacterial culture; CP, cell pellet; FCP, final cell pellet; BHI, Brain Heart Infusion;

4,000 RPM = 2,061 x g.

In the first stage of this study, a single-step resistant-mutant selection was performed. A series of
MHII agar plates (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) containing six 2-fold progres-
sively increasing concentrations of the tested compounds (from 1xMIC to 32xMIC) were prepared. Four
plates were prepared per concentration, and every plate was inoculated with 25 uL of the high-density
inoculum (10" CFU/mL) to ensure a total of 10" CFU were exposed to each concentration. Aliquots
were suspended in a 75 uL drop of 0.9% NaCl placed on the plate to facilitate the spreading of the high-
density inoculum over the agar surface. All plates were incubated at 35°C for 24 h. They were designated
A-series plates in which mutants were selected. After incubation, the plates were screened visually for
growth, and colonies were counted. If no growth was visible, plates were reincubated for an additional
24 h under the same conditions. In the second stage of this study, the aMRTests were performed (9, 33).
All obtained colonies, as well as the content of the visually clean plates and the content of plates with
dense lawn, semi-dense lawn, and colony lawn were transferred to another agar plate with the same
compound concentration. Plates were incubated at 35°C and screened for growth after 24 h and 48 h.
No growth was confirmed after 72 h. Only colonies that regrew in the aMRTest were considered single-
step resistant mutants while determining the FSMS, MPC, MPC-D, MSW, and MSW-D.
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The MPC value was determined according to Dong et al. as the minimal concentration of the agent that
causes no mutants to be obtained when a large number of cells (>10'° cells) are applied to agar plates con-
taining the agent (9). The FSMS value for each concentration of tested agent was calculated as the ratio of
the resistant CFU (mutant colonies grown on 32xMIC agar plates) to a total CFU in 1 mL of the initial inocu-
lum. A frequency below 1 x 10 % CFU/mL was considered the threshold for reduced mutant selection in the
cell population (10, 13), whereas the lowest concentration of the agent with the FSMS value below 1 x 107
was taken as the MPC-D value. The lowest concentration that causes no mutant to be obtained on A-series
plates was taken as the MPC value.

The MSW parameter was designated the interval of the agent concentration range from the MIC
value up to the MPC value, whereas the MSW-D parameter was defined as the interval of the agent con-
centration range from the MIC value up to the MPC-D value.

Finally, the SI was calculated as the MPC/MIC ratio (10), while the SI-D was calculated as the MPC-D/
MIC ratio.

MPC-D, MPC-F, MSW-D, and MSW-F determination by the broth-dilution method (BM). The
MPC-D, MPC-F, MSW-D, and MSW-F parameters were determined simultaneously by the BM (Fig. 3).

A series of 2-fold progressively increasing concentrations of the tested compounds (from 1xMIC to
32xMIC) were prepared in MHIl broth medium (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). Each plastic laboratory falcon tube with 4.9 mL of MHII broth with the compound was inoculated
with 100 L of the high-density inoculum above 10" CFU/mL. This provided an initial concentration of
bacterial cells above 10" CFU/mL in each falcon tube. Falcons were incubated at 35°C for 24 h with
shaking at 140 RPM. They were designated A-series falcons, in which mutants were selected and prolifer-
ated. The mutants were then isolated by spreading two aliquots of 100 L of the obtained culture over
two MHII agar plates containing the same compound concentration as in the broth culture. These were
designated B-series plates and incubated at 35°C for 48 h, then screened visually for growth, and the col-
onies were counted. To eliminate the inoculum effect, bMRTests were performed, during which the
regrowth ability of the obtained resistant mutant colonies in the presence of the same concentration
was checked, and the lack of growth on the agar mutant isolation plates was confirmed. Only colonies
able to regrow in the bMRTest were taken into account. MPC-D was defined as the lowest drug concen-
tration that, after the 24 h of incubation, prevents mutants selected among 10'° CFU from establishing a
resistant population of at least 10 CFU/mL in the drug-supplemented broth culture (i.e, mutants are not
able to dominate the population). This correspanded to at least 1 colony on each B-series plate. Mutants
that established a population of at least 10 CFU/mL were named the dominant mutants.

To establish the MPC-F, the remaining content of the A-series falcons was centrifuged (2,061 x g = 4,000
RPM, 22°C, 15 min) and concentrated to the final culture volume of 100 uL. The entire content of each concen-
trated culture in the A-series falcons was transferred to MHIl agar plates containing the same compound con-
centration as in the broth cultures. These were designated C-series plates and incubated at 35°C for 48 h, then
screened visually for growth, and the colonies were counted. The obtained mutant colonies’ ability to regrow
at the same concentration in broth, as well as the lack of growth on the agar mutant isolation plates, was
examined by the bMRTest. Only colonies able to regrow in the bMRTest were taken into account for the deter-
mination of the MPC-F. The MPC-F was the minimal concentration of the agent that allowed no mutant to be
obtained on the C-series plates. Mutants isolated on C-series plates that were not able to dominate the popula-
tion were named the inferior mutants. The detection threshold for the MPC-F parameter determined by the
BM is 1 CFU of mutant per 5 mL (the whole volume of the tested culture). This means that we can detect the
presence of at least one mutant cell in 5 mL of the broth culture (which corresponds to 1 colony on the tested
plates), where an initial concentration of bacterial cells was above 10'° CFU/mL in each falcon tube.

The MSW-D parameter was designated the interval of the agent concentration range from the MIC value
up to the MPC-D value at which the agent inhibits the emergence of mutants capable of dominating the
entire high-density population of the bacterial cells. The MSW-F parameter was defined as the interval of the
agent concentration range from the MIC value up to the MPC-F value at which the agent inhibits selection,
in a fluid environment, of resistant mutants appearing in the entire population of high-density bacterial cells.

Finally, the SI-D was calculated as the MPC-D/MIC ratio, while the SI-F was calculated as the MPC-F/
MIC ratio.

Broth mutant recovery test (bMRTest). The in-broth recovery test was performed for resistant mutants
obtained on the B- and C-series plates. The obtained mutant colonies on the plates with compound, the con-
tent of the plates on which a dense lawn, a semi-dense lawn, or a colony lawn appeared, and the content of
the visually clean plates were transferred to MHII broth with the same compound concentration. falcons were
incubated at 35°C with shaking (140 RPM) and were visually screened for growth after 24 h, 48 h, and (if no
growth was visible) after 72 h, The observed turbidity of the broth medium indicated the growth of bacteria.
To confirm the regrowth ability of the obtained resistant mutants in the presence of the antibacterial com-
pound, a sample of this turbid culture from the falcon tube was plated on agar supplemented with the same
compound concentration and incubated at 35°C for up to 72 h. A sample of the culture from the falcon tube
that was visually clear after 72 h of incubation was transferred to the MHIl agar plate with the same com-
pound concentration and incubated at 35°C for up to 72 h to confirm the lack of growth,
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Abstract: Over 30 compounds, including para-, meta-, and ortho-phenylenediboronic acids, ortho-
substituted phenylboronic acids, benzenetriboronic acids, di- and triboronated thiophenes, and pyri-
dine derivatives were investigated as potential 3-lactamase inhibitors. The highest activity against
KPC-type carbapenemases was found for ortho-phenylenediboronic acid 3a, which at the concentra-
tion of 8/4 mg/L reduced carbapenems’ MICs up to 16/8-fold, respectively. Checkerboard assays
revealed strong synergy between carbapenems and 3a with the fractional inhibitory concentrations
indices of 0.1-0.32. The nitrocefin hydrolysis test and the whole cell assay with E. coli DH5« trans-
formant carrying blagpc.3 proved KPC enzyme being its molecular target. para-Phenylenediboronic
acids efficiently potentiated carbapenems against KPC-producers and ceftazidime against AmpC-
producers, whereas meta-phenylenediboronic acids enhanced only ceftazidime activity against the
latter ones. Finally, the statistical analysis confirmed that ortho-phenylenediboronic acids act synergis-
tically with carbapenems significantly stronger than other groups. Since the obtained phenylenedi-
boronic compounds are not toxic to MRC-5 human fibroblasts at the tested concentrations, they can
be considered promising scaffolds for the future development of novel KPC/AmpC inhibitors. The
complexation of KPC-2 with the most representative isomeric phenylenediboronic acids 1a, 2a, and
3a was modeled by quantum mechanics/molecular mechanics calculations. Compound 3a reached
the most effective configuration enabling covalent binding to the catalytic Ser70 residue.

Keywords: arylboronic acids; KPC/AmpC [3-lactamase inhibitors; molecular docking; time-dependent
QM/MM; antibacterial activity

1. Introduction

Aromatic di- and triboronic acids are popular building blocks used in organic synthesis,
for the construction of extended hydrogen-bonded supramolecular assemblies [1] and
porous materials with a special emphasis on Boronate Covalent Organic Frameworks [2].
With a few exceptions [3], however, their potential in medicinal chemistry has not been
extensively investigated, yet. In this context, it is worth noting that the presence of two
or more boronic groups attached to the aromatic backbone results in reduced lipophilicity
and increased acidity compared to monoboronic derivatives which are more popular in
medicinal chemistry, e.g., they were recognized as potent 3-lactamase inhibitors (BLIs) [4].
B-Lactamases, as enzymes hydrolyzing B-lactams, are the main cause of Gram-negative rod
resistance to these antibiotics. This mechanism of bacterial resistance has a negative impact
on global public health [5-10]. Moreover, from the point of medicinal chemistry, boronic
acids and their derivatives have also found other applications, e.g., they have emerged as
covalently binding proteasome inhibitors and the most important example is bortezomib
used as the anticancer agent for the treatment of multiple myeloma [11].
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Among (-lactamases, carbapenemases are the most troublesome as they extend bacterial
resistance to the last-resort antibiotics—carbapenems [5]. The most clinically relevant carbapen-
emases belong mainly to class A according to Ambler classification [6], (e.g., Klebsiella pneunio-
niae carbapenemases—KPCs), class B (the so-called metallo-3-lactamases—MBLs, e.g., New
Delhi metallo-B-lactamases—NDMs, Verona integron-encoded metallo-3-lactamases—VIMs),
and class D (e.g., carbapenem-hydrolyzing class D -lactamases—CHDLs and enzyme
OXA-48). Class C carbapenemases were rarely described, e.g.,, ADC-68 in Acinetobac-
ter baumannii [5,7]. However, the widespread resistance to third and fourth-generation
cephalosporins among bacteria is also worrisome [8]. It results either from the production
of the class A extended-spectrum f(-lactamases (ESBLs, e.g., CTX-M enzymes) or from
the production of class C cephalosporinases (AmpC), both chromosomal (cAmpC) and
plasmid-encoded (pAmpC, e.g., CMY-2) [8,9].

Considering the above, in 2017, the World Health Organization (WHO) classified
carbapenem-resistant strains of A. baumannii (CRAB), Pseudomonas aeruginosa (CRPA), and
Enterobacterales (CRE) as well as third-generation cephalosporin-resistant Enterobacterales as
the “critical priority pathogens”, for which therapeutic options are severely limited [10].
However, the number of new antibacterial agents, both recently approved and under clinical
and preclinical development, is still insufficient to address this problem [12,13]. Combining
-lactams with BLIs is a well-known strategy to restore the effectiveness of these antibiotics.
BLIs based on the p-lactam scaffold (clavulanic acid, sulbactam, and tazobactam) entered
clinics in the 1980s-1990s [14] but they are inactive against carbapenemases. Recently,
market authorization gained three non-f-lactam inhibitors of class A carbapenemases
(avibactam, relebactam, and vaborbactam) and one potent inhibitor of class A and D
carbapenemases (durlobactam) [15,16]. However, class B carbapenemases are still out of
the spectrum of clinically available BLIs. Thus, searching for new broad-spectrum inhibitors
is urgently needed [13,15].

Boronic acids and their derivatives are well-known groups of competitive, reversible
BLIs [4,17]. They react with the nucleophilic serine in the catalytic center of 3-lactamases,
forming tetrahedral complexes [4]. Vaborbactam (Scheme 1), based on cyclic boronate
(boronic acid monoester) pharmacophore, was already marketed in combination with
meropenem for the treatment of complicated urinary tract infections. It is a potent inhibitor
of class A carbapenemases (KPC, SME) and ESBLs (CTX-M, TEM, and SHV) as well as
AmpC enzymes [12]. Three cyclic boronates with the activity extended toward many
metallo-B-lactamases and class D enzymes are under clinical trials (taniborbactam, VNRX-
7145, and QPX7728) [13] whereas other derivatives are under preclinical development [18].
(2'-S)-(1-(3'-Mercapto-2'-methylpropanamido)methyl)boronic acid was recently found to
inhibit a broad spectrum of -lactamases, including some MBLs (VIM-2 and NDM-1) [19].
Various aromatic boronic acids (including phenylboronic acids) also display BLI activity
against class A (KPC [20-24] and CTX-M [25,26]) and class C (3-lactamases [23,26-30]).
Improved affinity toward AmpC enzymes was found for many meta-substituted phenyl-
boronic acids, e.g., those bearing amide [27], sulfonamide [27], aza-naphthol [29], and
aza-phenol [29] moieties, while carboxyvinyl group in the ortho or 1,2,3-triazole in the meta
position were associated with an increased KPC-2 inhibitory potency [22-24]. Finally, many
benzoxaboroles manifest broad-spectrum in vitro inhibition of class A (TEM-1, CTX-M-15,
and KPC-2), class C (cAmpC, CMY-2), and class D (OXA-10, OXA-24, and OXA-48) en-
zymes [17,31,32]. However, some compounds were not able to restore the effectiveness of
antibiotics against strains producing particular -lactamases [19,27,29,32]. This emphasizes
the importance of performing microbiological whole-cell assays, to evaluate antibacterial
activity. Considering the BLI activity of simple phenylboronic acid (PBA) [33], the major
motivation of this work has been the practical evaluation of the effect of the introduction of
additional boronic group(s) attached to the aromatic core using appropriate microbiological
assays supported by theoretical modeling performed for the most representative systems.
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(2'-S)-(1-(3'-mercapto-2'-methylpropanamido)-
methyl)boronic acid

Scheme 1. Examples of boronic acid derivatives showing potent BLI activity.

2. Results and Discussion
2.1. Synthesis

Our study involved over 30 compounds including para-(1a-11), meta-(2a-2g) and ortho-
benzenediboronic acids 3a-3e (Scheme 2). In addition, benzenetriboronic acids (4a—4b)
were the subject of our work. Further examples include di- or triboronated thiophene
(5a-5¢) and pyridine (6a) derivatives. Finally, a few ortho-substituted phenylboronic acids
(7a-7c) featuring intramolecular hydrogen-bonding interactions were also investigated.
Compounds 1a, 2a and 7a were commercially available. The synthesis of most compounds
including 1b-1g [1,34,35], 1j-11 [36,37], 2d-2g [34,35], 3a-3d [38], 4a—4b [35], 5b-5¢ [39],
and 7b [40] was reported previously. The synthesis of remaining boronic acids 1h, 1i, 2b,
2¢, 3e, 6a, 7c is presented in Scheme 3. In general, they were obtained from appropriate
aromatic precursors using the lithiation /boronation reaction sequence with some variations
introduced to install the boronic groups effectively. The details of synthetic procedures and
compound characterization are given in the Supplementary Materials.

(OH), (OH) (OH),
Re Ri Re Ry Ra B(OH),
Rj Rz R% B(OH), R% R,
(OH)2 ! A

1a:R;=Rp,=R3=R;=H 2a:R;=R,=R3=R,=H 3aR;=R;=R3;=R,=H

1b:Ry=F, R;=R3=R;=H
1c¢:R1=R;=F,R3=Rs=H
1d:R1=R;=F R;=R3=H
1e.R1=R3=F R;=Rs=H
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5b: R; = H, R, = B(OH),
5c: R; = Ry = B(OH),

2b:R3=F,R;=R,=R,=H
2c:R,=R;=F,R;=Rz=H
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l P
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Scheme 2. The structures of studied arylboronic acids.
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Scheme 3. Synthesis of arylboronic acids 1h, 1i, 2b, 2¢, 3e, 6a, 7c.

2.2. Direct Antimticrobial Activity

It should be emphasized that the main objective of this study was to evaluate the f3-
lactamase inhibitory capacity of the tested aromatic diboronic acids. However, comprehen-
sive screening of their direct antimicrobial potency was also important. Many BLIs display
intrinsic antibacterial activity via inhibiting penicillin-binding proteins (PBPs). It was re-
ported for clavulanic acids [41], sulbactam [42], some diazabicylococtane BLIs [43-46], and
recently for boronate BLI xeruborbactam [47]. Though the direct activity of BLIs is usually
weak (the minimal inhibitory concentrations—MICs > 64 mg /L) [41,43-45] or moderate
(e.g., 16 mg/L for xeruborbactam against CRE strains) [47], it is considered beneficial, as
such compounds potentiate (3-lactams also against non--lactamase-producing organisms.
Among various organoboron compounds studied over the past decades [48], benzox-
aboroles proved most effective as direct antimicrobials. They usually act as inhibitors of
leucyl-tRNA synthetase (leuRS) in fungi [49,50], mycobacteria [51], Gram-positive [52,53],
and Gram-negative bacteria [54,55]. Moreover, structurally similar benzosiloxaboroles
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displayed high activity against Gram-positive cocci (including methicillin-resistant Staphy-
lococcus aureus—MRSA) [56] and yeasts [17]. However, the direct antimicrobial activity of
some phenylboronic acids was also reported [57-59]. In this work, we screened the activity
of all compounds against six Gram-positive strains, 10 Gram-negative strains, and six
yeasts by disc diffusion method followed by the determination of MICs and minimal bacte-
ricidal/fungicidal concentrations (MBCs/MFCs). Obtained results are collected in Tables
S1-S3 in the Supplementary Materials. A moderate-to-weak activity against Gram-positive
strains was found for most tested compounds (Table S1). The lowest MICs were obtained
for compound 2e (0.78-12.5 mg/L for staphylococci, including MRSA; 50-100 mg/L for
enterococci) and for compound 7¢, which was equally potent against all tested coccis
(MICs 12.5-25 mg/L). These results are comparable with our previous findings for various
benzosiloxaboroles [56]. Besides, 1¢, 1e, 1j, and 7b displayed moderate activity against
staphylococci (MICs 12.5-50 mg/L) and weak against enterococci (MICs 100400 mg/L),
whereas other compounds showed only weak activity regardless of the species. The weak
activity (MICs 50400 mg/L) against Gram-negative rods (except P. aeruginosa) was found
for some para- (1b-1f, 1i, and 1j) and meta-phenylenediboronic acids (2b-2e), as well as
for 3a, 7a, and 7b (Table S2). Assuming that multidrug-resistant (MDR) efflux pumps may
contribute to Gram-negative rod resistance, the activity of tested agents in the presence
of the efflux pumps inhibitor phenylalanine-arginine-f-naphthylamide (PABN) was also
examined [60-62]. Interestingly, only MICs of compounds 2e, 3e, and 7b were signifi-
cantly reduced in the presence of PABN (by 4-16-fold). Therefore, it is unlikely that the
activity of other compounds is affected by the efflux phenomenon. This is in contrast to
benzosiloxaboroles which were actively extruded from bacterial cells [17]. Most tested
agents displayed only weak activity against reference yeasts (Table S3). Exceptionally, 3e
was highly active against most Candida spp. (MICs 3.12-6.25 mg/L) and moderately active
against Candida krusei (MIC 25 mg/L) and Saccharomyces cerevisiae (MIC 50 mg/L). These
values are comparable with those we reported for some benzosiloxaboroles [17,56] and
lower than those obtained for various phenylboronic acids [57,58,63]. Moreover, moderate
antifungal activity was found for 1i and 7a-7¢ (MICs 6.25-50 mg/L). The fungicidal activity
was noticed in the case of 3e (against Candida albicans, Candida tropicalis, and Candida guillier-
mondii with the MFCs 400 mg /L) and 7c (against C. albicans, C. tropicalis, C. guilliermondii,
and S. cerevisiae with the MFCs 25-200 mg/L). To summarize, most of the tested aromatic
boronic acids displayed rather weak activity against Gram-positive strains whereas only a
few derivatives inhibited the growth of Gram-negative rods and yeasts.

2.3. BLI Activity at High Concentrations

The BLI activity of many boronic acids [4] including some derivatives reported by
us recently [17] has prompted us to investigate all of the presented compounds. First,
we performed three combination disc tests (CDTs) searching for KPC, AmpC, and ESBL
inhibition at high concentrations of tested compounds. PBA was used as the reference
inhibitor of both KPC [64] and AmpC [65] enzymes at a concentration of 0.3 mg per disc.
Considering that some tested agents inhibited the growth of reference Gram-negative
rods, screening tests of direct antimicrobial activity (STDA) against (3-lactamase producers
were performed using the disc-diffusion method. Discs with 0.3, 0.1, and 0.03 mg of each
agent were examined. In the CDTs, concentrations lower than 0.3 mg per disc were used
in the case of 1b-1f, 1i, 1j, 2¢, 2d, 7a, and 7b (Table S4). A significant difference in the
growth inhibition zone diameters around the antibiotic disc with an agent versus the same
antibiotic disc without an agent was taken as an indicator of BLI activity (Table 1) [64,65].
BLI activity against at least one tested strain was found for the majority (25 out of 33)
of tested compounds. Three phenylenediboronic acid regioisomers (1a, 2a, 3a), their
fluorinated derivatives (1b, 1d, 1e, 2b, 3b, 3¢), benzene-1,2,4-triboronic 4b, thiophene-2,3-
diboronic acid 5a and 2,5-difluorophenylboronic acid 7a increased the meropenem activity
against the KPC-2-positive strain and ceftazidime activity against both strains producing
cephalosporinases (chromosomally encoded cAmpC and plasmid-encoded CMY-2). Some
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functionalized phenylenediboronic acids, i.e., those bearing fluorine (1c, 1f, 2¢, 2d, 3d),
bromine (1i, 2f), CF; (2e, 3e), or OMe (2g) substituents increased the sensitivity of AmpC-
producers only.

Table 1. 3-Lactamase inhibitory activity of selected boronic acids.

Diameter of Inhibition Zone (mm) ?

Disc with K- peumanige ATCC aeruginosa MUW E. coli 77 K. pneumoniae ATCC
Antibiotic + Tested Agent ? glté-;?lt’)isitive 700 cAmpC-Positive CMY-2-Positive 700603 ESBL-Positive
MEM-10 CAZ-30 CAZ-30 CAZ-30

without agent 6 11 13 14

PBA 21 24 24 14

1a 19 23 21 17

1b 11°¢ 20°¢ 20°¢ 15°¢

1c 6¢ 18°¢ 20°€ 14¢

1d 12°€ 17 ¢ 20°¢ 14¢

le 11°¢ 18°¢ 20°¢ 15¢

1f 6i° 17:< 21.€ 15¢

1i 6¢ 16 16 ¢ 14°¢

2a 15 21 22 16

2b 19 18°¢ 21°¢ 16

2c 6¢ 20°¢ 19¢ 13¢

2d 6¢ 18°¢ 21.¢ 13'¢

2e 6 16 19 16

2f 6 21 19 15

2g 6 19 20 13

3a 17 22 23 18

3b 14 22 25 16

3¢ 12 20 20 16

3d 6 14 21 15

3e 6 17 17 14

4a 6 16 20 14

4b 14 21 21 14

5a 15 22 20 16

5¢ 6 21 22 16

7a 134 174 19 ¢ 154

7c 13 11 16 15

MEM-10—A disc with meropenem 10 pg per disc. CAZ-30—A disc with ceftazidime 30 pg per disc. CTX-30—A
disc with cefotaxime 30 ug per disc. The diameter of all used antibiotic discs was 6 mm. The amount of
reference compound PBA and other agents added onto the antibiotic discs was 0.3 mg per disc; ® The addition
of compounds 1g, 1h, 1j, 1k, 11, 5b, 6a, and 7b onto antibiotic discs did not significantly alter the diameters of
the growth inhibition zones in comparison to the results obtained with the antibiotic discs alone; ® A significant
difference in the inhibition zones around the antibiotic disc with an agent versus the same antibiotic disc without
an agent is presented in boldface. In the case of meropenem (MEM), a significant difference is at least 4 mm, while
for ceftazidime (CAZ) and cefotaxime (CTX), it is at least 5 mm [59,60]; © The amount of tested agent added onto
the antibiotic discs was 0.1 mg per disc; ¢ The amount of tested agent added onto the antibiotic discs was 0.03 mg
per disc.

The same activity profile was found for benzene-1,3,5-triboronic acid 4a and thiophene-
2,3,5-triboronic acid 5¢, whereas 2-mercaptophenylboronic acid 7c increased only the sensi-
tivity of K. pneumoniae KPC-2-positive. Lack of BLI activity was observed for phenylene-
1,4-diboronic acids including perfluoro derivative 1g, and compounds bearing bulkier
substituents, i.e., CF3 (1h), I, SiMe3, OMe, (1j-11, respectively). Two heteroaromatic com-
pounds, namely thiophene-2,5-(5b) and pyridine-3,5-diboronic acid hydrochloride (6a)
were also inactive. It should be noted that none of the tested boronic acids showed any
activity against ESBL-positive K. pneumoniae.
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2.4. BLI Activity at Low Concentrations

Subsequently, we performed microdilution tests for 25 agents, which displayed BLI
activity in the CDTs. They were used at low concentrations (16, 8, and 4 mg/L) as re-
ported previously for known BLIs (vaborbactam, relebactam, and avibactam) [66]. Un-
der these conditions, 18 compounds are inactive against tested Gram-negative bacilli
(MICs > 400 mg/L), whilst seven present only weak direct activity (MICs ranging from
100-200 mg/L, Table S5). First, we evaluated the capabilities of reducing ceftazidime MICs
for two AmpC producers as well as meropenem MICs for four KPC producers and one
VIM-positive strain. All KPC- and VIM-positive strains used at this stage were resistant
to tested carbapenems, whereas all AmpC-positive strains were resistant to ceftazidime
according to EUCAST breakpoints [66] (Table S6). PBA was used as a reference inhibitor of
both KPC [64] and AmpC [65] enzymes. At least the 4-fold reduction in a B-lactam MIC was
taken as an indicator of BLI activity. Also, the ability of tested agents to restore susceptibility
(i.e., to reduce antibiotic MIC to or below EUCAST breakpoint [66]) was examined. Seven-
teen compounds displayed BLI activity against KPC or AmpC producers. In contrast, none
of the tested agents increased the susceptibility of P. aeruginosa VIM-positive to meropenem.
1a, 2a, 3a, their fluorinated derivatives (1b-1f, 2b-2d, and 3b), 4b, 5a, 5¢, and 7a displayed
BLI activity towards both cAmpC- and CMY-2-positive strains (Table S6). The strongest
ceftazidime MIC reductions were obtained in the presence of para-phenylenediboronic
acids 1a-1f and 7a (up to 32/16/8-fold at 16/8/4 mg/L of a tested agent, respectively),
slightly smaller in the presence of mefa-phenylenediboronic acids 2a-2d (up to 16/8/4-fold
at 16/8/4 mg/L, respectively). All active para- and meta-phenylenediboronic acids and
7a reduced ceftazidime MIC of Escherichia coli CMY-2-positive to <8 mg/L, thus reaching
EUCAST breakpoint for ceftazidime in the presence of avibactam (at 4 mg/L) [66]. How-
ever, only 1a and 7a resensitized P. aeruginosa cAmpC-positive to ceftazidime (breakpoint
in the presence of avibactam at 4 mg/L also equal 8 mg/L [66]). Compounds 3a, 3b, 4b, 5a,
and 5c¢ were less potent (MIC reductions up to 8/4/2-fold at 16/8/4 mg/L, respectively),
and they did not restore sensitivity to ceftazidime of either of the AmpC-positive strains.
The potency of para- and meta-phenylenediboronic acids and 7a in increasing sensitivity of
E. coli CMY-2-positive was higher than that for PBA, but weaker in the case of P. aeruginosa
cAmpC-positive. Compared to unsubstituted acids 1a and 2a, their fluoro derivatives were
generally more active towards E. coli CMY-2-positive (up to 4-fold for 1e) but less active
towards P. aeruginosa cAmpC-positive (also up to 4-fold).

BLI activity toward KPC producers was less common than toward AmpC producers.
However, significant reductions of meropenem MIC of at least two KPC-positive strains
were obtained for 7 compounds: 1a and its fluorinated derivatives (1b, 1d, 1e), 3a and
its 4-fluoro derivative 3¢, and 7a (Table S6). We suppose that the lack of activity of meta-
phenylenediboronic acids against KPC producers can be ascribed to different structures of
binding sites of KPC and AmpC enzymes. Thus, it seems that the mutual meta orientation
of two boronic groups (the case for 2a and its derivatives) disfavors binding to KPC. The
active agents were subsequently tested with other carbapenems, i.e., with imipenem and
ertapenem (Table 2). Among the total of 84 combinations with each carbapenem, significant
MIC reductions were obtained 53 times for imipenem, 48 times for meropenem, and
41 times for ertapenem. Each tested agent potentiated all three carbapenems comparably
(MIC reductions in most cases differ no more than by 2-fold, rarely by 4-fold).
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Table 2. The MIC values of antibiotics alone and in combinations with selected agents (results for
other agents are presented in Table S6 in the Supplementary Materials).

Strain MICs (mg/L) of Antibiotics in the Presence of Tested Agents at the Concentration of 16/8/4 mg per L

Antibiotic Mic +PBA +la +1b +1d +1e +3a +3c +7a
(mg/L)

K. pneumoniae ATCC BAA-1705 KPC-2-positive

MEM 32 8/16/16 4/8/16 8/16/16 8/16/16 8/16/16 4/8/16 16/16/16 8/16/16

IMI 16 4/8/8 4/8/8 4/8/8 8/8/16 8/8/16 2/2/4 4/4/8 4/4/8

ERT 64 32/64/64  16/32/32  32/32/32 32/64/64 32/64/64 8/16/32 16/32/32 32/32/64

E. coli 76 KPC-2-positive

MEM 64 16/16/16  8/16/32 16/16/32 16/32/32 16/32/32  4/8/16 16/32/32 16/32/32

IMI 128 16/32/32 16/32/64 16/32/64 32/64/64 32/64/64 8/16/16 16/32/32 16/32/32

ERT 256 64/64/128 32/64/64 32/64/128 64/64/128 32/64/128 32/64/64 64/128/128 64/128/128

K. pneumoniae 81 KPC-3-positive

MEM 16 8/8/8 1/2/8 1/4/8 1/4/8 4/8/8 0.5/1/2 2/2/4 1/4/4

IMI 8 2/4/4 1/2/2 2/2/4 2/2/4 2/2/4 0.5/1/1 1/1/2 1/1/2

ERT 32 16/16/16  2/8/8 8/16/16 4/16/16 16/16/16  1/2/8 4/8/8 8/16/16

K. pneumoniae 83 KPC-3-positive, CTX-M-3-positive

MEM 32 8/8/16 4/16/16 8/16/32 8/16/32 8/16/32 0.5/2/8 4/8/8 4/16/16

MI 8 4/4/8 2/2/4 2/4/4 4/4/4 4/4/4 0.5/1/2 2/2/4 1/2/2

ERT 64 32/32/32  16/16/32  16/32/32  32/32/64 16/32/64 4/8/16 16/32/32 16/32/32

E. coli 77 CMY-2-positive

CAZ 64 8/16/32 8/16/32 4/8/16 8/16/16 2/4/8 16/32/32  32/32/32 2/4/8

P. aeruginosa MUW 700 cAmpC-positive
CAZ 128 8/8/16 8/16/32 16/16/32 32/64/64 32/32/64 32/64/128 128/128/128 8/16/32
MEM—meropenem; IMI—imipenem; ERT—ertapenem; CAZ—ceftazidime; PBA—phenylboronic acid. The

significant reductions (at least a 4-fold) in the antibiotic MIC values after the addition of a tested agent are shown
in boldface.

The highest activity was found for 3a (carbapenems” MIC reduction up to 64/16/8-
fold at 16/8/4 mg/L of tested agent, respectively). Compounds 1a and 7a were less
potent (MIC reduction up to 16/8/2-fold at 16/8/4 mg/L, respectively). For comparison,
PBA at 16 mg/L reduced carbapenems” MICs only up to 8-fold for KPC-2 producers
and up to 4-fold for KPC-3 producers. All seven agents and PBA reduced meropenem
MIC of KPC-3-positive strains to <8 mg/L—Enterobacterales breakpoint for meropenem
in the presence of vaborbactam (at 8 mg/L) [66] (Table 2). Six agents (all except 3¢c) also
resensitized K. pneumoniae ATCC BAA-1705 KPC-2-positive, whereas 1a and 3a restored
the meropenem activity against all studied KPC producers. Moreover, all seven agents
reduced imipenem MIC for K. pneumoniae 81 KPC-3-positive to <2 mg/L (breakpoint in
the presence of relebactam at 4 mg/L [66]). Compounds 1a, 1b, 3a, 3¢, and 7a (unlike
PBA) resensitized K. pneumoniae 83 KPC-3/CTX-M-3-positive to imipenem, whereas 3a also
resensitized K. pneumoniae KPC-2-positive. We did not achieve a reduction of ertapenem
MIC to its susceptibility breakpoint (0.5 mg/L, used alone as this antibiotic is not combined
with any BLI [66]). However, it is worth noting that 1a and 3a potentiated ertapenem
better than PBA toward all KPC producers (by up to 8- and 16-fold, respectively). Recently,
a-amido-B-triazolylethaneboronic acid at 4 mg/L was found to restore the susceptibility of
strains producing various KPC, SHV, TEM, and CTX-M enzymes to ertapenem. However, it
should be noted that strains used in our study were much more resistant to this carbapenem
(MIC ranges 32-256 mg /L vs. 4-16 mg/L in the previous report [20]).

KPC-2 and KPC-3 enzymes are the most prevalent serine carbapenemases, which
differ only in the amino acid at position 272 (histidine in KPC-2, tyrosine in KPC-3) [5].
Interestingly, tested boronic acids potentiated carbapenems better against K. prneumoniae
81 KPC-3-positive than against KPC-2 producers (2—4-fold higher MIC reductions). Thus,
in order to clearly indicate the molecular target of tested agents, the most representative

152



Publikacja O4

Molecules 2023, 28, 7362

9of 28

derivatives 1a, 2a, 3a, and reference PBA were additionally tested alone and in combination
with meropenem against meropenem susceptible E. coli DH5« and against E. coli 82 TR(pl
81)—the transformant of E. coli DH5x carrying a plasmid with blagpc.s gene from the
clinical strain of K. pneumoniae 81 KPC-3-positive. Tested agents alone were inactive
against both the parent strain and its transformant (MICs of PBA, 1a, and 2a > 400 mg/L,
MICs of 3a equal to 400 mg/L). None of them (in concentrations of 4, 8 and 16 mg/L)
altered meropenem MIC of E. coli DH5« (Table 3). In contrast, significant (at least 4-fold)
meropenem MIC reductions were obtained in their presence for E. coli 82 TR(pl 81). As
expected, 3a turned out to be the most potent compound, reducing meropenem MIC
by 32/16/4-fold at the concentration of 16/8/4 mg/L, respectively. PBA and 1a were
less effective, whereas 2a reduced meropenem MIC only by 2-fold. Subsequently, total
proteins from E. coli 82 TR(pl 81) cells were extracted and the nitrocefin hydrolysis test was
performed. KPC-3 was the only B-lactamase produced by E. coli 82 TR(pl 81). Efficient
nitrocefin hydrolysis in the positive control measurement as relative absorbance proved
the presence of KPC-3 in the purified protein extract. (Table S7). The reduction in the
relative absorbance level by 53/44/42% in the presence of 16 mg/L, and by 43/35/35%
in the presence of 8 mg/L of PBA/3a/1a, respectively, indicated tested agents as effective
KPC-3 inhibitors (Tables 3 and S7). Compound 2a showed only weak BLI activity in
concentration 16 mg/L, 29% reduction in relative absorbance. Interestingly, PBA turned
out to be the most effective KPC-3 inhibitor in the nitrocefin hydrolysis test, despite its
inferiority in potentiating carbapenems against E. coli 82 TR(pl 81) as well as clinical KPC
producers. Thus, the physicochemical properties of the tested diboronic acids enable their
better performance in microbiological whole-cell assays.

Table 3. The effect of agents 1a, 2a and 3a on meropenem MICs against E. coli 82 TR(pl 81) KPC-positive
and on the activity of KPC-3 in purified protein extract visualized by the nitrocefin hydrolysis test.

MICs in mg/L of Meropenem Alone or in Combination with a Tested

Agent Agent [Reduction in the Relative Absorbance in the Nitrocefin
Concentration Hydrolysis Test] *

i L

in mg/ +PBA +la +2a +3a

E. coli 82 TR(pl 81)

0 2 2 2 2

4 0.50 [44%] 0.50 [27%] 1[13%] 0.50 [30%]
8 0.25 [43%] 0.25 [35%] 1[18%] 0.125 [35%
16 0.25 [53%)] 0.125 [42%)] 1[29%] 0.062 [44%)]
E. coli DH5ec **

0 0.016 0.016 0.016 0.016

16 0.016 0.016 0.016 0.016

PBA—phenylboronic acid as the reference BLI; A significant reduction (at least 4-fold) in the meropenem MIC
values after the addition of a tested agent is shown in boldface. * Reduction in the relative absorbance level
was calculated as the difference in the relative absorbance between the positive control and the sample of
each concentration of tested inhibitor and expressed as a percentage (detailed results of the nitrocefin hydrol-
ysis test are provided in Table §7). ** Meropenem susceptible E. coli DH5«, the parent strain of transformant

E. coli 82 TR(pl 81).

Overall, more agents were active against strains producing cephalosporinases than
carbapenemases (16 vs. 7 compounds) (Table S6). However, six compounds (1a, 1b, 1d, 1e,
3a and 7a) displayed BLI activity toward both KPC and AmpC producers. Interestingly,
apart from parent aromatic diboronic acids 1a, 2a, and 3a, only their fluorinated derivatives
(except for 1c) were effective BLIs toward KPC producers. Moreover, 13 compounds re-
stored the sensitivity of at least one strain (Table S6). Notably, 3a was the most potent agent
in resensitizing KPC producers to meropenem (all four strains) and imipenem (3 strains).
However, it did not restore the sensitivity of any AmpC producer to ceftazidime. Com-
pound 1a restored the sensitivity of all KPC producers to meropenem, all KPC-3 producers
to imipenem, and two AmpC-positive strains to ceftazidime (Table 2). Fluorinated deriva-
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tives 1b, 1d, and 1e proved slightly less successful as the meropenem breakpoint for E. coli
KPC-2-positive and the ceftazidime breakpoint for P. aeruginosa cAmpC-positive were not
reached, whereas imipenem breakpoint for K. pneumoniae KPC-3/CTX-M-3-positive was
not reached with 1d and 1e. Compound 7a was comparably active, as only the meropenem
breakpoint for E. coli KPC-2-positive was not reached in its presence.

2.5. Synergy Evaluation

To investigate the type of interaction between studied boronic acids and p3-lactams, we
performed checkerboard assays and calculated fractional inhibitory concentrations indices
(FICIs) for compounds that caused at least one significant reduction in any -lactam MIC.
This part of the work included 16 compounds, and PBA as a reference, combined with
ceftazidime against two AmpC producers and seven tested agents, and reference PBA,
combined with three carbapenems against four KPC producers. Following Bonapace et al.,
both the lowest and the average FICI were subsequently interpreted [67]. Obtained results
are presented in Tables 4 and 5.

Table 4. In vitro interactions between tested agents and ceftazidime, determined by fractional
inhibitory concentration index (FICI).

Agent Tested in Combination with CAZ 2

The Lowest FICI/Interpretation [Average FICI/Interpretation] P
E. coli 77 CMY-2-Positive P. aeruginosa MUW 700 AmpC-Positive

PBA 0.15/510.30/S] 0.07/5[0.10/5]
la 0.15/5[0.30/5] 0.08/S [0.16/S]
1b 0.10/5 [0.17/S] 0.14/5[0.18/9]
1c 0.14/S [0.19/S] 0.17/5[0.32/5]
1d 0.17/510.23/S] 0.27/510.43/5]
le 0.14/S [0.17/S] 0.29/5[0.38/5]
1f 0.21/5[0.24/5] 0.27/510.43/5]
2a 0.15/51[0.22/5] 0.14/5[0.18/5]
2b 0.10/5 [0.17/S] 0.26/5[0.35/5]
2c 0.17/510.21/S] 0.15/5[0.22/9]
2d 0.14/5 [0.19/S] 0.26/510.35/5]
3a 0.29/5[0.44/5] 0.29/5[0.61/1]
3b 0.27/5[0.43/5] 0.27/510.60/1]
4b 0.27/5[0.43/S] 0.15/5[0.30/5]
5a 0.27/5[0.43/5] 0.15/5[0.30/5]
5¢ 0.27/5[0.43/9] 0.27/5[0.43/5]
7a 0.14/5 [0.17/S] 0.10/5[0.17/5]
CAZ—ceftazidime; S—synergy; I—indifference. FICIs lower than for PBA are shown in boldface. * FICIs were
calculated only for agents that caused at least one 4-fold ceftazidime MIC reduction; ® For combinations with at
least one MIC value above the highest tested concentration FICIs are equal to or below the presented values.
Table 5. In vitro interactions between tested agents and carbapenems, determined by fractional
inhibitory concentration index (FICI).
The Lowest FICI/Interpretation [Average FICI/Interpretation] *
Strain Agent Tested
MEM IMI ERT
K. pneumoniae ATCC BAA-1705 KPC-2-positive
PBA 0.27/5[0.43/5] 0.27/5[0.43/9] 0.52/1[0.85/1]
1a 0.15/S [0.30/S] 0.27/5[0.43/5] 0.27/S [0.43/S]
1b 0.27/5[0.43/S] 0.27/5[0.43/9] 0.51/1[0.51/1]
1d 0.29/5[0.44/5] 0.52/1[0.69/1] 0.54/110.86/1]
le 0.33/5[0.46/5] 0.54/110.71/1] 0.58/110.88/1]
3a 0.17/5 [0.32/S] 0.15/5 [0.19/S] 0.17/8 [0.32/S]
3¢ 0.51/1[0.51/1] 0.26/S [0.35/S] 0.27/S [0.43/S]
7a 0.41/5[0.51/1] 0.33/5[0.43/5] 0.58/1[0.76/1]
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Table 5. Cont.

The Lowest FICI/Interpretation [Average FICI/Interpretation] ?

Strain Agent Tested
MEM IMI ERT

E. coli 76 KPC-2-positive
PBA 0.26/510.26/5] 0.15/5[0.22/8] 0.26/510.35/8]
1a 0.15/S [0.31/9] 0.15/5[0.30/9] 0.15/S [0.22/S]
1b 0.27/510.36/5] 0.17/S [0.32/8] 0.17/S [0.32/S]
1d 0.29/510.44/5] 0.29/5[0.44/S] 0.27/51[0.36/S]
le 0.41/510.51/1] 0.41/510.51/1] 0.29/510.39/8]
3a 0.10/S [0.17/8] 0.10/8 [0.13/S] 0.17/8 [0.23/S]
3c 0.27/510.43/5] 0.15/510.22/9] 0.27/510.43/5]
7a 0.41/510.51/1] 0.29/510.30/85] 0.41/510.51/1]

K. pneumoniae 81 KPC-3-positive

PBA 0.51/1[0.51/1] 0.27/510.43/S] 0.51/1[0.51/1]
1la 0.08/S [0.24/S] 0.15/S [0.22/S] 0.08/S [0.20/S]
1b 0.08/S [0.28/S] 0.26/S [0.35/S] 0.27/S [0.43/S]
1d 0.10/S [0.29/S] 0.27/5 [0.36/S] 0.17/S [0.40/S]
1e 0.33/S [0.46/S] 0.29/5 [0.38/S] 0.52/1[0.55/1]
3a 0.07/S [0.10/S] 0.10/S [0.13/S] 0.07/S [0.14/S]
3¢ 0.14/S [0.18/S] 0.14/S [0.18/S] 0.15/S [0.22/S]
7a 0.14/S [0.23/S] 0.17/S [0.21/S] 0.33/S [0.46/S]

K. pneumoniae 83 KPC-3-positive, CTX-M-3-positive

PBA 0.26/S [0.35/S] 0.51/1[0.68/1] 0.51/1[0.51/1]
1a 0.15/S [0.39/5] 0.26/S [0.35/S] 0.26/S [0.35/S]
1b 0.27/5[0.60/1] 0.27/S [0.43/S] 0.27/S [0.43/S]
1d 0.29/5[0.61/1] 0.51/1[0.52/1] 0.52/1[0.69/1]
1e 0.33/5[0.63/1] 0.52/1[0.55/1] 0.33/S [0.63/1]
3a 0.06/S [0.13/S] 0.10/S [0.17/S] 0.10/S [0.17/S]
3¢ 0.15/S [0.22/S] 0.26/S [0.35/S] 0.27/S [0.43/S]
7a 0.29/5 [0.47/S] 0.29/5 [0.30/S] 0.41/S [0.51/1]

MEM—meropenem; IMI—imipenem; ERT—ertapenem; PBA—phenylboronic acid; S—synergy; I—inditference;
FICIs lower than for PBA are shown in boldface; ® For combinations with at least one MIC value above the highest
tested concentration, FICI is equal to or below the presented value.

Finally, assuming that the lower the average FICI (aFICI) value, the stronger the
synergy, we compared aFICIs according to structural classification based on the mutual
position and /or the number of boronic functionalities as well as the type of the aromatic
ring. Thus, the tested agents were analyzed in the following groups denoted as G1 (1a-1f),
G2 (2a-2d), G3 (3a-3b), G4 (4b), G5 (5a and 5¢), and G7 (PBA and 7a) in the case of AmpC
producers and as GI (1a, 1b, 1d, 1e), GIII (3a and 3c), and GVII (PBA and 7a) in the case
of KPC producers. Additionally, we compared unsubstituted boronic acids denoted as F1
(1a, 2a, 3a, 4a, 5a, 5¢, and PBA)/FI (1a, 3a, PBA) with fluorinated derivatives F2 (1b—1f,
2b—2d, 3b, and 7a)/FII (1b, 1d, 1e, 3¢, and 7a) for AmpC/KPC producers, respectively.
Tested strains were analyzed according to expressed (3-lactamases. Due to a lack of normal
distribution, the Kruskal-Wallis test was used, followed by Dunn’s multiple comparison
tests if applicable. The significance level was set at p < 0.05. Obtained aFIClIs for analyzed
groups are presented in Figures 1 and 2.
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Figure 1. Average fractional inhibitory concentration indices (aFICIs) for ceftazidime combinations
with selected boronic acids against AmpC-producing strains (n = 2), according to agents group
(A) and substitution type (B): G1 (1a-1f), G2 (2a-2d), G3 (3a-3b), G4 (4b), G5 (5a, 5¢), G7 (PBA and
7a); Fl—unsubstituted boronic acids (1a, 3a, 4b, 5a, 5¢, PBA), F2—fluorinated boronic acids (1b—1f,
2b-2d, 3b, 7a). IQR—interquartile range. Significant differences between the groups are marked
with red lines (p < 0.05).

Synergy with ceftazidime (FICI < 0.5) against both AmpC-positive strains was ob-
tained for 14 agents, while synergy against one strain for the remaining two agents (3a and
3b), regardless of whether the lowest or average FICI was interpreted (Table 4). Obtained
FICIs are comparable with those recently reported for other phenylboronic acid derivatives
combined with ceftazidime against P. aeruginosa AmpC-positive [23]. Subsequent statistical
analysis revealed that tested combinations are comparably potent against both AmpC
producers, as aFICIs did not differ significantly between E. coli CMY-2-positive and P. aerug-
inosa cAmpC-positive neither when all agents were analyzed together (P skar-waiis = 0.56),
nor within each group separately (all pg,ska—waiis values > 0.05). However, the synergy
between ceftazidime and G3 was significantly weaker compared to G2 (ppyu, = 0.04) and
G7 (ppunn = 0.008) when both AmpC producers were analyzed together (Figure 1A). In
turn, F2 acted synergistically with ceftazidime significantly stronger than F1 toward E. coli
CMY-2-positive (Pgyyskar-watiis = 0.005). In contrast, differences between these groups were
non-significant in the case of P. aeruginosa cAmpC-positive (P yskai-waiis = 0.35) (Figure 1B).
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Figure 2. Average fractional inhibitory concentration indices (aFICIs) for carbapenem combinations
with selected boronic acids against KPC-producing strains (n = 4), according to carbapenem coun-
terpart (A), agents group (B), and substitution type (C). IQR—interquartile range; IMI—imipenem;
MEM—meropenem; ERT—ertapenem; GI (1a, 1b, 1d, 1e), GIII (3a and 3c), GVII (PBA and 7a);
FI—unsubstituted boronic acids (1a, 3a, PBA); FII—fluorinated boronic acids (1b, 1d, 1e, 3¢, 7a).
Significant differences between the groups are marked with red lines (p < 0.05).

Synergy with carbapenems was obtained for 65 per 84 cases, regardless of whether
the lowest or average FICI was interpreted (Table 5). Obtained FICIs are comparable with
those recently reported for some phenylboronic acids combined with meropenem against
K. pneumoniae KPC-2-positive [23]. Interestingly, Celenza et al. previously reported that
these combinations’ FICIs for strains with higher meropenem MICs are even lower [22].
The selected seven boronic acids potentiate each carbapenem comparably as aFICIs for
their combination with imipenem, meropenem, and ertapenem did not differ significantly
either when all KPC producers were analyzed together (pgyska-wanis = 0-168), or within
each (-lactamase group (all pgyyskar—wanis > 0.05) (Figure 2B). It was confirmed that they
potentiate carbapenems significantly better against the KPC-3-producing strain compared
to the KPC-2 producer (ppy, = 0.046) and KPC-3/CTX-M-3-positive one (ppyu, = 0.026).
Moreover, significant differences in the strength of the synergistic interaction with car-
bapenems (Figure 2B,C) occurred among both groups (Pkyyskai-wanis < 0.0001) and FI vs. FII
(Piruskal-wallis = 0.001). Regardless of the produced B-lactamase, GIII acted synergistically
with carbapenems significantly stronger than GI (pp,,, values for KPC-2, KPC-3, and
KPC-3/CTX-M-3 producers were 0.036, 0.007, and 0.006, respectively). In the case of the
KPC-3-positive strain, their aFICIs with carbapenems were also significantly lower than
the aFIClIs of GVII (pp;, = 0.005). Moreover, synergy with carbapenems was significantly
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stronger for FI than for FII in the case of KPC-2 producers (pkyskai-waiis = 0.0001) and
KPC-3/CTX-M-3-positive strain (pgyyskar—waliis = 0.033). This is in agreement with the recent
findings by Zhou et al. who reported that fluoro derivatives of triazole-substituted phenyl-
boronic acids are weaker KPC-2 inhibitors than unsubstituted compounds, even though
fluorine substituents did not significantly alter the docked conformations [24].

Overall, the statistical analysis revealed that 16 arylboronic acids act synergistically
with ceftazidime to a similar extent against CMY-2- and cAmpC-positive strains. In con-
trast, their interaction with carbapenems is significantly stronger against KPC-3- com-
pared to KPC-2- and KPC-3/CTX-M-3-positive strains. The synergy is also comparable
regardless of the carbapenem counterpart (imipenem, meropenem, ertapenem). However,
synergy strength is influenced by both the structure variation and the presence of fluorine
substituent(s). The synergy with carbapenems is the strongest for GIII, while synergy
with ceftazidime is weaker for G3 compared to G2 and G7. Moreover, the installation
of a fluorine substituent weakens synergy with carbapenems against KPC-2 producers
and KPC-3/CTX-M-3 producers, simultaneously increasing the synergy with ceftazidime
against CMY-2-positive strain.

2.6. Cytotoxicity Studies

The viability of MRC-5 human fibroblasts was tested after 72 h of treatment with each
of the studied compounds used at the following concentrations: 12.5, 25, and 50 mg/L,
except for 1a and 3a tested at 16, 32, and 64 mg/L. The obtained results are shown in Table
S8 in the Supplementary Materials. Monoboronic acids 7b and 7c¢ were the most cytotoxic
with the viability of MRC-5 in the range of 0-56.4%. Other tested compounds decreased
MRC-5 viability by no more than 50% and were less cytotoxic than PBA.

2.7. Molecular Modeling and Hybrid QM/MM Simulations

The crystal structure of a complex of 3-nitrophenylboronic acid (3-NPBA) with KPC-2,
deposited in the Protein Data Bank (PDB id 3RXX [68]), was used as a starting point [17] to
study the binding diboronic acids 1a, 2a, 3a, and PBA as a reference compound. The active
site of KPC-2 was described in the atomistic level of detail (Figure 3) [68,69]. It possesses
S1 and S2 cavities (Figure 3A), surrounded by the () loop and loop between a3 and x4
helices, that are essential for competitive inhibition and ligand recognition [69,70] starting
by anchoring the BLI in the S2 cavity. Critical amino acids (Lys73 and Glu166, see Figure 3B)
are responsible for the formation of the protein-ligand dative covalent bond due to the
reorganization of protonation states [69]. In turn, the S1 cavity comprises the catalytic
serine (Ser70) with the O atom of the side hydroxymethyl group which is potentially able
to bind to the sp> hybridized boron atom of the BLIL Notably, the other crucial factors for
the inhibition mechanism are also preserved, like Ser70 rotamer, the “flipped-out” position
of Trp105 and the “in” position of Glu166 [68-70].

Molecular docking was performed for neutral and anionic forms of the chosen aryl-
boronic acids. For 3a, the structural specificity involving the formation of cyclic oxadiborole
forms 3a_III, 3a_IV, and 3a_V (Scheme 4) was considered in accordance with the reported
data [38]. For each ligand, we selected modes that fulfilled all criteria established for molec-
ular docking evaluation. In general, most of the modes in the anionic form did not fulfill
the distance criterion. The estimated free energies of binding do not significantly differ
between ligands ranging from —4.48 < —3.78 kcal/mol (Table 6). The difference of only
0.6 kcal /mol did not allow us to assess the ability of ligands for inhibition properly. For this
reason, we performed molecular dynamics (MD) simulations. The selected modes achieved
the thermodynamic equilibrium, which allowed us to assess their inhibitory potential.

158



Publikacja O4

Molecules 2023, 28, 7362 15 of 28

Figure 3. Visualization of the active site structure of KPC-2 carbapenemase, deposited in the Protein
Data Bank (ID: 3RXX [68]). (A) The molecular surface of the active site is divided into separate
cavities, named as $1-53, S1’ and S2'. (B) Location of the critical residues for inhibitory activity of BLI.

H H OH H OH
g E/OH g © d—oH © d—on
o o of oF o
H i ~OH
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H H
3a_l 3a_ll 3a_ll 3a_IvV 3a_v

Scheme 4. Possible neutral (3a_I, 3a_III) and anionic (3a_II, 3a_IV, 3a_V) forms of compound 3a.

Table 6. The most important data on the computational studies for the selected docking modes.
S—the free binding energy, ds.r70(0)-p—the distance between the oxygen atom of the serine hydroxyl
group and the boron atom of the BLI.

Molecular Docking MD QM/MM
Filling the Average for 7 PFAV?RABLE

S [keal/moll  dsezo0)- (Al 5 oo Paiie oot TR PNEcEssARY (%] PsupriciEnt [%]

PBA -3.78 3.46 s1, 51! 3.08 £0.20 40.4 2/8 10.1
1a -3.79 3.55 S1, 81’ 477 £ 0.51 - - -

la —4.38 3.74 51,83 3.52+0.28 2.6 2/8 0.65
la —4.18 4.28 52,83 3.62 +0.32 0.6 = =
2a -4.34 3.34 S1,82,S1 6.81 + 0.66 ~ o -
2a —4.22 3.33 S1,S2 3.57 £ 0.29 1.2 - -

2a -4.00 3.45 51,52 3.50 +0.26 1.2 2/8 0.3

3a_l —4.36 3.28 51,52 322+0.19 11 2/8 275
3a_l —4.28 3.10 S1,S2,81 5.09 £0.93 - - -
3a_l —4.16 3.22 51,52 4.21 +£0.40 - = -
3a_III —4.48 3.08 51,53 4.21 +0.40 - - =

3a_III —4.26 3.22 51,52 3.23+0.28 22.4 4/8 11.2
3a_III -3.96 3.31 S1,S2 3.30 £ 0.28 14.2 = =

3a_IV —4.21 3.30 S1,S2,S3, S1 3.27£0.18 6.8 6/8 51

We analyzed only the results of the stable fragment of the trajectory (time range from
1.8 to 2.0 ns). The most promising arrangement of each compound was selected based on
the estimated average distance between the (Ser70)O and B atoms (dser70(0)-8, Table 6). If we
performed MD simulations for various arrangements, we selected only those characterized
by the lowest average values. By defining the cutoff set on 3 A, we determined a set of
arrangements able to form a protein-ligand covalent bond (see Section S4.2. Molecular
dynamics in the Supplementary Materials).
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MD simulations revealed that 2a and 3a forms bind to KPC-2 with similar interaction
networks (Figure 4), but PBA and 1a do not. It was caused by the steric clashes for 1a (see
Section S4.1. Molecular docking in the Supplementary Materials) and the lack of the second
substituent in PBA, like in the NPBA. The interaction networks, shown in Figure 4, agree
with the published experimental and computational studies [68,69].

Docking Molecular dynamics QM/MM simulations
T 1 y

Asn170

Figure 4. A schematic graphic showing the covalent docking process of three forms of 3a with the
catalytic Ser70 residue. The arrangements obtained from molecular docking (left column), the most
frequent structures from MD simulation (middle) and QM /MM simulations (right column, after
the formation of protein-ligand covalent bond) are presented. For all structures, the orientation of
S1 and S2 cavities are the same. Blue and green dotted lines represent CH-7r and hydrogen bond
interactions, respectively.

The aromatic rings of 2a and 3a compounds occupy the same position as NPBA
allowing it to interact with Trp105 via CH-7 interactions (green dotted lines, Figure 4). In
addition, such compounds form hydrogen bonds (HBs, blue dotted lines, Figure 4) that
cover interactions published by Charzewski et al. [69]. The 2a and all 3a forms are stabilized
by the HBs with the N atom of the Ser70 and Thr237 backbone, and the O atom of the
Asn170 side chain (Figure 4), each with high occupancy (>70%). In addition, the 3a_I form
creates an additional HB with the O atom of the Ser70 OH group. On the other hand, only
in the MD simulations of 3a_IV form, we detected a characteristic HB with the O atom of
the Th237 OH group, observed in 99% of all analyzed simulation frames. It is worth noting
that despite the same interaction network, the distance between the (Ser70) O and B atoms
is significantly larger for the 2a compound than for the 3a (Table 6). The aromatic rings of
PBA and 1a are slightly shifted (compared to NPBA), limiting the hydrogen bonding to
only the N atoms of the Ser70 and Thr237 backbone.

Finally, from the analyzed part of the trajectory, we extracted an arrangement with
a minimal dse,700)- value. We treated this arrangement as the most promising binding
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mode of each ligand. For such an arrangement (and a corresponding docking mode),
we performed hybrid QM /MM simulations with eight repetitions (4 repetitions for each
starting structure). For each diboronic acid, the formation of a protein-ligand covalent bond
was observed, in agreement with the mechanism published by Charzewski et al. (Scheme 5,
Table S9) [69]. The minimal time to form a protein-ligand covalent bond was estimated.
PBA required 10.59 ps, 1a—8.49 ps, 2a—17.56 ps, 3a_I—27.31 ps, 3a_III—10.63 ps, and
3a_IV—1.46 ps (Table S9). Such a covalent bond was observed up to 150 ps, after which
the simulations were stopped. It is qualitatively consistent with the reported experimental
data (Table 2). The results indicate that all analyzed boronic acids can form a covalent bond
with KPC-2 (Tables 6 and S9), and therefore, can be qualified as BLIs [69].
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Scheme 5. The covalent bond formation between the Ser70 OH group of KPC-2 and the boron atom
of 3a_I. The stepwise proton transfer is highlighted with the curved arrows: the proton transfer from
Lys70 to Glu166 occurs (Step 1), inducing the Glu166 rearrangement followed by the rapprochement
of BLI towards Ser70, the proton transfer from Ser70 to Lys73 (Step 2), and finally the nucleophilic
addition between Ser70 and BLI (Step 3), as reported previously [69].

Based on the MD simulations of the most promising modes, the probability of fa-
vorable conditions for the formation of a covalent bond (PNgcEssary) was estimated. It
can be quantified using the dse70(0)-g Value as a criterion. We concluded that such a
rapprochement differs depending on the ligand. For PBA, Pngcissary was estimated as
40.4% of arrangements that are close enough which is the highest value among all analyzed
ligands. The rest of the compounds have the following Pngcrssary: 1a—2.6%, 2a—1.2%,
3a_I—11%, 3a_II1—22.4%, 3a_IV—6.8%. This indicates that the mutual ortho location of
boronic groups favors binding confirming the high potential of 3a. However, apart from
dser70(0)- Value, other parameters such as the distance, angle, and active site amino acid
conformations must also be optimal. Unfortunately, the impact of all these parameters
cannot be predicted. We are able to find the correct distance and angle to form a covalent
bond, but the random and unpredictable changes in the amino acid position do not allow
us to determine the ideal conditions for nucleophilic addition. In our study, the use of
crystallographic structure (with already defined Ser70, Glu166 and loops conformations
enabling covalent binding) let us estimate the probabilities of covalent bond formation
(Psyrricient)- This information we obtained from QM /MM simulations. Knowing the
PsyrricienT, We can also estimate the probability of forming a covalent bond under favor-
able conditions (PEAvORABLE)- Assuming that PNecessary and Psypricient are ir\dependent,
PravorabLE = PNECEssarY % Psurricient. For PBA, Pravorasie is 10.1%, for 1a—0.65%,
for 2a—0.3%, for all forms 3a—19.05% (3a_I—2.75%, 3a_II1—11.2%, 3a_IV—5.1%). These
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results correspond to the experiments (Table 2) that allow us to relate higher PravoraBLE
with lower MIC values, pointing out that the 3a is the most active BLI.

It should be noted that the cyclic anionic form 3a_V lacks the sp?-hybridized B atom
needed to form a dative bond with Ser70 whilst simulations indicate that events involving
the transformation of 3a_I and 3a_III into 3a_V can occur (Figure 516). Interestingly,
the transformation of 3a_III required the participation of additional water molecules and
Glul66 (Figure S17). Simulations also showed that the covalent docking process depends on
the type of diboronic acid isomer. The binding mechanisms of 2a and 3a with the catalytic
Ser70 residue start identically by filling the active site with an aromatic ring in the 52 cavity
and forming the CH-7t interaction with Trp105 (Figure 4). Next, the binding pose is relaxed,
resulting in the stabilization via the HBs with the N atom of the Ser70 and Thr237 backbone,
and the O atom of the Asn170 sidechain (Figure 4). Such an arrangement is waiting for
a proton transfer from Lys73 to Glul66 and nucleophilic addition by the oxygen atom of
the Ser70 OH group, leading to form a protein-ligand covalent bond. However, the larger
average distance dse7p(0)-p for 2a, suggests that the covalent bonding efficiency of BLI in
meta substitution is lower than for ortho. For the 1a, its para substitution prevents filling the
narrow S1 and S2 cavities simultaneously forcing it to adopt a different docking process.

Notably, each form of 3a differs in the stabilization process of an arrangement waiting
for proton transfer. The 3a_I creates a unique HB with the O atom of the Ser70 OH group.
We speculate that this HB is unfavorable for the competitive inhibition mechanism. In 3a_I,
it reduces the number of beneficial arrangements of the catalytic Ser70 residue, ready for
forming a protein-ligand covalent bond. In the case of the 3a_III, the lack of the HB with
the O atom of the Ser70 OH group enlarges the probability of favorable conditions for the
formation of a covalent bond (Table 6). The most interesting is the 3a_IV form, where the
presence of an anionic form allows it to create the HB with the side chain of Thr237, which
is an additional element in the stabilization process. Considering that the ortho substitution
allows for cyclization, as well as that the anionic form creates an HB with the oxygen atom
of the Thr237 OH group, we hypothesize that these factors allow the 3a to be the most
promising BLL

3. Materials and Methods
3.1. Antimicrobial Activity
3.1.1. Bacterial and Fungal Strains and Their Growth Conditions

Direct antimicrobial activity was determined in this study for the following strains:
(1) Gram-negative bacteria from Enferobacteriales order: Escherichia coli ATCC 25922, Kleb-
siella pneumoniae ATCC 13883, Proteus mirabilis ATCC 12453, Enterobacter cloacae DSM
6234, Serratin marcescens ATCC 13880; (2) Gram-negative non-fermentative rods: Pseu-
domonas aeruginosa ATCC 27853, Acinetobacter baumannii ATCC 19606, Stenotrophomonas
maltophilia ATCC 13637, Burkholderia cepacia ATCC 25416, Bordetella bronchiseptica ATCC
4617; (3) Gram-positive cocci: methicillin-sensitive Staphylococcus aureus ATCC 6538P
(MSSA), methicillin-resistant S. aureus subsp. aureus ATCC 43300 (MRSA), S. epidermidis
ATCC 12228, Enterococcus faecalis ATCC 29212, E. faecium ATCC 6057, Bacillus subtilis ATCC
6633; (4) yeasts: Candida albicans ATCC 90028, C. parapsilosis ATCC 22019, C. tropicalis
IBA 171, C. tropicalis (Castellani) Berkhout ATCC 750, C. guilliermondii IBA 155, C. krusei
ATCC 6258, and Saccharomyces cerevisine ATCC 9763. The following strains were used
for evaluating the BLI activity of tested agents: (1) two standard strains: K. prneumoniae
ATCC BAA-1705 (with carbapenemase KPC-2) and K. pneumoniae ATCC 700603 (with
extended-spectrum (3-lactamase, ESBL, SHV-12); (2) six clinical isolates producing various
classes of pB-lactamases: carbapenemases KPC-2 (E. coli 76) and KPC-3 (K. pneumoniae
81 and 83), metallo-B-lactamase from VIM family (P. aeruginosa 1204), plasmid-acquired
AmpC cephalosporinase CMY-2 (E. coli 77), and with overexpression of chromosomally
encoded cephalosporinase AmpC (P. acruginosa MUW 700); (3) E. coli DH5e and E. coli
82 TR(pl 81)—the transformant of E. coli DH5e with a plasmid from the clinical strain of
K. pneumoniae 81 carrying the blaxpc.3 gene. All strains were stored at —80 “C. Prior to
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testing, each bacterial strain was subcultured twice on tryptic soy agar TSA (Biomaxima,
Lublin, Poland) medium and yeast strains on Sabouraud dextrose agar (Biomaxima, Lublin,
Poland) for 2448 h at 30 °C to ensure viability.

3.1.2. Determination of Direct Antimicrobial Activity

Direct antimicrobial activity against Gram-negative and Gram-positive bacterial
strains, as well as against yeast, was examined as previously described [56] by the disc-
diffusion test, the MIC determination assay, the MBC (for bacteria), and the MFC (for
yeasts) determination tests. All the above-mentioned tests were performed according to
EUCAST [71,72] and CLSI [73-77] recommendations. The following reference agents were
used: nitrofurantoin (for Gram-negative rods), linezolid (for Gram-positive bacteria), and
fluconazole (in the case of fungi). The new aromatic diboronic acids were dissolved in
DMSO (Sigma, St. Louis, MO, USA). In the disc-diffusion test, the concentration of new
agents was 0.4 mg per disc [17]. Depending on the solubility, the MIC and MBC/MFC
values were determined up to 100 mg/L for 1k, up to 200 mg/L for 7¢, and up to 400 mg/L
for the remaining compounds: 1a-1j, 2a-2g, 3a-3f, 4a—4b, 5a-5¢, 6a and 7a-7b.

3.1.3. Determination of MICs in the Presence of PARN

To investigate the contribution of the MDR efflux pumps to the resistance of Gram-
negative rods to the newly synthesized compounds, the MIC values of studied agents,
with or without the pump inhibitor, PABN (20 mg/L) (Sigma, St. Louis, MO, USA), were
evaluated [78]. The MIC determination was performed in Mueller-Hinton II broth medium
(MHB) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) using 2-fold serial
dilutions of tested agents, according to the CLSI guidelines [75]. To minimize the influence
of PABN on the destabilization of bacterial cell covers, the tests were conducted in the
presence of 1 mM MgSQO; (Sigma, St. Louis, MO, USA) [79]. At least a 4-fold reduction in
the MIC value after the addition of PABN was considered significant [80].

3.1.4. Determination of BLI Activity

A two-stage approach was implemented for detecting the BLI activity of the tested
agents. Initially, all compounds were subjected to combination disc tests (CDTs). For agents
expressing BLI activity in the CDTs, microdilution tests were performed, and their synergy
with antibiotics was evaluated.

Combination Disc Tests for Detection of BLI Activity

Prior to combination disc tests, screening tests of direct antimicrobial activity (STDA)
of the tested agent against 3-lactamase-producing strains were performed by the disc-
diffusion method [72]. Discs with 0.3 mg, 0.1 mg, and 0.03 mg of each agent were examined.
The highest amount of an agent that caused no effect on bacterial growth was used in
further experiments. Concentrations that partially inhibited bacterial growth (isolated
colonies or faint growth within the zone) were excluded from further experiments.

The three following CDTs were performed on Mueller—Hinton II agar (MHA) plates
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) as described previously [17],
according to the general EUCAST recommendations [64] and methodology described by
Yagi et al. [65]. Briefly:

1.  CDT-KPC test for detection of KPC-type carbapenemase-producing strain was per-
formed on the recommended strain K. pneumoniae ATCC BAA-1705. Discs with
meropenem (MEM-10) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
alone and supplemented with one of the tested agents (TA) at the concentration consis-
tent with the STDA result (0.3 mg or 0.1 mg or 0.03 mg per disc) were utilized. As the
reference, the standard KPC inhibitor PBA (Sigma) at the concentration of 0.3 mg per
disc was used. In this study, we considered the new compound has KPC-inhibitory
activity when the increase in the diameter of the inhibition zone around MEM-TA vs.
MEM-10 is at least 4 mm [64].
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2. CDT-AmpC test for detection class C 3-lactamase-producing strain was performed on
two clinical isolates: P. aeruginosa MUW 700 overexpressing chromosomally encoded
cephalosporinase AmpC and E. coli 77 with plasmid-acquired AmpC cephalosporinase
CMY-2. Discs with ceftazidime (CAZ-30) (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA), ceftazidime with a tested agent (CAZ-TA) at the concentration
consistent with the STDA result, and ceftazidime with 0.3 mg of PBA (CAZ-PBA) as
the reference AmpC inhibitor were utilized. We assumed the tested agent inhibits
AmpC cephalosporinases when the diameter of the inhibition zone around CAZ-TA
was at least 5 mm larger than that around CAZ-30 for both tested strains, considering
that the same increase should be obtained for CAZ-PBA discs.

3. CDT-ESBL EUCAST test for detection of ESBL-producing strain was performed on
the recommended strain K. pneumoniae ATCC 700603, utilizing discs with ceftazidime
(CAZ-30) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), ceftazidime
with a tested agent (CAZ-TA) at the concentration consistent with the STDA result,
and ceftazidime with 0.01 mg of clavulanic acid (CAZ-CL) (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) as the reference ESBL inhibitor. In the case of
clavulanic acid, the diameter of the inhibition zone around CAZ-CL should be at least
5 mm larger than that around CAZ-30 [64]. We consider the tested agent inhibits ESBL
when the diameter of the inhibition zone around CAZ-TA is also at least 5 mm larger
than that around CAZ-30.

Microdilution Tests for BLI Activity Detection and Synergy Evaluation

To examine the ability of tested agents to inhibit various carbapenemases and AmpC-
enzymes, their synergy with antibiotics against 3-lactamase-producing strains was assessed
by checkerboard microdilution assay [67], with slight modification. Checkerboards were
prepared in microtiter plates, with seven two-fold dilutions of -lactams (1-64mg/L)
in the rows and three two-fold dilutions of tested agents and PBA (4-16 mg/L) in the
columns. Tested agents’ concentrations were limited to the concentrations at which the
newest commercially available BLIs (vaborbactam, relebactam, and avibactam) are used in
susceptibility testing [66]. Plates were inoculated and incubated as in the MIC microdilution
assay [75]. Parallel, MICs of tested agents and PBA alone were determined by the microdi-
lution assay [75]. Following the incubation, antibiotic MICs in the presence of each agent’s
concentration were determined. Moreover, for the first well without growth found in
each checkerboard row and column along the growth/non-growth interface, the fractional
inhibitory concentration index (FICI) was calculated using the formula below [67]:

FICI = [(MIC of antibiotic in combination)/(MIC of antibiotic alone)] + [(MIC
of the tested agent in combination)/(MIC of tested agent alone)].

For calculations, all off-scale MICs were converted to the next-highest doubling con-
centration. Subsequently, both the average and the lowest FICI were interpreted [67]. The
interpretation was as follows: FICI < 0.5, synergy; 0.5 < FICI < 4, indifference and
FICI > 4, antagonism [81]. Primarily, examined combinations consisted of meropenem
(Pol-Aura, Morag, Poland) plus tested agents against carbapenemases-producing strains
and ceftazidime (Pol-Aura, Morag, Poland) plus tested agents against AmpC-producing
strains. For agents that reduced meropenem MIC at least 4-fold for at least two tested
strains, similar assays were performed with imipenem (Pol-Aura, Morag, Poland) and
ertapenem (Pol-Aura, Morag, Poland).

3.1.5. Statistical Analysis

We analyzed aFICIs of compounds that caused at least one significant antibiotic MIC
reduction. Owing to a lack of normal distribution, which was tested using the Shapiro-Wilk
test, the analysis of variance (ANOVA) Kruskal-Wallis test was used to compare tested
combinations’ average FICIs according to agents’ structural classification (6 groups of
agents), agents’ substitution type (unsubstituted boronic acids vs. fluorinated derivatives),
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and carbapenem partner (for KPC producers). Post hoc analysis for Kruskal-Wallis ANOVA
was conducted using a multiple comparison test (Dunn’s test). All statistical calculations
were performed using STATISTICA version 13.3 PL (StatSoft, Cracow, Poland) software.
The significance level was set at p < 0.05.

3.1.6. Nitrocefin Hydrolysis Test

Overnight culture of E. coli 82 TR(pl 81) in MHB was diluted 1:100 into fresh MHB
and incubated with shaking at 37 °C until an ODg of 1 was attained. For the induction
of the KPC-3 production meropenem was added to reach the concentration of 0.25 mg/L
(0.125 x MIC). Further incubation was performed under the same conditions until an
ODygp of 3 was reached. The culture with the required ODgyy was centrifuged (6700x g,
10 min) and the supernatant was discarded. From the obtained bacterial cell pellet to-
tal proteins were extracted with the ReadyPreps™ Protein Preparation Kit (Epicentre
Biotechnologies, Madison, WI, USA) and used in the subsequent nitrocefin hydrolysis test,
performed in a 96-well microplate. Nitrocefin is a chromogenic cephalosporin substrate
routinely used to detect the presence of 3-lactamases. First, 20 uL of the protein extract
was mixed with 80 uL of tested agents (1a, 2a, 3a and PBA as a reference BLI, each exam-
ined at concentrations: 4, 8 and 16 mg/L) or with 80 uL of the phosphate buffer (positive
control—corresponding to KPC enzyme activity in the purified total proteins extracted
from E. coli 82 TR(pl 81) cells). After 10 min of incubation at the room temperature 100 pL
of the nitrocefin (Oxoid, Basingstoke, Hampshire, England) was added to reach its final
concentration of 150 pM. B-lactamases hydrolyze the B-lactam ring of nitrocefin, causing
its degradation and color change. Nitrocefin hydrolysis was evaluated after 3 min of the
incubation at room temperature.

As in our previous publication [60] the presence of B-lactamases in the purified
protein extract with and without tested agents was assessed by the spectrophotometric
measurement of the rates of nitrocefin hydrolysis as relative absorbance at 486 nm. The
level of the measured absorbance indicated (3-lactamase activity. Finally, the difference in
the relative absorbance between the positive control and the sample concentration of the
tested inhibitors was calculated and expressed as a percentage. A reduction in the relative
absorbance level in the presence of a tested agent was taken as an indicator of the BLI
activity of a used aromatic diboronic acid. The experiment was performed in triplicate.

3.2. Cytotoxicity Studies

MRC-5 human fibroblasts (ECACC) were cultured in MEME, Minimum Essential
Medium Eagle (Merck) supplemented with 10% fetal bovine serum (Merck), 2 mM I-
glutamine, antibiotics (100 U/mL penicillin, 100 ug/mL streptomycin, Merck) and 1%
non-essential amino acids (Merck). Cells were grown in 75 em? cell culture flasks (Sarstedt)
in a humidified atmosphere of CO, /air (5/95%) at 37 °C. MTT-based viability assay was
conducted as described previously [56]. Optical densities were measured at 570 nm using a
BioTek microplate reader. All measurements were carried out in three replicates, and the
results were expressed as a percent of viable cells versus control cells.

3.3. Docking and Time-Dependent Quantum Mechanics/Molecular Mechanics
3.3.1. Structure Preparation and Molecular Docking

Computational studies were carried out to confirm the inhibitory properties of most
representative derivatives of aromatic diboronic acids. As a reference system, the structure
of carbapenemase KPC-2 (PDB ID: 3RXX [68]) was chosen, which proved the competitive
inhibition mechanism of the BLI [17,25,69]. At first, the active site protonated at pH 7.0
was optimized [82] and minimized in the AMBERI1O0 force field [83] using the Molecular
Operating Environment (MOE, 2019) [84]. The semi-flexible docking protocol in the MOE
was applied to predict the binding mode of each ligand (in the neutral and anionic form) [84].
As a result, ten modes of each ligand based on the lowest free energy of binding, estimated
by the GBVI/WSA AG scoring function, were obtained [85]. A geometric analysis was
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made to distinguish the potential BLI by checking the distance between the oxygen atom of
the serine hydroxyl group and the boron atom. The analysis involved only ligands with the
above-mentioned distance below 4.5 A, which allows the formation of the protein-ligand
covalent bond. For the ligands with such ability, molecular dynamics calculations were
performed to verify the binding stability.

3.3.2. Molecular Dynamics Simulations

Each system was put in the rectangular simulation box, solvated with a 6A water shell
of TIP3P water molecules, and neutralized with NaCl ions. Then, we run the 2 ns molecular
dynamics at the 310 K in the AMBER10:EHT force field [83] using the Molecular Operating
Environment (MOE, 2019) [83]. The Nosé-Poincaré Andersen integrating algorithm was
applied [85,86] with a 1.0 fs time step. The results of the most stable fragment of the
entire trajectory (time range from 1.8 to 2.0 ns) were analyzed. Only arrangements that
adopted the oxygen atom of the serine hydroxyl group-boron atom distance lower than 3 A
were selected. Based on them, the probability of favorable conditions (Pngcessary) for the
formation of a covalent bond was determined as PNgcgssary = the number of frames with
dser70(0)-B < 3A divided by the number of frames in all the analyzed fragments of trajectory
% 100%). If the multiple systems of the same ligand were obtained, the one with the best
average estimation of the oxygen atom of the serine hydroxyl group-boron atom distance
was picked. Finally, the arrangements with the lowest distance allowing for the formation
of a protein-ligand covalent bond were determined. For these arrangements, QM /MM
simulations were performed to validate the mechanism of the formation of protein-ligand
covalent bonds.

3.3.3. Quantum Mechanics/Molecular Mechanics

The performed hybrid approach employed a quantum mechanics component [69,87,88].
The MOPAC environment [89], integrated with NAMD software (version 2.12) [90] was
used. The complexes were parameterized, prepared, and optimized in the CHARMM36
force field with the CGENFF parameters [91,92] using the NAMD/2.12 [90]. The published
parameters and the simulation protocol [69]. Ligand atoms, selected amino acids of the
active site (Ser70, Lys73, Ser130, Asn132, Glu166, Asn170, Lys234, Thr237), and the water
molecules within 5 A of any ligand atom were considered chemically important. Eight
repetitions of the QM /MM, each including the 0.25 ps energy minimization and 50 ps
simulation, were conducted. For the most promising arrangements, the simulation time
was extended to 150 ps. VMD was used to detect the proton transfers and the formation
of a protein-ligand covalent bond [93]. The probabilities of covalent bond formation
(Psyrricient) were estimated as a measure of sufficient conditions for forming a dative
covalent bond (Psygricient = number of the QM /MM repetitions with detected protein-
ligand covalent bond divided by the number of all performed repetitions). The probability
of the formation of a covalent bond under favorable conditions (PpavorapLE), Was estimated

using the formula PravoraBLE = PNECESsARY X PSUFFICIENT-

4. Conclusions

In conclusion, we found that many studied aromatic diboronic acids and their deriva-
tives display potent BLI activity at low, clinically achievable concentrations. Respective
SAR analysis for three series of diboronic acids 1a-11, 2a-2g, 3a-3e indicates that most of
the fluorinated derivatives maintain activity comparable to respective parent compounds.
In turn, the introduction of bulkier, lipophilic groups (I, CF3, SiMe3, OMe) has adverse
effects and in general such compounds are not effective BLIs. Notably, selected agents are
active against both KPC and AmpC enzymes responsible for the critical priority pathogen
resistance. Moreover, they can restore the sensitivity of clinical strains to the last resort
antibiotics (carbapenems, 3rd generation cephalosporins) at similar concentrations as in-
hibitors currently used in clinics. Among them, phenylene-1,2-diboronic acid 3a was
the most effective in potentiating carbapenems against KPC producers. This was con-
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firmed by QM/MM simulations and the observed mechanism of the KPC-BLI covalent
bond. Phenylene-1,3-diboronic acids potentiated ceftazidime against AmpC producers best,
whereas phenylene-1,4-diboronic acids were highly effective in potentiating both carbapen-
ems against KPC producers and ceftazidime against AmpC producers. Moreover, fluoro-
substitution increased CMY-2 inhibitory activity, slightly reducing KPC/cAmpC inhibitory
potency. Benzene-1,2,4-triboronic and boronated thiophenes increased only ceftazidime
activity against AmpC producers to a moderate degree. Importantly, phenylenediboronic
acids overcome simple PBA in KPC/AmpC inhibitory potency and, gratifyingly, display
significantly reduced toxicity. Thus, it seems that the concept involving the introduction
of the second boronic group to the structure can be considered a promising tool for the
development of effective KPC/AmpC inhibitors. Since the functionalization with lipophilic
groups seems to be ineffective, future work could involve the installation of substituents
possessing a distinctive hydrophilic character, e.g., amide, amino acid, and peptide residues.
We are planning to test this concept and the obtained results will be reported in due course.
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2. Antimicrobial activity

Table S1. The antibacterial activity of tested agents against standard Gram-positive strains.

MIC in mg/L [MBC in mg/L]* (Diameter of inhibition zone in mm)

Agent S. aureus S. aureus S. epidermidis  E. faecalis E. faecium  B. subtilis
tested ATCC 6538P ATCC 43300 MRSA ATCC 12228 ATCC 29212 ATCC6057 ATCC 6633
1la 200 (-) 400 (-) 400 (14) 200 (-) 400 (-) NT (17)
1b 25 (14) 100 (13) 100 (17) 200 (-) 200 (-) NT (23)
1c 25(22) 50 (22) 50 (28) 200 (16) 200 (15) NT (28)
1d 25(-) 200 (-) 25(21) >400 (-) >400 (-) NT (15)
le 12.5 (20) 25 (26) 25 (21) 200 (15) 100 (14) NT (28)
1f 50 (17) 200 (16) 50 (17) 400 (-) 200 (-) NT (13)
1g >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) NT (-)
1h 400 (13) 400 (14) 200 (-) 400 (-) 400 (-) NT (12)
1i 25 (14) 100 (11) 50 (21) 200 (14) 200 (11) NT (18)
1j 50 (19) 50 (21) 50 (25) 400 (-) 400 (-) NT (20)
1ks 100 (-) 100 (-) 100 (-) >100 (-) 100 (-) NT (11)
11 NT (-) NT (-) NT (-) NT (-) NT (-) NT (-)
2a 100 (20) 400 (-) 200 (21) 200 (-) >400 (-) NT (18)
2b 100 (14) 400 (15) 50 (19) 400 (-) 400 (14) NT (17)
2¢ 50 (20) 100 (19) 50 (-) 400 (-) 400 (-) NT (-)
2d 50 (22) 100 (19) 50 (12) 200 (14) 200 (14) NT (15)
2e 6.25 (29) 12.5 (25) 0.78 (35) 50 (21) 100 (18) NT (20)
2f 50 [400] (14) 200 (13) 100 (25) >400 (-) 200 (-) NT (22)
2g >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) NT (-)
3a 200 (-) 400 (-) 200 (20) 400 (-) 50 (16) NT (24)
3b >400 (-) >400 (-) 400 (21) >400 (-) >400 (-) NT (-)
3¢ 200 (13) 400 (11) 100 (24) 400 (-) 400 (12) NT (18)
3d 200 (20) 400 (18) 200 (21) 200 (12) 200 (16) NT (12)
3e 100 (17) 400 (15) 200 (21) 200 (14) 200 (13) NT (22)
4a >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) NT (-)
4b 25 (20) 200 (-) 200 (20) 200 (-) 200 (-) NT (18)
5a 100 (-) 400 (-) 400 (13) 100 (-) >400 (-) NT (15)
5b >400 (-) >400 (-) >400 (-) 200 (-) >400 (-) NT (-)
5¢ 400 (-) >400 (-) >400 (-) 200 (-) >400 (-) NT (-)
6a 50 (-) 400 (-) 400 (-) >400 (-) 400 (-) NT (-)
7a 50 (-) 100 (-) 100 (-) 400 (-) 400 (-) NT (-)
7b 50 [100] (19) 50 (20) 50 [100] (30) 200 (14) 200 (14) NT (22)
7cd 12.5 (23) 25(22) 12.5 (30) 25(23) 12.5 (25) NT (26)
LIN® 1 [>128] (25) 2 [>128] (25) 1[>128] (26) 2 [>128] (15) 2 [>128] (14) NT (30)

The highest activity against Gram-positive bacteria indicated by the low MIC values (£12.5 mg/L) is shown in boldface.

(-) = The inhibition zone was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm; NT — not tested.
2 Only the MBC values <400 mg/L are presented.

bThe growth type of B. subtilis in the MHB medium prevented reading the MIC values of tested substances.

¢The MIC and MBC values of the substance were determined up to 100 mg/L. In the table, only the MBC values <100 mg/L are
presented. The tested substance dissolved in DMSO precipitated after implementation into the MHB medium at a concentration
above 100 mg/L.

4 The MIC and MBC values of the substance were determined up to 200 mg/L. In the table, only the MBC values <200 mg/L are

presented. The tested substance dissolved in DMSO precipitated after implementation into the MHB medium at a concentration
above 200 mg/L.

¢LIN, linezolid was used as a reference agent active against Gram-positive bacteria. The diameter of the commercial disc
containing 0.03 mg of linezolid was 6 mm; the MIC of linezolid was determined according to the CLSI recommendations [75].

$15

174



Publikacja O4

91S

(-) 00% (=) 00¥< (=) 00¥< (-) 00¥< (-) 00¥< (-) 00¥< (-) 00¥< (-) 0o¥< (-) 00¥< (=) 00¥< 2g

(-) 00¥< (=) 00t< (=) 00t< (=) 00¥< (=) 00t< (-) 00¥< (-) 00P< (=) 00¥< (=) 00¥< (=) 00t< qs

(02) 00T (=) 00% () 00t< ()oor () ¥=/00¥< (=) 00t< (=) 00% () 00t< () 00t< (=) 00t< eg

(-) 00% (11) 00¥< (=) 00¥< (=) T=z/00%< (=) 00¥< (=) 00%< (=) 00¥< (=) 00¥< (-) 00¥< (=) o0t< q¥

(-) 00t< (=) 00t< (-) 00t< (-) 00t< (=) 00P< (=) 00P< (-) 00P< () 0ot< (-) 00t< (-) 00t< ep

(-) 00¥ (01) 00¥< () #/00¥ 1) B/loov] 00T () 91=/00%<  (6) 912/00F< () 8/00b< (€1) T/00%<  (TI) ¥=/00v<  (€1) 8/00%< ED

(=) 00t< (=) 00¥< (=) ¢/o0t (zD) /00T (I1) T=/00%< ()oor< () T=/oob<  (-) T=/00¥< () =oov< () T=/00¥< pe

(z1) 00¥ (=) 00¥< (=) 00¥< (D oov< (11) cz/oob< () cz/oob< () T=/00F<  (-) T=/00%< () z/oov< () T=/00¥< ¢

(-) 00¥< (=) 00t< ()oov< (€1 T=/oob<  (-) T=/00F< () oov< () T=/00%< (-) 00t< (=) 00%< (-) 00t< qe

(=) 00% () oo () oo (-) T/00% (=) Z/oor () 00¥ (-) z/oo% (=) 00¥ () 00¥ (=) Z/0o¥ eg

(=) 00%< (=) 00¥< (=) 00¥< (=) 00¥< (=) 00¥< (-) 00%< (=) 00¥< (-) 00¥< (-) 00¥< (=) 00¥< 3z

(e1) 00T (=) 00P< (-) T=z/00¥< (81) 001 () oor< () T=/00P< () T=/00P< (-) oot< (11) 00%< (€1) 00t< JT
(¥1) 001 (¥1) 00t (-) Z/oo¥ (1) sz () ¥=/00%< (=) z/oor () ¥=/00P< () $/00¥< (-) ¥/00% (=) Z/oov T
(02) 08 (=) 00¥ (11) Z/00% (62) 05 (-) 00¥< (1p) oot (11) 00t (11) 00t (z1) oot (z1) 00T pe

(zo) 0s (€1) 00T (€1) 00F (12) 0g (=) 00¥< (11) 002 (Z1) 00T (T1) 00% (Z1) 00T (z1) 00z T

(81) 001 (z1) 00F (-) T=z/o0¥< (61) 001 (-) 0o¥< (-) oo¥ (-) oot (=) 00% (21) 00¥ (-) 00¥ qe
(z) 00T (e1) 00¥< (=) 0o¥< (=) 00¥ (=) 00¥< () 00¥< (-) 00¥< (=) 00¥< (-) 00¥< (=) 00¥< eg

() IN () IN () IN () IN () IN () IN () IN () IN () IN () IN I

(=) 001< (=) 001< () 001< () 001< (-) 001< (=) 001< (=) 001< (=) 001< (-) 001< (=) 001< AL

(02) 001 (21) 00T (cpos  (cDlootr] og () 00t< (81 z/00c  (£1)T/ooz  (Z1) T/00T (¥1) /0¥ (#1) ¥/001 f
(#1) 001 (91) 00F (21) T/0o1 (ZDos () z=/oov< (1o v/00c (61) 7/00r  (12) /00T (€1) T/00T (£1) /001 I

(=) 00¥< (=) 00¥< (-) 00¥< (-) T=/00%< (=) 00¥< (-) 00%< (=) 00¥< (-) 00t< () oor<  (-) T=/00¥< yr

(=) 00%< (-) 00¥< (-) 00¥< (-) 00¥< (=) 0o¥< (=) 00¥< (-) 00¥< (-) 00¥< (-) 0ot< (-) 00¥< 3r

(02) 08 (02) 08 (91) 001 (¥1) 2/00T (=) 00¥< (12) 001 (£1) [001] 0OT (z)oor (1) [ootl oot (£1) [00T] 00T JL

(€2) [ooz] 05 (81) 00T #1) zooz  (02) [oo¥] oS (=) Z/oor (81) 001 (81) 001 (oot (91) Z/loo¥l 00z () [oozl 0oL El
(S1) 001 (1) 00F (-) 00z (z1) 00T (=) 00¥< (81) 00¥ (-) 00T (-) 00z (=) 00¥ (-) 00T PL
(¥2) 0s (02) 00T (z1) T/00% (12) 001 (=) T/00% (-) 7/00T (=) 00z (91) 002 (-) 00z (02) 00T o1

(12) 001 (S1) 00F (=) 00¥ (8D /ooy () T=/00%< (-) T/oo¥ () /oot (1) T/00F (=) 00% (61) 00F qr

(€1) L00F] 00F (1T) 00¥< (=) 00%< (=) 00F< (=) 00F< (=) 00%< (=) 00B< (=) 00F< (=) 00%< (=) 00F< e[
SLI9F DOLV  9IFSTIDLV 90961 DDLV  LEISL DILV €S84T DDLV 088EL DDLV  $E€T9 INSA €SPTI DDLV  €88€I DDLV TT6STIDLV — P2isd}
vordasuouolq g v1ovdad g  nuuvwnvq 'y viydojjvus 'S vSOULSHIID [ SUIISIIVUL 'S aVoV0)d " SHIqvAIL " vInOmnaud -y 1700 9 juady

(Wur ut U0z UOHIqIYUI JO 1JdUIRI(]) (NFVd JO 22udsaid ay3 ur DIIA JO UOLINPaAI PIoj-X / [ 1/3w ur D] 1/3w ut DTN

‘sureq)s aanedau-weln) prepue)s jsurege sjuafe pajsa) Jo Aj1anoe [erLpeqUUE AU, 'S d[qeL

175



Publikacja O4

LTS

‘[¢/£] suonepuawiuodar [§7D) Ay 03 SUIPIodde PAUTUId)OP SEM UIOJURINJOI}IU JO

DI 943 ‘Wi 9 seam urojuernjoiu jo Sw ¢ Sururejuod dSIp [LRISWWOD B JO I3jawerp al [, "euajdeq aagedau-wels) jsurede aande Juade 90UIaJal € Se PIsn SeM UI0JUBINJOLIU ‘IN],
/8w )0g 2A0QE UOLEIIUSDUOD B e wnipaw gH A a3 ojut uonejuawa|dwt 1ayye pajepdmard

OSINI UT PAAJOSSIP aduelsqns pajsal AL "pajuasard are /8w gzs sanfea DA a3 ATuo ‘a1qe) auy uf /3w gz 01 dn paururIa)ap a1am adue)sans aly) Jo sanfea A pue DA YL »
/8w QT 2A0QR UOHRIIUSOUOD B ]2 WNIpaw A o) ojur uonejuawa[duur 1a1ye pajejidoard

OSIAIC] Ul PAA[OSSIP 2due)sqns pajsa ay [, “pajuasald are /3w 00 sanjea DGIA a3 A[uo ‘Dqes ay3 uf /3w o[ 03 dn pauruLIajap a1am adUBISqnNs ayy Jo sanjea DG pue DA YL p
"Ngvd 1/8w oz puerOsSN INW T pim pajuows(ddns wnipow gHN 9y3 Ut pajIqIYUL Sem sutens £19% DLV vondasiouolq g pue 91HSg DDLV v1ovdas g Jo pmoid ay[

‘paruasard are N ] JO uonippe ayi 1ayje spunoduwod pajsa) Jo sanfea D[N U3 Ul SISLaIdap Ploj-g 1ses] Je A[uo ‘d[qe) sy uj q

‘pajuasaid are /8w OOFS senea DN A4 ATUQ «

‘wnipawt (Y301q [[ UOIUTH-I3[[any) gH AN 24} ojur uonejuawaldur 1ayye pajejidaid OGN Ut paa[ossIp aduejsqns pajsa) i} asnedaq ‘pawiogiad ag jou pinod uoneuruLalep

DA YL "Paisa) J0u — [ N ‘Wl ¢ sem sasip 1aded ayy Jo I1ajowerp sy [, "poyIaul uoISnyjIp-dsIp ay} Ul paAlasqo jou sem auoz uoniqryui ay | — (-) aopquyur dwnd xnpe — Ndvd
OSSN AW T yim pajuawaddns

wnpaw gHJA 943 Ut pauriojrad sem 3so3 9] "00ejpoq ul umoys a1e Ngv ] Jo uogippe ayj 1o35e spunodwod pajsay Jo sanjea HA U3 ut (P[oj-f e 3Sed] je) sasearnop juedyrudis oy,

(-) [82T]1 #9 (D) [T€] 2 6) [8TT1 79  (-) [8TI<]8T1-) [8TI<] 8TI< (TT) [8TI<I8ZL (1) [c€l e [8TI<] 8T (€7) [cel ze o) [818 IN
(61) 05 (D) ooz<  (€1) 91=/00T< (<T) Z/l00T] 09 (-ooze  (Dz=/ooze () #=/00z< () $=2/00T< () z=/o0z<  (ST) 8=/00E< Y4
(02) 08 (91) 00% (02) T/oot (£1) #/[00F] g2 (1) 91=/00F< (¢ /ooy  (¥D) 8/00F  (11) #/00% (€1) 8/00% (81) /00T qz
(z2) 08 (€2) 08 (81) ¢/00T (61) 001 (-) 00% (c0)os (T /oot (z2) 001 (zo) oot (02) 09 e/

(=) 00%< () 0ov< (=) T=/00%< (=) 00F< (-) 00¥< (=) 00%< (=) 00F< () 00F< (-) 00%< () 00¥< €9

176



Publikacja O4

Table S3. The antifungal activity of tested agents against yeast strains.

MIC in mg/L [MFC in mg/L]* (Diameter of inhibition zone in mm)

Agent  C. albicans C. parapsilosis  C. tropicalis  C. tropicalis  C. guilliermondii ~ C. krusei S. cerevisiae
tested ATCC90028 ATCC 22019 IBA 171 ATCC 750 IBA 155 ATCC 6258  ATCC 9763
la >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) 400 (-)
1b >400 (-) 100 (12) 400 (-) >400 (-) 400 (24) 100 (22) 25 (14)
1c >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) 200 (-)
1d 200 (-) 200 (14) 200 (-) 400 (-) 200 (16) 200 (-) 200 (13)
le >400 (-) >400 (15) >400 (-) >400 (-) >400 (16) >400 (16) 400 (13)
1f 50 (24) 100 (20) 50 (20) 100 (18) 50 (29) 100 (19) 50 (20)
1g >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) >400 (-)
1h >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
1i 12.5 (31) 50 (24) 25 (29) 50 (25) 25 (34) 50 (22) 50 (24)
1i 200 (24) >400 (15) >400 (15) >400 (17) 400 (30) 400 (23) >400 (20)
1kb >100 (-) >100 (-) >100 (-) >100 (-) >100 (-) >100 (-) >100 (-)
11 NT (-) NT (-) NT (-) NT (-) NT (-) NT (-) NT (-)
2a 400 (-) >400 (-) 400 (-) >400 (-) >400 (14) >400 (-) >400 (-)
2b >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
2c >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
2d 400 (-) >400 (-) >400 (-) >400 (-) 400 (-) 400 (-) >400 (-)
2e 400 (-) 400 (-) 400 (-) >400 (-) >400 (14) >400 (-) >400 (-)
2f >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) 200 (-)
2g >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
3a >400 (-) 25(-) >400 (-) >400 (-) >400 (-) 400 (-) 25(-)

3b 400 () 200 () 200 (-) 200 (-) 400 (-) 100 (-) 100 (13)
3c 100 (-) 100 (-) 50 (-) 50 (-) >400 (-) 200 () 100 (-)
3d 100 (-) >400 (-) >400 (-) >400 (-) 200 (-) 50 (-) 200 (-)
3e 6.25 [4001 12.5 (30) 6.25 [4001 12.5 (28) 3.12 [4001 (40) 25 (23) 50 (23)
4a >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
4b >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
5a 400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
5b 400 (-) >400 (-) >400 (-) >400 (-) >400 (-) 400 (-) >400 (-)
5c¢ 400 () >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
6a >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-) >400 (-)
7a 25 (29) 25 (21) 25 (25) 50 (21) 25 (33) 50 (15) 50 (18)
7b 6.25 (31) 12.5 (17) 50 (22) 50 (21) 25 (27) 25 (28) 6.25 (35)
7¢ 5012001 (33) 50 (29) 12.5 [1001 5012001 (20) 252001 (40) 50 (16) 12.5 [25] (34)
Fld 1(43) 2(32) 0.38 (39) 0.38 (40) 0.75 (40) 64 (16) 167(12)

The highest activity against yeasts indicated by the low MIC values (<12.5 mg/L) is shown in boldface.

(-) = The inhibition zone was not observed in the disc-diffusion method. The diameter of paper discs was 9 mm; NT - not
tested. The MIC determination could not be performed, because the tested substance dissolved in DMSO precipitated
after implementation into the RPMI medium.

2 Only the MFC values <400 mg/L are presented.

» The MIC and MFC values of the substance were determined up to 100 mg/L. In the table, only the MFC values <100 mg/L
are presented. The tested substance dissolved in DMSO precipitated after implementation into the RPMI medium at a
concentration above 100 mg/L.

¢ The MIC and MFC values of the substance were determined up to 200 mg/L. In the table, only the MFC values <200 mg/L
are presented. The tested substance dissolved in DMSO precipitated after implementation into the RPMI medium at a
concentration above 200 mg/L.

4FL, fluconazole was used as a reference antifungal agent; the diameter of the commercial disc containing 0.025 mg of
fluconazole was 6 mm; the MIC value of fluconazole was determined by the Etest method 95].

¢The ellipse was visible pointing the MIC value 64 mg/L, however, with macro-colonies up to concentration 2256 mg/L.
In accordance with the recommendations for Etest method, the MIC value of fluconazole against C. krusei can be also
interpreted as 2256 mg/L [95,96]. C. krusei is intrinsically resistant to fluconazole.

f The ellipse was visible pointing the MIC value 16 mg/L, with colonies up to concentration 2256 mg/L. There are no
recommendations for Etest method interpretation of the MIC value of fluconazole against S. cerevisiae. The obtained MIC
16 mg/L is in line with the published results [97].
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Table S4. The antibacterial activity of studied compounds against B-lactamase-producing Gram-
negative strains.

Diameter of inhibition zone (mm) around discs with 0.03/0.1/0.3 mg of a tested

agent
Agent P. aeruginosa
tested K. pneumoniae ATCC NiUW 700 E. coli 77 K. pneumoniae ATCC

BAA 1705 KPC(+) CMY-2(+) 700603 ESBL(+)

AmpC(+)

PBA /-1~ ~f-/- =/~ -1-/-
1a -/-/- -/-/- -/-/- /-1~
1b -/-/13* -/-[12* -/-/12* -/-/12*
1c -/-12% -/-/13 -/-/17* -/-/14*
1d -/-/15* -/-12* -/-13* -[-/14*
1le -/-/15% --/14 -/-/18* -[-/14*
1f -/-116 -/-[12* -/-/15* -/-/18*
1g 1-- /-1 -1-1- -1-4-
1h 1/~ /- -1-/- -1-/-
1i -/-/15* -/-/12* -/-/16* -/-/13*
1j -/-f- -/-[14* -/-/- -[-/11%*
1k -/ - /- /-1
11 /- ofof- /- -~
22 -1/- -1-/- /- /-
2b /- /11 /13 -1-/-
2c -/-/14* -/-/11* -/-/15* -/-/13*
2d -/-/11* -/-[12* -/-/15* -/-/11*
2e -/-/- -/-/- -/-/- -/-/-
2f 1+- /-4 -1+1- /-
2g /- /- /- -1-4-
3a 1-1- /- -1+1- /-4
3b -1-1- /-1 -1+- /-
3c 1~ /- - -
3d -1-1- /-1 -1+1- /-
3e 1~ /- -/~ 1+~
1a -1-1- /-1 1-1- 1-4-
4b -f-/- -/-/- =/-/- -/-/-
52 1+1- /-4 1-1- 1-4-
5b /- ofof- /- /-
5¢ /- -/-/- /- /-
6a o1-/- /- 1-1- /-4
7a -[12%/17 -/11%/12 -/13%/18 -/18*/18
7b -/-/14 -/-/- -[12*/14 -/-/13*
7c /- /- /- /-

() = indicates no inhibition zone; PBA - phenylboronic acid.
* colonies within the inhibition zone. The diameter of the outer zone edge is presented, according to
EUCAST recommendations for the fosfomycin testing against E. coli [98].
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Table S5. The antibacterial activity of tested agents against f-lactamase-producing Gram-
negative strains.

MIC in mg/L

K. pneumoniae
ATCC BAA-

K. pneumoniae 83 P. aeruginosa

Agent E.coli76  E.coli77 KPC-3(+), CTX- MUW 700

K. pneumoniae

tested®*  KPC-2(+) CMY-2(+) 1705 KPC-2(+) 81 KPC-3(+) M-3(+) AmpC(+)
PBA >400 >400 >400 >400 >400 >400
1la >400 >400 >400 >400 >400 >400
1b 400 400 >400 >400 >400 >400
1c 200 200 200 200 200 400
1d 400 400 400 400 400 >400
1le 100 100 200 200 200 200
1f 100 100 100 100 100 >400
1i 100 100 200 200 200 >400
2a >400 >400 >400 >400 >400 >400
2b 400 400 >400 >400 >400 >400
2c 200 200 400 200 200 >400
2d 200 200 400 400 400 >400
2e >400 >400 >400 >400 >400 >400
2f >400 >400 >400 >400 >400 >400
2g >400 >400 >400 >400 >400 >400
3a 400 400 400 400 400 400
3b >400 >400 >400 >400 >400 >400
3c >400 >400 >400 >400 >400 >400
3d >400 >400 >400 >400 >400 >400
3e >400 >400 >400 >400 >400 >400
da >400 >400 >400 >400 >400 >400
4b >400 >400 >400 >400 >400 >400
5a >400 >400 >400 >400 >400 >400
5¢ >400 >400 >400 >400 >400 >400
7a 100 100 100 200 100 400
7¢ >200 >200 >200 >200 >200 >200

PBA — phenylboronic acid.

* MICs of agents 1g, 1h, 1j, 1k, 11, 5b, 6a, and 7b for p-lactamase-producing Gram-negative strains were not
determined since those compounds did not show any p-lactamase inhibitory activity at high concentration,
according to the results of the CDTs test presented in Table 1. Thus, they were not qualified for f-lactamase
inhibitory activity testing at low concentrations.
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Table S6. The MIC values of antibiotics alone and in combination with studied compounds against standard
and clinical strains of Gram-negative rods producing various classes of [3-lactamases.

MICs (mg/L) of antibiotics alone or in combination with 16/8/4 mg per L of the tested agent

Agent K. pneumoniae  E. coli 76 K. pneumoniae 81 K. pneumoniae 83 E.coli77 P. P.
testeds  ATCCBAA- KPC-2(+) KPC-3(+) KPC-3(+), CTX- CMY-2(+)  aeruginosa aeruginosa

1705 KPC-2(+) M-3(+) MUW 700 1204 VIM(+)

AmpC(+)

MEM MEM MEM MEM CAZ CAZ MEM
without 5, 64 16 32 64 128 64
agent
PBA 8/16/16 16/16/16 8/8/8 8/8/16 8/16/32 8/8/16 64/64/64
la 4/8/16 8/16/32 1/2/8 4/16/16 8/16/32 8/16/32 64/64/64
1b 8/16/16 16/16/32 1/4/8 8/16/32 4/8/16 16/16/32 64/64/64
1c 16/32/32 32/32/64 8/16/16 32/32/32 4/8/16 16/32/64 64/64/64
1d 8/16/16 16/32/32 1/4/8 8/16/32 8/16/16 32/64/64 64/64/64
le 8/16/16 16/32/32 4/8/8 8/16/32 2/4/8 32/32/64 64/64/64
1f 16/32/32 32/64/64 8/16/16 16/32/32 4/8/16 32/64/64 64/64/64
1i 32/32/32 64/64/64 16/16/16 32/32/32 32/32/32 64/64/64 64/64/64
2a 16/16/16 32/32/64 8/8/16 4/16/16 8/16/16 16/16/32 64/64/64
2b 16/16/16 32/32/32 8/8/16 8/16/16 4/8/16 32/32/64 64/64/64
2c 32/32/32 64/64/64 16/16/16 16/16/32 8/8/16 16/32/32 64/64/64
2d 32/32/32 64/64/64 16/16/16 16/16/16 4/8/16 32/32/64 64/64/64
2e 32/32/32 64/64/64 16/16/16 32/32/32 32/32/32 128/128/128 64/64/64
2f 32/32/32 64/64/64 8/16/16 16/16/16 32/64/64 64/64/128 64/64/64
2g 32/32/32 64/64/64 16/16/16 32/32/32 32/64/64 64/64/128 64/64/64
3a 4/8/16 4/8/16 0.5/1/2 0.5/2/8 16/32/32 32/64/128 64/64/64
3b 16/32/32 32/64/64 8/8/16 16/16/16 16/32/32 32/64/128 64/64/64
3¢ 16/16/16 16/32/32 2/2/4 4/8/8 32/32/32 128/128/128  64/64/64
3d 32/32/32 64/64/64 16/16/16 32/32/32 32/32/64 128/128/128  64/64/64
3e 32/32/32 64/64/64 8/16/16 16/16/16 64/64/64 128/128/128 64/64/64
da 16/32/32 64/64/64 8/8/8 16/16/32 64/64/64 128/128/128  64/64/64
4b 16/16/32 32/32/64 4/8/8 16/16/32 16/32/32 16/32/64 64/64/64
5a 32/32/32 64/64/64 16/16/16 16/16/16 16/32/32 16/32/64 64/64/64
5¢ 32/32/32 64/64/64 16/16/16 16/16/16 16/32/32 32/64/64 64/64/64
7a 8/16/16 16/32/32 1/4/4 4/16/16 2/4/8 8/16/32 64/64/64
7¢ 16/32/32 64/64/64 8/16/16 32/32/32 64/64/64 128/128/128  64/64/64

MEM - meropenem; CAZ- ceftazidime; PBA - phenylboronic acid; The significant decreases (at least a 4-fold) in the antibiotic
MIC values after the addition of a tested agent are shown in boldface.

* Agents 1g, 1h, 1j, 1k, 11, 5b, 6a, and 7b were not tested in combinations with antibiotics against f-lactamase-producing Gram-
negative strains due to negative results in the combination disc tests.
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Table S7. The effect of agents 1a, 2a and 3a on the activity of KPC-3 in the purified protein
extract from E. coli 82 TR(pl 81) cells, visualized by the nitrocefin hydrolysis test.

Agent
concentration
in mg/L

Relative absorbance! (% Relative absorbance)? [ Reduction of relative

absorbance in %]?

PBA*

1la

2a

3a

1+t repetition
0

4

8

16

1.986 (100%)

1.093 (55%) [45%]
1.117 (56%) [44%]
0.957 (48%) [52%]

1.832 (100%)

1.348 (74%) [26%]
1.201 (66%) [34%]
1.076 (59%) [41%]

1.866 (100%)

1.605 (86%) [14%]
1.528 (82%) [18%]
1.280 (69%) [31%]

1.912 (100%)

1.451 (76%) [24%)]
1.249 (65%) [35%]
1.077 (56%) [44%]

2nd repetition
0

4

8

16

2.007 (100%)

1.087 (54%) [46%]
1.183 (59%) [41%]
0.975 (49%) [51%)]

1.762 (100%)

1.320 (75%) [25%]
1.214 (69%) [31%]
0.998 (57%) [43%]

1.823 (100%)

1.649 (90%) [10%]
1.520 (83%) [17%]
1.377 (76%) [24%]

1.973 (100%)

1.436 (73%) [27%]
1.305 (66%) [34%]
1.090 (55%) [45%]

31 repetition
0

4

8

16

2.07 (100%)

1.232 (60%) [40%]
1.165 (56%) [44%]
0.933 (45%) [55%]

1.826 (100%)

1.308 (72%) [28%]
1.079 (59%) [41%]
1.066 (58%) [42%]

1.851 (100%)

1.595 (86%) [14%]
1.499 (81%) [19%]
1.274 (69%) [31%]

1.968 (100%)

1.174 (60%) [40%]
1.279 (65%) [35%]
1.114 (57%) [43%]

! The presence of 3-lactamases in the purified protein extract with and without tested agents was
assessed by measurement of the rates of nitrocefin hydrolysis as relative absorbance at 486 nm. The

level of measured absorbance indicating 3-lactamase activity.

2 Percentage of the relative absorbance measured for the purified protein extract with tested agent in
comparison to the absorbance determination without this agent.
3 Reduction of the relative absorbance level was calculated as the difference in the relative absorbance

between the positive control and the sample each concentration of tested inhibitor and expressed as a

percentage.

*PBA (phenylboronic acid) was used as the reference p-lactamase inhibitor.
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3. Cytotoxic activity

Table S8. Viability of MRC-5 cells (% of viable cells + SD) after 72 h-treatment with the
studied compounds. The results were calculated from the MTT-based assay data.

Compound Concentration of compound [mg/L]

12.5 25 50
1la* 112.8+12.5 103.2+11.8 89.9+11.4
1b 140.4+6.7 140.1+£8.3 117.0«£1.3
1c 111.5+£3.8 102.8+3.0 96.7+3.3
1d 111.6+1.1 104.1+8.9 83.3+£1.2
le 107.1=3.3 105.0£10.0 116.6+4.6
1f 97.4+2.2 89.9+1.9 78.1+0.9
1g 104.2£8.2 107.4£9.2 98.7+5.8
1h 101.3+4.3 104.1+5.0 98.8+3.2
1i 122.3+0.0 113.9+4.8 101.4+0.9
1j 125.3+2.8 117.4+1.2 88.6+3.5
1k 84.3+0.9 74.2+3.5 28.9+1.0
11 109.5+1.6 114.4+1.8 105.1+£7.8
2a 94.442.2 75.2+10.3 73.1+13.6
2b 108.0+1.1 87.9+1.7 73.8+x1.9
2c 89.1+0.5 83.6+2.7 63.8+2.5
2d 107.1+£7.6 88.0+4.3 75.249.4
2e 96.6+6.4 84.4+4.8 63.1+1.4
2f 103.3+8.8 92.1+0.9 76.2+0.7
2g 111.3£9.7 117.3+£3.7 103.4+5.1
3a* 109.6+£9.3 106.3+£10.6 76.2+4.2
3b 98.1+6.1 91.2+13.5 87.1+£8.0
3c 97.1£6.9 105.5+4.5 82.3+12.9
3d 91.3+7.4 100.0 £7.7 77.7£15.5
3e 98.8+25.6 92.9+2.7 64.4+0.4
4a 101.9+6.9 84.4+6.4 87.9+8.5
4b 114.0«£1.8 106.4+0.1 97.3+£13.6
5a 88.6+£9.2 87.1+1.6 79.2+5.1
5b 101.1+£7.7 110.3+£2.7 87.3+13.6
5¢ 102.5+3.4 97.9+1.4 85.6+0.7
6a 138.3+3.6 133.5+0.7 127.2+2.6
7a 83+2.9 79.9+3.7 67.3+3.1
7b 48.9+3.8 6.4+1.4 0.9+0.7
7c 56.4+3.0 6.6+5.1 0+0.1
PBA 81.5+3.7 79.1+4.4 58.7+4.3

* the data were obtained for the following concentrations of compound: 16, 32 and 64
mg/L. PBA (phenylboronic acid) was used as the reference -lactamase inhibitor.
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8. Podsumowanie

Narastajgca w ostatnich latach oporno$¢ drobnoustrojow i postgpujaca utrata
skuteczno$ci znanych antybiotykow, ktorej towarzyszy niedostateczna liczba nowych
lekow przeciwdrobnoustrojowych wprowadzanych do obrotu oraz przechodzacych
badania kliniczne stanowi powazne zagrozenie dla zdrowia publicznego. Konieczne sg
zarowno dziatania prowadzace do spowolnienia zjawiska narastania opornosci na znane
antybiotyki (m. in. opracowanie schematow dawkowania ograniczajacych selekcje
lekoopornych mutantéw) jak i poszukiwanie nowych, najlepiej innowacyjnych substancji
aktywnych wobec wielolekoopornych drobnoustrojow, zwtaszcza tych ujetych na listach
patogendw priorytetowych WHO. W badaniach przedklinicznych niezbgdne jest takze
zwickszenie precyzji metod in vitro charakteryzujacych potencjal zwigzkow do
selekcjonowania opornosci in vivo, w celu typowania do dalszych prac kandydata na
potencjalny lek w jak najmniejszym stopniu narazonego w przysztosci na szybka utrate
skutecznosci kliniczne;j.

W niniejszej pracy poszukiwano substancji o aktywnosci przeciwdrobnoustrojowej
wsrod nowo otrzymanych benzosiloksaboroli 1 pokrewnych heterocykli o rozszerzonym
pier§cieniu (44 zwigzki) oraz kwaséw aryloboronowych (33 zwiazki), gtownie di- oraz
triboronowych. Opracowano takze nowe podejscie do oceny potencjatu selekcjonowania

opornosci przez zwigzki przeciwbakteryjne.

I. Podsumowanie poszukiwan nowych zwiazkow 0 aktywnosci

przeciwdrobnoustrojowej

1. Wykazano wysoka, poréwnywalng z linezolidem bezposrednig aktywno$¢
przeciwgronkowcowa 18 z 44 badanych benzosiloksaboroli, w tym:
16 pochodnych benzenosulfonianowych (zakres wartosci MIC 0,39-3,12 mg/l)
oraz 2 pochodnych sulfonamidowych (zakres wartosci MIC 3,12— 6,25 mg/l).
Wysoka aktywnos$¢ benzosiloksaboroli sulfonamidowych potwierdzono takze
wobec pigciu klinicznych szczepéw MRSA (zakres wartosci MIC 3,12—
6,25 mg/l). Ponadto wykazano wysokg aktywno$¢ przeciwenterokokowa
3 benzosiloksaboroli benzenosulfonianowych (MIC 6,25 mg/l) oraz aktywnos¢
od umiarkowanej po niskg wobec ziarenkowcow Gram-dodatnich kolejnych
10 benzosiloksaboroli (zakres wartosci MIC 12,5->400 mg/l). Jednoczesnie

stwierdzono, ze badane beznzosiloksaborole nie wykazuja istotnej aktywnosci
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bezposredniej wobec grzybow drozdzopodobnych ani bakterii Gram-ujemnych
oraz w wigkszosci (31 z 44 badanych zwigzkoéw) nie sg substratami dla pomp
btonowych bakterii Gram-ujemnych.

. Zaobserwowano, ze aktywno$¢ benzosiloksaboroli benzenosulfonianowych
wobec ziarenkowcow Gram-dodatnich nasila si¢ w obecnosci w pierscieniu
benzenowym atomu chloru lub grupy trifluorometylowej w pozycji para, obu
tych podstawnikow lub dwoch atoméw chloru w pozycji para i meta lub trzech
grup metylowych w pozycji 2, 4 i 6. Pochodne takie wykazywaly wyzszg niz
linezolid aktywno$¢ wobec szczepdéw S. aureus - wartosci MIC dla MSSA
w zakresie 0,39-0,78 mg/l (MIC linezolidu 1 mg/l), a dla MRSA w zakresie
0,39-1,56 mg/l (MIC linezolidu 2 mg/l). Byly one rowniez wysoce aktywne
wobec enterokokow (MIC 6,25 mg/l). Z kolei benzosiloksaborole
benzenosulfonianowe niepodstawione przy pierscieniu beznenowym lub
podstawione fluorem, bromem, jodem, jedng grupa metylowa, nitrowa,
metoksylowa, acetylowa lub tert-butylowa wykazywaly aktywno$¢ wobec
szczepOw S. aureus poréwnywalng lub mniejszg niz linezolid (zakres wartosci
MIC 1,56-3,12 mg/l) oraz umiarkowang wobec enterokokow (wartosci MIC
12,5-50 mg/l).

. Na podstawie dokonanego przegladu piSmiennictwa dotyczacego witasciwosci
przeciwdrobnoustrojowych benzoksaboroli wskazano syntetaze leucylo-tRNA
(LeuRS) jako prawdopodobny punkt uchwytu otrzymanych benzosiloksaboroli.
Analiza wynikow badan mikrobiologicznych pozwolita na wytypowanie
najbardziej aktywnych zwiazkéw do dalszych badan in silico. Byly to dwa
benzosiloksaborole sulfonamidowe (3e i 3f) o wysokiej bezposredniej
aktywnosci przeciwgronkowcowej (MIC 3,12-6,25 mg/l) i dwa benzosiloksa-
borole (3a i 3d) o niskiej aktywnosci wobec gronkowcoéw (MIC 50-200 mg/l).
Wykonane przez zewnetrzng jednostke dokowanie molekularne potwierdzito, ze
najbardziej aktywne zwiazki moga tworzy¢ stabilne addukty z LeuRS 1 wigza¢
si¢ do jej miejsca aktywnego. Zatem bezposrednia aktywno$¢ wobec
ziarenkowcow Gram-dodatnich wykazana w niniejszej pracy wynika
najprawdopodobniej z wigzania si¢ badanych benzosiloksaboroli z enzymem
LeuRS.

. Wykazano wysoka bezposrednig aktywnos$¢ przeciwgronkowcowa kwasu

2-fluoro-5-trifluorometylo-1,3-fenylenodiboronowego (zakres wartosci MIC
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0,78-12,5 mg/l) oraz aktywno$¢ przeciwgrzybicza od wysokiej po umiarkowang
wobec  szczepow Candida  spp. kwasu 4-trifluorometylo-1,2-
fenylenodiboronowego (zakres wartosci MIC 3,12-25 mg/l). Ponadto
stwierdzono, ze wsréd 33 badanych kwasow aryloboronowych bezposrednig
aktywno$¢ przeciwdrobnoustrojowa od umiarkowanej po niskg (zakres warto$ci
MIC 12,5->400 mg/l) wobec bakterii Gram-dodatnich wykazuje 25 pochodnych,
wobec bakterii  Gram-ujemnych 19 pochodnych, a wobec grzybéw
drozdzopodobnych 21 pochodnych. Badane kwasy aryloboronowe w wigkszosci
(29 z 33 zwigzkow) nie sg substratami dla blonowych pomp MDR bakterii Gram-
ujemnych.

Stwierdzono, ze wsrdd 33 badanych kwasow aryloboronowych 25 pochodnych
wykazuje aktywno$¢ BLI w wysokich stezeniach (30-300 pg/krazek). Sposrod
nich 17 zwigzkéw wykazuje aktywno§¢ BLI takze w niskich stezeniach
(4-16 mg/1), porownywalnych ze stezeniami, w ktorych stosowane sg najnowsze
inhibitory B-laktamaz (waborbaktam, awibaktam oraz relebaktam). Sposrod
17 zwigzkow, ktore w niskich stezeniach miaty aktywno$é BLI, 16 pochodnych
zwiekszato wrazliwo$¢ na ceftazydym AmpC-dodatnich szczepéw E. coli
I P. aeruginosa, a 7 zwigzkow zwigkszato wrazliwos¢ na karbapenemy KPC-
dodatnich szczepdéw K. pneumoniae oraz E. coli. W szczegodlnosci stwierdzono,
ze:

a. Aktywno$¢ BLI w niskich st¢zeniach wykazuja wytacznie niepodstawione
kwasy aryloboronowe oraz ich fluorowe pochodne.

b. Kwas orto-fenylenodiboronowy wsrod badanych zwigzkow wykazuje
najwyzsza aktywno$¢ BLI wobec szczepow KPC-dodatnich — osiagnigto
nawet 64/16/8-krotne redukcje wartosci MIC karbapenemow dla tych
szczepOw odpowiednio przy jego stezeniach 16/8/4 mg/l. Przywrocit on
wrazliwos$¢ na meropenem wszystkim czterem badanym szczepom KPC-
dodatnim, a na imipenem 3 z 4 badanych szczepdw. Zwigzek ten
wykazywat takze aktywno$¢ BLI w niskich stezeniach wobec szczepoéw
AmpC-dodatnich  (osiggni¢to maksymalnie 4/2/2-krotne redukcje
wartosci  MIC ceftazydymu odpowiednio przy jego stezeniach
16/8/4 mg/l), nie przywrécit on jednak wrazliwo$ci tych szczepdéw na

ceftazydym.
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c. Kwas para-fenylenodiboronowy w niskich stezeniach wykazuje zaréwno
aktywnos$¢ BLI wobec szczepow KPC-dodatnich (przywrocit wrazliwosé
na meropenem wszystkim czterem badanym szczepom, a na imipenem
3 z 4 badanych szczepdw) jak i wobec szczepdw AmpC-dodatnich
(przywrocit wrazliwos¢ na ceftazydym obu badanym szczepom).

d. Kwasy meta-fenylenodiboronowe w niskich stezeniach wykazuja
aktywno$¢ BLI jedynie wobec szczepéw AmpC-dodatnich — przywracaja
wrazliwos$¢ na ceftazydym szczepowi E. coli CMY-2-dodatniemu oraz
zwickszaja wrazliwos¢ szczepu P. aeruginosa cAmpC-dodatniego na
ceftazydym (nawet 8/8/4-krotnie odpowiednio przy ich stgzeniach
16/8/4 mg/1), nie przywracajac jednak jego wrazliwos$ci na ten antybiotyk.

e. Kwasy tiofenoboronowe oraz kwas fenyleno-1,2,4-triboronowy w niskich
stezeniach wykazuja aktywno$¢ BLI jedynie wobec szczepéw AmpC-
dodatnich — powoduja maksymalnie 4/2/2-krotne redukcje wartosci MIC
ceftazydymu odpowiednio przy ich stezeniach 16/8/4 mg/l, nie
przywracajac jednak wrazliwo$ci na ceftazydym zadnemu z badanych
szczepdw AmpC-dodatnich.

6. W badaniach z wykorzystaniem catych komoérek oraz wyizolowanych biatek
catkowitych transformanta E. coli DH5a niosacego gen blakpc-3 potwierdzono,
ze enzymy typu KPC sa celem molekularnym dla kwasow orto- i para- ale nie
meta-fenyleonodiboronowych. Kwasy orto- i para-fenylenodiboronowe
w stezeniach 16/8/4 mg/l redukowaty wartosci MIC meropenemu badanego
transformanta odpowiednio 32/16/4-krotnie oraz 16/8/4-krotnie, a kwas meta-
fenylenodiboronowy maksymalnie 2-krotnie. Ponadto w tescie hydrolizy
nitrocefiny uzyskano redukcje absorbancji dla biatek catkowitych transformanta
w obecnos$ci kwasow orto-, para- i meta-fenylenodiboronowych w poréwnaniu
do kontroli pozytywnej. Redukcja absorbancji wynosita przy obecnosci w/w
kwasow fenylenodiboronowych odpowiednio 44/42/29% przy stezeniu 16 mg/l
oraz 35/35/18% przy stezeniu 8 mg/l. Symulacje QM/MM przeprowadzone
nastepnie przez zespoly z Uniwersytetu Warszawskiego i Politechniki
Warszawskiej wykazaty, ze kwas orto-fenylenodiboronowy najczesciej
I najszybciej sposrod badanych zwiazkéw osiggatl konfiguracje pozwalajaca na

przeprowadzenie addycji nukleofilowej w sprzyjajacych warunkach do KPC-2.
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7. Metoda szachownicy wyznaczono w sumie 34 wartosci FICI dla kombinacji
Z ceftazydymem 17 aromatycznych kwaséw boronowych (i PBA) o aktywnosci
BLI w niskich st¢zeniach wobec szczepow AmpC-dodatnich oraz 96 wartosci
FICI dla kombinacji z 3 karbapenemami (meropenem, imipenem oraz ertapenem)
7 kwasow fenyloboronowych o aktywnosci BLI w niskich stezeniach wobec
szczepOw KPC-dodatnich. Nastepnie przeprowadzono analiz¢ statystyczna,
ktora pozwolita na udowodnienie, ze:

a. synergia z karbapenemami jest istotnie silniejsza w przypadku kwasow
orto-fenylenodiboronowych niz w  przypadku kwasow para-
fenylenodiboronowych i fenyloboronowych (w obu przypadkach
p=0,0001);

b. synergia kwaséw fenyloboronowych z karbapenemami jest istotnie
silniejsza wobec szczepdw KPC-3-dodatnich niz wobec szczepow KPC-
2-dodatnich (p=0,046);

C. synergia z ceftazydymem jest istotnie stabsza w przypadku kwasoéw orto-
fenylenodiboronowych niz  kwaséw  meta-fenylenodiboronowych
(p=0,04) oraz fenyloboronowych (p=0,008);

d. wprowadzenie podstawnika fluorowego nasila synergie dziatania kwasow
aryloboronowych z ceftazydymem wobec szczepéw CMY -2-dodatnich
(p=0,005) oraz ostabia synergiec kwasow fenyloboronowych

z karbapenemami wobec szczepdéw KPC-dodatnich (p=0,036).

1. Podsumowanie prac nad nowym podejsciem do oceny potencjatu do selekcjonowania

opornoéci bakterii przez zwiazki przeciwbakteryjne

1. Opracowano nowe parametry in vitro charakteryzujace potencjat zwigzkow do
selekcjonowania opornosci:
a. parametry MPC-D i MSW-D odnoszace si¢ do tzw. dominujacych
mutantow (selekcjonowanych z duza czestoscia, bez znaczacych zmian
W sprawnosci w porownaniu do komoérek typu dzikiego, co do ktérych
istnieje wysokie prawdopodobienstwo, ze beda one w stanie ustanowic
oporng populacje in vivo);
b. parametry MPC-F i MSW-F odnoszace si¢ do mutantéw o obnizonej
sprawnosci, ktore moga powstac in vitro, ale jest mato prawdopodobne by

byty selekcjonowane in Vvivo.
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2. Nowoscig pracy jest takze powigzanie wartosci klasycznego MPC z czgstoscia
selekcji opornych mutantow w metodzie rozcienczen w agarze co ma miejsce
W opracowanej metodyce wyznaczania wartosci nowego parametru MPC-D.
Zaproponowano by w metodzie rozcienczen w agarze wartos¢ MPC-D wyznaczaé
jako najmniejsze stezenie, dla ktorego wartoéé FSMS wynosi <1029, co jest
kluczowe dla zwigkszenia powtarzalnosci tego parametru (MPC-D)
w porownaniu do oryginalnej wartosci MPC (bowiem mutanty rzadziej
powstajace, nie zawsze mogg by¢ wykryte w trakcie badan in vitro).

3. Aby zwigkszy¢ zgodno$é zakresow MSW wyznaczanych in vitro z zakresami
obserwowanymi pdzniej in Vivo, zaproponowano wyznaczanie wartosci MPC-D
oraz MPC-F nowa metodg rozcienczen zwiazku w bulionie. W tej metodzie
MPC-D zdefiniowano jako najnizsze st¢zenie leku, ktoére uniemozliwia
lekoopornym mutantom selekcjonowanych sposrod 10° CFU ustanowienie
opornej populacji o gestosci co najmniej 10 CFU/ml w trakcie 24-godzinnej
inkubacji w podtozu ptynnym ze zwigzkiem. Natomiast MPC-F zdefiniowano
jako najnizsze stezenie leku catkowicie hamujace selekcje¢ opornych mutantow po
24-godzinnej inkubacji w podtozu ptynnym ze zwigzkiem.

4. Wyznaczono parametry MPC i MPC-D cyprofloksacyny, linezolidu i nowego
benzosiloksaborolu No37 dla szczepu S. aureus ATCC 29213 metoda rozcienczen
w agarze oraz parametry MPC-D i MPC-F metodg rozcienczen w bulionie.
Wykazano, ze w przypadku niektorych antybiotykow (np. cyprofloksacyna)
wartosci MPC-D moga by¢ nizsze niz wartosci MPC, przez co bardziej
akceptowalne Kklinicznie jako podstawa schematéw dawkowania. Natomiast
w przypadku innych zwigzkow (np. linezolid, benzosiloksaborol No37) wartosci
MPC-D sg rowne warto§ciom MPC.

5. Opracowano nowg metode otrzymywania inokulum bakteryjnego o wysokiej
gestosci (>10'* CFU/ml), polegajaca na wielostopniowym zageszczaniu hodowli
ptynnej. Wyjsciowe inokula szczepu S. aureus ATCC 29213, uzyskane nowa
metoda, miaty gestosci 5—7,5x10* CFU/ml, co jest kluczowe przy wyznaczaniu

parametrow MPCs.
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Uzyskane wyniki bezposredniej aktywnosci przeciwgronkowcowej
I przeciwenterokokowej  benzosiloksaboroli  benzenosulfonianowych  oraz
sulfonamidowych, ktére sg porownywalne lub wyzsze niz aktywnos$¢ linezolidu
(takze wobec klinicznych szczepow MRSA) wskazuja, iz benzosiloksaborole sg
innowacyjng grupa zwigzkow o obiecujacej, bezposredniej aktywnosci wobec
ziarenkowcow Gram-dodatnich. Ich prawdopodobnym punktem uchwytu jest
syntetaza leucylo-tRNA.

Na podstawie uzyskanych wynikéw badan mikrobiologicznych wysnuto wnioski
dotyczace korelacji  struktura-aktywno$¢ bezposrednia benzosiloksaboroli.
Kluczowe znaczenie dla uzyskania wysokiej aktywnosci benzosiloksaboroli wobec
ziarenkowcow Gram-dodatnich ma obecno$¢ w czgsteczce ugrupowania
benzenosulfonianowego lub sulfonamidowego. Aktywnos$¢ benzosiloksaboroli
benzenosulfonianowych nasila obecnos$¢ w pierscieniu benzenowym podstawnika
chloru lub grupy trifluorometylowej w pozycji para, obu tych podstawnikow lub
dwaoch atomdw chloru w pozycji para i meta lub trzech grup metylowych w pozycji
2,416. Uzyskane analizy wskazuja na celowos$¢ prowadzenia w przysztosci dalszych
ukierunkowanych juz syntez zwigzkéw o okreslonych strukturach, tak aby uzyskac

najwyzsza aktywnos$¢ przeciwdrobnoustrojowa.

Wyniki szerokospektralnych i pogtebionych badan mikrobiologicznych, wskazujg iz
kwasy fenylenodiboronowe s3 obiecujagcymi strukturami wyjSciowymi do
projektowania pochodnych o aktywnosci inhibitorow f-laktamaz typu KPC/AmpC.
Wprowadzenie do czgsteczki kwasu fenyloboronowego dodatkowej grupy
boronowej w pozycji orto istotnie zwigksza site synergistycznego oddziatywania
tego zwigzku z karbapenemami wobec szczepéw KPC-dodatnich cho¢ ostabia
synergi¢ z ceftazydymem wobec szczepdw AmpC-dodatnich. Z kolei obecnosé¢
fluoru w czasteczce kwasow aryloboronowych ostabia synergi¢ dziatania tych

kwasow z karbapenemami, ale nasila synergi¢ z ceftazydymem.

Wykazana w pracy wysoka aktywno§¢ kwasow fenylenodiboronowych jako

inhibitoréw enzymoéw typu KPC/AmpC, w polaczeniu z ich brakiem
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cytotoksyczno$ci w aktywnym zakresie st¢zen oraz cytotoksycznoscia PBA w tym
samym zakresie stezen, pozwala stwierdzi¢ iz kwasy fenylenodiboronowe mogg by¢
postrzegane jako lepsze niz PBA struktury wyjsciowe do syntezy nowych,
innowacyjnych inhibitorow p-laktamaz bakterii Gram-ujemnych, zwlaszcza

enzymow typu KPC.

Zaproponowany W niniejszej pracy, nowy parametr MPC-D, dzieki swojemu
powigzaniu z czestoscig selekcji opornych mutantow in vitro, powinien
charakteryzowac si¢ lepsza powtarzalnos$cia niz parametr MPC. Ma réwniez szans¢
by¢ bardziej akceptowalny klinicznie jako podstawa schematéw dawkowania,
bowiem dla niektérych kombinacji antybiotyk-szczep wartos¢ MPC-D jest nizsza niz
warto$¢ MPC. Wyznaczanie wartosci MPC-D za pomoca nowej metody rozcienczen
w bulionie moze zwigkszy¢ zgodnos$¢ zakresbw MSW wyznaczanych in vitro z tymi
obserwowanymi in vivo, dzigki mozliwosci zroznicowania lekoopornych mutantow
otrzymywanych in vitro na mutanty zdolne do dominowania w populacji i te zdolne

jedynie do przezycia w obecnosci zwigzku.
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11. Opinie Komisji Bioetycznej

Komisja Bioetyczna
przy Warszawskim Uniwersytecie Medycznym

Tel.: 022/57 -20-303 ul. Zwirki i Wigury nr 61
Fax: 022/ 57 - 20 -165 02-091 Warszawa
S 1
"//_ A A 809 &\\ e-mail: komisja.bioetyczna@wum.edu.pl
“T] pubh www.komisja-bioetyczna.wum.edu.pl

Warszawa, dnia 21 lutego 2022r.

AKBE/ 12 /2022

Dr hab. Agnieszka E. Laudy
Zaklad Mikrobiologii Farmaceutycznej,
ul. Banacha 1b, 02-097 Warszawa

OSWIADCZENIE

Niniejszym o$wiadczam, ze Komisja Bioetyczna przy Warszawskim Uniwersytecie
Medycznym w dniu 21 lutego 2022r. przyjeta do wiadomosci informacje na temat
badania pt:” Badanie aktywnosci zwigzkéw przeciwdrobnoustrojowych, syntetycznych jak
i pochodzenia naturalnego, a takze srodkow dezynfekcyjnych wobec szczepoéw klinicznych
ziarenkowcow Gram-dodatnich i szczepéw klinicznych grzybow.” Przedstawione badanie nie

stanowi eksperymentu medycznego w rozumieniu art. 21 ust. 1 ustawy z dnia 5 grudnia 1996 r.
o zawodach lekarza i lekarza dentysty(Dz.U. z 2018 r. poz. 617) i nie wymaga uzyskania opinii

Komisji Bioetycznej przy Warszawskim Uniwersytecie Medycznym, o ktérej mowa w art. 29
ust.] ww. ustawy.

I%dniczaca %ji Bioetycznej

Prof. df hab. n. med. Magdalena Kuzma -Kozakiewicz
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Warszawa, dnia 17 stycznia 2022r.

AKBE/3 /2022

Dr hab. Agnieszka E. Laudy
Zaklad Mikrobiologii Farmaceutycznej,
ul. Banacha 1b, 02-097 Warszawa

OSWIADCZENIE

Niniejszym o$wiadczam, ze Komisja Bioetyczna przy Warszawskim Uniwersytecie
Medycznym w dniu 17 stycznia 2022r. przyjeta do wiadomosci informacje na temat

badania pt,, Charakterystyka fenotypowa i genotypowa oraz badanie mechanizméw opornosci
na zwigzki przeciwdrobnoustrojowe szczepéw klinicznych Gram-ujemnych pateczek
niefermentujacych oraz rzedu Enterobacterales.”Przedstawione badanie nie stanowi
eksperymentu medycznego w rozumieniu art. 21 ust. 1 ustawy z dnia 5 grudnia 1996 r. o
zawodach lekarza i lekarza dentysty(Dz.U. z 2018 r. poz. 617) i nie wymaga uzyskania opinii
Komisji Bioetycznej przy Warszawskim Uniwersytecie Medycznym, o ktérej mowa w art. 29
ust.] ww. ustawy.

PWzac Komisjj/Bioetycznej
7, /é//% =

Prof. dr hab. n. med. Magdalena Kuzma —-Kozakiewicz

211



Oswiadczenia wspotautoréw publikacji

12. Oswiadczenia wspoétautoréw publikacji

mgr farm. Joanna Krajewska

Oswiadczenie

Jako wspotautor pracy przegladowej pt. ,, The European Medicines Agency approved
the new antibacterial drugs — response to the 2017 WHO report on the global problem of
multi-drug resistance” Postepy Mikrobiologii — Advancements of Microbiology 2021,
60:249-264, doi: 10.21307/pm-2021.60.4.20, oswiadczam, ze méj wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji polegat na:

M6j udzial procentowy w przygotowaniu publikacji okreslam na 80%.

Jako wspoétautor interdyscyplinarnej pracy oryginalnej pt. ,Development of
structurally extended benzosiloxaboroles — synthesis and in vitro biological evaluation”
RSC Advances 2021, 11:25104-25121, doi: 10.1039/d1ra04127d o$wiadczam, ze méj wktad

merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie

pracy w formie publikacji polegal na:

Publikacja jest interdyscyplinarna, a cze$¢ mikrobiologiczna stanowi 30% tego artykutu. M¢j

udzial procentowy w czesci mikrobiologicznej okreslam na 64%.

Jako wspotautor interdyscyplinarnej pracy oryginalnej pt. “Oxazoline scaffold in
synthesis of benzosiloxaboroles and related ring-expanded heterocycles: diverse
reactivity, structural peculiarities and antimicrobial activity”, RSC" Advances 2022,
12:23099-23117, doi: 10.1039/d2ra03910a o$wiadczam, ze méj wkiad merytoryczny w

przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji polegatl na:
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Publikacja jest interdyscyplinarna, a czgs¢ mikrobiologiczna stanowi 20% tego artykutu. Moj

udziat procentowy w czgsci mikrobiologicznej okreslam na 65%.

Jako wspétautor pracy oryginalnej pt. “Mutant prevention concentration, frequency
of spontaneous mutant selection, and mutant selection window — a new approach to the
in vitro determination of the antimicrobial potency of compounds” Antimicrobial Agents
and Chemotherapy 2023, 67(5):e0137322, doi: 10.1128/aac.01373-22, o$wiadczam, ze mdj
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz

przedstawienie pracy w formie publikacji polegat na:

Moj udziat procentowy w przygotowaniu publikacji okreslam na 60%.

Jako wspotautor interdyscyplinarnej pracy oryginalnej pt. “Aromatic diboronic acids
as effective KPC/AmpC inhibitors” Molecules 2023, 28:7362, doi:

10.3390/molecules28217362 oswiadczam, ze moj wklad merytoryczny w przygotowanie,

przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat

na:

wspdluczestniczeniu w_tworzeniu. koncepciji _badan i projektowaniu_eksperymentow
mikrobiologicznych, bylam gldwnym wykonawca zad dawezych z zakresu mikrobiologii
i zwigzanej z nig analizy statystycznej, wspotudzia pracowaniu i interpretacii wynikow

Publikacja jest interdyscyplinarna, a cz¢$¢ mikrobiologiczna stanowi 65% tego artykuhu. Moj

udzial procentowy w czesci mikrobiologicznej okreslam na 65%.

e O %&J Ky

"(podpis autora rozpy doktorskiej)
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dr hab. n. farm. Agnieszka E. Laudy Warszawa,.zg..ﬁl./g:..z. 023

Os$wiadczenie

Jako wspoétautor pracy przegladowej pt. ,,The European Medicines Agency approved
the new antibacterial drugs — response to the 2017 WHO report on the global problem of
multi-drug resistance” Postepy Mikrobiologii — Advancements of Microbiology 2021,
60:249-264, doi: 10.21307/pm-2021.60.4.20, o$wiadczam, ze méj wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegat na:

Mo6j udziat procentowy w przygotowaniu publikacji okreslam na 20%.

Jako wspblautor pracy oryginalnej pt. ,Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021,
11:25104-25121, doi: 10.1039/d1ra04127d oswiadczam, ze mdj wklad merytoryczny
w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegat na:

Publikacja jest interdyscyplinarna, a cze$¢ mikrobiologiczna stanowi 30% tego artykutu. Méj

udzial procentowy w czesci mikrobiologicznej okreslam na 34%.

Jako wspdlautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”, RSC Advances 2022, 12:23099-23117, doi:
10.1039/d2ra03910a o$wiadczam, 2ze modj wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat

na:
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Publikacja jest interdyscyplinarna, a cz¢$¢ mikrobiologiczna stanowi 20% tego artykuhu. Moj

udziat procentowy w czeéci mikrobiologicznej okreslam na 35%.

Jako wspétautor pracy oryginalnej pt. “Mutant prevention concentration, frequency
of spontaneous mutant selection, and mutant selection window — a new approach to the
in vitro determination of the antimicrobial potency of compounds” Antimicrobial Agents
and Chemotherapy 2023, 67(5):¢0137322, doi: 10.1128/aac.01373-22, o$wiadczam, ze méj

wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badai oraz

przedstawienie pracy w formie publikacji polegat na:

Moj udziat procentowy w przygotowaniu publikacji okreslam na 35%.

Jako wspétautor pracy oryginalnej pt. “Aromatic_diboronic acids as effective

KPC/AmpC _inhibitors” Molecules 2023, 28:7362, doi: 10.3390/molecules28217362
o$wiadczam, ze méj wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie

badan oraz przedstawienie pracy w formie publikacji polegat na:

Publikacja jest interdyscyplinarna, a cze$¢ mikrobiologiczna stanowi 65% tego artykutu. Moj

udziat procentowy w czgsci mikrobiologicznej okreslam na 35%.

Jednoczesnie wyrazam zgode na wykorzystanie w/w prac jako czesci rozprawy

doktorskiej mgr farm. Joanny Krajewskiej.

/D Lt o)

(podpis oswiadg#ajgcego)
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Warszawa, 18.12.2023

prof. dr hab. inz. Sergiusz Luliaski

Os$wiadczenie

Jako wspdlautor pracy oryginalnej pt. ,,Development of structurally extended benzosiloxaboroles
- synthesis and in vitro biological evaluation” RSC Advances 2021, 11, 25104-25121, doi:
10.1039/d1ra04127d o$wiadczam, ze méj wklad merytoryczny w przygolowanie, przeprowadzenie i
opracowani¢ badan oraz przedstawienie pracy w formie publikacji polegat na:

wspoludzial

wspolodpowiedzialnym za pozyskanie funduszy,

Publikacja jest interdyscyplinarna, a czgs¢ dotyczaca syntezy chemicznej stanowi 65% tego artykulu. Moj

udziat procentowy w czgdel syntezy 1 analizy chemicznej okreslam na 20%.

Jako wspdtautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of benzosiloxaboroles and
related ring-expanded heterocycles: diverse reactivity, structural peculiarities and antimicrobial
activity”, RSC Advances 2022, 12, 23099-23117, doi: 10.1039/d2ra03910a o$wiadczam, ze mdj wklad
merytoryczny w przy gotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji polegat na:

wspotudziale w tworzeniu koncepcji badan, syntezie badanych zwiazkdw. opracowaniu. i interpretacji

Publikacija jest interdyscyplinama, a czg$¢ dotyczaca syntezy chemicznej stanowi 63% tego artykulu. Moj

udziat procentowy w czesel syntezy i analizy chemicznej okreslam na 60%.

Jako wspélautor pracy oryginalnej pt. “Aromatie diboronic_acids as effective KPC/AmpC

inhibitors” Molecules 2023, 28:7362, doi: 10.3390/molecules28217362 oswiadczam, ze moj wklad

merytoryczny w przygolowanie, przeprowadzenie [ opracowanie badan oraz przedstawienie pracy w formie

publikacji polegal na:

216



Oswiadczenia wspotautoréw publikacji

Publikacja jest interdyseyplinarna, a cz¢$¢ dotycraca syntezy chemiczne] stanowi 10% tego artvkutu.

Moy udziat procentowy w czedel syntery i analizy chemicznej okreslam na 60%.

Jednoczednie wyraizam zgode na wykorzystanie w/w prac jako czescei rozprawy doktorskiej mgr

farm. Joanny Krajewskiej.

< j, 6{; . ( L/Z’C '\

(podpis oswiadczajacego)
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Oswiadczenia wspotautoréw publikacji

. 0 N9 2
dr hab. inz. Krzysztof Durka Warszawa,...‘.d.,/(.z:. 707 J

Oswiadczenie

Jako wspotautor pracy oryginalnej pt. ,,Development of structurally extended benzosiloxaboroles
— synthesis and in vitro biological evaluation” RSC Advances 2021, 11:25104-25121, doi:
10.1039/d1ra04127d o$wiadczam, ze moj wkiad merytoryczny w przygotowanie, przeprowadzenie i

opracowanie badan oraz przedstawienie pracy w formie publikacji polegal na:

interdyscyplinarna, a cz¢$¢ dotyczaca syntezy chemicznej stanowi 65% tego artykutu. Méj udziat procentowy
w czgéci syntezy i analizy chemicznej okreslam na 10%.

Jako wspétautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of benzosiloxaboroles and
related ring-expanded heterocycles: diverse reactivity, structural peculiarities and antimicrobial
activity”, RSC Advances 2022, 12:23099-23117, doi: 10.1039/d2ra03910a o$wiadczam, ze méj wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegat na:

Publikacja jest interdyscyplinarna, a cze$¢ dotyczaca syntezy chemicznej stanowi 65% tego artykutu, Mo6j
udziat procentowy w czgéci syntezy i analizy chemicznej okreslam na 20%.

Jako wspodlautor pracy oryginalnej pt. “Aromatic diboronic acids as effective KPC/AmpC
inhibitors” Molecules 2023, 28:7362, doi: 10.3390/molecules28217362 os$wiadczam, ze mdj wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegat na:

dotyczaca syntezy chemicznej stanowi 10% tego artykutu. M6j udziat procentowy w czesci syntezy i analizy

chemicznej okreslam na 40%.
Jednocze$nie wyrazam zgod¢ na wykorzystanie w/w prac jako cze$ci rozprawy doktorskiej mgr farm.

Joanny Krajewskiej.

(podpis o$wiadczajacego)
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Oswiadczenia wspotautoréw publikacji

dr hab. Patry

Oswiadczenie

Jako wspolautor pracy oryginalnej pt. »Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation™ RSC Advances 2021,
[1:25104-25121, doi:  10.1039/d1ra04127d  o$wiadczam, ze moj  wklad merytoryczny
W przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji polegal na:

wspoludziale w_ wykonaniu__badai _cytotoksyeznosei i interpretacii  wynikow,

przygotowaniu picrwszej wersji manuskryptu zgloszonego do czasopisma.

Publikacja jest interdyscyplinarna, a czes¢ dotyczaca badan cvtotoksyeznosei stanowi 5% lego

artykulu. M¢j udzial procentowy w cz¢sei badan cytotoksycznosei okreslam na 100%.

Jako  wspolautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis  of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”. RSC Advances 2022, 12:23099-23117. doi:
10.1039/d2ra03910a  o$wiadczam, ze moj wklad merytoryczny W  przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegal na:

wykonaniu badan cytotoksycznosei i interpretacii wynikdw. przygotowaniu pierwszej i

oslateczne) wersji manuskryptu.

Publikacja jest interdyscyplinarna, a- ¢z

3¢ dotyczaca badan cytotoksyeznosei stanowi 3% tego

artykulu. Moj udzial procentowy w czescei badan cytotoksycznosei okreslam na 100%.

Jako wspolautor pracy oryginalngj pt. “Aromatic _diboronic acids as effective

KPC/AmpC _inhibitors” Molecules 2023, 28:7362. doi:  10.3390/molecules28217362

oswiadezam, ze moj wklad meryloryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji polegal na:

wykonaniu_badan _cytotoksycznosdei i interpretacji wynikow, przygolowaniu pierwszej

w manuskryptu. :

Publikacja jest interdyscyplinarna, a cze$é dotyczaca badan cytotoksyeznosei stanowi 3% 1ego

artykutu. Moj udzial procentowy w czgéei badan cytotoksyceznosei okreslam na 100%.

Jednoczesnie wyrazam zgode na wykorzystanie w/w prac jako czesei rozprawy doktorskicj

mgr farm. Joanny Krajewskiej.

(podpis oswiadezajacego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 19.12.2023 r.
Prof. dr hab. Krzysztof Wozniak
Wydzial Chemii UW
Uniwersytet Warszawski

Oswiadczenie

Jako wspotautor pracy oryginalnej pt. ,,Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021,
11:25104-25121, doi: 10.1039/d1ra04127d oswiadczam, ze moj wklad merytoryczny
w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji polegal na:

Publikacja jest interdyscyplinarna, a czgs$¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykutu. Moj udzial procentowy w czgsci syntezy i analizy chemicznej okreslam na 5%.

Jako wspotautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”, RSC Advances 2022, 12:23099-23117, doi:
10.1039/d2ra03910a oswiadczam, ze moj wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat
na:

Publikacja jest interdyscyplinarna, a czgs¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykutu. Moj udziat procentowy w czesci syntezy i analizy chemicznej okreslam na 5%.

Jednoczesnie wyrazam zgode na wykorzystanie w/w prac jako czeSci rozprawy

doktorskiej mgr farm. Joanny Krajewskiej.

KTZVSZtOf Wozn 1a k; Elektronicznie podpisany przez
Krzysztof Wozniak; Uniwersytet

Uniwersytet Warszawski
WarSZaWSki Data: 2023.12.19 13:45:11 +01'00

(podpis o$wiadczajgcego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 19.12.2023 r.

dr inz. Paulina H. Marek-Urban

Oswiadczenie

Jako wspotautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”, RSC Advances 2022, 12:23099-23117, doi:
10.1039/d2ra03910a o$wiadczam, ze mo6j] wkiad merytoryczny w  przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat

na:

Publikacja jest interdyscyplinarna, a czes¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykuhu. M6j udziat procentowy w czgsci syntezy i analizy chemicznej okreslam na 10%.

Jednocze$nie wyrazam zgode na wykorzystanie powyzszej pracy jako czesci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

(podpis o$wiadczajacego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 19.12.2023 .

mgr inZz. Piotr Pacholak

Oswiadczenie

Jako wspolautor pracy oryginalnej pt. ,Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021,
11:25104-25121, doi: 10.1039/d1ra04127d o$wiadczam, ze mdj wkiad merytoryczny
w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegal na:

interpretacji_wynikow._syntez_chemicznych, wspétudziale w._ przygotowaniu pierwszej. i
ostatecznej wersji manuskryptu.
Publikacja jest interdyscyplinarna, a czgs¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykutu. Méj udzial procentowy w czgsci syntezy i analizy chemicznej okreslam na 30%.

Jednocze$nie wyrazam zgodg na wykorzystanie powyizszej pracy jako czgsci

rozprawy doktorskiej mgr farm. Joanny KrajewsKiej.
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Oswiadczenia wspotautoréw publikacji

Warszawa, 20.12.2023 r..

mgr inz. Urszula Gogowska

Oswiadczenie

Jako wspélautor pracy oryginalnej pt. ,Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021,
11:25104-25121, doi: 10.1039/d1ra04127d os$wiadczam, ze moj wkiad merytoryczny

W przygotowanie, przeprowadzenie i opracowanie badar oraz przedstawienie pracy w formie

publikacji polegat na:

Publikacja jest interdyscyplinarna, a czgs¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykutu. Méj udziat procentowy w czgsci syntezy i analizy chemicznej okreslam na 15%.

Jednoczesnie wyrazam zgode na wykorzystanie powyzszej pracy jako czesci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

Prof. dr hab. Sergiusz Lulinski . p ):é
Promotor pracy magisterskiej Pani mgr inz. Jolanty Dunikowskiej — C (/&I/L[ bdle )

Dr. hab. Agnieszka E. Laudy
Promotor rozprawy doktorskiej Pani mgr. Joanny Krajewskiej — 4 B W&/

5
Mgr. Joanna Krajewska — @y‘/p@gfqymﬁ WJJ/KQ[

(podpis o$wiadczajacego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 20.12.2023 1.

mgr inz. Jolanta Dunikowska

Oswiadczenie

Jako wspétautor pracy oryginalnej pt. ,Development of structurally extended
benzesiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021, 11,
25104-25121, doi: 10.1039/d1ra04127d o§wiadczam, 7e méj wkiad merytoryczny
W przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji polegat na:

Publikacja jest interdyscyplinarna, a cz¢$¢ dotyczaca syntezy chemicznej stanowi 65% tego

artykutu. Méj udziat procentowy w czesci syntezy i analizy chemicznej okreslam na 20%.

Jednocze$nie wyrazam zgode na wykorzystanie powyzszej pracy jako czeSci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

Prof. dr hab. Sergiusz Lulinski N _ P
Promotor pracy magisterskiej Pani mgr inz. Jolanty Dunikowskiej — & : (/(A(/V\XCL )

Dr. hab. Agnieszka E. Laudy
Promotor rozprawy doktorskiej Pani mgr. Joanny Krajewskiej — /4 : ZDW ﬂ/

Megr. Joanna Krajewska — @VOW/WW %WJZ/W

(podpis o$wiadczajacego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 19.12.2023 r.

dr hab. Jolanta Mierzejewska

Katedra Biotechnologii Srodkéw Leczniczych i Kosmetykow
Wydzial Chemiczny Politechniki Warszawskiej
jolanta.mierzejewska@pw.edu.pl

Oswiadczenie

Jako wspotautor pracy oryginalnej pt. ,Development of structurally extended
benzosiloxaboroles — synthesis and in vitro biological evaluation” RSC Advances 2021,
11:25104-25121, doi: 10.1039/d1ra04127d oswiadczam, ze mdj wkilad merytoryczny
w powstanie tej publikacji polegal na przeprowadzeniu wstepnych przesiewowych badan
przeciwdrobnoustrojowych na nowo-zsyntezowanych zwigzkach.

Moj udziat w publikacji okreslam na 2%.

Jednocze$nie wyrazam zgode¢ na wykorzystanie powyzszej pracy jako czesci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

{

| :!0 L\) e LL{ e P«ﬂ’.’
st s sttt s assssr st .(’- ..
J (podpis oswiadczajacego)
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Oswiadczenia wspotautoréw publikacji

Barcelona, 21.12.2023 r.

dr inz. Tomasz Stepniewski

Oswiadczenie

Jako wspotautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”, RSC Advances 2022, 12:23099-23117, doi:
10.1039/d2ra03910a o$wiadczam, ze moj wklad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji polegat
na:

Publikacja jest interdyscyplinarna, a czg$¢ dotyczaca dokowania molekularnego stanowi 10%
tego artykutu. Mj udziat procentowy w czgsci dotyczacej dokowania molekularnego okre$lam

na 40%.

Jednoczesnie wyrazam zgode na wykorzystanie powyzszej pracy jako czesSci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

(podpis o$wiadczajgcego)
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Oswiadczenia wspotautoréw publikacji

Warszawa, 19.12.2023 r.

mgr inz. Krzysztof Nowicki

Oswiadczenie

Jako wspoétautor pracy oryginalnej pt. “Oxazoline scaffold in synthesis of
benzosiloxaboroles and related ring-expanded heterocycles: diverse reactivity, structural
peculiarities and antimicrobial activity”, RSC Advances 2022, 12:23099-23117, doi:
10.1039/d2ra03910a o$wiadczam, ze mé6j wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat
na:

Publikacja jest interdyscyplinarna, w ktorej czg$¢ dotyczaca syntezy chemicznej stanowi 65%
a czg$¢ dotyczaca dokowania molekularnego 10% tego artykulu. Méj udziat procentowy w
czgSci syntezy i analizy chemicznej okreslam na 5%, a w czgsci dotyczacej dokowania

molekularnego na 60%.

Jednoczesnie wyrazam zgode na wykorzystanie powyzszej pracy jako cze$ci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

wa}%wm

dpis oswiadczajacego)
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Oswiadczenia wspotautoréw publikacji

prof. dr hab. Stefan Tyski
Oswiadczenie

Jako wspétautor pracy oryginalnej pt. “Mutant prevention concentration, frequency
of spontaneous mutant selection, and mutant selection window — a new approach to the
in vitro determination of the antimicrobial potency of compounds” Antimicrobial Agents
and Chemotherapy 2023, 67(5):e0137322, doi:10.1128/aac.01373-22 o$wiadczam, ze moj
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz

przedstawienie pracy w formie publikacji polegat na:

Moj udziat procentowy w przygotowaniu publikacji okreslam na 5%.
Jednocze$nie wyrazam zgode na wykorzystanie powyzszej pracy jako czesci
rozprawy doktorskiej mgr farm. Joanny Krajewskiej.
/_\; / S
A ) :
20,

(podpis oswiadczajgcego)
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Oswiadczenia wspotautoréw publikacji

dr Krystiana A. Krzysko

Oswiadczenie

Jako wspolautor pracy pt. “Aromatic_diboronic acids as effective KPC/AmpC

inhibitors” Molecules 2023, 28:7362, doi: 10.3390/molecules28217362 oswiadczam, ze moj

wkiad merytoryczny w przygotowanie, przeprowadzenie 1 opracowanie badan oraz
przedstawienie pracy w formie publikacji polegat na:

wspotudziale w tworzeniu koncepcji i w wykonaniu badan dokowania oraz dynamiki

Publikacja jest interdyscyplinarna, a czg$¢ dotyczaca dokowania i dynamiki molekularnej
stanowi 20% tego artykutu. Mgj udziat procentowy w czgscei dotyczacej dokowania i dynamiki

molekularnej okreslam na 50%.

Jednoczesnie wyrazam zgode¢ na wykorzystanie powyzszej pracy jako czesci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

(podpis o$wiadczajacego)
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Oswiadczenia wspotautoréw publikacji

Warszawa,.................

mgr Piotr Chyzy

Oswiadczenie

Jako wspotautor pracy pt. “Aromatic_diboronic_acids as effective KPC/AmpC
inhibitors” Molecules 2023, 28:7362, doi: 10.3390/molecules28217362 oswiadczam, ze moj

wklad merytoryczny w przygotowanie, przeprowadzenic 1 opracowanie badan oraz

przedstawienie pracy w formie publikacji polegal na:

Publikacja jest interdyscyplinarna, a cz¢s¢ dotyczaca dokowania i dynamiki molekularnej
stanowi 20% tego artykutu. Mo6j udziat procentowy w czesci dotyczacej dokowania i dynamiki

molekularnej okreslam na 50%.

Jednocze$nie wyrazam zgode na wykorzystanie powyzszej pracy jako czeSci

rozprawy doktorskiej mgr farm. Joanny Krajewskiej.

Podpisany elektronicznie przez

/2, N Piotr Chyzy; Uniwersytet W K
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(podpis o$wiadczajacego)
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