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Abstract

The discovery of antibiotics and their subsequent clinical use has had a tremendous and beneficial
impact on human health. B-lactam antibiotics are considered the most widely used therapeutic class of
antibacterials prescribed in human and veterinary clinical practices due to their excellent safety profile and
broad antimicrobial spectrum. -lactams have undergone continuous development since their introduction
in order to improve properties such as potency, spectrum of activity, pharmacokinetic and safety profiles
and to counter the emergence of resistance. Resistance can occur by multiple mechanisms, including,
notably, the production of B-lactamases and modification of B-lactam receptors - penicillin-binding
proteins.

The resistance of bacterial pathogens to common antimicrobial therapies and the emergence of
multidrug-resistant bacteria are increasing at an alarming rate in Czechia. Understanding the mechanisms
of resistance in clinical isolates is critical to the design of novel therapeutics and the improvement of
detection techniques. Insight into the genetic basis of resistance can also reveal drug design strategies for
curtailing the spread of resistance and combatting multidrug-resistant organisms.

This dissertation thesis concerns different thematic investigations, beginning with the evolution of
B-lactam antibiotics to a background of the biochemistry of B-lactam antibiotic resistance, and continuing
with publications focused on a) the development and validation of assays for rapid detection of
carbapenemase activity, b) the validation of a commercial automatic program for the detection of MRSA
strains, and ¢) the molecular-epidemiological characterization of carbapenemase positive Gram-negative
isolates detected in hospitals in the Czech Republic.

The first study compares the efficiency of imipenem and meropenem hydrolysis assay for the
detection of carbapenemase-producing Enterobacterales and Pseudomonas aeruginosa by MALDI-TOF
mass spectrometer. Validation supported the high sensitivity and specificity of both assays to both strains.
However, the study showed that the addition of special compounds is necessary for higher sensitivity of
detection of carbapenemases.

The second study describes the first case of IMI-2-producing Enterobacter asburiae identified in
the Czech Republic in 2016. The isolate was obtained from a patient without previous hospitalization and
travel history. The strain lacked an obvious source of origin, suggesting a silent spread via unknown
pathways.

The third study characterizes NDM carbapenemases isolated from Enterobacterales during an
outbreak in 2016. Until then, the occurrence of NDM carbapenemases was rare. The results of the plasmid
analysis showed that blanpm genes were located on IncX3 plasmids. These are the main factors contributing
to the dissemination of NDM-like enzymes in the Czech Republic. Moreover, two distinct NDM-producing
strains have been found in two different patients, suggesting the occurrence of horizontal gene transfer.
These findings indicate that NDM-like producers pose an important public threat, mainly due to the rapid
horizontal transfer of IncX3 blanpm-carrying plasmids.

The next study reports a case of VIM-1 producing Enterobacter cloacae isolate and description of
the novel VIM-l-encoding plasmid. Until then the frequency of Enterobacterales with VIM
carbapenemases has been rare with just a few sporadic cases detected in Czechia, although VIM
carbapenemase has occurred frequently in Europe. Plasmid analysis suggests that this ColE1-type plasmid
could be developed by obtaining a Tn/72/-like transposon carrying the integron In//0 encoding VIM-1.
This finding highlights the important role of mobile genetic elements in the spread of resistance
determinants such as blavim.1.

The last study focuses on validation of a commercial automatic program on MALDI-TOF
MS-based identification of MRSA. The assay showed 90% sensitivity and 100% specificity; however,
repeatability and reproducibility were determined to be poor. Based on our data, the method is not suitable
for routine use.



Abstrakt

Objev antibiotik a jejich néasledné klinické pouziti mélo obrovsky prospésny dopad na lidské
zdravi. B-laktamovéa antibotika jsou povazovana za nejpouzivanéjsi terapeutickou tfidu antibakteridlnich
ptipravkti pfedepisovanych v humanni a veterinarni klinické praxi kvili jejich vynikajicimu
bezpecnostnimu profilu a Sirokému antimikrobidlnimu spektru. B-laktamy prochazeji od svého objeveni
neustalym vyvojem, ke zlepSeni vlastnosti, jako je ucinnost, spektrum aktivity, farmakokinetické a
bezpecnostni profily, a k zabranéni vzniku rezistence. K rezistenci mize dojit prostiednictvim mnoha
mechanismi, zejména produkci B-laktamaz a modifikaci B-laktamovych receptori - penicilinovych
vazebnych proteind.

Odolnost bakterialnich patogend vi¢i béznym antimikrobialnim terapiim a vznik bakterii
rezistentnich vii¢i vice 1ékiim v Cesku znepokojivé roste. Pochopeni mechanismi rezistence v klinickych
izolatech je zasadni pro navrh novych antibiotik a pro zlepSeni detekCnich technik. Nahlédnuti do
genetického zakladu rezistence mtze také odhalit moznosti navrhovani 1é¢iv pro omezeni Sifeni rezistence
a boji proti organismiim odolnym vuéi vice léktim.

Tato disertacni prace se zabyva riiznymi tematickymi vyzkumy, poé¢inaje vyvojem B-laktamovych
antibiotik aZ po biochemii rezistence p-laktamovych antibiotik, nasledné¢ pokracuje publikacemi
zaméfenych na a) vyvoj a validaci testi pro rychlou detekci aktivity karbapenemazy, b) validaci
komeréniho automatického programu pro detekci kment MRSA a c¢) molekularné-epidemiologickymi
charakterizacemi gramnegativnich karbapenemaza-pozitvnich izolati detekovanych v nemocnicich v
Ceské republice.

Prvni studie porovnava ucinnost testu hydrolyzy imipenemu a meropenemu pro detekci
Enterobacterales a Pseudomonas aeruginosa produkujicich karbapenemazy pomoci hmotnostniho
spektrometru MALDI-TOF. Validace potvrdila vysokou senzitivitu a specificitu obou testti na oba kmeny.
Studie vsak ukazala, ze pro vyssi senzitivitu detekce karbapenemaz je nutné pridani specialnich sloucenin.

Druhé studie popisuje prvni ptipad Enterobacter asburiae produkujici IMI-2 identifikovany v
Ceské republice v roce 2016. Izolat byl ziskan od pacienta bez piedchozi hospitalizace a cestovni historie.
Kmen postradal zdroj ptivodu, coz naznacuje tiché Sifeni rezistence neznamymi cestami.

Treti studie charakterizuje NDM karbapenemazy izolované z Enterobacterales béhem epidemické
epizody v roce 2016. Do té doby byl vyskyt karbapenemaz typu NDM vzacny. Vysledky analyzy plazmida
ukazaly, Ze geny blanpm byly lokalizovany na plasmidech IncX3. Tyto plasmidy jsou hlavnimi faktory
prispivajicimi k $ifeni NDM enzymil v Ceské republice. Kromé toho byly u dvou riiznych pacientii nalezeny
dva odlisné kmeny produkujici NDM, coz naznacuje vyskyt horizontalniho pfenosu genil. Tato zjisténi
naznacuji, ze producenti NDM karbapenemazy predstavuji vyznamnou obecnou hrozbu, zejména kvuli
rychlému horizontalnimu pfenosu pomoci IncX3 plazmidu.

Nasledujici studie uvadi ptipad izolatu Enterobacter cloacae produkujiciho VIM-1 a popis nového
plazmidu koédujiciho VIM-1. Do té doby byla cCetnost Enterobacterales s VIM karbapenemézou vzacna.
Dosud bylo v Ceské republice zjisténo jen nékolik sporadickych ptipadi, zatimco v Evropé se tento typ
karbapenemazy pomérné Casto vyskytuje. Plazmidova analyza naznacuje, ze tento plasmid typu ColE1 by
mohl byt vyvinut ziskdnim transpozonu podobného 7n1721 nesouciho integron /n110 kédujici VIM-1.
Toto zjisténi podtrhuje dtlezitou roli mobilnich genetickych prvki v Sifeni téchto determinantt rezistence.

Posledni studie se zamétuje na validaci komeréniho automatického programu pro identifikaci
MRSA pomoci MALDI-TOF hmotnostniho spektrometru. Test ukazal 90% citlivost a 100% specificitu;
opakovatelnost a reprodukovatelnost vSak byly vyhodnoceny jako nedostate¢né. Na zakladé¢ nasich zjisténi
neni tato metoda vhodna pro bézné pouziti v rutinni praxi.
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1. Introduction

B-lactam antibiotics are a broad class of bioactive compounds including penicillins,
cephalosporins, B-lactamase inhibitors, monobactams and carbapenems. Their molecular structure contains
a four-membered B-lactam ring, which is key to their potency against bacteria, and additional substituents,
such as fused rings, confer variability in their spectrum of activity. Different substituents can also impart
new pharmacokinetic properties and alter the susceptibility of the compound to acid and enzymatic
hydrolysis.! Monobactams, as their name suggests, are monocylic, and are structurally the most simple
class of B-lactams. The core structure of penicillins and carbapenems is bicyclic. Both have fused
five-membered rings, which in the case of the former is a thiazolidine group, whereas the latter contains a
carbon atom instead of a heteroatom at position 1 and an unsaturated bond between carbons 2 and 3. Certain
B-lactamase inhibitors also contain a B-lactam ring fused to a five-membered ring. These compounds have
minor antibacterial activity of their own but are used in conjunction with antibiotics. Cephalosporins, by
contrast, display a six-membered dihydrothiazine ring (Figure 1).2

t‘/s
I N
7

COOH
penicillins

)= =0y =,

6] \
|

COOH COOH

monobactams O/ beta-lactamase inhibitors
RW_:( s / beta-lactam \ R
I N =~ 7 N /
7 7
COOH COOH
cephalosporins carbapenems
Figure 1 Principal structures of beta-lactam antibiotics

Previous research has indicated that the precursors of B-lactam antiobiotics are amino acids. For
example, the biosynthesis of penicillins and cephalosporins begins with L-isomers of cysteine and valine
(Figure 2).3

S CH,
/" CH,
COOH
Val penicillin
Figure 2 The biosynthetic precursors of penicillin
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B-lactam antibiotics inhibit the growth of sensitive bacteria by inactivating enzymes involved in
the third stage of cell wall synthesis. Bacterial cell walls consist of a cross-linked peptidoglycan structure
that lends osmotic and thermal stability to the organism. It incorporates two sugar derivatives,
N-acetylglucosamine (NAG) and N-acetylmuramic (NAM) acid, and a peptide chain formed from L-alanine
(L-Ala), L-lysine (L-Lys), unique D-isomers such as D-alanine (D-Ala) and D-glutamic acid (D-Glu) and
the meso amino acid, diaminopimelic acid (DAP). The three-dimensional structure of peptidoglycan is
formed in Gram-negative bacteria by a peptide bond between the amino group of DAP from the first peptide
chain and the carboxyl group of terminal D-Ala* from the second peptide chain (Figure 3). In Gram-positive
bacteria, the cross-link occurs through a short interbridge, which varies from species to species. For
example, Staphylococcus aureus contains an interbridge consisting of five glycine (Gly) residues bonded
to the terminal D-Ala* peptidoglycan chain (Figure 3). Gram-positive species have a cell wall composed of
20 — 30 peptidoglycan strands, whereas Gram-negative species have a complex outer surface that consists
of lipid and polysaccharide layers interspersed with proteins that provide selective channels through which
molecules are able to pass.

Polysaccharide

/ backbones \

NAG - NAM - NAG - - NAG - NAM - NAG - D-Ala®
| |
_Als . . |
L fll\ld _ o Peptides —__ L"l\ld Transpeptidase _ p-Ala? \
[NAG - NAM - NAG D-Glu-NH, D-Glu pap  Enayme-OH
L-Ala ! Gly | B
| I'ranspeptidase T-Lys | DAP D-Ala . D-Glu
D-Glu-NH, I Gly [ ! D-Alanine” \
| D-Ala | D-Ala DAP L-Ala
L-Lys .| Gy ' :
) Interbridge -G
e . MR Gl D-Glu - NAG - NAM - NAG -
D-f‘\ a D-Alanine e L-Ala
D-Ala® Gly I
‘ -NAG - NAM - NAG -
Enzyme-OH D-Ala
I
L-Lys
I
. D-Glu-NH, .
Gram-positive | Gram-negative
L-Ala
|
- NAG - NAM - NAG -
Figure 3 Peptidoglycan structure of bacterial cell walls and cross-linking in Gram-

positive and Gram-negative bacteria

More than 30 enzymes are involved in the biosynthesis of the cell wall. Among them, the
transpeptidase enzyme, more commonly referred to as penicillin-binding protein (PBP), is responsible for
the final cross-linking reaction. Under normal conditions, PBP catalyzes the formation of peptidoglycan
cross-links in a two-step reaction.* In the first step, the catalytic serotonin (Ser) residue of the enzyme acts
as a nucleophile to split the peptide bond between two terminal D-Ala*-D-Ala’ units in the peptide chain,
leading to the release of the final D-Ala® and forming a new ester bond with the carbonyl group of D-Ala*
(Chyba! Nenalezen zdroj odkazii.).® This step is the same for Gram-positive and Gram-negative bacteria,
hile the second phase of cross-linking differs based on the chemical structure of peptidoglycan. In
Gram-positive bacteria the pentaglycyl moiety of the peptide chain enters the active site of the acyl-enzyme
and forms an ester bond with the carbonyl group of D-Ala*, displacing the Ser residue in the process (Figure
3,Figure 4). Gram-negative bacteria lack the pentaglycyl moiety and alternatively, a peptide bond is formed
between D-Ala* and DAP residues of the uniting peptide chains (Figure 3).°
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Figure 4 Mechanism of penicillin-binding protein and its cross-linking

B-lactam antibiotics irreversibly bind to the Ser residue of PBP, thus inhibiting the correct
functioning of the enzyme. They behave as a mimic for the peptide sequence D-Ala*-D-Ala’ (Figure 5), but
demonstrate greater affinity for the active site (Figure 6).

H H
R. NH: [ s R NH S8
YOI YL
H
o) o)
~—N CH, —NH_/
o 7 i CH;
COOH COOH
penicillin D-Alanyl-D-Alanine
Figure 5 Comparison of penicillin and D-Alanyl-D-Alanine

Similar to the first step of the reaction shown in Figure 4, the f-lactam ring of penicillin undergoes
a nucleophilic attack by the catalytic Ser residue. This results in a peptide bond as well as an ionic bond
between —COO" and a neighboring lysine (Lys) residue, and prevents other molecules from approaching or
displacing it (Figure 6).” Due to the inactivation of PBP, the peptidoglycan framework cannot be extended,
becomes weak, and the bacterial cell bursts due to an osmotic imbalance.

Peptide chain Blocked

:
:

Gly (G+) / DAP (G-)

Blocked

Penicillin-binding protein Penicillin-binding protein Penicillin-binding protein

Figure 6 Inhibition of penicillin-binding protein by a molecule of penicillin

B-lactam remain some of the safest known antibiotics. From the mechanism of their action, it
follows that they have good selectivity for prokaryotic cells (eukaryotic cells do not contain peptidoglycan).
Therefore, these drugs are generally preferred for their low toxicity as well as their rapid bactericidal effect,
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broad therapeutic range, minimal drug interactions, good pharmacokinetic properties, and relatively low
cost.® ? To illustrate how popular their use has become, Bush and Bradford have reported that p-lactam
agents are currently the most used class of antibiotics for infectious disease in the United States (Figure
7).10

= B-lactams = Glycopeptides = Fluoroquinolones
= Macrolides/ketolides = Aminoglycosides = All other antibacterials
= Polymyxins Trimethoprim = Tetracyclines
Figure 7 Proportion of prescritions in the USA for injectable antibiotics by class for

years 2004-2014: p-lactams 65,2%, glycopeptides 9%, fluorochinolones 8%, macrolides/ketolides 6%;
aminoglycosides 5%, polymyxins 1%, trimethoprim 0,5%, tetracyclines 0,4%; all other
antibacterials 4,9% (Adapted from Bush)'’

However, B-lactam antibiotics do carry the risk of adverse events. The side effects include an
allergic reaction with an incidence of 1 % - 10 %, which can be expressed in various degrees of seriousness,
from drug-induced fever and contact dermatitis to anaphylactic shock. Cases involving cross-reactivity of
first- and second-generation cephalosporins with penicillin have also been reported. The newer generations
of cephalosporins suffer less from this drawback, due to the decreased immunogenicity associated with
bulky side chains in the molecule. Other side effects are rare and impact hematological, neurological and
renal systems.!!

Alteration of PBP is another mechanism of resistance that is witnessed especially in problematic
Gram-positive bacteria such as Staphylococcus and Streptococcus species. The other two mechanisms
prevent the approach of antibiotics to the enzyme active site by forced efflux or diminished permeability of
the cell wall.!? They are observed in smaller measure, but often occur at the same time with the propagation
of B-lactamases or alteration of PBPs.'3

14
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2. B-lactam antibiotics

2.1 Penicillins

In 1928, Alexander Fleming found a bacterial culture that had been left uncovered in a laboratory
for several weeks and had become infected with fungus. Around the area of the fungal colony, he observed
that the bacterial colonies were dying. He concluded that an antibacterial agent was being produced by the
fungus, which he later identified as a relatively rare species of Penicillium (Penicillium notatum). The
temperature of the room was also found to play a major role since each of the two microorganisms preferred
different thermal conditions for growth. At first, it had to be warm for bacterial growth to occur and then
colder, both for the fungus to spread and for the bacterial colony to remain static. Fleming was unsuccessful
at isolating and purifying the active substance, penicillin, even after several years of attempts.'* However,
a decade after his observation, production of this compound was achieved by Florey and Chain through a
combination of freeze-drying and chromatography techniques.'® Penicillin revolutionized the treatment of
infectious diseases when it came into general use after World War II even though the molecular structure
was unknown.'® In 1945, the structure was established by X-ray crystallographic analysis conducted by
Dorothy Hodgkin, which allowed reaserchers to contemplate derivatives.!” In the 1940s and 1950s, the
deep fermentation procedure of biosynthesis of penicillin allowed a large-scale production of the bioactive
compound.'® And the first antibiotics, namely penicillin G and V, were obtained by this procedure, while
the newer generations of penicillins were prepared by a semisynthetic pathway from 6-amino penicillanic
acid (6-APA) in the 1960s."

The antimicrobial spectrum of elementary penicillins is narrow and includes only Gram-positive
microbes that cause streptococcal, syphilitic, and meningococcal infections. Within a few years of the
introduction of penicillin into clinical practice a specific type of B-lactamase, — penicillinase, was observed
in Gram-positive bacteria. Penicillinase-producing Staphylococcus aureus started to disseminate in
hospitals, which led to a worldwide pandemic of nosocomial penicillin-resistant staphylococcal infections.
This initiated the development of penicillinase-resistant antibiotics leading, most notably, to the release of
methicillin to the market. However, roughly a year after its introduction, a new type of resistance in
S. aureus became apparent. These strains, now called methicillin-resistant S. aureus (MRSA), express a
modified form of PBP showing low affinity for methicillins. Thus, methicillin is no longer manufactred
because it is replaced by more stable such as oxacillin and cloxacillin.® 2°

Broad-spectrum penicillins (e.g., ampicillin, amoxicillin, carbenicillin, and ticarcillin) are less
active against Gram-positive and anaerobic organisms than penicillin G, but are effective against infections
caused by Gram-negative rods. Similar to penicillin, the rapid rise of resistance to ampicillin in the early
1960s occurred in Gram-negative bacteria expressing a plasmid mediated TEM B-lactamase.?! Their greater
efficacy against Gram-negative organisms is observed when they are combined with -lactamase inhibitors
such as sulbactam (for ampicillin), clavulanic acid (for amoxicillin and ticarcillin) and tazobactam (for
piperacillin).? The ureidopenicillins mezlocillin and piperacillin have a greater activity against
Pseudomonas aeruginosa.®

The pharmacokinetics of penicillins are characterized by good diffusion into bodily fluids and
tissues, but they do not penetrate as well into living cells and do not dissolve in lipids. High levels can be
found in the central nervous system, especially during inflammation of the meninges. They are actively
excreted by the kidneys into urine, which can exhibit penicillin concentrations several orders of magnitude
higher than in serum.?> 23

Pharmacodynamically, penicillins belong to a group of antibiotics with a
concentration-independent effect. The preferred treatment dosing maintains the effective concentration
above minimum inhibitory concentration (MIC) for susceptible pathogens during at least 40 % of the dosing
interval.®

The term penicillin generally refers to compounds that contain the B-lactam structure and possess
antibacterial activity, just like the first described antibiotic, benzylpenicillin. Their further classification is
determined by their unique substituents, which alter the drug’s spectrum of activity, mediated by the affinity
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of the compound to PBP, its susceptibility to B-lactamases, its ability to cross the cell membrane, and the
rate at which it is pumped out of the cell of Gram-negative organisms. Pharmaceutical companies have
responded to the frequent emergence of antibiotic-resistant pathogens by developing drugs with increased

stability

24,25

guided by teachings from the study of structure-activity relationships (SARs; Figure 10).
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Figure 10 Structure-activity relationships of penicillins

The strained B-lactam ring and its fusion with a second thiazolidine ring is required for
binding to PBP and the associated antibacterial activity. However, the bicyclic system
suffers large angle and torsional strains, making it sensitive to low pH environments,
which facilitate ring-opening reactions.

The sulphur at position 1 is common but not essential to its activity.

The carboxylate group at position 3 is usually coordinated to a sodium or potassium
cation, creating a salt. The affinity for the PBP active site is mediated by the binding of
the carboxylate ion to the positively charged nitrogen of a Lys residue, and the creation
of an ester bond between the oxygen of carboxyl group at position 8 and a Ser
residue -OH.

The carbonyl group at position 7 is highly susceptible to nucleophiles because the amide
bond is not stabilized by resonance with the lactam nitrogen atom. Resonance would lead
to prohibitive ring strain, resulting from a cyclic sp® nitrogen and the attendant preference
for 120° degree angles between its substituents (Figure 11).°

Bond angle 90 degree Bond angle 120 degree
R R

D ——— —N
@{/ /C\)) 101 \R

Figure 11 Comparison of p-lactam carbonyl group and tertiary amide group

An electron-withdrawing R group in the acylamino side chain at position 6 is critical
(Figure 12) to the pH stability of the compound. It draws electrons away from the
carbonyl oxygen atom, which reduces its ability to act as a nucleophile, and this decreases
the tendency of the compound to degrade in the presence of biliary acids. Drugs such as
penicillin V, with an electron-withdrawing phenoxymethyl R group can therefore be
administered orally.
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Figure 12 Electron-withdrawing effect
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e Bulky R groups act as a steric shield, blocking the approach of penicillin to the active site
of B-lactamase enzymes (Figure 13). However, the bulky group should not be so large to
prevent penicillin-PBP binding. This teaching lead to the development of methicillin.
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Figure 13 The use of steric shield blocking

e The cis-conformation of the bicyclic ring with respect to the acylamino side chain is
essential for its antibacterial effect (Figure 13).
e SAR studies have shown that preservation of the antibiotic activity of penicillin requires

that any structural modifications be limited to the acylamino side chain at position 6.

2.1.1 First generation of penicillins

The first generation of penicillins is also referred as the natural penicillins and they are effective
against most of non-B-lactamase producing Gram-positive cocci with a very limited number of
Gram-negative bacteria. To this group belongs penicillin G and its modified successor penicillin V.
Penicillin G has to be administered parenterally due to its susceptibility to biliary acids. By contrast,
penicillin V can be taken orally because it contains an electronegative acyl R group with a strong
electron-withdrawing effect (EWE), leading to greater stability under low pH conditions encountered in the
stomach. Both antibiotics are susceptible to penicillinases; however, this problem was overcome by the
introduction of bulky groups on the side chain at position 6. Due to the presence of a bulky dimethoxybenzyl
R group, methicillin was the first semi-synthetic penicillin of this generation that was effective against
B-lactamase-producing Staphylococcus aureus. Methicillin was useful against S. aureus infections until a
mutation of PBP took place, leading to isolates subsequently referred to as methicillin-resistant S. aureus
(MRSA). Because dimethoxybenzyl does not have a strong electron-withdrawing effect, methicillin is
acid-sensitive and has to be injected. Oxacillin is an acid-stable corollary to methicillin that displays an
isoxazolyl ring in the acylamino side chain, resulting in tolerance not only to biliary acids but also
penicillinases (Figure 14). With the addition of halogen atoms to the benzene ring, as in cloxacillin,
flucloxacillin, and dicloxacillin, the absorption is augmented due to greater affinity to plasma proteins.
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Figure 14 Structure-activity relationship of the first generation of penicillins

Penicillin G is active against non-f-lactamase-producing Gram-positive bacteria (strains of
streptococci, Listeria monocytogenes) and Gram-negative cocci such as Neisseria. The antibiotic is
effective for streptococcal, pneumococcal, gonococcal, and meningococcal infections. Penicillin V is
recommended for infection causing tonsillitis, otitis, and rheumatic fever.” Methicillin used to be
administered for infections caused by penicillin-resistant S. aureus, but is no longer preferred clinically due
to the dissemination of MRSA and of its side effects including interstitial nephritis and kidney failure.
Likewise, oxacillin and related B-lactams, have an increased stability towards p-lactamase enzymes but are
only useful against methicillin susceptible S. aureus infections (MSSA).2

2.1.2  Second generation of penicillins — the aminopenicillins

The second generation of penicillins retained the important chemical groups of the first generation
while providing improved properties through modifications in the side chain at position 6. This group of
B-lactam derivatives is useful against Gram-negative bacteria, in contrast to the selectivity of first
generation penicillins towards Gram-positive bacteria. This effect was achieved through an increased
attention to the optimization of hydrophilic and hydrophobic properties (Figure 15). Other improvements
ushered by the second generation of penicillins are summarized below:

e  Variations of hydrophilic groups (e.g., NH,, OH, COOH) on the side chain at position 6
of the B-lactam ring have a small effect on Gram-positive activity in the case of
penicillin T or lead to a dramatic decrease in activity in the case of penicillin N. By
comparison, these substituents lead to a major increase in activity against Gram-negative
bacteria (Figure 16).

e Hydrophobic groups (e.g., benzyl groups in penicillin G) on the side chain at position 6
have a selective influence on the activity against Gram-positive bacteria.

e Introduction of an amino group to the molecule, as in ampicillin and amoxicillin, leads to
enhanced stability under acidic conditions. Unfortunately, it also results in their relatively
poor absorbance through the cell walls of the gastrointestinal tract, leading to diarrhea as
a side effect. The decreased absorption through the gut wall is caused by ionization of
both the amino and carboxyl group, but a prodrug strategy can be used to prevent
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ionization of the latter (position 3). For example the carboxyl group can be protected by
acyloxymethyl esters to improve its oral absorption. Such masking is exhibited in
antibiotics such as pivampicillin, talampicillin, and bacamipicilllin (Figure 15).%
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Structure-activity relationship of the second generation of penicillins

Aminopenicillins have a similar spectrum of activity to penicillin G, but are more active against
Gram-negative and anaerobic bacteria.?® Staphylococcus and some species of Enterobacterales (Klebsiella,
Enterobacter, Serratia) are intrinsically resistant to aminopenicillins as a result of B-lactamase production.
Ampicillin has been used in the treatment of the respiratory tract infections such as otitis media, sinusitis,
and bronchitis. Amoxicillin is currently used to treat respiratory and urinary tract infections.” Although
ampicillin and amoxicillin are acid resistant due to electron-withdrawing side chains of the acylamino
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group, they do not contain steric shields and are sensitive to B-lactamases (Figure 16). An increase of their
spectrum of activity against f-lactamase-producing bacteria is achieved when they are administered with
B-lactamase inhibitors such as clavulanic acid, sulbactam and tazobactam.’ These inhibitors irreversibly
bind to the catalytic site of f-lactamase enzymes and prevent the hydrolytic degradation of penicillins
(Figure 17). Their combination offers increased antimicrobial activity to pB-lactamase-producing
Gram-positive and certain Enterobacterales strains.?® B-lactamase inhibitors belong to a subgroup of
B-lactam antibiotics and will be discussed further in this thesis.
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Figure 17 Irreversible binding of B-lactamase inhibitor to p-lactamase’

2.1.3 Third generation of penicillins — the carboxypenicillins

Aminopenicillins not only extended the antimicrobial spectrum but also served as a prototype for
the development of carboxypenicillins with an even wider spectrum of activity, which were deeply needed
due to the emergence of resistant Gram-negative bacteria. The first carboxypenicillin, carbenicillin, was
developed by replacing the amino group of ampicillin with a hydrophilic carboxyl group, giving rise to the
archetypal name. The carboxyl group on the side chain at position 6 extends the range of activity.

In comparison with ampicillin, carbenicillin is active against a broader range of Gram-negative
bacteria and was particularly effective against penicillin-resistant strains. However, carbenicillin has lower
activity and thus requires higher doses. The production of carbenicillin was succeeded by ticarcillin, which
has further activity against Gram-negative bacilli including Pseudomonas aeruginosa and does not have as
many adverse effects as carbenicillin (Figure 18). Nowadays, ticarcillin is administered with f-lactamase
inhibitor such as clavulanic acid to provide greater coverage against B-lactamase-producing S. aureus,
H. influenza, bacteroides, and ticarcillin-resistant strains of Enterobacterales. On the other hand, their
combination is not effective against P. aeruginosa expressing B-lactamases or MRSA strains.% 2% 2% 30
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Figure 18 Structure of the third generation of penicillins

2.1.4 Fourth generation of penicillins — ureidopenicillins

Ureidopenicillins are characterized by a very broad antibacterial spectrum comprising both
Gram-positive and Gram-negative bacilli, especially in vitro. They show activity against streptococci,
enterococci, Enterobacterales, Pseudomonas, and Bacteroides fragilis,®' and they have more potency and
a wider spectrum of activity in comparison with carbenicillin and ticarcillin.’?> They have an enhanced
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anti-pseudomonal activity, due to good penetration through cell walls and greater affinity for PBPs, and
they also evince fewer side effects than carboxypenicillins.

e Incorporation of polar groups on the side chain of the acyl amino group enhances
penetration into Gram-negative bacteria while providing decreased susceptibility to
B-lactamases-producing Gram-negative bacteria (Figure 19).
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Figure 19 Structure-activity relationship of the fourth generation of penicillins

Ureidopenicillins include the anti-Pseudomonas agent azlocillin, which is a more effective
antibiotic against this species than carbenicillin from the previous generation. Mezlocillin has a higher
affinity to PBPs and can more easily cross the outer membrane of Gram-negative bacteria. Piperacillin has
similar activity against Gram-positive species compared to ampicillin and demonstrates twice higher
activity than azlocillin and four times higher than mezlocillin and ticarcillin against P. aeruginosa.’
Piperacillin is administered in combination with the B-lactamase inhibitor tazobactam to widen its spectrum
of activity to bacteria that produce -lactamases in staphylococci and a wide range of anaerobic and certain
aerobic Gram-negative bacteria.

2.2 Cephalosporins

Cephalosporins are the second major group of B-lactam antibiotics. Their first known example,
cephalosporin C (Figure 20), was discovered by Giuseppe Brotzu in 1940, who noted that the water in
sewage is periodically cleared of microorganisms. He believed that organisms in the water were producing
antibacterial substances, which he eventually confirmed. From his collected samples, a fungus called
Cephalosporium acremonium (today known as Acremonium chrysogenum) was isolated, and after several
years, in 1948, investigators at Oxford University purified cephalosporin C from a crude extract.>* Its
molecular structure was determined by X-ray crystallography in 1961.>° Cephalosporin C can be
enzymatically hydrolyzed or fermented to give 7-aminocephalosporanic acid (7-ACA) for a synthesis of
later cephalosporins.*®

Cephalosporins are similar to penicillins in that their core structure is bicyclic and contains a
B-lactam ring. Furthermore, both groups of antibiotics have the same mechanism of action and are derived
from the same biosynthetic precursors, cysteine and valine. By contrast, cephalosporins have a
six-membered dihydrothiazine ring, which confers a relatively weak antibacterial activity in comparison
with penicillins, although they are effective against both Gram-negative and Gram-positive species as well
as anaerobes.” *7 Compare to penicillins, cephalosporins are highly active against bacteria producing
broad-spectrum B-lactamases.
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Cephalosporins are divided into five generations according to their antimicrobial activity.
Generally, with each consecutive generation, greater activity against Gram-negative species was achieved,
accompanied by decreased activity against Gram-positive organisms.?’ The third generation cephalosporins
are recommended as the drug of choice against meningitis-causing as they are active against
penicillin-resistant Haemophilus influenzae.’® The fourth generation have increased stability from
degradation by chromosome or plasmid mediated B-lactamases produced by Enterobacterales and P.
aeruginosa.'® > Unfortunately, these bacteria have rapidly developed resistance to most cephalosporins.>
The fifth generation cephalosporins were also developed with a focus on combatting resistant strains of
bacteria. In particular, ceftobirole medocaril and ceftaroline fosamil are effective against
methicillin-resistant Staphylococcus aureus (MRS A).*° Ceftolozane in combination with tazobactam shows
notable antipseudomonal activity and is effective against enteric bacteria producing extended-spectrum
B-lactamases (ESBLs).*!

The pharmacokinetics of cephalosporins is dependent on the physiochemical properties of the
individual molecules. Generally, this class of compounds is described as having relatively good penetration
through biological fluids but poor absorption from the gastrointestinal tract. Specifically, their inactivation
by gastric acid prevents their passage through the mucosal barrier of the small intestine. The biological
half-life of elimination of cephalosporins is also short: approximately 0.5 — 3 hours with the exception of
ceftriaxone, which has a prolonged half-life of 8 hours.® However, modification of the cephalosporin core
at position 3 can help to improve pharmacokinetic properties.*?

The pharmacodynamics of cephalosporins is similar to penicillins, having an effect that is
independent of concentration. The preferred treatment dosing maintains the effective concentration above
minimum inhibitory concentration (MIC) for susceptible pathogens during at least 50 % of the dosing
interval.®

Side effect of cephalosporins are neutropenia, nephrotoxicity and neurotoxicity only in large
doses.®® Cephalosporins are reported with a lesser incidence of allergic reactions than penicillin, even
though a wide variety of these type of B-lactams is increasingly prescribed.*

Various chemical modifications to 7-ACA have led to the discovery of antibiotics with improved
activity and pharmacokinetic properties. Individual changes of the molecule are described below by SARs
(Figure 21).
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Figure 21 Structure of cephalosporins with positions for possible modification of
cephalosporins (shadings)

e The B-lactam and fused dihydrothiazine rings are required for binding to PBP to effect
the corresponding antibacterial activity.
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e A sulphur atom at position 1 is common but not essential to its activity.

e The substituent at position 3 has an impact on chemical, metabolic and acid stability;
however, variations at this position have a minimal effect on antibacterial activity.
Addition of heterocycles allows protein binding and affects the half-life of the drug. The
addition of a pyrrolidinium group to this position has an anti-pseudomonal effect.

e Anunsaturated bond is present between positions 3 and 4 of the dihydrothiazine ring.

o Inthe active site of PBP, the carboxylate ion at position 4 of the cephalosporin core binds
to positively charged nitrogen of a lysine (Lys) residue and the carboxyl group at position
8 reacts to form an ester bond with a Ser residue.

e  Substituents at position 7 can be varied to influence the spectrum of activity via PBP
affinity and B-lactamase resistance.

e The cephalosporin structure contains two chiral centers at positions 6 and 7, and their cis
transformation is essential to antibacterial activity.

These findings led to the development of a range of cephalosporin derivatives and to their
recognition as an important group of antibacterial agents. Beneficial chemical alterations are possible
through modifications involving position-3 and -7 substituents, which allows greater freedom to tailor the
molecule to achieve target properties than is possible for penicillin

2.2.1 First generation of cephalosporins

The first generation of cephalosporins includes antibiotics such as cephalothin, cephaloridine,
cefalexin, and cefazolin. Generally, they have lower but broader activity comparable to penicillins. Most
of them have to be administered by injection because of their poor absorption through the gut wall.” They
can be used against staphylococci, streptococci, and anaerobic cocci except Bacteroides fragilis.*® They are
able to permeate the outer membrane of Gram-negative bacteria such as E. coli, K. pneumoniae, and
P. mirabilis.* The first generation was successfully prescribed until resistance was observed from
Gram-negative bacilli that produce B-lactamases.*’” Nowadays the first-generation is primarily used for the
treatment of mild to moderate skin infections caused by methicillin-susceptible S. aureus (MSSA).*

Cephalothin was the first commonly used cephalosporin. Its acetyloxymethylene group at
position 3 is important in the mechanism of PBP inhibition due to the ability of the acetoxy moiety to act
as a good leaving group in reactions at the active site. However, it is readily hydrolyzed by esterase enzymes
leading to a shortened period of activity. Cephaloridine displays a pyridiniummethylene ring at position 3,
which is metabolically more stable against esterases while pyridinium is also a good leaving group for
facilitating the inhibition mechanism. Cephaloridine, a zwitterion, is soluble in water and has to be
administered by injection because of its poor absorption through the gut wall. Cefalexin is noteworthy
because its methyl substituent at position 3 makes oral absorption possible, even though it does not improve
activity. Activity comparable to that of cephaloridine and cephalothin can be restored by the addition of a
hydrophilic amino group at the 7-acylamino side chain. Cefazolin has a prolonged biological half-life
compared to other agents and is the preferred drug for surgical prophylaxis.” None of these antibiotics
penetrate to the central nervous system, and are not first-choice drugs for any infections.** The
first-generation cephalosporins contain diverse chemical substituents to achieve optimal pharmacokinetics.
Their SARs are shown in Figure 21.

e  Substitutions at the a-carbon of the C-7 side chain can introduce groups such as thienyl
and tetrazolyl rings to increase activity against staphylococci, streptococci, E. coli,
K. pneumoniae and P. mirabilis.

e Addition of hydrophilic groups (e.g., NH», OH) at the a-carbon of the C-7 side chain
enhances Gram-negative activity. Such a change is observed in the case of cefalexin.

e An increase in lipophilicity of the C-7 side chain leads to decreased activity towards
Gram-negative organisms (all bullets from Neu)*
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e  Molecules with an acetoxymethylene group at the 3C side chain have a relatively short
half-life (e.g., cephalothin).*

e The pyridiniummethylene group at the C-3 side chain provided cephaloridine with
metabolic stability, low serum binding, water solubility and excellent serum levels (e.g.,
cephaloridine), but greater nephrotoxicity at high concentrations.’!

e Heterocyclic thioyl structures at the 3C side chain lead to higher levels of the drug in
serum and a prolonged half-life (e.g., cefazolin).’!
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Figure 22 Structure-activity relationship of the first-generation cephalosporins

2.2.2 Second generation of cephalosporins

The second generation has practically the same effect on Gram-positive bacteria as cephalosporins
of the first generation but increased activity against Gram-negative organisms. This generation is composed
of two groups: cephamycins and oxyimino-cephalosporins.

2.2.2.1 Cephamycins

Cephamycins are sometimes classified as a separate group of B-lactams because their parent
compound, cephamycin C, was isolated from Streptomyces clavuligerus, which also produces clavulanic
acid belonging to a group of B-lactam inhibitors as well as a number of other metabolites.*? Cefoxitin was
synthesized from cephamycin C and exhibits a broader spectrum of activity than first-generation
cephalosporins (Figure 23). It also possesses a high degree of resistance to -lactamases due to the presence
of a methoxy group in the 7-a-position of the B-lactam ring.

H
OCH3zH
HOOC\<\/\/N\[_‘°"( N ocH,H
N~ CK\/ \[_(
% o % o
O COOH 0§
cephamycin C cefoxitin
Figure 23 Structures of second generation of cephalosporins, the cephamycins
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2.2.2.2  Oxyimino-cephalosporins

Oxyimino-cephalosporins contain an iminomethoxy substituent at the a-position of the 7-B-acyl
side chain, which significantly improves pharmacological properties (Figure 24). The implementation of
this group in cephalosporins has been a major advance, particularly in B-lactam research and is incorporated
in all subsequent generations of this antibiotic class.

e The o-iminomethoxy substituent showed high levels of B-lactamase stability. A
syn-position of the oxyimino group with the neighboring hydrogen increased antibacterial
activity and resistance to various B-lactamases.’ Interestingly, there is no interference
between the oxyimino group and the B-lactam ring.>

e Replacement of phenyl and thienyl groups with a furyl group imparts increased
antimicrobial activity.*®
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Figure 24 Comparison of cefoxitin and cefuroxime

The first useful oxyimino-cephalosporin was cefuroxime with a wide spectrum of activity against
bacterial species including Gram-negative rods (Klebsiella and Proteus spp.) with the exception of
P. aeruginosa.>* Clinical use is particularly prevalent for otitis, sinusitis and epiglottitis infections.®

2.2.3 Third generation of cephalosporins

The third-generation cephalosporins represent a very important development in the evolution of
B-lactam antimicrobial agents. These compounds contain the aforementioned iminomethoxy substituent in
addition to an aminothiazolyl group, which increases stability against B-lactamases and significantly
increases potency in comparison to previous generations of cephalosporins.>® These groups lead to a greater
affinity for PBP and enhance the penetration of the antibiotic through the outer membrane of Gram-negative
bacteria.” However, the aminothiazolyl side chain does not improve activity against Gram-positive
organisms and anaerobic species. The third generation of cephalosporins is extensive and includes, most
notably, ceftazidime, cefotaxime, and ceftriaxone with different substituents at position 3 to vary the
pharmacokinetic properties (Figure 25).

e The 2-aminothiazolyl group at the 7-side chain has a high affinity for PBP in
Gram-negative bacteria (mainly PBP1a and PBP3).3° Replacement of the amino group of
the thiazolyl ring with —H, —OH, or -NHCH3 groups resulted in decreased activity against
S. aureus, Enterobacterales, and P. aeruginosa.>®

e The acidic and heterocyclic thiomethylene group at the C-3 position results in prolonged

high levels in blood and binds to serum proteins (e.g., ceftriaxone).
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Figure 25 Structure-activity relationship of third generation cephalosporins

Third-generation cephalosporins have excellent activity against Gram-negative bacteria, but vary
in their activity against Gram-positive cocci. Most of them are active against MSSA except ceftazidime
which is weakly active with a decreased affinity to PBP in S. aureus.>* This generation of antibiotics is very
useful in the management of hospital-acquired Gram-negative bacteremia. Their major advantage is their
enhanced activity against Gram-negative rods. They are able to cross the blood-brain barrier and distribute
in the spinal fluid to treat meningitis.*> They are also active against P. aeruginosa, although their
effectiveness varies, with ceftazidime being one of the most prescribed third-generation cephalosporin for
this purpose.

2.2.4 Fourth generation of cephalosporins

The fourth generation of cephalosporins contains oxyimino and aminothiazolyl groups, which
were introduced in the previous generations. The only difference in the fourth-generation examples is the
inclusion of positively charged nitrogen heterocycles at the 3C methylene position, making the drugs
zwitterionic. This enhances the ability of the compounds to penetrate the outer membrane of Gram-negative
bacteria with a high penetration to PBP and low affinity for a variety of B-lactamases.” Cefepime and
cefpirome are the only molecules of this generation with similar in vitro spectra of antimicrobial activity.
However, some differences are observed. Their nitrogen substituents at position 3C have significant effects
on the biologic and pharmacokinetic properties of the compound. Cefpirome contains a
cyclopentapyridinium group which has excellent activity against S. aureus. Cefepime contains a
methylpyrroidinium group with lower antistaphylococcal activity, but it is two- to fourfold more active than

the other aminothiazolyl cephalosporins against Enterobacterales (Figure 26).4

27



HoN—_S , S

H
NG Bos NH H S
T O FTII
o) 9] / N = N\ 1) (0] / N = N =
\CH o R CHj \ O
3 Coo CHg . [olele)
cefepime cefpirome
Figure 26 Structures of fourth-generation of cephalosporins

Both of them have enhanced activity against Enterobacter and Citrobacter species that are
resistant to the third generation of cephalosporins. Cefepime has similar activity against P. aeruginosa but
is more active against streptococci and MSSA in comparison with ceftazidime (3™ generation
cephalosporin).** The molecules from the fourth generation of cephalosporins are the most active
cephalosporins against Enterobacterales.

2.2.5 Fifth generation of cephalosporins

Ceftaroline fosamil and ceftobiprole medocaril are recently approved fifth-generation
cephalosporins that are active against serious Gram-negative and Gram-positive bacterial infections,
including methicillin-resistant Staphylococcus aureus (MRSA) carrying additional PBP2a (Figure 27). This
modified PBP reacts with the early B-lactam antibiotics 10- to 1000-fold slower than native PBP even in
the presence of high concentrations of the drugs.>” 3 Ceftaroline has documented potent activity against
vancomycin-resistant MRSA strains, multidrug-resistant Strepfococcus pneumoniae strains, as well as
common Gram-negative organisms.*> % Ceftobiprole has also been reported to possess activity against
methicillin-resistant staphylococci, Enterococcus faecalis, and penicillin-resistant pneumococci, while
preserving the anti-Gram-negative activity of third- and fourth-generation cephalosporins.’” The
effectiveness of these antibiotics against MRSA appears to be a combination of factors:

e Their 3C side chains bind effectively to the active site of PBP2a due to the 1,3-thiazolyl
ring, a permanently positive charge on the methylpyridinium ring of ceftaroline, and the
strongly basic pyrrolidonyl group of ceftobiprole, which will be protonated at
physiological pH.®' The data showed that increased lipophilicity of the drugs improved
activity against MRSA, whereas the introduction of acidic functionalities decreased the
activity considerably.®?

e The 1,2,4-thiadiazolyl ring in the 7C side chain facilitated Gram-negative membrane
penetration and led to a high affinity for PBP.%

e The presence of the phosphonate group in ceftaroline fosamil significantly increased
water solubility of the prodrug followed by rapid conversion in plasma into the bioactive
agent.%® The same effect was achieved with the prodrug ceftobiprole medocaril %
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Figure 27 SAR of ceftarolin and ceftobiprole

Ceftolozane has high activity against Pseudomonas and Enterobacterales species, including
E. coli and Klebsiella species (Figure 28). Ceftolozane is used in combination with the B-lactamase inhibitor
tazobactam with an attempt to address multidrug-resistant Gram-negative bacteria such as Enterobacterales
with extended spectrum B-lactamases (ESBLs) and some AmpC B-lactamases. However, it is not active
against Enterobacterales producing carbapenemases.® Unlike ceftaroline and ceftobiprole is not effective
for infections caused by Staphylococcus aureus.*

o The substituted pyrazolium ring on a side chain at position C-3 confers potent
antipseudomonal activity*! with high affinity to a broader inhibition profile toward the
essential PBPs of P. aeruginosa.”’
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Figure 28 Structure of ceftolozane

2.2.6 Siderophore cephalosporins

Siderophore cephalosporins are one of the most promising groups of antibiotics to emerge recently
and, of all available antibiotics, they possess the broadest spectrum against Gram-negative bacteria. They
have shown activity against class A, B, C and D p-lactamase producers such as A. baumannii,
P. aeruginosa, and S. maltophilia. Cefiderocol, for example, approved for medical use in the European
Union in April 2020. FETCROJA®®® (cefiderocol), has been shown to be potent in vitro against a broad
range of Gram-negative bacteria. The chemical structure contains a catechol moiety on the 3-position side
chain (Figure 29) that enables Fe* ions to be actively transported into bacteria via the ferric iron transporter
system with subsequent destruction of cell wall synthesis.® Cefiderocol’s effects are attributed not only to
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efficient uptake into bacterial targets via the active siderophore systems but also to the high stability of the
compound to carbapenemase hydrolysis.
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Figure 29 Structure of cefiderocol
2.3 Monobactams

Monobactams are a monocyclic B-lactam antibiotics that are found in various soil bacteria such as
Acinetobacter, Chromobacterium, Flexibacter, and Gluconobacter.”® The first marketed monobactam,
aztreonam, arose around at the same time as the fourth generation of cephalosporins in the 1980s. Not
surprisingly, aztreonam and subsequent derivatives incorporate the same substituents that were found to
lend favorable activity to cephalosporins, namely oxyimino and aminothiazol moieties. In contrast to
antibiotics with a bicyclic core structure, they contain a sulfonate group at the 1N position, which activates
the B-lactam ring towards the acetylation of PBP (Figure 30).”!

e  The aminothiazolyl side chain supports to the activity against Gram-negative bacteria.’””
e The iminopropyl carbonyl group on the side chain enhances antibacterial activity and
provides stability against B-lactamases found in P. aeruginosa.’

HyC~] -COOH

aztreonam

Figure 30 Structure of aztreonam

Aztreonam has a spectrum of activity limited to aerobic Gram-negative bacilli; it is not able to
bind to PBP in Gram-positive bacteria or anaerobic organisms.”? Aztreonam is widely distributed in body
fluids and tissues, and concentrations exceeding the minimal inhibitory concentrations of important
Gram-negative pathogens are attained in those compartments in which infections are most common. This
drug is resistant to the most common chromosomal- and plasmid-mediated B-lactamases, i.e., TEM-1,
TEM-2, SHV-1, as well as AmpC- and metallo-B-lactamases encoded by Enterobacterales and certain
non-fermenting bacilli such as Pseudomonas and Acinetobacter.’’> Due to its high resistance to
metallo-B-lactamases (MBLs), aztreonam can be used in unique applications, such as combination therapy
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with a serine B-lactamase inhibitor to treat infections caused by multi-B-lactamase-producing bacteria.”
Several other monobactams have been developed and briefly marketed, such as carumonam and the
orally-absorbed tigemonan. They have not reached popularity in part because aztreonam, their predecessor,
was not itself a marketing success. The most recent example, the monobactam BAL-30072, did not make
it to market even though it was found to have improved activity due to the introduction of a siderophoric
3-hydropyridone substituent (Figure 31). In general, siderophores are secreted by microogranisms, exhibit
high affinity for chelating iron, and have the ability to transport iron across a cell membrane. The
3-hydropyridone group competes with the homologous motif in bacteria whose primary function is nutrient
acquisition.”

e The 3-hydropyridone moiety enhances activity against non-fermentating bacteria
producing KPC-2 serine carbapenemase.”®
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Figure 31 Structure of BAL-30072

BAL-30072 possessed an advantageous spectrum within the Gram-negative family based on in
vitro and in vivo evidence but its development never reached Phase I because of its insufficient effect.

2.4 pB-lactamase inhibitors

The protection of antibiotics by co-administration with enzyme inhibitors is an alternative strategy
to the use of enzyme-stable drugs for overcoming resistance. The first B-lactamase inhibitor, clavulanic
acid, was isolated from Streptomyces clavuligerus in 1976 and showed weak antibiotic activity but high
resistance to most $-lactamases. As a result of their inefficacy when administered alone, they are combined
with B-lactam antibiotics, particularly penicillins. Co-administration allows practitioners to decrease the
dose level of the B-lactam and increases its spectrum of activity. For example, in combination with
clavulanic acid, the minimum inhibitory concentration of amoxicillin against S. aureus, E. coli,
K. pneumoniae and Proteus mirabilis was significantly reduced.”’ The mechanisms of B-lactamase
inhibition include (1) irreversibly binding to the -lactamase active site (“mechanism-based” inhibition),
(2) reversible formation of an enzyme-substrate analog complex, and (3) formation of an enzyme-substrate
analog complex, which upon hydrolysis yields an inactive derivative of the starting inhibitor (for example,
the reaction of clavulanic acid with TEM-2 B-lactamase).’’

The effectiveness of mechanism-based inhibitors varies across -lactamase classes, with class A
being the most susceptible, probably due to differences in the active site structure.® Inhibitors have mixed
results when applied to specific enzymes within this class. For example, SHV-1 is more resistant to
inactivation by sulbactam than TEM-1, while more susceptible to inactivation by clavulanate.”® The
structure of clavulanic acid is unique because the p-lactam ring is fused to an oxazolidine ring (oxygen
atom at position 4), while sulbactam and tazobactam, which also belong to this group, are penicillinate
sulfones containing an R,SO, group at position 4. Sulbactam has a broader spectrum of activity against
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B-lactamases than clavulanic acid, but it is not as potent. Tazobactam has both a broader spectrum of activity
and greater potency than clavulanic acid.’ The essential structural requirements for p-lactamase inhibition,
in the case of clavulanic acid (Figure 32), are the presence of:

e astrained B-lactam ring

e an enol ether group

e 7 geometry of the enol double bond (activity is reduced but not eliminated if £ geometry
is present)

e (R)-stereochemistry at C-2 and C-5

e acarboxyl group at position C-2

e without substitution at position C-6

clavulanic acid

Figure 32 Structure of the f-lactamase inhibitor clavulanic acid

Clavulanic acid has potent inhibitory activity against the broad-spectrum [-lactamase from
K. pneumoniae (e.g. SHV-1), as well as most class A B-lactamases, including ESBLs” and to a lesser
extent, serine carbapenemases.”® It acts synergistically with penicillin and cephalosporins against
B-lactamase-producing enteric bacteria whereas in combination with ticarcillin, and taken parenterally, the
same antibiotics are effective against nosocomial infections caused by P.aeruginosa.®’
Amoxicillin/clavulanate can be administered orally and is used in pediatric populations.?!

Sulbactam and tazobactam (Figure 33) have a similar range of activity compared to clavulanic
acid. Although effective against class A B-lactamases, all three inhibitors are generally less potent against
class B, C, and D enzymes.®> Sulbactam offers direct antimicrobial activity against Acinetobacter species
and co-administration with ampicillin is prescribed for the treatment of various types of infections such as
upper and lower respiratory tract infection, renal and urinary tract infection, intraperitoneal infection,
genital infection, skin and soft tissue infection.®? whereas tazobactam, in combination with piperacillin, has

been used to treat nosocomial infections including those caused by P. aeruginosa.®

sulbactam tazobactam

Figure 33 Structures of sulbactam and tazobactam

B-lactamase inhibitors with a diazabicyclooctane (DBO) core structure instead of a f-lactam ring
have also been developed.?* Avibactam was one of the first members of this group discovered to have a
broader spectrum of activity than clavulanic acid and the penicillinate sulfones. Unlike these previous
drugs, avibactam is a reversible inhibitor for most of the enzymes it is active against, including class A
penicillinases, ESBLs, serine carbapenemases such as KPC-2, class C cephalosporinases and some class D
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oxacillinases as well.®> 3 MBLs and a few B-lactamases of class A such as TEM-30 and SHV-10 are not
inhibited by avibactam.’*%” The latter has been approved for therapeutic use in combination with
ceftazidime while formulations of ceftaroline-avibactam and aztreonam-avibactam are currently under
development. 3%

Other DBOs are currently being explored (Figure 34). Relebactam and nacubactam have been
tested in combination with a carbapenem, imipenem, and exhibit a similar spectrum of activity to
avibactam. However, relebactam is less effective against class D B-lactamases such as OXA-48,°! whereas
nacubactam has an additional benefit of intrinsic antibacterial activity against enteric bacteria.”> Nacubatam
combinations with meropenem or cefepime can overcome most metallo-B-lactamase-mediated resistence.”?
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Figure 34 Structures of diazabicyclooctanes

Another family of f-lactamase inhibitors, known for many years, display boron heterocycles and
are effective inhibitors of serine B-lactamases.”* Compound RPX7009 - vaborbactam is currently under
development and being used in combination with meropenem, another carbapenem, to target
Gram-negative bacteria producing serine carbapenemases (Figure 35).%
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Figure 35 Structure of vaborbactam

2.5 Carbapenems

Carbapenems possess the broadest spectrum of antibacterial activity of any of the known groups
of PB-lactam antibiotics. They are often considered a last resort for patients infected by highly
antimicrobial-resistant bacteria. Unfortunately, the rise of multidrug resistant (MDR) strains seriously
threatens this class of antibiotics as well.”

The development of the first carbapenem antibiotics was preceded by the discovery of olivanic
acid, which is naturally produced by the Gram-positive bacteria Streptomyces clavuligerus. Olivanic acid
(Figure 36) differs to penicillins by:

e the presence of an unsaturated bond between C-2 and C-3

e the replacement of sulfone with a methylene in position 1 of the fused ring

e the stereochemistry of C-6 (opposite from the stereochemistry of the penicillin C-6)

e increased potency (in comparison with cephalosporins as well as penicillins) when there
is trans geometry at the C-5 — C-6 bond®
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e a hydroxyethyl group instead of an acylamino chain, which plays a major role in
B-lactamase resistance.’
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Figure 36 Structure of olivanic acid

Olivanic acid is no longer being pursued as a treatment due to low penetration into the bacterial
cell as well as chemical instability; however, it showed impressive f-lactamase inhibitor activity, in some
cases exceeding the potency of clavulanic acid by 1000 times.® 2°

Several notable compounds similar to olivanic acid have been reported, including thienamycin
(Figure 37). A natural product of Streptomyces cattleya, thienamycin was identified as a promising
B-lactamase inhibitor in 1976, subsequent to the discovery of olivanic acid and in the same year as the
discovery of clavulanic acid.’” Thienamycin is considered the first and model compound for the carbapenem
group.?® The chiral center on the side chain at position C-6 has a different absolute configuration (S-isomer)
than olivanic acid (R-isomer) (Figure 37), which increases its activity and serves as a key attribute of

carbapenems.
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olivanic acid thienamycin
Figure 37 Structures of olivanic acid and thienamycin

Nonetheless, thienamycin was unstable in aqueous solutions, sensitive to mildly basic pH, and
reactive with nucleophiles.?® In addition, the primary amino group in the C-2 side chain of one molecule
can react with a second molecule of thienamycin to form an inactive dimer.®> These drawbacks led to the
development of a chemically more stable derivative, imipenem. Imipenem contains the N-formimidoyl
group, which is less sensitive to base hydrolysis (Figure 38).
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This drug was the first carbapenem used for the therapy of complex microbial infections caused
by Gram-positive, Gram-negative, non-fermenting and anaerobic bacteria. It demonstrated high stability
against common B-lactamases with high affinity for PBPs.®® However, imipenem is susceptible to the renal
metalloenzyme — dehydropeptidase I (DHP-I),'® thus it’s administration with a DHP-I inhibitor such as
cilastatin is necessary.'! Co-administration of an inhibitor with a carbapenem can be avoided by the
addition of a methyl group to the C-1 position, as in the structure of meropenem.'%? It has also been
suggested that the methyl substituent in position 1 produces general activity against Gram-negative bacteria,
but the effects on antipseudomonal activity instead depend on the side chain at position 2.'%

The presence of a basic C-2 side chain is indispensable for improving permeability through the
outer membrane of P. aeruginosa, but antipseudomonal activity was not directly correlated with the
strength of the basicity. Other improvements were obtained by modification of the C-2 chain with various
N-heterocyclic amines having broader antimicrobial influence.!®® The spectrum and activity of
carbapenems are dependent on many physical and chemical factors such as lipophilicity and the charge at
physiological pH. Generally, lipophilic carbapenems have good activity against Gram-positive bacteria,
whereas hydrophilic carbapenems have been shown to penetrate through the water-filled porins of
Gram-negative organisms.> Carbapenems are notable for their stability to most B-lactamases,” with the
exceptions of carbapenemase subtypes found primarily in Gram-negative bacteria.'%

To summarize, the structure-activity relationships of the carbapenems are complex, as they derive
from an equilibrium that is difficult to achieve between chemical stability, resistance against hydrolysis by
DHP I, and antibacterial activity. Following is a description of the important SARs?> 105

e  Methyl substitution at position C-1 increases stability against hydrolysis by DHP-I
but reduces the antibacterial activity, which then derives from the chain at C-2.

e  The side chain at C-2 has an influence on chemical stability, tendency to be
hydrolyzed by DHP-I, and antimicrobial activity.

e  The basic substituents with either free or protonated amino groups enhanced activity
against Gram-negative bacteria, including P. aeruginosa.

e  Hydrophobic or aromatic substituents on the side chain at C-2 increased the activity
against Gram-positive bacteria.

e A hydroxyethyl chain at C-6 yields optimal antibacterial activity.

e  The zwitterionic molecules exhibit good activity against P. aeruginosa and the DHP-I
enzyme.
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Figure 39 Comparison of imipenem and meropenem

In view of these SARs, more stable carbapenems were developed with a broader spectrum such as
meropenem (Figure 39), ertapenem, and doripenem (Figure 40). These carbapenems are chemically more
stable and have a longer half-life than imipenem. In general, imipenem and doripenem are potent antibiotics

against Gram-positive bacteria,!%1%

while meropenem, ertapenem are more effective against
Gram-negative bacteria.!?% ' In addition, meropenem and doripenem retain greater activity against isolates
of P. aeruginosa lacking the outer membrane porin protein OprD than imipenem,'!' but ertapenem is
completely inactive.!'? By contrast, doripenem and imipenem were more active than meropenem against

Acinetobacter baumannii.”
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Figure 40 Structures of doripenem and ertapenem

Meropenem has unique applications and is the only carbapenem approved for use in meningitis
because of its excellent penetration into the meninges.!'> When combined with clavulanic acid, it is also
potent enough to kill multi-drug resistant Mycobacterium tuberculosis.''* Doripenem has the additional
benefit of being the least susceptible carbapenem to degradation by carbapenemases.'*®

The novel carbapenems strongly resemble the fifth generation of cephalosporins in structure and
were focused on multi-drug resistant isolates. Carbapenem ME-1036 has a similar C-2 side chain compared
to ceftaroline, containing a pyridinium ring, and shows the same advantageous affinity to PBP2a of
MRSA.!''3 By contrast, razupenem with a lipophilic thiazole group in the side chain at C-2 has extended
antimicrobial activity across Gram-positive bacteria including MRSA and vancomycin-resistant
Enterococcus faecium (VRE). However, the development of razupenem has been discontinued, ! and there
is no evidence that ME-1036 is progressing in clinical evaluations (Figure 41).
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Carbapenems are often combined with other antimicrobial drugs for life-threatening infections.
This combination is practiced for several reasons. It generally extends the antibacterial spectrum and
provides additive or synergistic actions. Most importantly, however, combination therapy is used to avoid
the emergence of resistant species, since the chance of developing resistance is lower for two

co-administered drugs than for a single drug.!"’

3. B-lactam antimicrobial resistance

Antibiotics have revolutionized the treatment of infectious diseases worldwide. Unfortunately,
once an antibiotic is widely used, resistant bacterial strains invariably emerge and become predominant.
The serendipitous observation of Alexander Fleming in 1928 is considered one of the most significant
milestones in the timeline of antibiotic discovery, but in 1940, several years before the introduction of
penicillin to the market, a bacterial B-lactamase, penicillinase, which destroys the antibiotic, was identified.
Although resistance is not usually discovered before the drug has been sold commercially, the general trend
has been confirmed for other antibiotics, as shown in Figure 42.!18
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Figure 42 Timeline of notable f-lactam antibiotics: their discovery, clinical
introduction and the appearance of antimicrobial drug resistance'*1??

Interestingly, the identification of penicillinase before the clinical use of penicillin can now be
appreciated from recent findings that a large number of resistance genes (r genes) are components of natural
microbial populations.'?* This compensatory mechanism for survival can be difficult to overcome and
prevents the discovery of otherwise effective antibiotics. However, in the majority of cases, acquired
antibiotic resistance is promoted by the misuse and extended use of antibiotics in human and veterinary
medicine as well as in agriculture. The resulting infections from resistant strains lead to greater mortality,
morbidity, and a higher cost of treatment. Additionally, the growing inability to prevent infections with
antimicrobial prophylaxis will increase the risk of complex medical procedures such as surgery,
chemotherapy, and transplantation.

The mechanisms underlying bacterial resistance to B-lactam antibiotics are varied and often
depend on a primary resistance mechanism assisted in important ways by secondary ones. For each group
of B-lactam antibiotics, the primary mechanism of resistance is generally different for Gram-positive
bacteria compared with Gram-negative species.

Usually, Gram-positive bacteria utilize a modification of the penicillin binding protein (PBP)
active site that allows them to retain their normal physiological activity with decreased sensitivity to
antibiotics. This is in contrast to the erection of effective permeability barriers combined with enzymatic
degradation as a minor pathway, which is most often characteristic of resistance in Gram-negative bacteria
(Figure 43).!1% 124 The alteration of PBPs was first observed in Staphylococcus aureus isolates within a few
years of the introduction of methicillin, a semi-synthetic penicillinase-resistant penicillin. Introduction of
methicillin marked the onset of a second wave of resistance in S. aureus, well known as methicillin-resistant
S. aureus (MRSA).

B-lactam resistance in Gram-negative bacteria can arise through three possible mechanisms:
(1) alteration of PBPs, just as with Gram-positive bacteria, as well as (2) production of B-lactamases and
(3) limited access of the antibiotics to target PBPs. B-lactamases are capable of inactivating B-lactam
antibiotics by hydrolysis of the amide bond in the four-membered ring. Limited access to PBPs is made
possible because they are located in the periplasmic space of Gram-negative bacteria, thus before f-lactam
antibiotics can reach their sites of action, they have to pass over the bacterial outer membrane. Any
modulation that restricts entry adds an additional challenge, such as porin loss or efflux pumps specific to
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B-lactam antibiotics. These alterations will confer resistance to antibiotics with the potential for cross
resistance with other antimicrobial agents if they are sharing the same channel (Figure 43).

In Gram-negative bacteria the most prevalent resistance mechanism is the production of
B-lactamases while alterations to PBP are fundamental for Gram-positive bacteria.'?®

LPS

Pepﬁduglyg,mﬁ ‘ ;: iil ? g ‘ |

p-lactamase
&

L 5/ ' .
“:: ?ggg Cytoplasmic %WE ‘ i; iig

R.

p-lactamase

SHsHal
SRR membrane
Gram-negative bacteria ; i Gram-positive bacteria
Figure 43 A schematic representation of ff-lactam resistance mechanism exploited by

Gram-negative and Gram-positive bacteria. (Adapted from Llarul)*

As can be observed in Figure 42, an accelerated expansion and diversity of antimicrobial resistance
became increasingly evident over the past 50 years, correlated with the increased development of
antimicrobial compounds capable of overcoming or bypassing these resistance mechanisms. Unfortunately,
over the past 3 decades, new classes of antimicrobial compounds have failed to emerge, which results in a
problem compounded by the relentless increase in new and modified mechanisms of antimicrobial
resistance in disease-causing microbes. This evolution is especially evident when considering the B-lactam
class of antibiotics, which has become less effective due to a ten-fold increase in inactivating bacterial
enzymes between 1990 and 2010.'2° Understanding the mechanism of resistance in clinical isolates is
therefore important and thorough knowledge of the mechanism could enable the design of novel
therapeutics.

3.1 Background to the genetics of antimicrobial resistance

As of today, numerous genetic loci associated with antibiotic resistance have been identified.
Bacterial resistance can be intrinsic or acquired or both. Many bacterial species, both commensals and
pathogens, are naturally resistant to certain classes of antimicrobial agents. The insensitivity is termed
intrinsic resistance, the occurrence of which limits and complicates drug selection for treatment, due to the
lack of targets, its poor affinity to the antibiotics or natural production of enzymes inactivating antibiotics.
For example, intrinsic resistance to cephalosporins can be found in some species of enterococci that contain
a D-Alanine-D-Serine terminus in peptidoglycan instead of a D-Alanine-D-Alanine terminus.!'?’

Intrinsic resistance can increase the risk for development of acquired resistance in other bacterial
species. Acquired resistance is the result of either the mutation of existing genes in different chromosomal
loci or the incorporation of extraneous DNA encoding a novel gene. The latter is the result of horizontal
gene transfer, where antibiotic-resistant genes are carried on mobile genetic elements such as transposons,
integrons, and plasmids (Figure 44) that behave as vectors for inter- or intraspecies transfer.!'?
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Acquired resistance is demonstrated by Gram-negative organisms when the uptake of B-lactam
drugs is reduced by selectively alteration of cell membrane porin channels. Reduction of outer membrane
permeability in this manner prevents the B-lactams from reaching their target.
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Figure 44 Mobile genetic elements. (Adapted from Nordmann)'*

Horizontal transfer of a new gene from one bacterium to another accomplished via processes such
as conjugation, transformation, and transduction illustrated in Figure 45 below. These mechanisms allow
for the spread of plasmid-mediated B-lactamases genes, for instance, which are a great concern, contributing
to the remarkable expansion of resistance throughout the microbial world.'?
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Figure 45 Horizontal gene transfer. (Adapted from Bello-Lopéz)'’

The genes encoding B-lactamases can be located on the bacterial chromosome, or plasmids. They
are commonly found on mobile elements such as transposons or gene cassettes of integrons.!3! Integrons
encoding resistence gene cassettes are increasingly found in resistant bacteria. The genetic environment of
the B-lactamase (bla) gene dictates whether the -lactamases are produced in a constitutive or inducible
manner.

Franco et al.!* detail how metallo-B-lactamases (MBLs) were first found encoded in opportunistic
and environmentally pathogenic bacteria including Stenotrophomonas maltophilia, Bacillus cereus, and
Aeromonas species. However, in the 1990s chromosomal MBLs were detected in most
carbapenem-resistant Pseudomonas aeruginosa and subsequently Acinetobacter species in clinical
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specimens. Moreover, MBL genetic materials have been found on mobile elements in the Enterobacterales

family. 133,134

3.2 Background to the biochemistry of antibiotic resistance

Only four general mechanisms, independently or in combination, are thought to explain resistance
to antibiotics in all known bacterial species: (1) - (3) modifications to the cell wall including decreased
permeability of the outer membrane, the presence of active efflux pumps, and the alteration of PBPs, as
well as (4) the production of enzymes modifying or degrading antibiotics (like f-lactamases).

An amazing variety of antibiotic resistance mechanisms can be observed in a single strain of
bacteria. Which of these mechanisms predominate depends on the nature of the antibiotic, its target site,
the bacterial species, and whether it is caused by chromosomal mutation or mediated by horizontal transfer
gene. It is noteworthy that the synergy achieved through the combination of these diverse mechanisms plays
an important role in determining the final expression of resistance.

The mechanism that has been investigated the most thoroughly is the production of B-lactamases,
which is also the most prominent mechanism of resistance in Gram-negative bacteria. Therefore,
B-lactamases will be discussed in greater detail than the other mechanisms associated with cell wall
modifications.

3.2.1 Modification of the cell wall of bacteria

All bacteria possess a cell envelope with a complex multi-layered structure that serves to protect
these organisms from their external environment. Based on the unique characteristics of the cell wall,
bacteria are divided into Gram-positive and Gram-negative species. In general, a Gram-positive cell wall
has a simpler chemical composition than the cell wall in Gram-negative bacteria. Both contain inner
membranes (IM) and peptidoglycans while Gram-negative bacteria possess an additional outer membrane
(OM) consisting of a phospholipid bilayer. Between the two membranes lies the periplasm, where resistance
enzymes are localized among other entities. The OM contains proteins such as porins and efflux pumps and
exhibits lipopolysaccharides (LPS) on its exterior.'*> LPS bilayers are more rigid than typical phospholipid
membranes and consist of polysaccharides (O-antigen), core oligosaccharides, and Lipid A molecules. It
provides protection from potentially harmful compounds in the extracellular space. Porins help hydrophilic
molecules pass through the OM. They are water-filled channels composed of 16 B-strand proteins. They
provide an electrostatic field that plays an important role in selectivity for the size and charge of the entering
molecules. Efflux pumps are transporter proteins, which actively force out a variety of compounds from
the intercellular space of bacteria (Figure 43).!3 The cell envelope of Gram-negative bacteria is less
permeable to many antibiotics compared with Gram-positive bacteria due to the additional barrier provided
by the OM. Therefore, Gram-negative species are intrinsically resistant to a greater number of antibiotics.

3.2.2 Decreased permeability of the outer membrane

Molecules can penetrate the OM of Gram-negative bacteria in the following ways: diffusion
through the lipid layer, diffusion through porins, or by self-promoted uptake'*” (Figure 43). Generally,
hydrophobic antibiotics (macrolides) use a lipid-mediated pathway and hydrophilic antibiotics (B-lactams)
diffuse through porins. Modifications of the protein (porin) or lipid (LPS) structures lead to the emergence
of antibiotic resistance in bacterial species.'*®

Porins affect many classes of antibiotic and vary in specificity and mechanism.'* % Some of them
are drug-specific but most are multidrug transporters able to accomodate a wide spectrum of structurally
unrelated antibiotics. Porin loss or alteration can promote antibiotic resistance, including multidrug
resistance (MDR).!*! 142 Porin deficiency is a contributing factor of B-lactam resistance in E. coli,
K. pneumoniae, P. aeruginosa, A. baumanii, Enterobacter spp., and others.!> The P. aeruginosa porin
OprD is a substrate-specific protein that is involved in the diffusion of carbapenems, especially imipenem,
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into the cell.'* OprD-mediated resistance occurs as a result of decreased expression of the oprD gene and/or
loss-of-function mutations that disrupt carbapenem diffusion. 44

A detailed discussion about bacterial resistance to antibiotics via the lipid-mediated pathway is
beyond the scope of this work.

3.2.3 Efflux pumps

Efflux pumps are membrane proteins able to export antibiotics that have penetrated within the
bacterial cell. They are active transporters requiring a source of chemical energy to perform their function,
and they can be found in both Gram-negative bacteria as well as Gram-positive bacteria'®® (Figure 43).
They may be specific to one substrate or capable of transporting a range of structurally dissimilar
compounds, thus they may also be associated with multidrug resistence (MDR). Some bacteria carry
multiple chromosomal genes that encode MDR efflux pumps, but some of them have been mobilized onto
plasmids that can transfer between bacteria. The transporters are classified into five major families based
on their amino acid sequence and their energy source for transport substrates: MF (major facilitator), MATE
(multidrug and toxic efflux), RND (resistance-nodulation-division), SMR (small multidrug resistance) and
ABC (ATP binding cassette).!*® Mutations of the regulatory elements that control the production of efflux
pumps can lead to an increase in antibiotic resistance. For example, the mutation of the mexAB system in
P. aeruginosa leads to overexpression of the MexAB efflux pump that confers increased resistance to
B-lactam antibiotics.!4% 14714 Another well-studied example includes the multidrug efflux pump AcrB in
E. coli, which contains two distinct binding pockets to accommodate substrates of different properties and
sizes. This characteristic explains how the pumps are able to transport and provide resistance to a broad

spectrum of antibiotics. 30152

3.2.4 Alteration of penicillin binding protein

As was mentioned in the first chapter, penicillin-binding proteins (PBPs) are involved in the final
synthesis of peptidoglycan. Inhibition of PBPs by B-lactam antibiotics leads to destruction of the cell wall
of bacteria via lysis. An increased production of the normal target enzyme can provide resistance to such
antibiotics,'> as can modifications to the structure of the enzyme. In cases where PBPs have been modified,
the B-lactams may be unable to bind properly to the target site (Figure 46). This adaptation occurs by the
acquisition of a gene encoding an analogous enzyme that has a much lower affinity for the antibiotic. One
of the most important examples of a target modification is the case of MRSA, where the modification of
PBPs in Staphylococcus aureus resulted in a low affinity to methicillin and other B-lactam antibiotics. This

type of resistance is mediated by the acquisition of mobile genetic elements called the staphylococcal

cassette chromosome mec (SCCmec) incorporating resistance genes mecA and mecC, which encode the
B-lactam insensitive PBP2a and PBP2c, respectively. The altered PBPs (PBP2a and PBP2c) are also

involved in the assembly of the peptidoglycan structure of the bacterial cell wall.!>* 153
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Figure 46 Target site changes. a) A susceptible host in which an antibiotic is able to bind
tightly to its specific target and exert an inhibitory effect. b) Mutation of the target site results in a functional
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target with reduced affinity for the antibiotic, which does not bind efficiently, and therefore has a reduced
or negligible effect. (Adapted from Blair)'’%

3.2.5 Antibiotic inactivation

This mechanism includes the production of enzymes that modify or degrade the antibiotis. They
are excreted in bacterial periplasm and inactivate the antibiotics before they reach their target. The most
common enzymes for destroying fB-lactam antibiotics are B-lactamases. These are globular proteins that
contain characteristic secondary structures as well as other structural features. Mechanistically, these
enzymes have a strong similarity to PBPs, in particular, a high affinity for binding to B-lactams. The
mechanism of action of B-lactamases is hydrolytic cleavage of the amide bond of the B-lactam ring, which
may deactivate the antibiotic before it reaches its target. The approach of the f-lactam agent is guided by
relatively long range electrostatic attractions between the carboxylate of the f-lactam and the cationic side
chain of an active site amino acid in -lactamase. A proximal residue catalytically hydrolyzes the B-lactam
ring, forming an acyl-enzyme complex, which is followed by further degradation (Figure 47).

a Susceptible host b Inactivation by hydrolysis
Aantibiotic
-

- &
Target o I—‘;’A /_\ D Enzyme

protein

T T T
- -

Figure 47 Direct interactions with antibiotics. a) A susceptible host with a target that is
efficiently inhibited by an antibiotic. b) Acquisition and production of an enzyme that destroys the
antibiotic, prevents binding to the target, and confers resistence. (Adapted from Blair)'*%

B-lactamases are produced by both Gram-positive and Gram-negative bacteria and more than 2000
unique B-lactamases have been reported.'>” They are codified by two main classification systems. The first
one was proposed by Richard Ambler in 1980'8 and the second by Karen Bush et al. in 1988.'%° The Ambler
classification divides the B-lactamases into four groups: A, B, C, and D, based on their amino acid
sequences. The classes A, C, and D, are the active-site serine B-lactamases (SBL) while class B contains
the metallo-B-lactamases (MPBL) containing a bivalent metal ion(s), usually Zn?*, for their proper activity
(Figure 48).10
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Figure 48 Crystal structures of f-lactamases from A, B, C, and D class. (Adapted from

Both mechanisms work on the same principle of opening the f-lactam ring and thereby inactivating

the antibiotic (Figure 49).
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Figure 49 General mechanism of f-lactamase-mediated hydrolysis of penicillin.

A) Serine-fi-lactamases utilize an active site serine as nucleophile. B) Metallo-f-lactamases utilize two

zinc ions and a solvent molecule as nucleophile.

The Bush system is used to assign a clinically useful description to a family of enzymes. It divides
enzymes into functional groups numbered 1 to 3, and subgroups a to f, which are designated according to
substrate spectrum, inhibitor profiles, molecular masses, and isoelectric points. In 2010, this system was
updated with the addition of peptide sequences to the existing list of attributes describing new
B-lactamases.!> 19 In Table 1 are shown both classifications which organize the considerable differences
between B-lactamases. In addition, they provide information for understanding the substrate/inhibition

profiles of certain clinically relevant B-lactamases.
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Table 1 Representative f-lactamases labeled according to Ambler and Bush classifications.'®

Ambler Bush Penicillinase Cephalosporinase ESBL Carbapenemase Monobactamase Exa(r)r;ples
class  group activity activity activity activity activity enzyme
Ao Y Y N N N e

2be Y Y Y N Y CT)I(SM

2br Y Y N N N TEM-30

2f Y Y Y Y Y KPC-2

VIM,

Y Y Y Y N IMP,

B 3a NDM
3b Y N N Y N CphA

C 1 N Y N N N AmpC
le N Y Y N N CMY-37

D 2d Y N N N N OXA-10
2de Y Y \% N N OXA-11

2df Y N Y Y N OXA-48

Y =yes; N =no; V = variable

Table 2 Prevalent mechanisms of resistance among pathogens with extended-drug resistance
(XDR). (Adapted from Karaiskos)3’

Common bacterial

. . Mechanism K Examples Substrate
Classification species
B-lactamase Extended-spectrum or Enterobacterales, SHV-like, Penicillins,
Ambler class A ESBLs Pseudomonas CTX-like, cephalosporins (except
aeruginosa, KLUG-like  cephamycins), aztreonam
Acinetobacter spp., frequently co-transferred
Kluyvera spp. with VIM
B-lactamase Serine carbapenemases  Klebsiella spp. KPC-like, Penicillins,
Ambler class A Acquisition of a mobile IMI-like cephalosporins,
genetic element aztreonam, carbapenems
B-lactamase Metallo-B-lactamases, Stenotrophomonas VIM-like, Penicillins,
Ambler class B carbapenemases maltophilia, IMP-like, cephalosporins, and
Acquisition of a mobile  P. aeruginosa, NDM-like, carbapenems.
genetic element Bacteroides fragilis, GIM, SPM, Monobactam are stable
Acinetobacter SIM
baumannii
B-lactamase Extended-spectrum, Enterobacter spp., AmpC, P99, -
Ambler class C  cephalosporinases, Klebsiella spp., ACT-like,
Mainly chromosomal Proteus spp., CMY-like,
Citrobacter spp., MIR-like
E. coli
B-lactamase Carbapenemases A. baumanii, OXA-like Penicillin, aztreonam,
Ambler class D P. aeruginosa, (OXA-51, carbapenems
E. coli 0OXA-23)
Porin mutations ~ Chromosomal mutation  P. aeruginosa, OprD CarO  Imipenem
(Loss of outer A. baumannii
membrane
permeability)
Efflux pumps Chromosomal mutations ~ P. aeruginosa MexAB- Ticarcillin, aztreonam,
Different antimicrobial OprtM cefepime, meropenem,

classes

quinolones
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B-lactam antibiotics such as penicillins, cephalosporins, monobactams, and carbapenems are
hydrolyzed by a diverse range of B-lactamases. The expansion of antibiotic classes, including derivatives
with improved properties, has been shadowed by the emergence of bacterial enzymes that have an altered
spectrum of activity. The early B-lactamases active against the first generation of B-lactams were followed
by extended spectrum B-lactamases (ESBLs) that are able to destroy oxyimino-cephalosporins (the first,
second, third and fourth generation of cephalosporins) and monobactam (aztreonam),'* 164 although they
are inhibited by clavulanic acid or tazobactam.!%> The most challenging B-lactamases are carbapenemases,
which are able to hydrolyze not only oxyimino-cephalosporins and cephamycins but also carbapenems,
agents of last resort for many complicated bacterial infections.?> 7 These enzymes are produced by
Gram-negative bacteria such as K. pneumoniae, P. aeruginosa, and A. baumannii and underpin the
emergence of resistance to all types of B-lactam antibiotics, which has a serious impact on the treatment of
severe infections, particularly in hospital patients.'¢-168

Each of Ambler class will be discussed separately, the overview is going to be focused on structure
and mechanism of action primarily in Gram-negative bacteria. Then followed by briefly epidemiology and
clinical relevance, a logical order since it is often subtle structural changes leading to distinct substrate
profiles that bring certain f-lactamase variants to our attention.

3.2.5.1 Ambler class A pB-lactamases

Class A B-lactamases are the most numerous and, mechanistically, the most thoroughly
characterized serine B-lactamase class. Historically, these -lactamases were described as “penicillinases”
for their ability to catalyze penicillin hydrolysis. This class of enzymes is often plasmid-encoded, but can
also be located on the bacterial chromosome or within integrons.'® In general, class A B-lactamases are
susceptile to inactivation by the clinically available f-lactamase inhibitors. Many class A B-lactamases have
substrate profiles that include expanded-spectrum cephalosporins, and are known as extended-spectrum
B-lactamases (ESBLs). However, few enzymes of this class show carbapenem-hydrolyzing activity. They
have been recognized for decades for their prevalence in clinically important species from Gram-positive
to Gram-negative bacteria including troublesome species such as S. aureus and E. coli.

3.2.5.1.1  Structural Components and Catalytic Mechanism

A great diversity of amino acid sequences was observed between the different clusters of class A
B-lactamases. However, their structures are generally alike and bear important similarities in the features
surrounding the active site.!”® !7! They consist of an o domain and an o/p domain. The alpha domain is
largely a-helical. By contrast, the alpha/beta domain consists of a five-stranded B-sheet flanked by a-helices
(Figure 50).
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u-helical domain

Figure 50 Superposition of four subclasses of A f-lactamases: TEM-1 (gray), KPC-2
(green), PCI (blue), and OXY-1 (brown.). (Adapted from Philippon)'”?

These two domains form a cleft that harbors the active site, including, in TEM B-lactamase, for
example, the residues Ser70, Ser130, Glul66, Lys73 and Lys234. Each of these residues is required for
complete SBL-mediated B-lactam hydrolysis, which begins with acylation of the nucleophile Ser70 and is
driven by coordination of the other invariant active site residues. Lys234 coordinates to the substrate
carboxylate group while the backbone amides of residues Ser70 participate in hydrogen bonding
interactions with the B-lactam carbonyl.!”?

The hydrolytic reaction include 2 step reactions- acylation and deacylation. For the acylation step
have been proposed two detailed mechanisms. Both reactions begins with a nucleophile attack by the active
site Serine OH on the carbonyl group of the B-lactam ring in the presence of base. In the first mechanism,
Glul66 acts as a base to deprotonate Ser70 via a bridging water molecule.!”* The second mechanism
proposes that Lys73 performs the role of base in the activation of Ser70.!”> This results in high-energy
tetrahedral intermediate which is dependent upon N-protonation and Ser130 is widely accepted as the
proton donor (Figure 51). The ring strain of this intermediate is relieved through the breaking of the lactam
ring leading to the formation of a covalent acyl-enzyme complex, an O-linked Ser70 residue ester. It is also
possible that both mechanisms are valid, which may help explain why these enzymes can hydrolyze a

diversity of substrates.!”®
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Figure 51 Acylation of class A SBL.'”®

Deacylation occurs with Glul 66 again acting as base to deprotonate water, which then attacks the
acyl-enzyme intermediate. Collapse of the tetrahedral intermediate likely comes about with Ser130

shuttling the proton from Lys73 to the Ser70 leaving group (Figure 52).!7
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3.2.5.1.2  Clinically important class A f-lactamases

In Gram-negative bacteria the two most important enzymes were found to be TEM-1 and SHV-1.
TEM-1 was isolated from and named after a Greek patient named Temoniera. It is the most common
B-lactamase, first identified in E. coli in 1963.!7° TEM-1 is commonly plasmid-encoded but, in some cases,
has been observed to transfer chromosomally via mobile elements such as transposons.'®® TEM enzymes
are closely related to SHV B-lactamases (contain a sulf-hydryl variable active site), sharing 68% sequence
homology. The active site of SHV-1 is approximately 0.7 to 1.2 A wider than that of TEM-1, having
important differences in the positioning of critical active-site residues.!®! TEM and SHV B-lactamases are
mostly found in E. coli and Klebsiella spp. After the introduction of expanded-spectrum cephalosporins
(oxyimino-cephalosporins), stable against TEM-1 and SHV-1, extended-spectrum B-lactamases (ESBLs)
have been observed.'®?

ESBLs are derived from TEM-1, TEM-2 or SHV-1 by mutations that alter the amino acid
configuration around the active site of these B-lactamases. They confer bacterial resistance to the penicillins,
first-, second-, and third-generation cephalosporins, and aztreonam (but not the cephamycins or
carbapenems). However, they are inhibited by B-lactamase inhibitors such as clavulanic acid.'®3 ESBLs are
of molecular class A with the exception of the OXA-type enzyme, which belongs to class D of the Ambler
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classification. The Bush-Jacoby-Medeiros system devides the ESBLs into groups labeled 2be (CTX-M
type) as well as 2d (OXA-type), which shares most of the fundamental properties of group 2be (Table 1).!84

The 2be group is derived from group 2b B-lactamases (TEM-1, TEM-2, and SHV-1) where e of
the 2be denotes that the enzymes have an extended spectrum. CTX-M enzymes belong to the 2be group,
their name reflecting the potent hydrolytic activity against cefotaxime; in addition, some CTX-M type
ESBLs can hydrolyze ceftazidime.!33 135 Tzouvelekis!® reported that CTX-M type B-lactamases hydrolyze
cefepime with high efficiency and their MICs are higher than observed in bacteria producing other ESBL
types.'®” The aztreonam MICs are variable and tazobactam has a better activity than clavulanic acid against
CTX-M enzymes. '8 The CTX-M enzymes have become a global problem due to their ability to hydrolyze
a broad range of B-lactam antibiotics with rapid evolution and spread under antibiotic pressure. '8

The other class A enzymes garnering attention are the serine carbapenemases, enzymes able to
hydrolyze not only penicillins, cephalosporins, and monobactams but additionally carbapenems. The major
class A carbapenemases include five major families of plasmid encoded enzymes: KPC and GES, as well
as chromosomally encoded enzymes NMC, IMI, and SME.*

The first member of the KPC (Klebsiella pneumoniae carbapenemase) family was discovered in
North Carolina in 1996.'° The KPC family rapidly spread along the east coast of the United States and in
a few years, reports of its occurrence began to appear worldwide. In 2005, the K. pneumoniae strain
producing KPC-2 was isolated from a patient who returned from New York after hospitalization in
France.!”! Infections with pathogens expressing KPC are difficult to treat because many of them express
plasmids of various sizes carrying blaxpc and additional genes conferring resistance to fluoroquinolones
and aminoglycosides, thus limiting the antibiotics available for treatment. Although blakpc has been
mapped to a chromosomal location in some cases,'??> the KPC carbapenemases have the greatest potential
for spread due to the enzyme’s gene location on plasmids, especially since they are most frequently found
in K. pneumoniae, a bacteria notorious for its ability to accumulate and transfer resistance. KPC-type
enzymes pose significant threats due to their rapid international spread and multidrug resistance associated
with high mortality rates.'?® 1%4

The GES-type (Guiana extended-spectrum) carbapenemases are acquired B-lactamases recovered
from Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii. The GES family differs
from other serine A carbapenemases by only two amino acid substitutions with cysteine resiudes at Ambler
position 69 and 238. GES enzymes were first classified as ESBLs for their broad hydrolysis spectrum that
included penicillins and extended-spectrum cephalosporins. Their hydrolysis spectrum was expanded in
2001 to include imipenem after the report of GES-2 in a P. aeruginosa isolate.!*>

NMC-A (non metallo-carbapenemase A) is a chromosomal carbapenemase originally isolated
from Enterobacter cloacae in France. Currently, reports of this particular B-lactamase are still rare. NMC-A
is highly similar to IMI-I with 97% amino acid identity and both are related to SME-1 with 70% amino
acid identity.'”® Likewise, IMI-1 (imipenem-hydrolyzing B-lactamase) was initially recovered from the
chromosome of an E. cloacae in the southewestern part of USA.'?7 A variant of IMI-1 and IMI-2 has been
identified on plasmids isolated from E. asburiae found in United States rivers and from E. cloacae isolate
obtained in China.!® 1% IMI carbapenemase-producing E. asburiae was isolated from a Czech patient in
2016 with no history of travelling abroad or previous hospitalization.?® SME-1 (Serratia
marcescens enzyme) carbapenemase was first detected in England from two S. marcescens isolates that
were collected in 1982.19% 20! Infrequently, SME-2 and SME-3 have since been isolated in North America
and Switzerland.?*

3.2.5.2 Ambler class B p-lactamases

Class B B-lactamases, or metallo-p-lactamases (MBLs), require zinc ions to catalyze the hydrolysis
of B-lactam antibiotics such as penicillins, cephalosporins, and carbapenems with the exception of
monobactams.?”® They are not affected by mechanism-based inhibitors such as clavulanic acid, sulbactam,
or tazobactam but are inactivated by metal chelators such as EDTA (ethylene diamine tetraacetic acid).'®’
A variety of MBL genes have been discovered on chromosomes of opportunistic and environmental
bacteria such as CcrA from Bacteroides fragilis,’’* L1 from Stenotrophomonas maltophilia,?” and CAU-1

from Caulobacter crescentus.**® On the other hand, horizontally acquired MBL genes, for example,
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blamp,®” blayim,?®® blaxom,?® and blaspm®'® have mainly been found on the plasmids of members of the
family Enterobacterales, Pseudomonas spp., and Acinetobacter spp.

3.25.2.1  Structural Components and Catalytic Mechanism

MBLs are divided into three subclasses (B1, B2, and B3) based on their amino sequence,
homology, and metal requirement. The subclass Bl B-lactamases have Znl coordinated to three His
residues (His116, His118, and His196) and Zn2 with Asp120, Cys221, and His263 residues, whereas the
subclass B3-lactamases have two zinc ions with similar binding affinity. The subclass B2 B-lactamases
have one tightly coordinated zinc ion Zn2 that is sufficient for maximal enzymatic activity, whereas the
binding of a zinc ion Zn1 at another site reduces the enzymatic activity. Compared with B1, the B2 subclass
has a Znl binding site with one altered residue (Asp116, H118, H196), but retains the same Zn2 binding
sequence. Finally, subclass B3 has the same Znl binding site as B1 and B2 but differs in the Zn2
coordinating sequence. The B1 and B3 subclasses have a broad substrate spectrum that includes penicillins,
cephalosporins and carbapenems, whereas the B2 subclass has a narrow substrate spectrum that includes
carbapenems.?!!2!2 The classification of subclass B is summarized in Table 3.

Table 3 Classification of B subclasses.?!’

Nr. of Zn** Znl Zn2

Subclass Substrates active site coordinating coordinating Rep fr esej,?tatlve
atoms residues residues amuies
Bla All B-lactams 2 His Asp IMP, VIM, SPM,
except His Cys CCrA
monobactams His His
B1b All B-lactams 2 His Asp NDM
except His Cys
monobactams His His
B2 Carbapenems 1 Asp Asp CphA, Sth-1
His Cys
His His
B3 All B-lactams 2 His Asp L1, CAU-1
except His His
monobactams His His

Although the MBLs exhibit a varying range of amino acid sequences with only 25% identity
between some B-lactamases, their overall structures are very similar and contain a characteristic afp/Ba
sandwich fold comprising two central B-sheets and five a-helices on the external faces.?'? The enzymes of
the B1 subclass contain a flexible L3 loop between 33- and f4-strands that possess hydrophobic side chains.
The loop is thought to have an important role in the binding of substrates and inhibitors. It closes over the
bound substrate or inhibitor after diffusion into the active site (Figure 53).2'3 NDM-1 (New-Delhi MBL)
shows lower sequence identity with other MBLs, and the most closely related MBLs are VIM-type (Verona
integron-encoded MBL) and IMP-type (imipenemase) enzymes, which show 37% sequence identity with
NDM-1.2* As can be observed in (Figure 53), the overall structure of NDM-1 shares a feature common to
other MBLs enzymes, but there are some differences. The L3 loop in NDM-1 was revealed to be more open
and hydrophobic than that in IMP-1 and VIM-types. The L3 loop likely plays an important role in the
binding of the antibiotics at the active site.?!4
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L3 loop (flexible loop)

Figure 53 Comparison of the structural features of NDM-1 (green) with IMP-1 (cyan),
VIM-2 (magenta), and VIM-7 (yellow). (Adapted from Jeon)*"’

The hydrolyzed carbapenem core of meropenem has extensive non-covalent interactions with the
zinc center and the R1 side chain of meropenem when positioned on the active-site cleft. Although the R2
substituent of meropenem does not interact covalently or electrostatically with NDM-1, the latter contains
a large active-site cleft which provides accommodation for the bulky R2 group, and therefore assists in the
recognition and hydrolysis of meropenem (Figure 54).2!°

Figure 54 Active site of the NDM-1 in complex with meropenem. The residues (H120,
HI122, D124, H189, K211, N220, and H250) in the active-site cleft are shown as green sticks. Zinc
coordination and hydrogen bonding in the active site in NDM-1 are shown as dashed black lines. The
hydrolyzed meropenem is shown in magenta. Znl and Zn2 are represented as yellow and red spheres,
respectively. (Adapted from Jeon)*"

Deactivation of B-lactam antibiotics by MBL, like class A B-lactamases, occurs via cleavage of
the amide bond of the B-lactam ring.?!%2!® The hydrolysis involves three steps: 1) nucleophilic attack on
the carbonyl group, 2) lactam C-N bond cleavage, and 3) protonation of the deacylated nitrogen. The
process is initiated by the interaction of Zn1 with the B-lactam carbonyl and Zn2 with the carboxylate group
on the 5- or 6- membered fused ring. The hydroxide ion is stabilized by both metal centers in a position to
attack the C-N carbon. Zn1 acts as a Lewis acid, coordinating to the carbonyl oxygen in the B-lactam ring
and lowering electron density at the carbonyl carbon, facilitating nucleophilic substitution. Nucleophilic
attack of the hydroxide on the carbonyl carbon leads to formation of a non-covalent tetrahedral
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intermediate.?!*??! The C-N bond in the tetrahedral intermediate can be cleaved by coordination and
subsequent protonation of nitrogen, likely from a water molecule (Wat) originally bound to Zn2 (Figure
55).221,222
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Figure 55 Proposed mechanisms for carbapenem hydrolysis by BI class of MBL.?"*-?%!
3.2.5.2.2  Clinically important class B f-lactamases

Metallo-f-lactamases were discovered over forty-five years ago. They were not initially
considered a serious clinical problem for antimicrobial therapy because they were only chromosomally
encoded in non-pathogenic bacteria.??> However, the situation changed in 1990, when the IMP- and
VIM-type metallo-B-lactamases were isolated in an increasing number of Gram-negative pathogens such
as Enterobacterales, P. aeruginosa, and A. baumannii. Moreover, those enzymes were encoded by genes
carried on mobile DNA elements. The most common families identified in Enterobacterales included the
VIM, IMP, and emerging NDM group.?2% 225

Currently, 48 variants of IMP-type carbapenemases were isolated from clinically important
pathogens®?® and reported from more than 30 countries. In 1990, IMP-1 was firstly isolated from
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P. aeruginosa in Japan where it is still predominant.??” The blammp was located on a conjugative plasmid of
the clinical isolate and afterwards was found on an integron in Serratia marcescens and other
Enterobacterales isolates in Japan.??® 22° In Europe, the first member of the IMP family was detected a few
years later. In an A. baumannii isolate a related enzyme, IMP-2, was observed on a class 1 integron.?*°
Since then, IMP isolates have been found throughout the world.?! MBLs are embedded in a variety of
genetic elements, most commonly integrons. These integrons are often associated with transposons or
plasmids that allow transmission between species.??? In Europe, there is high incidence of IMP
carbapenemase in P. aeruginosa, but it is still low in Enferobacterales.*>*> The high prevalence of
IMP-producing P. aeruginosa isolates has also been reported by Czech hospitals, specifically.?*

VIM enzymes also belong to integron-associated MBLs. VIM-1 was first described in Italy in
199728 and its allelic variant, VIM-2, was subsequently labeled after first being observed in France in
1996.2%° Both of these MBLs were found in class 1 integrons of P. aeruginosa clinical isolates. VIM
enzymes are predominant in Europe, especially in Mediterranean countries. VIM-2-like B-lactamases have
been mostly associated with P. aeruginosa,>® whereas VIM-1-like and VIM-4-like enzymes have been
frequently reported in strains of Enferobacterales.?’ %7 Increasing prevalence of VIM-producing
P. aeruginosa has been reported in the Czech Republic.?3

The first NDM-1 enzyme was detected in K. pneumoniae and E. coli from a patient returning to
Sweden from India in 2008. Since then NDM-1 has been shown to be present at significant frequency in
Enterobacterales family in a many countries worldwide.?” The blanpm-1 gene has been found on several
plasmid types and it can be transferred among Gram-negative bacteria by conjugation.?!! The spread of
blanpm-like genes is mostly derived in Enterobacteriacea, moreover, the carbapenemases have been
reported from P. aeruginosa and Acinetobacter spp. The main known reservoirs of the carbapenemase is
the Indian subcontinent, Middle East and Balkan region.?*® In the Czech Republic, recently an increased
occurrence of isolates with different NDM types was reported.?>’

3.2.53 Ambler class C p-lactamases

The class C cephalosporinase, AmpC is an important contributor to multiple drug resistance and
can be chroosomal or plasmid mediated. It is protective against B-lactams in Gram-negative pathogens such
as Enterobacterales. Cephalosporinases demonstrate hydrolyzing activity against most penicillins and
cephalosporins, including oxyiminocephalosporins, cephamycins, and monobactams. They usually retain
susceptibility to carbapenems and in some cases to fourth-generation cephalosporins. However, the
production of mutant AmpC enzymes has been described in clinical isolates resistant to fourth-generation
cephalosporins, and indirectly a concomitant porin loss in AmpC-producing strains can provide resistance
to carbapenems. AmpC B-lactamases are not readily inhibited by B-lactamase inhibitors in comparison with
class A B-lactamases.!'?

3.2.53.1  Structural Components and Catalytic Mechanism

In comparison to Class A enzymes, Class C B-lactamases have larger active site cavities which
may allow them to bind the bulky extended-spectrum cephalosporins (oxyimino B-lactams).?** Class C
B-lactamases have very similar structures with class A B-lactamases. They are also consisted of two main
domains where domain 1 has only a-helix and domain 2 comprises an o/f domain.?*! All class C
B-lactamases  contain 3  active-site  motifs, Ser64-X-X-Lys67, Tyr150-X-Asnl52, and
Lys315-Thr316-Gly317.24> The active site lies in the center of the enzyme at the left edge of the
five-stranded B-sheet with the reactive serine residue.?*® The active site are divided into two subsites- R1
and R2. The R1 subsite refers to the region that accommodates the R1 side chain at C6 (C7) of the B-lactam
antibiotics. The R2 subsite interacts with the right part of the B-lactam ring including the R2 side chain at
C2 (C3). The R1 subsite is surrounded by the Q-loop while the R2 subsite is enclosed by the R2-loop
containing the al10 and al1 helices (Figure 56).241:244
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Figure 56 Structure of CMY-10. The R1 subsite is surrounded by the Q-loop (yellow).
The R2 subsie is enclosed by Tyr151 loop, a10 in the R2 loop, and a1l (cyan)
(Adapted from Jeon).*"?

The hydrolysis reaction catalyzed by class C f-lactamases consists also of two steps acylation and
deacylation, as was observed in class A -lactamases. During the hydrolyzation, Ser64 residue attacks the
carbonyl carbon of the B-lactam ring to form an acyl-enzyme intermediate, which was initiated by the
activation of catalytic water by Tyr150.!7> 242 And the second process was a detachment of a hydroxylated
substrate from the enzyme, which was associated with proton transfer from the side chain of Lys67 to
Ser64. From the viewpoint of substrate deacylation, a key factor of class C -lactamase is that the
deprotonated side chain of Tyr150 is steadily present in the catalytic center of the acyl-enzyme complex
and is held by Lys67 and Lys315 cooperatively Figure 57.2%
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Figure 57 Deacylation mechanism.**

3.2.53.2  Clinically important class C p-lactamases

AmpC enzymes are chromosomally encoded on particularly important clinical isolates of
Entrerobacteriaceae family (Citrobacter freundii, Enterobacter spp., Morganella spp., Proteus spp.,
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Hafnia alvei, Yersinia spp., and Serratia spp.) and other Gram-negative organisms (P. aeruginosa,
Aeromonas spp., A. baumanii).?#6-248

Plasmid-encoded AmpC genes have been known since 1989. Since then they have been found
worldwilde in nosocomial and nonnosocomial isolates. However they are less common than
extended-spectrum B-lactamases (ESBLs). In addition, the plasmid-encoded class C B-lactamases have
been found in Klebsiella spp., E. coli, Salmonella spp., Proteus mirabilis, Enterobacter spp.*'* In
comparison with chromosomal enzymes, plasmid-encoded class C enzymes are more problematic because
they are transmissible to other bacterial species and are often expressed in large amount.?* AmpC plasmids
can carry additional resistance determinants for non B-lactams such that their acquisition can promote
multidrug resistence.?”® AmpC B-lactamases have minor differences in amino acid sequence have given rise
to families (CMY, FOX, ACC, LAT, MIR, ACT, MOX, and DHA). These enyzmes are very closely related
to chromosomally determined AmpC B-lactamases. For example six current varieties of CMY-1, -8, -9, -
10, -11, and -19 are related to chromosomally determined AmpC enzymes in Aeromonas spp.>*!

3.2.54 Ambler class D p-lactamases

Class D B-lactamases are known as OXAs (oxacillinases) because they are able to hydrolyze the
cloxacillin and oxacillin much faster than benzylpenicilin.!®* At present, the OXA enzymes include more
than 450 OXA types that are widely disseminated in Gram-negative bacteria. They do not hydrolyze
aztreonam or extended-spectrum cephalosporins, they are poorly inhibited by B-lactamase inhibitors such
as clavulanic acid,?' they are classified into narrow- or extended-spectrum enzymes according to their
conferred resistance profile to B-lactam antibiotics.?’> 2% Some of the OXA variants possess weak
carbapenemase activity. For example OXA-2 B-lactamase is a narrow-spectrum enzyme resistant to
penicillins and some early cephalosporins, however it does not hydrolyze carbapenem.?**

Based on their amino acid sequences the oxacillinases are classified into 12 subgroups: OXA-23,
OXA-24/40, OXA-48, OXA-51, OXA-58, OXA-134a, OXA-143, OXA-211, OXA-213, OXA-214,
OXA-229, and OXA-235. The first five subgroups have major clinical importance due to their wide
occurence in bacterial isolates. The majority of these oxacilinases, except OXA-48, have been identified in
various Acinetobacter spp.>>*

Before the OXA-23 group was dicovered, the oxacillinases were thought to be a relatively minor
group of plasmid-encoded B-lactamases active against penicillins. After the introduction of carbapenem
antibiotics and the increase of Acinetobacter spp.,mainly 4. baumannii isolates, an explosion of new OXA
enzymes were observed. Over the years, there have been 102 unique OXA sequences identified of which 9
are extended-spectrum B-lactamases and at least 37 are considered to be carbapenemases.?3!: 25

For example OXA-23, OXA-24/40, OXA-48, OXA-58, and OXA-146 are classified as class D
carbapenemases®*6-2¢! and OXA-1 from E. coli, as well as OXA-10 and OXA-13 from P. aeruginosa belong
to class D non-carbapenemases.?6>264

3.2.54.1  Structural Components and Catalytic Mechanism

The most efficient enzyme for imipenem hydrolysis belonging to class D carbapenemases is
OXA-48. The D class carbapenemases have a similar structure to those of the D class non-carbapenemases.
They consist of two main domains, one of them comprised of helices, and the second, a mixed o/ domain
including a central six-stranded antiparellel B-sheet. Their active-site motifs contain Ser70-X-X-Lys73,
Ser118-X-Val/lle120, and Lys 216-Thr/Ser217-Gly218.25> OXA-48 is very similar to non-carbapenemases
oxacillinases. They differ in a loop between 5- and B6-strand, which may vary in orientation and length.
The length of the B5- 6 loop in OXA-48 is shorter than those in OXA-1, OXA-10, and OXA-13 (Figure
58). The short loop is hypothesized to play a major role in conferring carbapenemase activity.?®
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Figure 58 Comparison of structural features of class D carbapenemases (0OXA-1 magenta,
0XA-10 red, and OXA-13 pink, 0XA-23 green, 0XA-24/40 cyan, 0XA-48 yellow, 0XA-58 orange.
(Adapted from Jeon)*"?

The hydrolytic reactions catalyzed by class D -lactamases include acylation and deacylation steps
described above for class A B-lactamases (Figure 50 and Figure 51). In brief, the two-step pathway involves
the deprotonation of serine by an active site base, activating it for nucleophilic attack on the p-lactam
carbonyl. It results in formation of an intermediate where the B-lactam forms an ester linkage with the
attacking serine molecule. General base-mediated activation of an active site water molecule then leads to
hydrolysis of the ester bond, releasing the product and restoring the serine to its original state.?*® Lohans et.
al**7 published an analysis that proposed hydrolysis of the B-lactam ring in ertapenem by OXA-48,
producing a B-lactone (Figure 59, bottom right).

hydrolysis
products
(R=H, CH,)

Class A, B, and D

carbapenemases

- ) CH,4
Class D carbapenemases lactone
O// H R’ products
(R=CH,)
COOH
Figure 59 Carbapenem-derived products formed by carbapenemases. (Adapted from Lohans).?”

B-lactone formation was observed only with meropenem, biapenem, and doripenem. The
mechanism proposed by Lohans states that the hydroxyethyl 6R side chain of carbapenem reacts with the
carbonyl from the B-lactam ring to form a B-lactone. Imipenem and panipenem did not form the lactone
ring, presumably, because the presence of a 1B-methyl substituent is necessary for lactone formation.
Lohans also proposed that the methyl substituent destabilizes the conformation of the hydroxyethyl side
chain required for hydrolysis of the acyl-enzyme complex. Carbapenems with those groups are more
resistant to hydrolysis than carbapenems without the 1B-methyl substituent.2¢’
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3.2.54.2  Clinically important class D B-lactamases

As was mentioned before, the class D carbapenemases have a great clinical importance due to their
wide occurrence in bacterial pathogens. The first group of carbapenem resistant OXA type enzymes to be
identified in 4. baumannii was the OXA-23 group. The first isolate was collected in the United Kigndom
in 1985,%%% interestingly the same year that imipenem was introduced to the market. Since then, more than
15 variants of the blaoxa-23 gene have been identified.

The second group of OXA-type B-lactamases were OXA-24/40 enzymes, which were reported
from isolates recovered as part of an outbreak in Spain in 1997.2%° They were initially found in isolates of
A. baumannii, though more recent reports have identified blaoxa-2440 genes on plasmids in other
Acinetobacter spp. as well as in K. pneumoniae and P. aeruginosa.”’

The other group labeled 2d group by the Bush-Jacoby-Medeiros system, are able to hydrolyze
cloxacillin and oxacillin and predominatly occur in P. aeruginosa. However, the most common OXA-1 has
been found in E. coli isolates. Most of the OXA-type enzymes are not able to hydrolyze the
extended-spectrum cephalosporins to a significant degree and thus are not regarded as ESBLs. However,
OXA-10 weakly hydrolyzes cefotaxime, ceftriaxone, and aztreonam, reducing the susceptibility of most
organisms to these antibiotics. !83

The first OXA-48 was identified in K. pneumoniae in Turkey in 2003.27° Curently, OXA-48 is the
most common and widespread in K. pneumoniae and other Enterobacterales in Turkey, the Middle-East,
South Africa and Europe.?’! In the Czech Republic the first isolates with OXA-48 carbapenemase were
detected in 2013 from K. pneumoniae strains. Interestingly, one of them was aquired from a child without
a history of previous hospitalization, moreover, the blaoxa-4g gene was chromosomally encoded. By contrast
the second isolate was plasmid-mediated from a patient repatriated from Romania.?’? Isolates producing
OXA-48 are among the most difficult carbapenemase producers to identify due to their point mutant
analogues with ESBLs. Therefore their true prevalence is difficult to estimate. However, they showed a
low level of hydrolytic activity against the carbapenems.

OXA-51 is the largest group among the OXA-type B-lactamases. This group was firstly identified
in A. baumannii isolate from Argentina in 1996.273 A large number of variants indicate that they are
chromosomally encoded enzymes and have been under selective pressure from antibiotic use.

OXA-58 enzyme was identified in a multidrug resistant 4. baumannii clinical isolate in France in
2003. OXA-58 has weak activity against penicillin and carbapenems, ceftazidime, cefotaxime, and
cefepime.?’* The rest of the OXA subgroups: OXA-134a, OXA-143, OXA-211, OXA-213, OXA-214,
OXA-229, and OXA-235 where identified in Acinetobacter species.?'?
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4. 'The hypothesis of the dissertation thesis

The worldwide spread of antimicrobial resistance is one of the greatest health threats of
today.

Understanding the biochemical and genetic basis of resistance is of paramount
importance to correctly detect the emergence and spread of resistance.

Structural studies of B-lactamases and B-lactam antibiotics are important for better
understanding of the mechanism of antibiotic resistance.

Development of rapid and comprehensive diagnostic methods for the detection of

infections caused by carbapenem-resistant isolates is crucial for therapy and surveillance.

5. The aims of the dissertation thesis

Development of a simple and rapid detection of carbapenem-resistant Enterobacterales
and Pseudomonas spp.

To evaluate a commercial method for detection methicillin-resistant Staphylococcus
aureus by MALDI-TOF mass spectrometry.

To perform surveillance of clinical carbapenem-resistant Enterobacterales detected in the
Czech Republic.

To determine the incidence and distribution of carbapenem resistance by
molecular-genetic analysis.

To characterize resistance plasmids and novel genetic elements during an outbreak with

carbapenem-producing isolates.
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6. Methods

Accurate identification of bacterial isolates is a critical task in clinical microbiology. Most
phenotypic methods are labor and material intensive as well as time-consuming. Additionally, phenotypic
methods used to identify bacteria require subjective interpretation is of test results. One way to reduce time
for microbial identification is with the use of molecular biology techniques. It is important to remember
that in order to obtain the most precise identification, classification, and systematics of microorganisms, it
is extremely important to choose appropriate techniques, and to have a thorough understanding of the
mechanism of their action.

All isolates were rapidly identified by Matrix-Assisted Laser Desorption lonization-Time of Flight
Mass Spectrometry (MALDI-TOF MS). It is based on the ionization of the microbial cells with short laser
pulses and then acceleration of particles in a vacuum system using an electric field. After ionization, a
molecular fingerprint is obtained in the form of a spectral profile, specific for each organism. The spectra
are then compared with an existing database, allowing for identification by an automated program.

The sensitivity of the isolates was examined by the broth dilution method and their data were
interpreted according to the criteria of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST).?” Isolates suspected to have carbapenemase activity were tested by a MALDI-TOF MS
meropenem hydrolysis assay.?’® Positive isolates were subjected to carbapenemase detection with the use
of the double-disk synergy test (DDST) with chelating agent EDTA for detection of MBL producers,
phenylboronic acid (PBA) combined with carbapenem for detection of KPC producers, and temocillin disc
testing for detection of OXA-48 producers.?”” The positive isolates were subjected to PCR for identification
of the genes encoding carbapenemase production. The genetic affinity of the isolates was determined by
pulse gel electrophoresis. In addition, multilocus sequence typing (MLST) was performed to determine
sequence types of individual isolates.?’82% The B-lactamase content of certain isolates was determined by
isoelectric focusing (IEF). The carbapenemase genes were transferred by conjugation/transformation to a
recipient Escherichia coli A15 strain and amplification of replicons was performed by PCR for plasmid
typing.28> 282 To define the genetic units of the bla genes, the plasmid contents of all
carbapenemase-producing strains were analyzed by pulsed-field gel electrophoresis (PFGE) of total DNA
digested with S1 nuclease followed by Southern blot hybridization with DIG-labeled probes.?®* Plasmid
incompatibility (Inc) groups were determined by PCR-based replicon typing method (PBRT).?%
Whole-genome sequencing with the Illumina MiSeq platform was performed on representative samples of
isolated plasmid and chromosomes to verify and complete the obtained data.

All methods used are summarized in the attached table 5.1 by referring to the relevant publications.
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Table 5.1 Summary of methods used in publications.

Method Publication
Species identification by MALDI-TOF MS 1,2,3,4,5
Broth dilution method 1,2,3,4,5
Meropenem hydrolysis assay 1,2,3,4
Imipenem hydrolysis assay 1

The double-disc synergy test (DDST) 2,3

PCR amplification of genes encoding for selected -lactamases 1,2,3,4
Typing of the isolates by MLST 3,4
Detection of B-lactamases by IEF 3
Conjugation of plasmid 2,3,4
Transformation of plasmid 2,3,4
Plasmid DNA extraction 2,3,4
Genomic DNA extraction 3

S1 plasmid size profiling by PFGE 2,3,4
Southern blot hybridization 2,3,4
PCR-based replicon typing (PBRT) method 2,3,4
Whole-genome sequencing 2,3,4
Sequence analysis by BLAST algorithm 3

Sanger analysis 3

Integron analysis 3
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7. List of publications

All publications are focused on the detection of resistant isolates and their further analysis. The
first four articles deal with carbapenem-resistant isolates while the last one is concerned with the detection
of MRSA. The first four articles have been published in journals with impact factor.

1. Retova V, Papagiannitsis CC, Skalova A, Chudejova K, Hrabak J. Comparison of imipenem
and meropenem antibiotics for the MALDI-TOF MS detection of carbapenemase
activity. J Microbiol Methods. 2017;137:30-33.

2. Retova V, Papagiannitsis CC, Chudejova K, Medvecky M, Skalova A, Adamkova V, Hrabak
J. First description of the emergence of Enterobacter asburiae producing IMI-2
carbapenemase in the Czech Republic. J Glob Antimicrob Resist. 2017;11:98-99.

3. Paskova V, Medvecky M, Skalova A, Chudejova K, Bitar I, Jakubu V, Bergerova T,
Zemlickova H, Papagiannitsis CC, Hrabak J. Characterization of NDM-Encoding Plasmids
From Enterobacteriaceae Recovered From Czech Hospitals. Front Microbiol. 2018;9:1549.

4. Papagiannitsis CC, Paskova V, Chudejova K, Medvecky M, Bitar I, Jakubu V, Zemlickova
H, Jirsa R, Hrabak J. Characterization of pEncl-30969¢z, a novel ColEl-like plasmid
encoding VIM-1 carbapenemase, from an Enterobacter cloacae sequence type 92
isolate. Diagn Microbiol Infect Dis. 2018;91(2):191-193

5. Paskova V, Chudejova K, Sramkova A, Kraftova L, Jakubu V, Petinaki EA, Zemlickova H,
Neradova K, Papagiannitsis CC, Hrabak J. Insufficient repeatability and reproducibility of
MALDI TOF MS based identification of MRSA, Folia Microbiologica. 2020, July.

Moreover the High Resolution Carbapenemase (HRC) assay for detection of carbapenemase
production by spectrophotometer and MALDI-TOF mass spectrometer was developed. This assay has not
been published yet and is the intellectual property of Ing. Jaroslav Hrabak, PhD. and myself Ing. Veronika
Paskova, so it is not possible to mention it in more details.
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7.1 Comparison of imipenem and meropenem antibiotics for the
MALDI-TOF MS detection of carbapenemase activity

Contents lists available at ScienceDirect

Journal of Microbiological Methods

journal homepage: www.elsevier.com/locate/jmicmeth

Note

Comparison of imipenem and meropenem antibiotics for the MALDI-TOF MS @Cmmd
detection of carbapenemase activity
Veronika Rotova, Costas C. Papagiannitsis®, Anna Skalova, Katerina Chudejova, Jaroslav Hrabak

Department of Microbiology, Faculty of Medicine and University Hospital in Plzen, Charles University, Plzen, Czech Republic
Biomedical Center, Faculty of Medicine, Charles University, Plzen, Czech Republic

Veronika Rotova*®, Costas C. Papagiannitsis®®, Anna Skalova*P, Katerina Chudejova®®, and Jaroslav
Hrabak?b

“Department of Microbiology, Faculty of Medicine and University Hospital in Plzen, Charles University,
Plzen, Czech Republic, "Biomedical Center, Faculty of Medicine, Charles University, Plzen, Czech
Republic

Publication: Journal of Microbiological Methods, 2017 June, 137, 30-33
http://doi.org/10.1016/j.mimet.2017.04.003

7.1.1 Abstract

A comparison of carbapenem molecules for the detection of carbapenemase-producing bacteria by
MALDI-TOF MS showed that imipenem exhibited higher sensitivity (97%) and specificity (100%) scores
for Pseudomonas aeruginosa than meropenem. However, meropenem was more efficient (98% sensitivity
and 100% specificity) against Enterobacteriaceae.

Infections caused by carbapenemase-producing Enterobacteriaceae and Pseudomonas spp. are
increasing worldwide, and are associated with high rates of mortality. Therefore, methods like Carba NP
test and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS)
carbapenem hydrolysis assay should be performed for the direct detection of carbapenemase-producing
bacteria (Hrabak et al., 2014). Nowadays, several modifications of MALDI-TOF MS carbapenem
hydrolysis assay have been described and validated (Hrabak et al., 2011; Burckhardt and Zimmermann,
2011; Kempf et al., 2012). However, most of these modifications have been validated only on
Enterobacteriaceae, or they exhibit lower efficiency for the detection of carbapenemase-producing
Pseudomonas aeruginosa mainly due to lower quality of their spectra (Hrabak et al., 2011).

In this study, we aimed to validate the efficiency of imipenem and meropenem, for the MALDI-
TOF MS detection of carbapenemase-producing Enterobacteriaeceae and P. aeruginosa.

The methods were tested against a group of 250 P. aeruginosa isolates from the collection of the
Czech National Reference Laboratory for Antibiotics. The isolates were previously characterized, as
described below. For all isolates, susceptibility to carbapenems was determined by using imipenem and
meropenem disks and interpreted according to the EUCAST criteria (http://www.eucast.org/). All isolates
that were nonsusceptible to at least one carbapenem were screened by PCR for the presence of the clinically

important carbapenemase-encoding genes, blav, blamp, blanowm, blakec, blaces and blaoxa-as, as reported
previously (Papagiannitsis et al., 2015a). PCR products were sequenced on both strands using an ABI 3500
sequencer (Applied Biosystems, Foster City, CA). All carbapenem non-susceptible isolates that tested
negative with molecular assays for the detection of carbapenemase genes were further investigated by a
spectrophotometric assay with crude extracts, using imipenem as a substrate, as previously described
(Lauretti et al., 1999), in order to exclude the presence of carbapenemase types not included in the molecular
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assay. The group included 142 isolates producing IMP- (n=97), VIM- (n=41), and GES-type (n=4)
carbapenemases (Table 1). The remaining 108 isolates were non-carbapenemase producers. Furthermore,
a group of 124 Enterobacteriaceae isolates from collections of the Faculty of Medicine and University
Hospital in Plzen (Czech Republic), the National Medicines Institute in Warsaw (Poland) and the Robert
Koch Institute in Wernigerode (Germany) was also examined for the imipenem assay. These isolates were
tested previously using meropenem assay (Papagiannitsis et al., 2015b).

The MALDI-TOF MS assays were performed essentially as described previously (Knox et al.,
2014; Papagiannitsis et al., 2015b). Isolates were inoculated on Mueller-Hinton agar plates (Bio-Rad
Laboratories, Prague, Czech Republic) and incubated overnight at 35°C. A bacterial inoculum, equivalent
to 3 of the McFarland scale, was prepared in a suspension buffer (20 mM Tris-HCI, 20 mM NaCl, pH 7.0).
Then, 1.0 ml of the bacterial inoculum was centrifuged. The pellet was resuspended in 50 pl of a reaction
buffer (0.4 mM imipenem in 0.45% NaCl, 0.1 mM ZnSO4 or 0.1 mM meropenem in 20 mM Tris-HCI (pH
7.0), 0.01% sodium dodecyl sulfate, 50 mM NH4HCOs3). The reaction mixture was incubated at 35°C for 2
h. Then, the reaction mixture was centrifuged, 1 pl of the supernatant was applied on a stainless steel
MALDI target plate (MSP 96 target; Bruker Daltonics) and allowed to dry. Each sample was overlaid with
1 pl of matrix solution (3.3 mg/ml of a-cyano-4-hydroxycinnamic acid [HCCA] in 50% ethanol for
imipenem assay; or 10 mg/mL of 2,5-dihydroxybenzoic acid [DHB] in 50 % ethanol for meropenem assay).
After air drying, spectra were measured within the m/z range 300 to 600 using a microflex LT mass
spectrometer with the flexControl 3.4 software (Bruker Daltonics). The analysis of the spectra was
performed using the flexAnalysis 3.4 software. For imipenem assay, a negative result was defined as the
presence of imipenem (300-m/z peak), whereas a positive result was defined as the complete disappearance
of imipenem (Knox et al., 2014). For meropenem assay, an isolate was interpreted as a non-carbapenemase
producer if the absence of both decarboxylated products of meropenem (358.5-m/z and 380.5-m/z peaks)
and the presence of meropenem and/or its sodium salt (384.5-m/z and 406.5-m/z peaks) were observed,
while an isolate was interpreted as a carbapenemase producer if the presence of at least one of the
decarboxylated products of meropenem was detected (Papagiannitsis et al., 2015b).

The results are summarized in Table 1. For P. aeruginosa isolates, the imipenem assay gave no
false-positive results among non-carbapenemase producers (100% specificity), while it correctly detected
138 (97% sensitivity) carbapenemase-producing isolates. This assay missed one IMP- and three VIM-
producing isolates. On the other hand, eight non-carbapenemase-producing isolates were falsely classified
as positive by the meropenem assay (93% specificity). This assay correctly detected the production of a
carbapenemase in 128 isolates, while it failed to detect five P. aeruginosa isolates expressing either IMP
(n=3) or VIM (n=2). For nine carbapenemase-producing P. aeruginosa, meropenem hydrolysis spectra
were of low quality precluding a definitive analysis (90% sensitivity). Imipenem hydrolysis spectra were
generally better (Figure 1), allowing an easier interpretation. However, in agreement with the findings of a
previous study (Knox et al., 2014), no peaks corresponding to imipenem degradation products were
identified.

Table 1. Results of the MALDI-TOF MS meropenem (MER) and imipenem (IMI) hydrolysis

assays.?
No. of
carbapenemase
Resistance No. of producer§ Sensitivity Specificity
mechanism isolates detected using
MALDI-TOF MS":
MER | IMI MER IMI MER IMI
assay® | assay assay® assay assay*® assay
Pseudomonas 90% 97% 93% 100%
aeruginosa
IMP 97 91 96
VIM 41 33 38
GES 4 4 4
Total
carbapenemase 142 128 138
producers
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Non-

carbapenemase 108 8 0
producers

Enterobacteriaceae 99% 96% 100% 100%
KPC 21 20 21
VIM 18 18 16
IMP 1 1 1
NDM 24 24 24
OXA-48-like 19 19 18
Total

carbapenemase 83 82 80
producers

Non-

carbapenemase 41 0 0
producers

2 Rows representing the total number of isolates per category are in bold.

® Numbers refer to the number of isolates that were interpreted as carbapenemase producers by each method.
¢ Data for the Meropenem assay against Enterobacteriaceae isolates are from a previous study (MALDI-TOF
BIC assay; Papagiannitsis et al., 2015b).

For Enterobacteriaceae isolates, false-positive results were not observed with the imipenem assay
(100% specificity) (Table 1). This assay correctly detected eighty carbapenemase-producing
Enterobacteriaceae, including all KPC-, IMP- and NDM-producing isolates (96% sensitivity). The
imipenem assay missed one OXA-48-producing Klebsiella pneumoniae and two Enterobacter cloacae
expressing VIM metallo-B-lactamases.

To our knowledge, this is the first study validating the use of different carbapenem molecules for
the MALDI-TOF MS detection of carbapenemase activity. Imipenem assay achieved the best sensitivity
(97%) and specificity (100%) scores for P. aeruginosa. Whereas, based on the data previously published
(Papagiannitsis et al., 2015b), the meropenem assay exhibiting 98% sensitivity and 100% specificity was
more efficient against Enterobacteriaceae. For meropenem assay, addition of NHsHCOs to the reaction
buffer is crucial for the efficient detection of OXA-48-type producers (Papagiannitsis et al., 2015b).
Imipenem assay didn’t experience problems with the subset of the OXA-48-type producers. However, for
this assay, addition of ZnSO4 to the reaction buffer increased its sensitivity for the detection of VIM-
producing bacteria (Papagiannitsis unpublished data). This is in accordance with the results of a recent
study demonstrating that addition of zinc ions improved detection of metallo-f-lactamase producers by
MALDI-TOF MS imipenem hydrolysis assay (Knox and Palombo, 2016). These findings may indicate that
distinct strategies must be used for the detection of carbapenemase activity in different pathogen types.
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Figure 1. (a to d) Representative mass spectra of MALDI-TOF MS imipenem hydrolysis assay: (a) imipenem,
(b) non-carbapenemase-producing P. aeruginosa, (c) IMP-producing P. aeruginosa interpreted as positive and
(d) VIM-producing P. aeruginosa interpreted as negative. Peaks corresponding to imipenem are indicated with
arrows with solid lines. The absence of imipenem peak is indicated with diamond-shaped arrows with dotted
lines for carbapenemase producers. (e to h) Representative mass spectra of MALDI-TOF MS meropenem
hydrolysis assay: (e) meropenem, (f) non-carbapenemase-producing P. aeruginosa interpreted as positive, (g)
VIM-producing P. aeruginosa interpreted as positive and (h) IMP-producing P. aeruginosa not interpreted due
to low quality of spectra. Peaks corresponding to meropenem and its sodium salt are indicated with arrows
with solid lines, while peaks corresponding to decarboxylated products of meropenem are shown with arrows
with dotted lines.
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7.2.1 IMI-2-producing Enterobacter asburiz

The acquired class A carbapenemase IMI-1, was originally described in an Enterobacter cloacce
isolated in a Californian hospital in 1984.! Since their first description, IMI-type carbabenemases have
occasionally been detected in Enferobacteriacece from the USA, Europe, the Far East, and South Africa.
Here we report a case of an IMI-2-producing Enterobacter asburice identified in the Czech Republic.

In 2016, E. asburice Easb-36567cz was recovered from a patient admitted to a Czech hospital.
Easb-36567cz was isolated from a rectal swab during routine screening for carbapenemase-producing
Enterobacteriacece (CPE). Easb-36567cz was resistant to aminopenicillins, aminopenicillin-sulbactam
combinations, second-generation cephalosporins, aztreonam, carbapenems and colistin but susceptible to
piperacillin-tazobactam, cefotaxime, ceftazidime, and various non-B-lactam antibiotics (Table 1).
Carbapenemase production was hypothesized by a positive result in the matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS) imipenem hydrolysis assay.? Easb-36567cz
tested negative by the ethylene diamine tetra-acetic acid (EDTA)-meropenem test, whilst the respective
boronic acid-meropenem combined-disc test appeared positive indicating production of a class A
carbapenemase. PCR and sequencing showed that Easb-36567cz carried blan..

Conjugal transfer of blam. to rifampin-resistant Escherichia coli strain A15 was achieved by
mating experiments in mixed-broth cultures, using rifampin (150 mg/L) and ampicillin (50 mg/L) as
selective agents. The B-lactam resistance phenotype of Easb-36567cz was transferred (Table 1) at a
frequency of ca. 10 per donor cell. Transconjugants were confirmed to be IMI producers by PCR and
MALDI-TOF MS imipenem hydrolysis assay.>* blami-positive transconjugant exhibited resistance to
aminopenicillins, aminopenicillin-sulbactam combinations, and imipenem, whilst it remained susceptible
to the remaining antibiotics tested (Table 1). The plasmid location of the blami-» gene was demonstrated by
S1 nuclease analysis of Easb-36567cz and its transconjugant, followed by hybridization with a
digoxigenin-labelled blammi probe. Plasmid analysis indicated transfer of a single plasmid (pEasb-36567cz)
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of ca. 80 kb that hybridized strongly with the blam probe (data not shown). Plasmid pEasb-36567cz was
positive for the FII allele using the replicon typing method.

Plasmid DNA from the IMI-producing transconjugant was extracted using a Qiagen
Large-construct kit (Qiagen, Hilden, Germany), and was sequenced using an Illumina MiSeq platform
(Illumina Inc., San Diego, CA, USA).Sequencing, assembling of the reads, filling of sequence gaps, and
analysis of the plasmid sequence were performed as described previously.*

Table 1. Antimicrobial susceptibility of E. asburiae and the E. coli A15 transconjugant harboring the
IMI-2-encoding plasmid pEasb-36567cz.

MIC (mg/L) of*:

Isolate

Amp | Ams Pip | Tzp | Cfz | Cxm Ctx Caz Fep | Atm | Imp | Mem Etp Gen | Amk | Tet Sxt Cip Col | Fos
E. asburice
Eae- 128 64 16 2 >16 | 64 0.25 0.5 1 4 >32 >16 >2 1 1 1 0.5 0.12 8 2
36567cz
E. coli A15
pEasb- 128 16 8 <1 >16 |4 0.12 025 025 |05 >32 1 0.25 0.5 1 1 0.5 <0.06 [0.25 (2
36567cz
E'C?IfAIS <1 2 <1 <1 2 2 <0.06 [<0.12 | <0.12 | <0.12 | 0.12 | <0.12 [ 0.03 <0.25 | <0.5 1 <0.03 [<0.06 |0.25 |2
(recipient)

* Amp, ampicillin; Ams, ampicillin-sulbactam (inhibitor fixed at 4 mg/L); Pip, piperacillin; Tzp, piperacillin-tazobactam (inhibitor fixed at 4 mg/L); Cfz,
cefazolin; Cxm, cefuroxime; Ctx, cefotaxime; Caz, ceftazidime; Fep, cefepime; Atm, aztreonam; Imp, imipenem; Mem, meropenem; Etp, ertapenem; Gen,
gentamicin; Amk, amikacin; Tet, tetracycline; Sxt, trimethoprim-sulfamethoxazole; Cip, ciprofloxacin; Col, colistin; Fos, fosfomycin.

Sequencing data showed that plasmid pEasb-36567cz is 77,824 bp in size. pEasb-36567cz showed
a high degree of similarity to pJF-787 (99% coverage; 99% identity), previously characterized from
Klebsiella variicola strain H152460787 (GenBank accession no. KX868552). The plasmid backbone was
composed of regions responsible for replication (repA gene), conjugative transfer (zra and trb genes), and
maintenance (par4ABand psiAB operons, and klcA gene) of the plasmid (Figure S1).The LysR-type regulator
gene (imiR-2) was found upstream ofblamr,. In their genetic environment, ISEc36 was detected upstream
ofimiR-2, whilst remnants of mobile elements IS/, Tn3-like and ISEael as well as an intact insertion
sequence exhibiting 86% identity to ISSgsp! (GenBank accession no. HE578057) were found downstream
of blami» (Figure S1). pEasb-36567cz carried no additional resistance genes.

To our knowledge, this is the first description of an IMI carbapenemase-producing
Enterobacteriacece from the Czech Republic. Of note was that IMI-2-producing E asburice Easb-36567cz
was isolated from a patient with no history of travelling abroad or previous hospitalization. This finding
indicates the spread potential of carbapenemase genes via routes that remain largely unknown. The patient
was isolated to avoid further spread of CPE and was successfully treated for his main disease.

IMI carbapenemases, together with closely related NMC-A B-lactamase, are mainly found in
Enterobacter spp. and have remained overall uncommon in the clinical setting, unlike other class A
carbapenemase such as the KPC-type enzymes. Similarly to previous reports, the blani> gene was located
in a conjugative plasmid and was linked to mobile elements.>> These features may be involved in the future
spread of this emerging resistance mechanism between different members of Enterobacteriacece. Therefore,
accurate detection of IMI-producing Enterobacteriacece, which exhibit unusual antimicrobial resistance
profiles, is of utmost importance since such bacteria can act as hidden sources of clinically important
resistance determinants.
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Figure Si1. Linear map of the blami.-carrying plasmid pEasb-36567cz. Arrows show the direction of
transcription of open reading frames (ORFs), while truncated ORFs appear as rectangles (arrows within
rectangles indicate the direction of transcription). Resistance genes, IS elements and transposases are shown
in red, yellow and green, respectively. The repA genes is shaded pink, while tra and trb genes are shown in

light blue. The remaining genes are shown in white.
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7.3.1 Abstract

The aim of the present study was to characterize sporadic cases and an outbreak of
NDM-like-producing Enterobacteriacece recovered from hospital settings, in Czechia. During 2016, 18
Entrobacteriaceae isolates including 9 Enterobacter cloacce complex, 4 Escherichia coli, 1 Enterobacter
asburice, 1 Enterobacter intermedius, 1 Klebsiella pneumonice, 1 Klebsiella oxytoca, and 1 Raoultella
ornithinolytica that produced NDM-like carbapenemases were isolated from 15 patients. Three of the
patients were colonized or infected by two different NDM-like producers. Moreover, an NDM-4-producing
Enterobacter, isolated in 2012, was studied for comparative purposes. All Enterobacter isolates, recovered
from the same hospital, were assigned to ST182. Additionally, two E. coli belonged to ST167, while the
remaining isolates were not clonally related. Thirteen isolates carried blanpm-4, while six isolates carried
blanpm-1 (n = 3) or blanpm-s (n = 3). Almost all isolates carried blanpm-like-carrying plasmids being positive
for the IncX3 allele, except ST58 E. coli and ST14 K. pneumonice isolates producing NDM-1. Analysis of
plasmid sequences revealed that all IncX3 blanpm-like-carrying plasmids exhibited a high similarity to each
other and to previously described plasmids, like pNDM-QD28, reported from worldwide. However,
NDM-4-encoding plasmids differed from other IncX3 plasmids by the insertion of a Tn3-like transposon.
On the other hand, the ST58 E. coli and ST14 K. pneumonice isolates carried two novel NDM-1-encoding
plasmids, pKpn-35963cz and pEsco-36073cz. Plasmid pKpn-35963cz that was an IncFIB(K) molecule
contained an acquired sequence, encoding NDM-1 metallo-B-lactamase (MBL), which exhibited high
similarity to the mosaic region of pS-3002cz from an ST11 K. pneumonice from Czechia. Finally,
pEsco-36073cz was a multireplicon A/C>+R NDM-1-encoding plasmid. Similar to other type 1 A/C,
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plasmids, the blanpm.1 gene was located within the ARI-A resistance island. These findings underlined that
IncX3 plasmids have played a major role in the dissemination of blanpm-like genes in Czech hospitals. In
combination with further evolvement of NDM-like-encoding MDR plasmids through reshuffling,
NDM-like producers pose an important public threat.

7.3.2 Introduction

Acquired carbapenem-hydrolyzing f-lactamases are resistance determinants of increasing clinical
importance in Gram-negative pathogens. Of these, NDM-1 metallo-f3-lactamase (MBL) was first described
in Klebsiella pneumonice and Escherichia coli isolated in Sweden in 2008 from an Indian patient transferred
from a New Delhi hospital.! Since then, NDM-1-producing bacteria, including clinical isolates of
Enterobacteriacece and Acinetobacter baumannii, have been reported from the Indian subcontinent but also
worldwide.?

In Czechia, the occurrence of NDM-producing bacteria was rare, with only three sporadic cases
being detected during 2011-2013. These cases included an NDM-1-producing A. baumanni isolated from
a patient repatriated from Egypt, an NDM-4-producing strain of an Enterobacter species from a patient
previously hospitalized in Sri Lanka and a ST11 K. pneumonice isolate carrying two NDM-1-encoding
plasmids, from Slovakia.’> However, an increase in the isolation frequency of NDM-like-producing
Enterobacteriacece from Czech hospitals was observed, during 2016.

Thus, the aim of the present study was to characterize the NDM-like producers detected in Czech
hospitals, during 2016. Also, we describe the complete nucleotide sequences of representative
blanpwm-like-carrying plasmids harbored by the studied isolates.

7.3.3 Materials and methods
7.3.3.1 Bacterial isolates and confirmation of carbapenemase production

In 2016, Czech hospitals referred a total of 410 Enterobacteriacece isolates with a meropenem
MIC of >0.125 ug/ml to the National Reference Laboratory for Antibiotics.® Species identification was
confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) using MALDI Biotyper software (Bruker Daltonics, Bremen, Germany). All isolates were tested for
carbapenemase production by the MALDI-TOF MS meropenem hydrolysis assay.” Isolates that were
positive by the MALDI-TOF MS meropenem hydrolysis assay were subjected to metallo-f-lactamase,
KPC, and OXA-48 detection using the double-disc synergy test with EDTA, the phenylboronic acid disc
test, and the temocillin disc test, respectively.’!° Additionally, carbapenemase genes (blaxrc, blavim, blamp,
blanpm, and blaoxa-as-like) were detected by PCR amplification.”!!"!* PCR products were sequenced as
described below. Isolates positive for blanpm-like genes were further studied. Moreover, the
NDM-4-producing Enterobacter isolate, recovered at the University Hospital Pilsen (Pilsen, Czechia)
during 2012, was included in this study for comparative purposes.*

7.3.3.2  Susceptibility testing

The MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, aztreonam,
meropenem, ertapenem, gentamicin, amikacin, chloramphenicol, tetracycline, trimethoprim-
sulfamethoxazole, ciprofloxacin, colistin, and tigecycline were determined by the broth dilution method.'*
Data were interpreted according to the criteria of the European Committee on Antimicrobial Susceptibility
Testing (EUCAST; www.eucast.org).

7.3.3.3 Typing

All isolates were typed by multilocus sequence typing (MLST).!>"!® The databases at:

e  https://pubmlst.org/ecloaca/,
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e  http://mlst.warwick.ac.uk/mlst/dbs/Ecoli,

e  http://bigsdb.web.pasteur.fr/klebsiella and https://pubmlst.org/koxytoca/

were used to assign STs.
7.3.3.4  Detection of f-lactamases

The B-lactamase content of all blanpm-like-positive isolates was determined by isoelectric focusing
(IEF). Bacterial extracts were obtained by sonication of bacterial cells suspended in 1% glycine buffer and
clarified by centrifugation. Sonicated cell extracts were analyzed by IEF in polyacrylamide gels containing
ampholytes (pH 3.5 to 9.5; AP Biotech, Piscataway, NJ). The separated B-lactamases were visualized by
covering the gel with the chromogenic cephalosporin nitrocefin (0.2 mg/ml; Oxoid Ltd., Basingstoke,
United Kingdom)."

On the basis of the IEF data, PCR detection of various bla genes was performed by the use of
primers specific for blarpm.1, blaoxa-1, blasuv, blactx-m, and blacwy, as reported previously.?>* Both
strands of the PCR products were sequenced using an ABI 377 sequencer (Applied Biosystems, Foster
City, CA).

7.3.3.5  Transfer of blanpm-like genes

Conjugal transfer of blanpm-like genes from the clinical strains was carried out in mixed broth
cultures, using the rifampin-resistant E. coli A15 laboratory strain as a recipient.’* Transconjugants were
selected on MacConkey agar plates supplemented with rifampin (150 mg/l) and ampicillin (50 mg/l).
Plasmid DNA from clinical isolates, which failed to transfer blanpm-like by conjugation, was extracted
using a Qiagen Maxi kit (Qiagen, Hilden, Germany) and used to transform E. coli DH5a cells. The
preparation and transformation of competent E. coli cells were done using calcium chloride.?
Transformants were selected on Luria-Bertani agar plates with ampicillin (50 mg/l). Transconjugants or
transformants were confirmed to be NDM-like producers by PCR and the MALDI-TOF MS meropenem
hydrolysis assay."’

7.3.3.6  Plasmid analysis

To define the genetic units of the blanpm-like genes, the plasmid contents of all NDM-producing
clinical and recombinant strains were analyzed by pulsed-field gel electrophoresis (PFGE) of total DNA
digested with S1 nuclease (Promega, Madison, W1, USA).?¢ Following PFGE, the DNA was transferred to
a BrightStar-Plus positively charged nylon membrane (Applied Biosystems, Foster City, CA) and
hybridized with digoxigenin-labeled blanpwm-like probe.

Plasmid incompatibility (Inc) groups were determined by the PCR-based replicon typing (PBRT)
method, using total DNA from transconjugants or transformants.?’ 28 Additionally, the IncR replicon was
detected as described previously.?’

7.3.3.7  Detection of characteristic regions

Based on the results from Illumina sequencing (see below), six PCRs targeting characteristic
regions of NDM-4-ncoding IncX3 plasmids and ST 182 Enterobacter genomes sequenced during this study
were designed. The selected regions included: (i) a Tn3-like transposon found in NDM-4-encoding IncX3
plasmids, and (ii) four insertions identified in the genome of Encl-922 (see section: Comparative analysis
of Enterobacter isolates). All NDM-producing clinical or recombinant strains were screened for the
presence of the regions described above by the use of specific primers (Table S1).
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7.3.3.8 Plasmid and chromosome sequencing

Ten plasmids were selected for complete sequencing. These plasmids were selected as
representatives of different origins, plasmid sizes and hospitals. Additionally, E. cloace isolates Encl-922
and Encl-44578 were also selected for whole genome sequencing. These two isolates were selected as
representatives of different isolation periods.

Plasmid DNAs from transconjugants or transformants were extracted using a Qiagen
Large-Construct kit (Qiagen, Hilden, Germany). Additionally, the genomic DNAs of Enterobacter isolates
were extracted using a DNA-Sorb-B kit (Sacace Biotechnologies S.r.l., Como, Italy). Multiplexed DNA
libraries were prepared, using the Nextera XT Library Preparation kit, and 300-bp paired-end sequencing
was performed on the Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA) using the MiSeq
v3 600-cycle Reagent kit. Initial paired-end reads were quality trimmed using the Trimmomatic tool v0.33
with the sliding window size of 4 bp, required average base quality >17 and minimum read length of 48
bases Genomic DNA reads of E. cloacee were consequently assembled using the de Bruijn graph-based de
novo assembler SPAdes v3.9.1, using k-mer sizes 21, 33, 55, 77, 99 and 127.3%3! For assembly of the
plasmids, reads were mapped to the reference E. coli K-12 substrain MG 1655 genome (GenBank accession
no. U00096) using the BWA-MEM algorithm, in order to filter out the chromosomal DNA.3? Then, all the
unmapped reads were assembled in the same way as described above. The sequence gaps were filled by a
PCR-based strategy and Sanger sequencing. For sequence analysis and annotation, the BLAST algorithm
(www.ncbi.nlm.nih.gov/BLAST), the ISfinder database (www-is.biotoul.fi/), and the open reading frame
(ORF) finder tool (www.bioinformatics.org/sms/) were utilized. Comparative genome alignments were
performed using the Mauve v2.3.1 program. ™

Antibiotic  resistance genes were identified using the ResFinder 2.1  tool
(https://cge.cbs.dtu.dk/services/ResFinder/) with an identity threshold of >90%.3*

7.3.3.9 Comparative analysis of E. cloacce clinical isolates

Comparative genomic analysis of Enterobacter clinical strains was based on statistics calculated
by QUAST v4.5 and VarScan v2.3.9 tools.’> 3¢ All quality trimmed Illumina reads of Encl-922 were
mapped to contigs of Encl-44578, employing BWA-MEM algorithm v0.7.12 and SAMtools v1.3, for the
format conversions and analysis of the results.’>37 Then, single nucleotide polymorphisms (SNPs) and
indels were detected employing VarScan with parameters set as follows: minimum read depth at a position
=6, minimum base quality at a position =20 and minimum variant allele frequency threshold of 0.45.
Moreover, SNPs and indels located in a region within 127 bp from any edge of a contig, as well as SNPs
and indels harbored by contigs smaller than 2 kb were excluded from further analysis. Remaining SNPs
and indels were also manually checked and refined by visualization of mapped data via Tablet
v1.14.04.10.%® Differences in assembly of E. cloacee genomes were inspected using QUAST’s Icarus
viewer.*® In order to examine whether SNPs and indels were located in intergenic or coding regions, as well
as to find out what are the differences in genetic information between studied isolates, contigs of clinical
strains were annotated using Prokka v1.10.*" Genes harboring SNPs were compared against NCBI’s
conserved domain database via CD-Search to identify conserved domain hits.*'*? Finally, sequencing data
of clinical strains were examined for the presence of prophage sequences using PHAST web server.+

7.3.3.10 Nucleotide sequence accession numbers

The nucleotide sequences of the pEsco-5256cz, pEncl-922cz, pRor-30818cz, pKpn-35963cz,
pEsco-36073cz, pEncl-44578cz, pEnas-80654cz, pEnin-51781cz, pEsco-4382cz and pKlox-45574cz
plasmids have been deposited in GenBank under accession numbers MG252891, MG252892, MG252893,
MG252894, MG252895, MG833402, MG833403, MG833404, MG833405 and MG833406, respectively.
Whole genome assemblies of Enterobacter isolates were deposited in NCBI under accession number
PRINA432167.
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7.3.4 Results
7.3.4.1 Carbapenemase-producing Enterobacteriacece

A total of 40 Enterobacteriacece isolates showing carbapenemase activity on MALDI-TOF MS
meropenem hydrolysis assay were recovered from Czech hospitals during 2016. PCR screening showed
that 18 of the isolates were positive for blanpwm, 14 isolates were positive for blaoxa-4s, while the remaining
8 isolates were positive for blakpc.

7.3.42  NDM-like-producing isolates

Altogether, 18 nonrepetitive isolates producing NDM-like carbapenemases were isolated from 15
patients in 2016. Among them, 9 were identified to be E. cloace complex, 4 were identified to be E. coli,
while the remaining isolates belonged to unique species (Enterobacter asburice, Enterobacter intermedius,
K. pneumonice, Klebsiella oxytoca, and Raoultella ornithinolytica). Three of the patients were colonized or
infected by two different NDM-like producers (Table 1).

NDM-like producers were collected from five Czech hospitals located in three different Czech
cities. In hospital B1, an outbreak that included ten patients diagnosed with NDM-like-producing
Enterobacteriacece lasted the studied period. Additionally, two patients colonized or infected with
NDM-like producers were reported in hospital B2. The three remaining cases were identified in three
different hospitals. None of the patients, treated in hospital B1, had recently traveled abroad or had been
previously hospitalized. The patient treated in hospitals was directly repatriated from a hospital in China,
while clinical data weren’t available for the remaining patients.

Additionally, the NDM-4-producing Enterobacter isolate identified in 2012, was studied.*

Table 1. Characteristics of NDM-like-producing Enterobacteriaceae

Isolation | Material Size of Replicon of Additional resistan
Isolate® mn/yr (infection/ ST B-Lactamase content NDM-encoding NDM-encoding markefs 4 csistance
(hospital) | colonization) plasmid (kb)® plasmid
E. xiangf A
09/2012 | Rectal swab NDM-4, CTX-M-15, OXA-1,
Encl-922 (B1) (colonization) ST182 TEM-1 55 (53.683) IncX3
04/2016 | Rectal swab NDM-4, CTX-M-15, OXA-1,
Encl-66918 (B1) (colonization) ST182 TEM-1 ~55 IncX3
06/2016 | Bile NDM-4, CTX-M-15, OXA-1,
Encl-89040 (B1) (infection) ST182 TEM-1 ~55 IncX3
07/2016 | Venous catheter NDM-4, CTX-M-15, OXA-1,
Encl-44578 (B1) (infection) ST182 TEM-1 ~55 (53.683) IncX3
072016 | Bile NDM-4, CTX-M-15, OXA-1,
Encl-894850 (B1) (infection) ST182 TEM-1 ~55 IncX3
09/2016 | Throat swab NDM-4, CTX-M-15, OXA-1,
Encl-91221 (B1) (colonization) ST182 TEM-1 55 IncX3
Encl-o3141 | 10/2016 | Peritoneal catheter | op o) [ \pvig CTX-M-15, OXA-1 | ~55 IncX3
(B1) (infection)
Encl-98042 112016 | Rectal swab ST182 | NDM-4, CTX-M-15, OXA-1 | ~55 IncX3
(B1) (colonization)
11/2016 | Rectal swab NDM-4, CTX-M-15, OXA-1,
Encl-98047m (B1) (colonization) ST182 TEM-1 ~55 IncX3
12/2016 | Rectal swab NDM-4, CTX-M-15, OXA-1,
Encl-98546 (B1) (colonization) ST182 TEM-1 ~55 IncX3
E. asburice
07/2016 | Bile .
Enas-806540 (B1) | (infection) | NA | NDM-4, CTX-M-15 | ~55 (53.683) IncX3 |
E. intermedius
Enin-51781 10/2016 | Rectal swab NA [ NDM-4, CTX-M-15, OXA-1 | ~55 (53.683) IncX3
(B1) (colonization)
E. coli
Esco-14290 | 06/2016 [ Nasal swab ST167 [ NDM-5, CTX-M-15, TEM-1 | ~45 IneX3
(B2) (colonization)
072016 Bronchoalveolar
Esco-5256 A (B2) lavage ST167 | NDM-5, CTX-M-15, TEM-1 ~45 (46.161 IncX3
(infection)
floR, tet(A), strAB, sul2,
09/2016 | Urine NDM-1, CMY-16, OXA-10, IncR, aacA4, aphA7, dfrAl4,
Esco-36073 | (A1) (infection) STS8 | CTX-M-15, TEM-1 300 (300.958) IncA/Cs arr-2, emlAl, aadAl,
aphA6, sull
Esco-4382m | 12/2016 [ Rectal swab ST69 | NDM-4, CTX-M-15, TEM-1 | ~55 (53.683) IncX3
(B1) (colonization)
K. oxytoca
07/2016 | Rectal swab
Klox-45574 A (B2) (colonization) | ST2 | NDM-5 | ~45 (46.161 IncX3 |
K. pneumonice
09/2016 | Urine catheter NDM-1, SHV-12, CTX-M-15. .
-, . . ’ ’ |~ - s & >
Kpn-35963 (A2) (infection) | ST14 | OXA-1 | 150 (161.324 IncFIB aacA4, dfrA14, mph(A)
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Raoultella ornithinolytica

09/2016
Ror-30818 ©

Rectal swab
(colonization)

NDM-1, SHV-12, CTX-M-15, ]
|NA | OXA-L TEM.1 =55 (53.051) IneX3

NA Not applicable.
? White circles, black squares, and black triangles each indicate the NDM-like-producing isolates recovered from the same patient.
b Data for plasmids found in transconjugants are shown in bold; data for plasmids observed in transformants are underlined.

All 19 NDM-like producers exhibited resistance to piperacillin, piperacillin-tazobactam,
cephalosporins and ertapenem (Table S2), while the observed variations in the MICs of aztreonam might
reflect the presence of additional resistance mechanisms in some of the isolates. Seventeen of the NDM-like
producers also exhibited resistance to ciprofloxacin; 15 were resistant to gentamicin, 13 were resistant to
trimethoprim-sulfamethoxazole, 1 was resistant to amikacin and 1 was resistant to colistin, whereas all
isolates were susceptible to tigecycline.

The population structure of NDM-like-producing isolates studied by MLST is shown in Table 1.
All Enterobacter isolates, which were recovered from hospital B1, belonged to ST182. Of note was that
the NDM-4-producing Enterobacter that was isolated, in 2012, from the patient previously hospitalized in
Sri Lanka was also assigned to ST182.* ST182 Enterobacter isolates were previously identified in Mexico
and were associated with the production of NDM-1 enzyme.**> Two of E. coli, both of which were from
hospital B2, belonged to ST167. E. coli ST167 was recently found among NDM-5-producing isolates from
different healthcare institutions in China.*® 4’ The two remaining E. coli isolates were not clonally related
and belonged to different STs (ST58 and ST69). The K. pneumonice isolate was assigned to the high risk
clone ST14, while the K. oxyfoca isolate was classified into ST2 that belongs to a growing international
clonal complex (CC2).484

Sequencing of the PCR products revealed three blanpm-type genes encoding the NDM-1, NDM-4
and NDM-5 enzymes (Table 1).1°%3! NDM-5 is an NDM-1-related MBL variant that differs from NDM-1
by two amino-acid substitutions, Val88Leu and Metl54Leu, the former one being its only change with
NDM-4. Thirteen of the isolates, all of which were from hospital B1, were found to produce the NDM-4
MBL (Table 1). The three isolates from hospital B2 produced the NDM-5 enzyme, while the three
remaining isolates that were recovered from sporadic cases in three different hospitals expressed NDM-1
carbapenemase. Additionally, most of blanpwm-like-positive isolates were confirmed to coproduce the
extended-spectrum B-lactamase CTX-M-15 (n = 18) either alone or along with TEM-1 (n=13) and/or
OXA-1 (n=13), whereas the K. pneumonice and R. ornithinolytica isolates also expressed the SHV-12
enzyme. The ST58 NDM-1-producing E. coli isolate coproduced CMY-16, CTX-M-15, OXA-10 and
TEM-1 B-lactamases.

7.3.43  blanpm-like-carrying plasmids

The blanpm-like genes from all clinical strains were transferred by conjugation (n=14) or
transformation (n = 5) (Table 5). All blanpwm-like-positive recombinants exhibited resistance to piperacillin,
piperacillin-tazobactam, cephalosporins and ertapenem, while they remained susceptible to meropenem
(Table S2). The three NDM-1-producing recombinants also exhibited resistance to aztreonam.
Additionally, most of blanpm-like-positive recombinants (n=18) were susceptible to non-B-lactam
antibiotics.

Plasmid analysis of NDM-4-producing donor and transconjugant strains revealed the transfer of
plasmids, all of which were ~55 kb in size (Table 1). The three NDM-5-producing transformants harbored
plasmids of ~45 kb, whereas the three remaining recombinants carried blanpm-i-positive plasmids of
different sizes (~55 kb, ~150 kb and ~300 kb). Replicon typing showed seventeen of the plasmids, including
those sizing ~45 kb, and ~55 kb, were positive for the IncX3 allele. The blanpm-1-positive plasmid of ~300
kb was positive for replicons R and A/C, whereas the one remaining blanpm-1-carrying plasmid was
nontypeable by the PBRT method.?”- 2

7.3.44  Structure of blanom-like-carrying plasmids

The complete sequence of blanpm-like-carrying plasmids representative of different plasmid sizes,
replicons, and resistance genes (n = 10) was determined (Table 1). Sequence analysis revealed that all
IncX3 blanpm-like-carrying plasmids exhibited a high similarity to each other and to previously described

76



NDM-like-encoding plasmids, belonging to IncX3 group, reported from worldwide.’*>* The
blanpm-s-positive plasmids, pEsco-5256¢z and pKlox-45574cz, were almost identical to NDM-5-encoding
plasmid pNDM-QD28 (100% coverage, 99% identity) (GenBank accession no. KU167608) that was
characterized from a ST167 E. coli in China.> Differences among these plasmids consisted in few SNPs
(n=15), almost all located in mobile elements. Similar to pPNDM-QD28, no other resistance genes were
detected in these plasmids. Compared to other IncX3 NDM-encoding plasmids, all blanpm-4-encoding
plasmids differed by the insertion of a Tn3-like transposon (nt 7108-14624 in pEncl-44578cz) downstream
topB gene (Figure 1). The Tn3-like sequence was composed by the 38-bp inverted repeats (IR) of the
transposon, tnpA, tnpR and two ORFs encoding hypothetical proteins. Target site duplications of 5 bp
(GTACC) at the boundaries of the Tn3-like element indicated insertion by transposition. Of note was that
the sequence of pEncl-922cz, isolated in 2012, was identical to the respective sequences of
NDM-4-encoding plasmids recovered in the same hospital, during 2016.* PCR screening confirmed the
presence of the Tn3-like transposon in all NDM-4-encoding IncX3 plasmids, isolated in hospital B1, while
Tn3-like wasn’t detected in the remaining blanpm-like-positive plasmids that belonged to IncX3 group.
Furthermore, the blanpm-1-positive plasmid, pRor-30818cz, harbored an additional 7875-bp sequence (nt
40617-48491 in pRor-30818cz) encoding the extended-spectrum B-lactamase SHV-12 (Figure 1). A similar
SHV-12-encoding region was found in the IncX3 blanpwm-i-positive plasmid pKPO4NDM (100% coverage,
99% identity) (GenBank accession no. KU314941) described from a K. prneumonice isolate in China.
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Figure 1. Comparison of linear maps of the NDM-like-encoding IncX3 plasmids pEncl-g22cz,
pEsco-5256¢z, and pRor-30818cz. Arrows show the direction of transcription of open reading frames
(ORFs), while truncated ORFs appear as rectangles (arrows within rectangles indicate the direction
of transcription). Replicons of the plasmids are shown in pink. blanpm-like genes are shaded purple,
while other resistance genes are shown in red. IS elements and transposases are shown in yellow
and green, respectively. Light blue arrows indicate genes responsible for the conjugative transfer of
the plasmids. The remaining genes, including plasmid scaffold regions, are shown in white.
Homologous segments (representing 299% sequence identity) are indicated by light gray shading,
while pink shading shows inverted homologous segments.

The NDM1-encoding plasmid pKpn-35963cz that was nontypeable by the PBRT method was
161324 bp in size.?’ Plasmid pKpn-35963cz was composed of two distinct parts: a contiguous plasmid
backbone of 115998 bp (nt 1-58655 and 103982-161324) and an acquired sequence of 45326 bp (nt
58656-103981). The plasmid backbone, which shared similarities with the respective regions of plasmid
p1605752FIB (GenBank accession no. CP022125) recovered from a pan-resistant isolate of K. preumonice
from the United States, harbored regions responsible for replication [repB gene; IncFIB(K) replicon],
conjugative transfer (fra and #b genes) and plasmid maintenance (vagCD, psiAB, umuCD and parAB
operons, and ssb gene) (Figure 2). The acquired sequence of pKpn-35963cz contained a 17836-bp segment
(nt 77360-95195) encoding NDM-1, which was similar to the mosaic region of pS-3002cz (99% identity).
pS-3002cs was characterized from an ST11 K. pneumonice isolate identified in Czechia.® The acquired
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sequence of pKpn-35963cz contained two additional segments that have also been described in pS-3002cz.
The first segment (nt 65518-72935) included genes encoding an EcoRII methylase and EcoRII
endonuclease, and the class 1 integron In191 carrying the dfi414 resistance gene. The second segment (nt
101342-103981) contained fragments of transposons Tn/000 (ATn/000) and Tni331 (ATni331). ATnl331
comprised tmpR and aacA4 resistance gene. Furthermore the acquired sequence of pKpn-35963cz carried a
macrolide resistance operon [mph(A)], and regions encoding OXA-1 and CTX-M-15 B-lactamases (Figure
2). In the acquired sequence of pKpn-35963cz, intact and truncated copies of several mobile elements that
may have been implicated in the formation of this region were found.

The plasmid pEsco-36073cz, which encoded the NDM-1 carbapenemase, is 300,958 bp in size.
The plasmid showed a complex structure, being composed of sequences of diverse origin (Figure 3). A
170314-bp sequence (nt 232204-300958 and 1-101559) resembled the type 1 A/C, plasmid pRH-1238
(94% coverage, 99% identity) (Figure 3), characterized from a Salmonella enterica serovar Corvallis strain
isolated from a migratory wild bird in Germany.>® Analysis of A/C;-associated sequence by the core gene
PMLST (cgPMLST) scheme indicated that it belonged to cgST3.4.3° The A/C, backbone was composed of
regions responsible for replication (repA gene), conjugative transfer (Tral and Tra2 regions), and plasmid
maintenance (higBA and parAB operons and xerD- and kfrA-like genes). Apart from the backbone, pEsco-
36073cz carried the blacmy->-like-containing region, and the ARI-B and ARI-A resistance islands, as
previously described in other type 1 A/C, MDR plasmids.>”3® The blanpm-1 gene was located within ARI-A,
in a genetic environment similar to those previously identified in pRH-1238.5 However, unlike in pRH-
1238, the ARI-A of pEsco-36073cz lacked the macrolide resistance determinant mphA-mel-repAciN.
Furthermore, a class 1 integron with aacA4 and aphAl gene cassettes was located between resl and resi]
sites of the Tn/696 module. The ARI-A of pEsco-36073cz also carried a new integron, In1459, whose
variable region comprised the dfrdl4, arr-2, cmlAl, blaoxa-10, aadAl cassettes. Additionally,
pEsco-36073cz included fragments resembling the backbone of the recently described IncR plasmid
pKP1780, and sequences previously found in the plasmid pPSP-a3e and in the chromosomes of several
Gram-negative rods.” ® Genes encoding for resistance to arsenate, cooper and mercury were identified in
the three remaining acquired regions of pEsco-36073cz.

78



(A)

pKpn-35963cz

8142560014

161.324 kb

[
W
o 3
23 8 =
= 2 38 S8
£3 o 8 3 3 c 2
~ e g [ c c £ o = c
T 8 - E‘”g SSE— g e & i %L =3
3 5 = = * 2 5 © : S ¢ X
X gﬁggqg'*‘r‘x T Se9 ¥ 2 8 X3 < = ¥ 0% £ 83 g3 8
o VoE g § w8 8 B I3 -3 g © © 04 -] g 4 b 0w NE g WE g § §X
94 99363 @ g uww = B E E E 2 9 g3 kS ESES £ 9 23 3 23 &£ a2

A

IR of IR of IR
Tn503  Tn503

IncR pS-3002¢cz

Figure 2. (A) Overview of the plasmid pKpn-35963cz. The innermost circles show the main regions of
the plasmids. Similarities with other plasmids are shown in the next circle; each color represents a
unique plasmid. In the outer circle, indicative genes and the direction of transcription are shown by
arrows. Replicons of the plasmid are indicated as pink arrows. Genes responsible for plasmid transfer
and maintenance are shown in green and orange, respectively. (B) Linear map of the multidrug
resistance region (MDR) of the plasmid pKpn-35963cz. Arrows show the direction of transcription of
open reading frames (ORFs), while truncated ORFs appear as rectangles (arrows within rectangles
indicate the direction of transcription). blanpm-like genes are shaded purple, while other resistance
genes are shown in red. IS elements and transposases are shown in yellow and green, respectively. intl1
genes are shaded blue. The remaining genes are shown in white. Thin lines below the map correspond
to highly similar sequences from other plasmids.

7.3.4.5 Comparative analysis of Enterobacter isolates

‘In silico’ hsp60 typing of the genome sequences showed that both isolates belonged to the recently
recognized E. xiangfangensis species.®! 62

Since all Enterobacter isolates belonged to the same ST and carried the same IncX3
blanpm.s-carrying plasmid, the WGS data of clinical strains Encl-922 and Encl-44578 were compared, using
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QUAST and VarScan tools, in order to examine the phylogenetic relationship of the isolates recovered in
2012 and 2016.

Comparative analysis of Enterobacter clinical isolates revealed that the genome of Encl-922
exhibited extensive similarity (99.87% identity) to the genome of Encl-44578. Sixteen SNPs were identified
in the genome of Encl-922, compared to that of Encl-44578, five of which were located within prophage
regions (Table 2). Interestingly, Encl-922 harbored three large insertions of 8,933 bp (nt 439392-448324 in
node 2), of 17,903 bp (nt 17786-35688 in node 32) and of 13,165 bp (nt 1-13165 in node 27; prophage
sequence PHAGE Salmon SPN3UB_NC 019545). Additionally, Encl-922 harbored an insertion of 33-bp
sequence (AACCCTCTCCCCAAAGGGGAGAGGGGACGATTA) located in an intergenic region.
Moreover, Encl-922 showed a single nucleotide (G) deletion leading to CDS annotation change of general
stress protein 39 to putative oxidoreductase YghA. Analysis of whole genome sequencing (WGS) data by
PHAST web server found five intact prophage sequences (PHAGE Haemop HP2 NC 003315,
PHAGE_ Salmon SPN3UB_NC 019545, PHAGE_ Entero mEp390 NC 019721,
PHAGE Pseudo PPpW 3 NC 023006, and PHAGE Salmon SP 004 NC 021774) and one
questionable prophage region (PHAGE Entero Sfl NC 027339), in both Enterobacter isolates. However,
Encl-922 included one additional incomplete prophage region (PHAGE Salmon SPN3UB_NC 019545),
which was absent from the Encl-44578 genome.

Screening by PCR and sequencing identified that all Enterobacter isolates, recovered during 2016,
didn’t harbor any of the four mentioned insertions. Thus, this finding indicated that Enterobacter isolates
from 2016 differed from Encl-922.
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Figure 3. (A) Overview of the plasmid pEsco-36073cz. The innermost circles show the main regions of the
plasmids. Similarities with other plasmids are shown in the next circle; each color represents a unique plasmid.
In the outer circle, indicative genes and the direction of transcription are shown by arrows. Replicons of the
plasmid are indicated as pink arrows. Genes responsible for plasmid transfer and maintenance are shown in
green and orange, respectively. (B) Linear map of the ARI-A resistance island of the plasmid pEsco-36073cz.
Arrows show the direction of transcription of open reading frames (ORFs), while truncated ORFs appear as
rectangles (arrows within rectangles indicate the direction of transcription). blanpm-like genes are shaded
purple, while other resistance genes are shown in red. IS elements and transposases are shown in yellow and
green, respectively. intl1 genes are shaded blue; teal blue arrow indicates the group II intron. The remaining
genes are shown in white. Thin lines below the map correspond to highly similar sequences from other
plasmids.

Table 2. Summary table of sixteen SNPs found between the genomes
Encl-44578 (reference) and Encl-922 (query).

of Enterobacter isolates

PROKKA name Conserved domain classification Enzyme Contig | SNP Gene aa
Commision length | substitution
number (aa)

- - - 2 T64623G | - -

-2 - - 7 88097G - -

Methyl viologen resistance protein SmvA MES transporter - 8 T51220C | 496 M293T

D-amino acid dehydrogenase small subunit D-amino acid dehydrogenase 1.4.99.1 23 A46893G | 432 S395S

NADP-dependent malic enzyme NADP-dependent malic enzyme 1.1.1.40 2 A296564G | 759 N584N

Glyoxylate/hydroxypyruvate reductase A Glyoxylate/hydroxypyruvate reductase A 1.1.1.79 4 G113111A | 312 R267H

Ribonuclease E Ribonuclease E 3.1.26.12 4 T156395C | 1035 H685R

Hypothetical protein - - 38 C784A 369 T239N

Hypothetical protein Similar to protein YjaG - 39 A24170G | 196 161V

Low-affinity gluconate transporter Low-affinity gluconate transporter - 6 T100479C | 421 S277P

Arabinose operon regulatory protein DNA-binding transcriptional regulator - 12 A66284G | 281 N193S

Anaerobic dimethyl sulfoxide reductase chain | DMSO_dmsB family protein - 35 T1976G 205 K120Q

B

Tail length tape measure protein COG5281 and Phage_ HK97_TLTM domain-containing | — 5 G24809A | 1154 L824L

protein

Tail length tape measure protein COG5281 and Phage HK97_TLTM domain-containing | — 5 T24845C 1154 A836A

protein

Tail length tape measure protein COG5281 and Phage HK97_TLTM domain-containing | — 5 C24893A 1154 G852G

protein

Terminase-like family protein P family protein - 26 G7615T 589 R485L

? The first two SNPs are located in intergenic regions.

7.3.5 Discussion

The present study investigated sporadic cases and an outbreak of NDM-like-producing
Enterobacteriacece recovered from Czech hospitals, during 2016. Specifically, 12 NDM-4-producing
isolates, which belonged to E. xiangfangensis (n =9), E. asburice (n = 1), E. intermedius (n = 1) and E. coli
species, 3 NDM-5 producers of E. coli (n=2) and K. oxytoca (n=1) species, and one E. coli, one
K. pneumonice and one R. ornithinolytica producing NDM-1 MBL were characterized.

The setting that was most affected was hospital B1, in which an outbreak of NDM-4-producing
ST182 E. xiangfangensis isolates took place. Of note was that the Enterobacter, isolated in 2012 from a
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patient who had been previously hospitalized in Sri Lanka, also belonged to ST182 and harbored an IncX3
blanpm-a-positive plasmid being identical to respective plasmids characterized from Enterobacter isolates
recovered from patients treated in hospital B1 (Table 1), during 2016.* However, comparative genome
analysis revealed the presence of four insertions in the genome of Enterobacter Encl-922 isolate. These
insertions were not found in the genomic DNA of Enterobacter isolates from 2016, suggesting a second
insertion event of NDM-4-producing Enterobacter isolates in Czech hospitals.

In three of the patients, two different NDM-like producers were identified during their
hospitalization, supposing the in vivo horizontal transfer of blanpm-like-carrying plasmids. Sequencing and
PCR screening data revealed the presence of the same blanpm-4- or blanpm-s-carrying plasmid in these
isolates (Table 1). These results confirmed the hypothesis of the in vivo horizontal transfer of
blanpm-like-carrying plasmids.

Results from Illumina sequencing showed that IncX3 plasmids have played a major role in the
dissemination of blanpm-like genes in Czech hospitals, which is in agreement with the findings from
previous studies from worldwide.?>>* In the current study, three blanpm-type genes, encoding the NDM-1,
NDM-4, and NDM-5 enzymes, were associated with IncX3 plasmids exhibiting high similarity to each
other. Considering also the fact that NDM-1, NDM-4 and NDM-5 differ by one or two amino-acid
substitutions may indicate the possibility that blanpm-like genes encoding NDM-1-related variants have
evolved in the same plasmid type. Additionally, Illumina data showed the presence of a unique sequence,
a Tn3-like transposon, in sequenced blanpms-carrying plasmids. PCR confirmed the presence of the
Tn3-like sequence in all transconjugants, carrying blanpm.s-positive plasmids. Thus, the PCR targeting the
Tn3-like sequence was able to distinguish blanpm-s-positive plasmids from other IncX3 plasmids carrying
blanpm-1 or blanpm.s. On the other hand, two of the sporadic isolates carried novel NDM-1-encoding
plasmids. Plasmid pKpn-35963cz that was an IncFIB(K) molecule contained an acquired sequence,
encoding NDM-1 MBL, which exhibited high similarity to the mosaic region of pS-3002cz from an ST11
K. pneumonice from Czechia.®> Whereas plasmid pEsco-36073cz was a multireplicon A/Cy+R
NDM-1-encoding plasmid, being a fusion derivative of sequences of diverse origin. Similar to other type 1
A/C; plasmids (Villa et al., 2015; Harmer and Hall, 2015), the blanom-1 gene was located within the ARI-
A resistance island.> %

In conclusion, the data presented here contribute to the current knowledge of NDM-like-producing
Enterobacteriacece. In agreement with previous studies, our findings punctuate that NDM-like producers
constitute an important public threat, mainly due to the rapid horizontal transfer of IncX3 blanpm-carrying
plasmids but, also, due to further evolvement of NDM-like-encoding MDR plasmids via reshuffling.

Table S1. Oligonucleotide primers.

Name Sequence (5°-3’) Usage Reference
pNDM-F CGTGGCTCTTGTCATGCTGA Tn3-like segment mapping with pNDM4-R This study
pNDM4-R TAACGACAAAGATCAGGAGCA Tn3-like segment mapping with pNDM-F This study
pNDM4-F TGCAGGTTCGCTGAAGCTG Tn3-like segment mapping with pNDM-R This study
pNDM-R AGGGAAGTAGTCTCTGATATCT Tn3-like segment mapping with pNDM4-F This study
922.9k-F GATCGGCAGTAGAGGTGGA 9-kb segment mapping with 922.9k-R This study
922.9k-R TACCAAAGCAACAGCTGACG 9-kb segment mapping with 922.9k-F This study
922.13k-F GCTCTACAGCAGCGTTCCAG 13-kb segment mapping with 922.13k-R This study
922.13k-R AGTGGGAAAGCGTTGCAGATC 13-kb segment mapping with 922.13k-F This study
922.18k-F TGATACATGAACAAGGCAGATG 18-kb segment mapping with 922.18k-R This study
922.18k-R GTGCGATCAATGGTTAACTCA 18-kb segment mapping with 922.18k-F This study
922.33b-F ATGGCGAAACTGCCCTCGA 33-bb insertion mapping with 922.33b-R This study
922.33b-R TCTGTCTGAACGTGCTGGCT 33-bb insertion mapping with 922.33b-R This study
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Table Sz. Antimicrobial susceptibility of NDM-like-producing clinical and recombinant strains.

MIC (mg/l) of:*
Isolate
Pip Tzp Ctx Caz Fep Atm Mem Etp Gen Amk | Cmp | Tet Sxt Cip Col Tge
Encl-922 >128 | >128 >8 >16 >16 >16 4 >2 16 2 16 >32 >4 >8 0.25 1
Tre Encl-922 128 128 >8 >16 16 <0.12 1 2 <0.5 <0.25 |4 0.5 <0.03 <0.06 0.25 0.25
Encl-66918 >128 | >128 >8 >16 >16 >16 4 >2 16 2 16 >32 >4 >8 0.25 1
Tre Encl-66918 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-89040 >128 | >128 >8 >16 >16 >16 2 >2 16 4 16 >32 >4 >8 0.25 1
Trc Encl-89040 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-44578 >128 | >128 >8 >16 >16 >16 2 >2 16 1 16 >32 >4 >8 0.25 1
Trc Encl-44578 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-89485 >128 |[>128 >8 >16 >16 >16 4 >2 16 1 16 >32 >4 >8 0.25 1
Trc Encl-89485 128 128 >8 >16 8 <0.12 1 2 <0.5 <025 |4 1 <0.03 <0.06 0.25 0.25
Encl-91221 >128 | >128 >8 >16 >16 >16 4 >2 >32 1 16 >32 >4 >8 0.25 1
Trc Encl-91221 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-93141 >128 | >128 >8 >16 >16 >16 4 >2 16 1 16 >32 0.5 >8 <0.12 1
Trc Encl-93141 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-98042 >128 | >128 >8 >16 >16 >16 2 >2 32 1 16 >32 1 >8 0.25 1
Trc Encl-98042 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-98047 >128 | >128 >8 >16 >16 >16 2 >2 16 1 16 >32 >4 >8 0.25 1
Trc Encl-98047 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Encl-98546 >128 | >128 >8 >16 >16 >16 16 >2 16 1 16 >32 0.25 0.12 0.25 1
Tre Encl-98546 128 128 >8 >16 8 <0.12 1 2 <0.5 <0.25 |4 1 <0.03 <0.06 0.25 0.25
Enas-80654 >128 | >128 >8 >16 >16 0.5 16 >2 <0.25 <0.5 16 8 0.12 8 >16 1
Trc Enas-80654 128 128 >8 >16 | 8 <0.12 1 2 <0.5 <025 |4 1 <0.03 | <0.06 | 0.25 0.25
Enin-51781 >128 | 128 >8 >16 >16 >16 2 >2 16 1 16 >32 1 1 0.25 1
Trc Enin-51781 128 128 >8 >16 16 <0.12 1 2 <0.5 <025 |4 0.5 <0.03 | <0.06 | 0.25 0.25
Esco-36073 >128 | >128 >8 >16 >16 16 2 >2 8 4 >32 >32 >4 <0.06 0.25 0.25
Trc Esco-36073 >128 | >128 >8 >16 >16 16 2 >2 2 2 >32 32 >4 <0.06 0.25 0.25
Esco-4382 >128 | >128 | >8 >16 | >16 | <0.12 1 >2 32 1 4 >32 | >4 >8 0.25 0.25
Trc Esco-4382 128 128 >8 >16 16 <0.12 1 2 <0.5 <0.25 |4 0.5 <0.03 <0.06 0.25 0.25
Esco-5256 >128 | >128 >8 >16 >16 1 8 >2 <0.25 <0.5 4 >32 >4 >8 <0.12 0.12
Trf Esco-5256 128 128 >8 >16 >16 <0.12 2 >2 <0.5 <025 |2 0.5 <0.03 <0.06 0.25 0.25
Esco-14290 >128 | >128 >8 >16 >16 >16 2 2 16 1 16 >32 >4 >8 0.25 0.12
Trf Esco-14290 128 128 >8 >16 >16 <0.12 2 >2 <0.5 <025 |2 0.5 <0.03 <0.06 0.25 0.25
Klox-45574 >128 | >128 >8 >16 >16 >16 4 >2 <0.25 <0.5 >32 >32 >4 2 <0.12 0.5
Trf Klox-45574 128 128 >8 >16 >16 <0.12 2 >2 <0.5 <025 |2 0.5 <0.03 <0.06 0.25 0.25
Kpn-35963 >128 | >128 >8 >16 >16 >16 2 >2 0.5 4 16 >32 1 >8 0.25 0.5
Trf Kpn-35963 >128 | 64 >8 >16 8 >16 0.5 2 0.5 4 1 16 0.25 <0.06 0.25 0.25
Ror-30818 >128 | >128 >8 >16 >16 >16 8 >2 >32 >64 >32 4 >4 >8 0.25 1
Trf Ror-30818 >128 | >128 >8 >16 16 >16 1 >2 0.5 4 1 16 0.25 <0.06 0.25 0.25
*  Pip, piperacillin; Tzp, piperacillin-tazobactam (inhibitor fixed at 4 mg/l); Ctx, cefotaxime; Caz, ceftazidime; Fep, cefepime; Atm, aztreonam; Mem,
meropenem; Etp, ertapenem; Gen, gentamicin; Amk, amikacin; Cmp, chloramphenicol; Tet, tetracycline; Sxt, trimethoprim-sulfamethoxazole;
Cip, ciprofloxacin; Col, colistin; Tgc, tigecycline.
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7.4.1 Abstract

A VIM-1-producing ST92 Enterobacter cloacae was isolated in a Czech hospital. blayim.1 was
part of the class 1 integron In110 carried by a Tn/721-like transposon. Tn/721-like was located on a ColE1-
like plasmid, pEncl-30969cz (33,003 bp). Target site duplications at the boundaries of Tn/72/-like
suggested its transposition into the pEncl-30969cz backbone.

The emergence and spread of carbapenemase-producing Enterobacteriaceae (CPE) have caused a
public health crisis of global dimensions (Nordmann et al., 2011). In Europe, during the period 2001-2008,
VIM producers prevailed among CPE (Tzouvelekis et al., 2012). However, in the Czech Republic, the
isolation frequency of Enterobacteriaceae producing VIM-type metallo-B-lactamases (MBLs) has been
low, with only sporadic cases being detected (Hrabak et al., 2013; Papousek et al., 2017). The aim of the
present study was to report a case of a VIM-1-producing Enterobacter cloacae isolate (Encl-30969cz) of
Czech origin. We also describe the sequence of pEncl-30969cz, a novel VIM-1-encoding plasmid, harbored
by Encl-30969cz.
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Encl-30969cz was recovered from the sputum of a patient, with a chronic pulmonary disease, who
was treated in a Czech hospital, in August of 2015. Encl-30969cz was resistant to piperacillin, piperacillin-
tazobactam combination, cephalosporins and ertapenem but susceptible to aztreonam, meropenem,
tigecycline and colistin (Table 1), as determined by broth dilution method (EUCAST 2003) and interpreted
according to EUCAST criteria (http://www.eucast.org/). Carbapenemase production was hypothesized due
to a positive result in the matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) meropenem hydrolysis assay (Rotova et al., 2017). Ecl-35771cz was ML positive
with the EDTA-meropenem test (Lee et al., 2003). PCR screening for various MBL-encoding genes
(Ellington et al., 2007; Yong et al., 2009) followed by sequencing revealed the presence of the blavim.1 gene
in Encl-30969cz.

The multilocus sequence typing (MLST) analysis (Miyoshi-Akiyama et al., 2013) classified the
isolate into ST92. ST92 was originally identified among CTX-M-15-producing E. cloacae isolates from a
rehabilitation unit located in Israel (Izdebski et al., 2015).

Attempts to transfer B-lactam resistance from Encl-30969cz to rifampin-resistant Escherichia coli
strain A15 by conjugation were unsuccessful. Plasmid DNA from Encl-30969cz was extracted using a
Qiagen Maxikit (Qiagen, Hilden, Germany) and used to transform E. coli DH5a cells. Transformants were
selected on Luria-Bertani agar plates with ampicillin (50 pg/ml), and confirmed to carry blavim by PCR

(Ellington et al., 2007). blavim.i-positive transformant exhibited resistance to penicillin, penicillin-
sulbactam combination, cephalosporins and carbapenems (Table 1). The plasmid location of blaym.1 gene
was demonstrated by the S1 nuclease analysis (Barton et al., 1995) of Encl-30969cz and its transformant,
followed by hybridization with a digoxigenin labeled blavim probe. Plasmid analysis indicated transfer of
a single plasmid (pEncl-30969cz) of approximately 30 kb that hybridized strongly with the blavim probe.
Plasmid pEncl-30969cz was nontypeable by PCR-based replicon typing (PBRT) (Carattoli et al., 2005).

Plasmid DNA from the VIM-producing E. coli transformant was extracted using a Qiagen Large-
Construct Kit (Qiagen, Hilden, Germany), and was sequenced using an Illumina MiSeq platform (Illumina
Inc., San Diego, CA, USA). Sequencing, assembling of the reads, filling of sequence gaps, and analysis of
the plasmid sequence were performed as described previously (Skalova et al., 2017).

Plasmid pEncl-30969cz is 33,003 bp in size (Figure 1). The plasmid included a contiguous
sequence of 2,499 bp (nt 1 to 2499) sharing extensive similarity with the backbone of the ColE1-like
plasmid pPIGDM1 (Mikiewicz et al., 1997). A consensus sequence for the ColE1 replication origin (oriV)
(Tomizawa et al., 1997) was located at positions 1146 to 1148. Additionally, the pEncl-30969cz replication
region included putative regions containing the RNA transcripts RNAII (nt 1145 to 1663) and RNAI (nt
1559 to 1663) that control the initiation of DNA replication and the plasmid copy number (Polisky, 1988).
Downstream of oriV, an open reading frame (ORF) encoding Rom protein was present (nt 40 to 225). The
Rom protein enhances the interaction of the RNA I inhibitor with its target, thus resulting in a reduction of
the replication initiation frequency (Cesareni et al., 1991).

In the remaining part of pEncl-30969cz (nt 2500 to 33003), a Tn/721-like transposon structure
was identified (Figure 1). The Tn/721-like sequence of pEncl-30969cz contained the VIM-1-encoding
integron In110 (Lombardi et al., 2002), whose variable region comprised the blaviv-1, aacA4 and aadAl
cassettes. The IRi of In110 was located within the tnpM gene of the transposon, while the 3'CS was intact.
Downstream (108 bp) of orf5, a Tn2/ fragment consisting of IS/326, tniBA1, tnidA and part of the mer
operon (AmerE) was found. A Tn3-like transposon consisting of IRs of the transposon, tnpA, six ORFs,
and tmpR was identified adjacent to AmerE. Two copies of an IS5075 element, which was shown previously
to target the IRs of Tn2/-like transposons (Partridge & Hall, 2003), disrupted the IRs of the Tn3-like. It is
likely that insertion of the Tn3-like transposon deleted the remaining part of the Tn2/ mer module. Next to
the Tn3-like, pEncl-30969cz included a 4173-bp segment (nt 4097 to 8269) comprising of two ORFs, a
gnrB-like gene conferring resistance to quinolones (Halova et al., 2014), and a truncated ORF. A second
777-bp fragment of Tn/721 (Allmeier et al., 1992), comprising the IR of the transposon and a truncated
orfl that lacked 889 bp of its 5’end due to insertion of an IS26, was found at the boundary of the plasmid
backbone. Target site duplications of 5 bp (TTTTC) were found at the boundaries of Tn/72/-like
transposon, suggesting its transposition into the pEncl-30969cz backbone.
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Patient’s clinical data indicated that VIM-1 producer could be described as hospital-acquired, since
the isolate was recovered on month after patient’s hospitalization for the treatment of his chronic disease.
The patient was isolated, in order to avoid further spread of CPE. In addition, surveillance cultures from
patients treated in the same department, from August 2015 till December 2015, were negative for the
presence of VIM-producing Enterobacteriaceae indicating the success of isolations precautions.

In conclusion, this study presents the complete nucleotide sequence of a novel ColE1-like plasmid
pEncl-30969cz, encoding VIM-1 carbapenemase. Sequencing data suggested that pEncl-30969cz might
have evolved by acquisition of a Tn/72/-like transposon carrying the VIM-1-encoding integron In110 by
a ColEl-type plasmid. This finding underscores the important role of mobile genetic elements in the
dissemination of resistance determinants, such as blav.i.

Nucleotide sequence accession numbers.

The nucleotide sequence of the plasmid pEncl-30969cz has been assigned GenBank accession
number MG049738.

151326
aacA4d
Tn1721 tnpA

blay.y
intl1
AfnpM
tnpR

Tn3-like tnpA
tniBA1

lipoprotein

Figure 1. Map of the blaVIM-1-carrying plasmid pEncl-30969cz. Arrows show the direction of
transcription of open reading frames (ORFs) and regulatory elements, while truncated ORFs appear as
rectangles (arrows within rectangles indicate the direction of transcription). Resistance genes, IS elements
and transposases are shown in red, yellow and green, respectively. The intl1 gene is shaded blue, while the
remaining genes are shown in white.
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Abstract

Rapid identification of methicillin-resistant Staphylococcus aureus (MRSA) is essential for proper initial

antibiotic therapy and timely set up of hygienic measures. Recently, detection of MRSA using MALDI-TOF mass
spectrometer mediated by the peptide - phenol soluble modulin (PSM-mec), linked to the class A mec gene
complex present in SCCmec cassettes types I, 111, and VIII of MRSA strains, has been commercially available.
We present here a multicentre study on MALDI-TOF MS detection of MRSA evincing a poor repeatability and
reproducibility of the assay. The sensitivity of the assay varies between 50 and 90% in strains carrying psmwmec and
psms genes encoding for PSM-mec and d-toxin (a member of the PSM peptide family), respectively. No false
positive results were found. The very major error calculation was 30% and the major error achieved 0%.
Interlaboratory repeatability varies between 0 and 100%. No significant difference was observed with the use of
different cultivation media. Our data showed a poor sensitivity of the method excluding it from the use in routine
laboratory testing.



7.5.2 Introduction

Rapid and accurate test distinguishing methicillin-resistant Staphylococcus aureus (MRSA) and
methicillin-susceptible S. aureus (MSSA) strains is essential for the appropriate treatment of infections caused by
this pathogen, especially in life-threatening diseases, such as pneumonia or sepsis. Moreover, infections caused by
MRSA significantly increase mortality and extra economic costs required for the therapy (deKraker et al. 2011;
Marshall et al. 2004). Thus, a timely intervention in infection control is necessary (EUCAST 2017).

Resistance to methicillin/oxacillin in Staphylococcus aureus is due to an additional production of altered
penicillin-binding proteins PBP2a or PBP2c with a low affinity for $-lactam antibiotics (Hanssen et al. 2006; Liu
et al. 2016). Genes (mecA, mecC) encoding for those enzymes are carried on a genomic island Staphylococcal
Cassette Chromosome mec (SCCmec) (Ballhausen et al. 2014). The MRSA strains are resistant to all
anti-staphylococcal B-lactams except novel cephalosporins such as ceftaroline, and ceftobiprole (Purello et al.
2016). The virulent potential of S. aureus differs significantly among various strains due to the structure of their
genomes (e.g., mobile genetic elements — phages, plasmids, transposons). As well as SCCmec elements may
contain other genes encoding for virulence factors (Novick et al. 2001; Rozgonyi et al. 2007). So far, only several
different types and subtypes of variants of the SCCmec have been detected. The presence of the SCC elements is
not specific only for MRSA clones but is also found in other strains carrying various genes, e.g., responsible for
fusidic acid, capsule gene cluster, and a mercury resistance operon (Lakhundi and Zhang 2018). However,
significant diversity of that genomic island has been observed between healthcare-associated (HA-MRSA) and
community-associated (CA-MRSA) MRSA. HA-MRSA isolates predominantly carry types I, II and I1I SCCmec,
and usually possess resistance to many classes of non—f3-lactam antimicrobials. Whereas CA-MRSA isolates carry
SCCmec type IV or type V that do not show any multidrug-resistant phenotype (Sunagar et al. 2016; Xie et al.
2016). Recently, a novel SSCmec XI element containing mecC gene, a homolog of mecA gene, was described
(Garcia-Alvarez et al. 2011; Shore et al. 2011). The mecC exhibits 70% identity to mecA gene on the nucleotide
level and their PBP2c resp. PBP2a shares 63% identity at the amino acid level. Both proteins are responsible for
the same level of resistance to methicillin/oxacillin (Ballhausen et al. 2014).

In the recent years, Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS) revolutionized the procedure of bacteria and yeasts identification in clinical microbiology
(Fedorko et al. 2012; Lagacé-Wiens et al. 2012; Stevenson et al. 2010). This technology can also be used for other
applications in microbiological laboratories, especially for detection of antibiotic resistance (Hrabak et al. 2013).
Antibiotic resistance mechanisms can be detected by functional assays measuring enzymatic activity that leads to
antibiotic resistance (i.e., modification of antibiotic molecule, alteration of target site), or by the detection of
resistance-specific peaks from standard spectra used for taxonomic identification. The latter approach is the most
promising as no further processing is required.

Several studies demonstrated the ability of MALDI-TOF MS to identify MRSA based on divergent
spectral profiles (Du et al. 2002; Edwards-Jones et al. 2000; Josten et al. 2014). The first studies, published by
Edwards-Jones et al. (2000), Walker et al. (2002) and Du et al. (2002) employed the protein/peptide fingerprinting
to distinguish between MSSA and MRSA using different types of matrix and specimen preparation. However, any
of the above-mentioned methods, do not detect any MRSA-specific proteins, such as PBP2a or its fragment, but
are more or less clone-specific (Hrabédk et al. 2013). Thus, they cannot be applied in routine microbiological
laboratories.

Study conducted by Josten et al. in 2014 showed the first successful detection of some MRSA-specific
proteins. The assay applied in Josten’s study was based on the detection of a small peptide — phenol-soluble
modulin (PSM-mec) that is encoded on SCCmec cassette II, II1, and VIII, corresponding to the peak of 2415 m/z
(Josten et al. 2014). MRSA usually produces another member of PSM family, the §-toxin, a haemolysin disturbing
the host cellular integrity, that is observed as the peak with m/z of 3007 in the MS spectra. The production of
O-toxin is regulated by accessory gene regulator agr. Production of d-toxin, however, is not MRSA-specific,
therefore it cannot be used solely for MRSA identification (Gagnaire et al. 2012). PSMs belong to the
small-peptide-toxins, which have been considered as a crucial virulence determinant that promotes
pro-inflammatory processes and lysis of human cells (Wang et al. 2007; Kretschmer 2010). Furthermore, some
PSMs facilitate biofilm formation. The PSM-mec gene can also be found in methicillin-resistant S. epidermidis
(MRSE) (Chatterjee et al. 2011).
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Based on our laboratory experience, routine use of MALDI-TOF MS based analysis of the same MRSA
strains obtained from the same or different cultures spotted multiple times on Maldi-target commonly yields
various results, hence the MALDI-TOF MS based detection of MRSA expressed low reproducibility. Thus, we
decided to perform a multicentre study using previously well-characterized isolates to determine intra- and
interlaboratory reproducibility and repeatability of that assay.

7.5.3 Materials and Methods

Thirty-five previously characterized MRSA isolates were obtained from National Reference Laboratory
(NRL) for Antibiotics, National Institute of Public Health, Prague, Czech Republic and University Hospital of
Larissa, Larissa, Greece. All strains carrying SCCmec type 1 (n=7), type 1I (n=10), type III (n=10), type IV (n=06)
and type V (n=2) were tested with MALDI-TOF MS using MBT Subtyping Software Module (Bruker Daltonics,
Germany). All isolates were blindly processed in three laboratories (University Hospital in Pilsen, NRL for
Antibiotics in Prague and University Hospital in Hradec Kralove) following a protocol recommended for routine
identification of bacteria (Bruker Daltonics, Germany). Bacteria were cultivated on blood agar (OXOID, Czech
Republic) and on MH agar with 4 % of NaCl at 37 °C overnight. The cell material was directly deposited on a
target plate with a toothpick creating a confluent layer of bacteria by a technician experienced with MALDI-TOF
MS-based identification. Each sample was overlaid with 1L of matrix consisting of a-cyano-4-hydroxycinnamic
acid in 50 % acetonitrile with 2.5 % trifluoroacetic acid (Bruker Daltonics, Germany; Merck, Czech Republic).
The spectra were acquired using microFlex™ mass spectrometer (Bruker Daltonics, Germany) in the positive
mode. Calibration was performed using Bacterial Test Standard (Bruker Daltonics, Germany) according to the
manufacturer recommendation. Spectra were automatically interpreted by Compass software (4.1) with a licensed
MBT Subtyping Module. The software allows automatic identification of respective peaks (PSM-mec and 5-toxin)
based on pre-processing of the spectra and determination of significant peaks. The spectra were also manually
analysed by two independent researchers using flexAnalysis software 3.4 (Bruker Daltonics, Germany) detecting
the peaks of PSM-mec (2413 + 3.00 m/z) and d—toxin (3006 + 3.00 m/z).

Each isolate from the same culture was processed in triplets. Spots with low identification scores were
re-evaluated. For the determination of the method repeatability, six isolates of SCCmec I type (n=1), SCCmec 11
type (n=2) and SCCmec Il type (n=3) were selected and subsequently tested in all three laboratory centres.
Moreover, all spectra were analysed automatically as well as manually.

Sensitivity, specificity, reproducibility and repeatability of the method was determined according to
Watson and Petrie (Watson et al. 2010). Very major error was calculated as the percentage of measurements giving
negative results in MRSA strains to a total number of MRSA strains carrying SCCmec 1I and II1.

7.5.4 Results and Discussion

In the first part of this study performed at the University Hospital in Pilsen, 35 isolates of S. aureus
methicillin resistant (MRSA) were examined in triplicates to determine sensitivity and specificity of the assay. The
results were confirmed as positive if at least one out of three spots was indicated as putative MRSA based on the
presence of PSM-mec and 6-toxin. Compass software automatic analysis did not detect any false-positive results
in any of the tested SCCmec groups. In the group possessing SCCmec type II, nine out of ten isolates were
correctly identified as MRSA (90 % sensitivity). On the other hand, only 50% of strains harbouring SCCmec 111
cassette were correctly identified as MRSA.

The very major error was calculated to 30 %. Identical results were obtained by manual analysis by a
researcher who was not acquainted with the results from the automatic measurement. The sensitivity and specificity
results are summarized in Table 1.

Additionally, to evaluate the repeatability of the assay across the centres, six selected strains were
analysed in 12 replicates. The repeatability of the method for PSMs varies between 0 % and 100 % (see Table 2).
Better results were achieved with 4-toxin in all of the centres (especially in SCC-mec II and III) (see Table 2).
These results were expected, as 6-toxin provides strong signal in MALDI-TOF MS spectra, however, this is not
MRSA specific. §-toxin has been described as epidemiological marker by many authors, e.g. Gagnaire et al. (2012)
and Otto (2014) and its production has been linked to prediction of virulence potential of the Staphylococcus
aureus strains and the function of the accessory gene regulator A ?* that is defective in glycopeptide intermediate
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sensitive strains (GISA, hGISA). However, function of this specific toxin as a marker determining the virulence
should be further examined (Otto 2014).

All false negative samples automatically evaluated with MBT Subtyping Software Module did not contain
PSM-mec specific peak that would be detectable even with manual analysis (Figure 1).

The expression of psm can be regulated in various ways to produce very small amount of the protein (Otto
2014). Thus, different types of cultivation media were tested, particularly MH Agar with 4 % NaCl. Addition of
NaCl is commonly used in selective media to increase sensitivity for MRSA identification. However, there was no
difference in subsequent identification of MRSA strains grown on various cultivation media (data not published).
This finding suggests that the poor reproducibility is unlikely due to different expression of psmme.. After manual
interpretation of the spectra, we found that the peak of PSM-mec may be suppressed by other peaks with high
intensity in the rich area (m/z between 3 000 and 10 000) as indicated by higher sensitivity for detection of d-toxin.
In this case, the desired information could not be extracted from the raw spectra used for taxonomic identification
in routine laboratories. Hence, to increase the sensitivity of the method, the measurement parameters require
optimisation for lower molecular mass.

Although the MALDI-TOF MS-based method for MRSA detection seemed promising (Josten et al. 2014;
Jang et al. 2017; Rhoads et al. 2016; Schuster et al. 2018) as no specific sample preparation is required, and the
peaks can be identified in the spectra during routine bacterial identification there are some drawbacks excluding
this method from the use in routine laboratory. The main disadvantage is represented by the disability to detect
MRSA strains possessing other SCCmec types. In the areas with occurrence of strains carrying this specific
SCCmec type, the assay could help with rapid detection of MRSA. Recently, more studies have been published
focusing on the development of assay for differentiation and typing of HA-MRSA from CA-MRSA based on the
identification of molecular determinants (Jakckson et al. 2005; Majcherczyk 2006; Shah et al. 2011; Wolters et al.
2011).

7.5.5 Conclusions
Our results showed poor robustness of the method. Based on the data, even though no false-positive results
were detected, the method is not suitable for the use in routine laboratory as IVD. Reliable detection of MRSA

using MALDI-TOF MS still remains a challenge for clinical microbiology.

Acknowledgments: This work was supported by the Medical Research Foundation of the Czech Republic

(grant number NV19-05-00541).

Conflict of interest: The authors declare that they have no conflict of interest.

97



References

Ballhausen B, Kriegeskorte A, Schleimer N,
Peters G, Becker K (2014) The mecA homolog mecC
confers resistance against B-lactams in Staphylococcus
aureus irrespective of the genetic strain background.
Antimicrob Agents Chemother 58: 3791-3798.

Chatterjee SS, Chen L, Joo HS, Cheung
GYC, Kreiswirth BN, Otto M (2011) Distribution and
regulation of the mobile genetic element-encoded
phenol-soluble modulin PSM-mec in methicillin-
resistant  Staphylococcus aureus. PLoS ONE 6:
e28781.

Du Z, Yang R, Guo Z, Song Y, Wang J
(2002) Identification of Staphylococcus aureus and
determination of its methicillin resistance by matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry. Anal Chem 74: 5487-5491.

Edwards-Jones V, Claydon MA, Evason DJ,
Walker J, Fox AJ, Gordon DB (2000) Rapid
discrimination between methicillin-sensitive and
methicillin-resistant Staphylococcus aureus by intact
cell mass spectrometry. J Med Microbiol 49: 295-300.

European Committee on Antimicrobial
Susceptibility Testing (EUCAST) (2017) EUCAST
guidelines for detection of resistance mechanisms and
specific resistances of clinical and/or epidemiological
importance, Version 2.0. Available at
http://www.eucast.org/fileadmin/src/media/PDFs/EU
CAST files/Resistance_mechanisms/EUCAST detec
tion_of resistance mechanisms_170711.pdf

Fedorko DP, Stock F, Murray PR, Drake SK
(2012) Identification of clinical isolates of anaerobic
bacteria using matrix-assisted laser desorption
ionization-time of flight mass spectrometry. Eur. J.
Clin Microbiol Infect Dis 31: 2257-2262.

Garcia-Alvarez L, Holden MTG, Lindsay H,
Webb CR, Brown DFJ, Curran MD, Walpole E,
Brooks K, Pickard DJ, Teale C, Parkhill J, Bentley SD,
Edwards GF, Girvan EK, Kearns AM, Pichon B, Hill
RLR, Larsen AR, Skov RL, Peacock SJ, Maskell DJ,
Holmes MA (2011)
Staphylococcus aureus with a novel mecA homologue

Meticillin-resistant

in human and bovine populations in the UK and
Denmark: A descriptive study. Lancet Infect Dis 11:
595-603.

Gagnaire J, Dauwalder O, Boisset S, Khau
D, Freydiere AM, Ader F, Bes M, Lina G, Tristan A,
Reverdy ME, Marchand A, Geissmann T, Benito Y,
Durand G, Charrier JP, Etienne J, Welker M, Van
Belkum A, Vandenesch F (2012)
Detection of Staphylococcus aureus delta-
toxin production by whole-cell MALDI-TOF mass
spectrometry. PLoS One 7: €40660.

Hanssen AM, Ericson Sollid JU (2006)
SCCmec in staphylococci: Genes on the move. FEMS
Immunol Med Microbiol 46: 8-20.

Hrabak J, Chudackova E, Walkova R (2013)
Matrix-assisted laser desorption ionization-time of
flight (MALDITOF) mass spectrometry for detection
of antibiotic resistance mechanisms: From research to
routine diagnosis. Clin Microbiol Rev 26: 103-114.

Jackson KA, Edwards-Jones V, Sutton CW,
Fox AJ (2005) Optimisation of intact cell MALDI
method for fingerprinting of methicillin-resistant
Staphylococcus aureus. J Microbiol Methods 62: 273-
284.

Jang KS, Park M, Lee JY, Kim JS (2017)
Mass spectrometric identification of phenol-soluble
modulins in the ATCC® 43300 standard strain of
methicillin-resistant Staphylococcus aureus harboring
two distinct phenotypes. Eur J Clin Microbiol Infect
Dis 36: 1151-1157.

Josten M, Dischinger J, Szekat C, Reif M,
Al-Sabti N, Sahl HG, Parcina M, Bekeredjian-Ding I,
Bierbaum G (2014) Identification of agr-positive
methicillin-resistant Staphylococcus aureus
harbouring the class A mec complex by MALDI-TOF
mass spectrometry. Int J Med Microbiol 304: 1018-
1023.

de Kraker MEA, Davey PG, Grundmann H
(2011) Mortality and hospital stay associated with
resistant Staphylococcus aureus and Escherichia coli
bacteremia: Estimating the burden of antibiotic
resistance in Europe. PLoS Med 8: 1001104 .

Kretschmer D, Gleske AK, Rautenberg M,
Wang R, Kéberle M, Bohn E, Schoneberg T, Rabiet
MJ, Boulay F, Klebanoff SJ, Van Kessel KA, Van
Strijp JA, Otto M, Peschel A (2010) Human formyl
peptide receptor 2 senses highly pathogenic
Staphylococcus aureus. Cell Host Microb 7: 463-473.

Lagacé-Wiens PRS, Adam HJ, Karlowsky
JA, Nichol KA, Pang PF, Guenther J, Webb AA,
Miller C, Alfa MJ (2012) Identification of blood
culture isolates directly from positive blood cultures
by use of matrix-assisted laser desorption ionization-
time of flight mass spectrometry and a commercial
extraction system: Analysis of performance, cost, and
turnaround time. J Clin Microbiol 50: 3324-3328.

Lakhundi S, Zhang K (2018) Methicillin-
Resistant  Staphylococcus  aureus:  Molecular
Characterization, Evolution, and Epidemiology. Clin
Microbiol Rev 12: pii=e00020-18

Liu J, Chen D, Peters BM, Li L, Li B, Xu Z,
Shirliff ME (2016) Staphylococcal chromosomal
cassettes mec (SCCmec): A mobile genetic element in
methicillin-resistant Staphylococcus aureus. Microb
Pathog 101: 56-67.

Majcherczyk PA, McKenna T, Moreillon P,
Vaudaux P (2006) The discriminatory power of
MALDI-TOF mass spectrometry to differentiate
between  isogenic  teicoplanin-susceptible  and

98


https://www.ncbi.nlm.nih.gov/pubmed/30209034
https://www.ncbi.nlm.nih.gov/pubmed/30209034

teicoplanin-resistant strains of methicillin-resistant
Staphylococcus aureus. FEMS Microbiol Lett 255:
233-239.

Marshall C, Kossmann T, Wesselingh S,
Spelman D (2004) Methicillin-resistant
Staphylococcus aureus and beyond: What's new in the
world of the 'golden staph'? ANZ J Surg 74: 465-469.

Novick RP, Schlievert P, Ruzin A (2001)
Pathogenicity and resistance islands of staphylococci.
Microbes Infect 3: 585-594.

Otto M (2014) Phenol-soluble modulins. Int
J Med Microbiol 304: 164-169.

Purrello SM, Garau J, Giamarellos E,
Mazzei T, Pea F, Soriano A, Stefani S (2016)
Methicillin-resistant Staphylococcus aureus
infections: A review of the currently available
treatment options. J Glob Antimicrob Resist 7: 178-
186.

Rhoads DD, Wang H, Karichu J, Richter SS
(2016) The presence of a single MALDI-TOF mass
spectral peak predicts methicillin resistance in
staphylococci. Diag Microbiol Infect Dis 86: 257-261.

Rozgonyi F, Kocsis E, Kristof K, Nagy K
(2007) Is MRSA more virulent than MSSA? Clin
Microbiol Infect 13: 843-845.

Schuster D, Josten M, Janssen K, Bodenstein
I, Albert C, Schallenberg A, Gajdiss M, Sib E, Szekat
C, Kehl K, Par¢ina M, Hischebeth GTR, Bierbaum G
(2018) Detection of methicillin-resistant coagulase-
negative staphylococci harboring the class A mec
complex by MALDI-TOF mass spectrometry. Int J
Med Microbiol 308: 522-526.

Shah HN, Rajakaruna L, Ball G, Misra R,
Al-Shahib A, Fang M, Gharbia SE (2011) Tracing the
transition of methicillin resistance in sub-populations
of Staphylococcus aureus, using SELDI-TOF Mass
Spectrometry and Artificial Neural Network Analysis.
Syst Appl Microbiol 34: 81-86.

Shore AC, Deasy EC, Slickers P, Brennan G,
O'Connell B, Monecke S, Ehricht R, Coleman DC
(2011) Detection of staphylococcal cassette
chromosome mec type XI carrying highly divergent

mecA, mecl, mecR1, blaZ, and ccr genes in human
clinical isolates of clonal complex 130 methicillin-
resistant Staphylococcus aureus. Antimicrob Agents
Chemother 55: 3765-3773.

Stevenson LG, Drake SK, Shea YR, Zelazny
AM, Murray PR (2010) Evaluation of matrix-assisted
laser desorption ionization - Time of flight mass
spectrometry for identification of clinically important
yeast species. J Clin Microbiol 48: 3482-3486.

Sunagar R, Hegde NR, Archana GJ, Sinha
AY, Nagamani K, Isloor S (2016) Prevalence and
genotype  distribution  of  methicillin-resistant
Staphylococcus aureus (MRSA) in India. J Glob
Antimicrob Resist 7: 46-52.

Walker J, Fox AJ, Edwards-Jones V, Gordon
DB (2002) Intact cell mass spectrometry (ICMS) used
to type methicillin-resistant Staphylococcus aureus:
Media effects and inter-laboratory reproducibility. J
Microbiol Methods 48: 117-126.

Wang R, Braughton KR, Kretschmer D,
Bach THL, Queck SY, Li M, Kennedy AD, Dorward
DW, Klebanoff SJ, Peschel A, DeLeo FR, Otto M
(2007) Identification of novel cytolytic peptides as key
virulence determinants for community-associated
MRSA. Nat Med 13: 1510-1514.

Watson PF, Petrie A (2010) Method
agreement analysis: A review of correct methodology.
Theriogenology 73: 1167-1179.

Wolters M, Rohde H, Maier T, Belmar-
Campos C, Franke G, Scherpe S, Aepfelbacher M,
Christner M (2011) MALDI-TOF MS fingerprinting
allows for discrimination of major methicillin-
resistant Staphylococcus aureus lineages. Int ] Med
Microbiol 301: 64-68.

Xie X, Bao Y, Ouyang N, Dai X, Pan K,
Chen B, Deng Y, Wu X, Xu F, Li H, Huang S (2016)
Molecular epidemiology and characteristic of
virulence gene of community-acquired and hospital-
acquired methicillin-resistant Staphylococcus aureus
isolates in Sun Yat-sen Memorial hospital,
Guangzhou, Southern China. BMC Infect Dis 16: 339.

99



Table 4. Detection of MRSA by MALDI-TOF mass spectrometry in strains possessing different
SCCmec cassettes. SCCmec I, IV, V — do not produce PSM-mec peptide, thus they cannot be identified as
MRSA using mentioned method. SCCmec II and III produce PSM-mec and 6-toxin, therefore they should
be indicated as putative MRSA. All strains were processed in triplicates. The peaks were automatically
identified by Compass software (4.1) with a licensed MBT Subtyping Module and in case of positivity

determined as “putative MRSA”.

SCCmec No. of isolates Identified as MRSA Identified as MSSA

Sensitivity  Specificity

(%) (%)
I 7 0 7 100 100
11 10 9 1 90 100
11 10 5 5 50 100
v 6 0 6 100 100
\Y% 2 0 2 100 100

Table 5. Interlaboratory reproducibility of MALDI-TOF MS-based MRSA identification using
detection of PSM-mec (2413 + 3.00 m/z) and d-toxin (3006 + 3.00 m/z) measured in three centers. The

peaks were manually identified in mass spectra.

PSM-mec d-toxin
Isolate  SCCmec Pilsen  Prague I?:;ii‘; Pilsen Prague  Hradec Kralove
(%) (%) (%) (%) (%) (%)
2388 I 0 0 0 83 100 8
1764 11 0 92 100 100 100 100
1840 I 0 0 33 92 16 33
1087 11 92 100 75 100 100 42
1287 11 33 0 8 58 100 41
2783 11 50 0 0 58 100 41
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Figure 1. Mass spectra acquired by automatic measurement. A, B — strains expressing no

PSM-mec neither 6-toxin; C, D — strains expressing -toxin only; E — strain identified as MRSA showing
both proteins (PSM-mec, 3-toxin).
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8. Discussion

The publications are focused on the early detection of infectious disease agents and their antibiotic
resistance. Each of the publications is concentrated on different problematic areas, from the development
and validation of a method for the detection of carbapenemase activity, molecular-epidemiological
characterization of carbapenemase positive isolates detected in the Czech Republic, to the validation of
commercial automatic program on MALDI-TOF MS-based identification of MRSA.

8.1 Comparison of imipenem and meropenem antibiotics for the
MALDI-TOF MS detection of carbapenemase activity

The aim of the recent study was a comparison of the efficiency of imipenem and meropenem
hydrolysis assay for the detection of carbapenemase-producing Pseudomonas aeruginosa and
Enterobacterales by MALDI-TOF mass spectrometer.

In the study, 250 P. aeruginosa isolates with carbapenemase activity were tested including 97
IMP, 41 VIM, and 4 GES. The remaining 108 isolates were non-carbapenemase producers. Additionally,
83 isolates with carbapenemase activity from Enterobacteriacea family were tested. The group included
21 KPC, 18 VIM, 1 IMP, 24 NDM, and 19 OXA-48 carbapenemases and 41 non-carbapenemase producers.

The preparation of all isolates was identical for both species of bacteria. The composition of
reaction buffer of carbapenems differed and thus different matrices had to be used for detection on
MALDI-TOF MS.

The analysis spectra were measured within the m/z range 300 to 600. For the imipenem hydrolysis
assay, a negative result was defined as the presence of the imipenem peak at 300 m/z, indicating that
bacteria with no carbapenemase activity was measured. A positive result was defined as the complete
disappearance of the imipenem peak indicating the presence of carbapenemase.?®® For the meropenem
hydrolysis assay, non-carbapenemase producers were detected with the presence of meropenem and its
sodium salt (384.5 m/z and 406.5 m/z peaks), while in cases of carbapenemase producers at least one of the
decarboxylated products of meropenem was observed (358.5 m/z and 380.5 m/z peaks).286

The validation supported the high efficiency of both assays. For Enterobacterales isolates, both
assays showed high sensitivity (99 % with the meropenem assay and 96 % with the imipenem assay) and
100 % specificity. For P. aeruginosa isolates, the sensitivity of the meropenem assay was lower than the
imipenem assay with 90% vs. 97%, respectively. The specificity was also lower with the meropenem assay.
Therefore, the meropenem assay is more suitable for analysis of Enterobacterales family, while the
imipenem is more effective with P. aeruginosa. It has been shown that the addition of NH4sHCOj to the
reaction buffer is essential for the detection of OXA-48 carbapenemases in the meropenem assay, while for
the imipenem assay, the addition of bicarbonate was not required, though the addition of ZnSO4 was
necessary for higher sensitivity of the detection of VIM carbapenemases. These findings suggest that
different strategies must be used to detect cabapenemase activity in different types of pathogens.

8.2 The first detection of IMI-2-producing Enterobacter asburice in the
Czech Republic

IMI carbapenemases, named after their ability to hydrolyze imipenem, are Ambler class A
enzymes. IMI was first identified on an Enterobacter cloacae isolate from the USA in 1984, and
subsequently, small numbers of IMI-positive isolates in some states of Asia, Europe, and the USA have
been identified.

In 2016, the first case of IMI-2-producing Enterobacter asburiae, sample Easb-36567cz, was
identified in Czechia. Plasmid analysis has estimated the IncFII plasmid as approximately 80 kb in size.
The plasmid showed a high degree of similarity to the pJF-787 plasmid, previously found in a Klebsiella
variicola strain from the United Kingdom. The plasmid was mainly composed of regions responsible for
replication, conjugative transfer and maintenance genes for the plasmid. The LysR-type transcriptional
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regulator, ISEc36 element and other mobile elements IS/, Tn-3-like transposase, and ISEael were also
found.

Easb-36567cz was isolated from a patient with no previous hospitalization and without travel
history. This suggests the spread of carbapenemase genes by pathways that remain largely unknown.
Moreover, the blami> gene was placed in the conjugative plasmid linked to mobile genetic elements. This
type of resistence mechanism has the potential to spread between strains of Enterobacteriacea family
bacteria. The proliferation of these resistence genes is crucial to monitor because the bacteria can act as
hidden sources of clinically important resistance determinants.

8.3 The dissemination of NDM-like producing Enterobacteriacece in
the Czech Republic

Acquired NDM metallo-B-lactamases are emerging resistance determinants in clinically relevant
Gram-negative species. The first case of NDM-1 has been described from Klebsiella pneumoniae and
Escherichia coli isolated in Sweden in 2008 from patient transferred from a New-Delhi hospital. Since
then, the blanpm-1 gene has been widely identified in Enterobacterales and Acinetobacter baumannii from
India to various countries worldwide.

The aim of the present study was to characterize NDM carbapenemases isolated from
Enterobacterales during an outbreak in 2016. Until then, the occurrence of NDM carbapenemases was rare,
with only three sporadic cases recorded from 2011 to 2013. During 2016, an increased number of NDM-
producing Enterobacterales were observed in several Czech hospitals.

In the same year, 18 NDM-producing Enterobacterales were isolated from 15 patients hospitalized
in 5 different Czech hospitals (B1, B2, Al, A2, and C) in three cities. 9 isolates of Enterobacter cloacae
complex, four of Escherichia coli, and one of each species of Klebsiella pneumoniae, Klebsiella oxytoca,
Enterobacter asburiae, Enterobacter intermedius, and Raoultella ornithinolytica were identified. In
addition, three of the patients were infected by two different pathogens. For comparison, one NDM-4
producing Enterobacter isolate (Encl-922) was identified in 2012 from a patient repatriated from Sri Lanka.
In 2016 an outbreak was reported in one hospital (B1) and four sporadic cases were discovered in four
different hospitals. None of the patients treated in hospital B1 had been previously hospitalized or traveled
abroad. Only one patient was repatriated from a hospital in China, while for the remaining patients the
clinical data were not available.

All twelve isolates (nine of E. cloacae, one E. asburiae, one E. intermedia, and one E. coli)
obtained from hospital B1 during the outbreak were identified as NDM-4 carbapenemase producers. It is
noteworthy, that the study by MLST has shown that all E. cloacae isolates belong to ST182 as well as the
Enterobacter isolate from 2012. Enterobacter ST182 isolates associated with the production of NDM-1
carbapenemase were recently found in Mexico.?®” Plasmid analysis of all NDM-4 producing
transconjugants carried the IncX3 plasmid, roughly 55kb in size. Comparative analysis of genomes of
Enterobacter isolates - the isolate from 2012 (Encl-922) and the isolate from the 2016 outbreak
(Encl-44578) was performed. The analysis exhibited high similarity of their genomes. However, isolate
Encl-922 had an additional four insertion sequences in contrast with the genome of the Encl-44578 isolate.
This finding indicates that Enterobacter isolates from 2016 differed from Encl-922.

From hospital B2 three isolates (two E. coli, and one K. oxytoca) were obtained with expressed
NDM-5 carbapenemase from two patients. Both E. coli isolates belong to ST167 and have been repeatedly
reported in China.?8® 289 The last isolate, K. oxyfoca was assigned to a growing international clonal complex
ST2.2° All three NDM-producing transformants harbored plasmids of 45 kb size and were positive for the
IncX3 allele.

The last remaining isolates (E. coli, K. pneumonice, and R. ornithinolytica) that were recovered
from sporadic cases in three different hospitals expressed NDM-1 carbapenemase. The E. coli isolate
included a 300kb blanpm-1-positive plasmid, a fusion derivative of IncA/C and IncR replicons. The
K. pneumoniae isolate carried a 161 kb blanpm-1-positive plasmid exhibiting high similarity to the IncFIB
plasmid and the mosaic region of pS-3002¢z from an ST11 K. pneumoniae from Czechia.?”! And finally,
R. ornithinolytica isolate was positive for the IncX3 plasmid, 55 kb in size.
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Two patients from hospitals B1 and B2 have been shown to have two distinct NDM-producing
strains, suggesting a horizontal gene transfer mechanism. These findings indicate that NDM like producers
pose an important public threat, mainly due to the rapid horizontal transfer of IncX3 blanpm-carrying
plasmids and due to the further evolution of NDM like encoding MDR plasmids by reshuffling.

8.4 Characterization of pEncl-30969cz, a novel ColE1l-like plasmid
encoding VIM-1 carbapenemase, from an Enterobacter cloacae
sequence type 92 isolate

VIM-lcarbapenemase has been frequently detected among Enterobacteriacea, in Europe.
However, the isolation frequency of Enterobacteriacea producing VIM-carbapenemases has been rare with
just a few sporadic cases detected in the Czech Republic.?*>2°* The aim of the study was to report a case of
a VIM-1-producing Enterobacter cloacae isolate (Encl-30969¢z) of Czech origin with a description of the
sequences of pEncl-30969¢z novel VIM-1-encoding plasmid.

The isolate was collected from a patient with chronic pulmonary disease, who was treated in a
Czech hospital in 2015. The MLST analysis classified the isolate into ST92, which was originally identified
in E. coli producing CTX-M-15 B-lactamase in Israel in 2015.2°* Plasmid analysis of VIM-producing
transformant pEncl-30969 demonstrated a size of 33 kb. The plasmid contains a sequence of approximately
2,5 bp, which shares extensive similarity with the backbone of the ColE1-like plasmid pPIGM1.2> The
plasmid replication region included regions with RNA transcripts for control of the initiation of DNA
replication and the copy number of the plasmid.?®® In addition, an open reading frame (ORF) encoding a
Rom protein was present, which enhances the interaction of the RNA I inhibitor with its target, resulting in
a reduction in the frequency of replication initiation.?®’ In the remaining part of the plasmid a Tn/721-like
transposon was identified, containing integron In//0,>°® whose variable region comprised the blavim.1,
aacA4, and aadAl cassettes. Downstream of orf5, a Tn21 fragment was found consisting of IS7326, tniBA1,
tniA and part of the mer operon (AmerE). In addition, Tn3-like transposon consisting of IRs of the
transposon was found. Two copies of an [S5075 element, which was shown previously to target the IRs of
Tn21-like transposons®” disrupted the IRs of the Tn3-like transposon. Next, a segment comprising two
ORFs, a gnrB-like gene with resistance to quinolones,*” and a truncated ORF was identified. The second
part of Tn/721-like transposon®! comprising the IR of the transposon and a truncated orfI that missed 889
bp of its 5’end due to insertion of an IS26, was found at the boundary of the plasmid backbone.

Plasmid analysis suggests that pEncl-30969cz could be developed by obtaining a Tn/721-like
transposon carrying the integron In/ /0 encoding VIM-1 with a ColE1-type plasmid. This finding highlights
the important role of mobile genetic elements in the spread of resistance determinants such as blavim.i.

8.5 Insufficient repeatability and reproducibility of MALDI-TOF
MS-based identification of MRSA

The spread of methicillin-resistant Staphylococcus aureus (MRSA) strains in hospitals and other
health care systems remains an important issue worldwide. Therefore, rapid identification of MRSA is
essential for proper antibiotic treatment and timely adjustment of hygienic measures. At present, many
methods for MRSA identification are available. In our study, we target a rapid detection method of MRSA
based on the specific phenol soluble modulin-mec peak (PSM-mec) detection by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). The PSM-mec peptide is
encoded by staphylococcal cassette chromosome mec (SCCmec) types II, 111, and VIII.3?? These types of
genomic islands have been observed mainly in healthcare-associated MRSA (HA-MRSA) in contrast with
community-associated MRSA (CA-MRSA). CA-MRSA isolates carry SCCmec type IV or V, that do not
show any multi-drug resistant phenotype.’*> 3% In addition, some types of MRSA produce another member
of the PMS family, the d-toxin, a hemolysin that disturbs the integrity of the host cell. Therefore, 5-toxin
can not be used solely for MRSA identification.’*> MALDI-TOF MS should be able to distinguish between
MSSA and MRSA isolates based on divergent peptide/protein fingerprinting.
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In the current study, we intended to evaluate the sensitivity, specificity, reproducibility and
repeatability of the MALDI-TOF MS method thirty-five previously characterized MRSA isolates. All
strains carrying SCCmec type 1 (n=7), type 1l (n=10), type (n=10), type V (n=2) were tested with
MALDI-TOF MS using MBT Subtyping Software Module (Bruker Daltonics, Germany). All isolates were
blindly processed in three laboratories (University Hospital in Pilsen, NRL for antibiotics in Prague and
University Hospital in Hradec Kralove). Spectra were automatically interpreted by Compass software (4.1)
with a licensed MBT Subtyping Module. The software allows automatic identification of respective peaks
(PSM-mec and d-toxin). The spectra were also manually analyzed for detection of the peaks of PSM-mec
(2413 £ 3) and d-toxin (3006 = 3) by two independent researchers.

First, MRSA were examined in triplicates to determine the sensitivity and specificity of the assay.
The automatic analysis did not detect any false-positive results in any of the tested SCCmec types. SCCmec
type II allowed 90% sensitivity, while SCCmec 111 was limited to a lower sensitivity (50 %). All SCCmec
types showed 100% specificity. The repeatability of the method varies between 0% and 100%. For the
reproducibility test, different types of cultivation media were used due to the observation of expression of
PSM. The test does not prove a difference in subsequent identification of MRSA isolates. This finding
suggests that poor reproducibility is unlikely due to differential psmme. expression. Based on the data, the
method is not suitable for routine use in the laboratories.
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9. Conclusion

This thesis briefly summarizes our understanding of the history not only of the development of
new f-lactam antibiotics but also of a complex family of enzymes, evaluates the mechanisms by which
these hydrolases inactivate fB-lactam antibiotics, and highlights current challenges to B-lactam efficacy,
notably, carbapenemases. The most effective carbapenemases, in terms of carbapenem hydrolysis and
geographical spread are KPC, VIM, IMP, NDM and OXA-48 types. Carbapenem resistance in
Gram-negative pathogens has dramatically limited treatment options while Gram-positive bacteria have
still reliable alternatives to carbapenem (e.g. glycopeptides, daptomycin). Carbapenemase-producing
Gram-negatives, in particular, are resistant to all or almost all B-lactams, while commonly carrying at the
same time genes encoding for other resistance mechanisms. Therefore, older agents, such as polymyxins
and fosfomycin, which were rarely implemented in the past because of efficacy and/ or toxicity concerns,
together with the newer tigecycline, have become last-resort choices.

Currently, we are witnessing the constant development of substrate specificity corresponding to
each newly introduced P-lactam antibiotics. The long history and extensive literature of P-lactamase
research might suggest a mature field lacking substance for discovery science. We would instead argue that
technological advances, enzymes recently identified through the explosion in microbial sequencing
information, and the response of the bacterial population to the selection pressure imposed by traditional
and novel P-lactam based therapies, together create rich opportunities both for fundamental biochemistry
research and innovative drug discovery that are driven by the pressing need to overcome antimicrobial
resistance. The future of research in this problematic area needs to be open to new approaches and especially
to new technologies.
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