
The Golden Age



β-Lactam antibiotics 
The discovery of penicillin in 1929 is rightly recognized as a milestone in the history of medicine, and its introduction to 
the clinic in the 1940s revolutionized our ability to treat bacterial infections. Despite enormous progress in the field of 
antimicrobial chemo therapy in the more than 70 years after the first use of penicillin, as the centenary of Fleming's 
work approaches, the β-lactams remain the cornerstones of the antibacterial arsenal. 

The fact that they remain both the single most prescribed antibiotic class and the most important in terms of sales 
attests to their continuing central role in the treatment of bacterial infections. 

β-Lactams, like other antimicrobial classes, have undergone continuous development since their original introduction 
in order to improve properties such as potency, spectrum of activity, pharmacokinetic and safety profiles and to 
counter the emergence of resistance. 



At present, four main classes of β-lactam antimicrobials are in clinical 
use (Fig. 1). 

These comprise three types of bicyclic structure: 
• the penicillins (1), in which the four-membered β-lactam in which 

the four-membered β-lactam ring is fused to a thiazolidine ring; 
• the cephalosporins (2), where the fusion partner is a six-

membered dihydrothiazine; 
• the carbapenems, where the bicyclic system is completed by a 

five-membered pyrroline. 3. (1-methyl) Carbapenem scaffold. 4. 
Hydrolyzed carbapenem (Δ2-pyrroline form). 5. Hydrolyzed
carbapenem (Δ1-pyrroline form).

• the monobactams (6) are monocyclic systems. While each class 
was originally identified as a natural product (penicillin in 1929, 
cephalosporins by Newton and Abraham (building on the work of 
Brotzu) in 1954, olivanic acid (carbapenem) by Brown and co-
workers in 1976 and monobactams by Sykes and Imada and their 
respective co-workers in 1981], each has since undergone 
extensive programs of modification to create arrays of semi-
synthetic derivatives.

• 7. Clavulanic acid an irreversible inhibitor of the most widely 
distributed class A enzymes 

 

modification that allows for retention of antibacterial 
activity is possible at several positions on the β-lactam 
scaffold: C6 of penicillins, C7 and C3 of 
cephalosporins, C2 of carbapenems and C3 of 
monobactams. 
aminopenicillins (e.g., ampicillin) 
methicillin to counter penicillin-resistant strains of 
Staphylococcus aureus ; 
oxyiminocephalosporins (e.g., cefotaxime, 
ceftazidime)

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/carbapenem


The antibacterial activity of β-lactams was identified by Tipper and Strominger as based on their resemblance to the 
terminal D-Ala–D-Ala moiety of the peptidoglycan stem pentapeptide, with the β-lactam amide and 
adjoining carboxylate (or, in the case of monobactams, sulfonic acid) groups serving to mimic the peptide bond and 
terminal carboxylate of D-Ala–D-Ala. Activity then arises from reaction of the β-lactam ring with the nucleophilic 
serine of target penicillin-binding proteins (PBPs), leading to opening of the ring and irreversible PBP acylation that 
prevents formation of peptidoglycan transpeptide cross-links.



Discovery, research, and development of new antibiotics: the WHO priority list of 
antibiotic-resistant bacteria and tuberculosis
E Tacconelli et al., The Lancet Infectious Diseases, 18, March 2018, 318-327

A crucial list of 
pathogens 
G Tillotson,
The Lancet Infectious 
Diseases,18, 2018,234-
236,

ESKAPE
Escherichia coli  
Staphylococcus aureus
Klebsiella pneumoniae
Acinetobacter baumanni
Pseudomonas aeruginosa 
Enterobacter spp.

Molti dei patogeni critici sono resistenti a beta-lattamici

L’epidemiologia



Classification of β-lactamases

Identification of growing numbers of β-lactamases, coupled with availability of protein, and subsequently 
nucleotide, sequence information, established that these enzymes do not comprise a single homogeneous group but 
instead can be subdivided into multiple classes. Furthermore, as enzyme activity against different β-lactam 
substrates began to be reported, it became apparent that β-lactamases encompass a range of biochemical 
properties. With the explosion of sequence information, the number of identified β-lactamases has undergone a 
near-exponential increase; at the time of writing, the β-lactamase database (www.bldb.eu) contains over 4300 such 
enzymes that have undergone varying degrees of characterization.

Two systems of classifying this array of enzymes are in use: 

• Bush–Jacoby–Medeiros activity-based system

• Ambler system based on sequence information. It divides β-lactamases into four distinct classes, termed A, B C 
and D (Fig. 2), identified on the basis of specific sequence motifs but also distinguished by fundamental 
differences in hydrolytic mechanism. A further fundamental division is between the three classes (A, C and D) of 
active-site serine enzymes (serine β-lactamases; SBLs) and class B that comprises a heterogeneous group of zinc 
metalloenzymes (metallo-β-lactamases, or MBLs). MBLs instead utilize a metal-activated water nucleophile to 
drive the hydrolytic reaction.

http://www.bldb.eu/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6723624/#f0010


beta-lactamases







Class A serin-beta lactamases

Ser70
Lys73
Ser130
Glu166



The class B, zinc-dependent, MBLs are unrelated to 
known PBPs and instead are members of a large, 
ancient and widely distributed metallohydrolase 
superfamily.
The identities of the residues that make up this center 
and its stoichiometry and architecture define three 
distinct MBL subfamilies (termed B1, B2 and B3). 
• B1 enzymes (NDM-1, VIM-1), the most clinically 

important, possess a binuclear zinc center comprising 
tri-His (termed Zn1) and Cys-His-Asp (Zn2) metal sites; 

• B3 enzymes (SMB-1), the Zn2-coordinating Cys is 
replaced by an additional His residue; 

• B2 enzymes, the first His of the defining motif is 
replaced by Asn, resulting in a mononuclear enzyme 
in which only the Zn2 site is occupied



Class C β-lactamase active sites. (a) AmpC:imipenem complex (PDB:1LL5), imipenem acylenzyme covalently attached to 
Ser64 (note the presence of putative deacylating water adjacent to Tyr150) and (b) ADC-68 active site (note the residues 
320 and 321 in the putative C-loop associated with carbapenem turnover). Distances (in Å) displayed as dashed lines. 
Important residues are represented as sticks (labeled), and waters are shown as spheres.



Class D serin-beta lactamases

The OXA enzymes of class D are the most diverse and in many respects the least well understood of all the 
β-lactamases. While the first enzymes identified had activity restricted to penicillins, the OXA class now 
encompasses enzymes active against cephalosporins and carbapenems and with widely differing 
sensitivities to inhibitors. Although many members are chromosomal, dissemination of plasmid-borne 
cephalosporinases in P. aeruginosa, and more recently the spread of carbapenem-hydrolyzing enzymes in A. 
baumannii and in Enterobacteriaceae (particularly K. pneumoniae), has increased the clinical significance of 
this class. The recent identification of OXA enzymes in a variety of Gram-positive species is further 
indication of the exceptionally wide distribution and diversity of these enzymes.



Active sites of class D β-lactamases and carbapenem acylenzymes. (a) Native OXA-23 (PDB 4KOX; note the 
hydrophobic bridge between Phe110 and Met221 and carboxylated Lys82; deacylating water is shown as
a red sphere). (b) OXA-23:meropenem acylenzyme [PDB 4JF4; note the carbapenem acylenzyme (yellow) in 
Δ1-pyrroline form]. (c) OXA-24/40:doripenem acylenzyme [PDB 3PAE; note the carbapenem acylenzyme
(cyan) in Δ2-pyrroline form]. Carbapenem acylenzymes (b and c) shown as sticks covalently attached to 
Ser79. 



Detection of beta-lactamases





•Synergism with phenylboronic acid [PBA]: detect KPC (or other class A 
serine carbapenemases)
•Synergism with phenylboronic acid [PBA] and cloxacillin: detect AmpC
carbapenemase
•Synergism with EDTA: for detection of Metallo beta-lactamases (MBLs)



Representative results of the three
combined-disc tests using discs of 
meropenem (MEM) alone and with EDTA, 
phenylboronic acid, or EDTA plus 
phenylboronic acid for
(a) a KPC/VIM/ESBL-possessing isolate 
(b) a KPC/ESBL-possessing isolate 
(c), a VIM-possessing isolate
(d) an AmpC/ESBL-possessing isolateKPC/VIM/ESBL KPC/ESBL 

VIM ESBL 



Carbapenemase detection on single colonies
PCR MULTIPLEX



39,368 Enterobacterales da 55 paesi nel 2018 
(n = 19,659) e nel 2019 (n = 19,709)

2,228 isolati (5.7%) MEM-NS

MBLs (36.7%, 818/2,228)
KPC (25.5%, 568/2,228) 
OXA-48-like (24.1%, 538/2,228)



Epidemic of carbapenem-resistant Klebsiella 

pneumoniae in Europe is driven by nosocomial

spread

Nat Microbiol. 2019 4:1919-1929
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Carbapenem-resistant Klebsiella pneumoniae (CRKP) studied at 
European level in 2013-2014 - EuSCAPE collection

Since in the EuSCAPE study most of the CRKP were from the 
South of Europe, the sequel project collected 687 CRKP 
recovered among clinical samples from 41 hospitals in nine 
Southern European countries in 2016-2018 - EURECA collection 

Identified 11 major clonal lineages, with most 
isolates belonging to the high-risk clones 
ST258/512, ST101, ST11, and ST307. blaKPC-like was 
the most prevalent carbapenemase-encoding gene 
(46%) prevalent in Greece, Italy, and Spain; blaOXA-

48-like present in 39% of isolates, mostly by ST101 in 
Serbia and Romania and ST14 in Türkiye; blaNDM in 
ST11 from Greece



|

Sheu CC et al., Infections Caused by Carbapenem-Resistant Enterobacteriaceae: An Update on Therapeutic Options. Front. Microbiol., 30 

January 2019 https://doi.org/10.3389/fmicb.2019.00080 

Se non abbiamo i 
carbapenemi cosa 
altro rimane?
Domanda posta 
nel 2019



RamR RamR

XDR ST147 K. pneumoniae
Colistin 

ColR MgrB depletion

Tigecycline

TygR RamR depletion

Fosphomycin

FosR GlpT depletion
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From: Klebsiella pneumoniae: a major worldwide source and shuttle for antibiotic resistance

Shiri Navon-Venezia, Kira Kondratyeva, Alessandra Carattoli
FEMS Microbiol Rev. 2017;41(3):252-275. 

Time-line describing the evolvement of K. pneumoniae resistome 



• Resistance gene

• Transposon

• Plasmids

• Bacterial clones



Bacterial sex
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Una storia:

Un gene di carbapenemasi e la 

strategia di disseminazione in 

Klebsiella pneumoniae e Escherichia 

coli



Carbapenemasi di Classe D : le origini

Potron et al., AAC 2011, 55: 4405–4407 



Shewanella xiamenensis

Klebsiella pneumoniae

Potron et al., AAC 2011, 55: 4405–4407 

L’origine di blaOXA-181

ISEcp1 blaOXA-181 ΔlysR Δere

ATATAATATA

orf3 blaOXA-181 lysRorf2orf1



ColKP3 9 Kb

JN205800

Klebsiella pneumoniae 
plasmid pKP3-A OXA-181

repA

OXA-181 ISEcp1

IS



Escherichia coli
pOXA181
KP400525 China

FDAARGOS_433
CP023897  Canada

pAMA1167-OXA-181
CP024806, Denmark

pKBN10P04869C
CP026476, South Korea

pOXA-181-IHIT35346
KX894452, Germany

pKP_BO_OXA-181
MG228426, Italy

IncX3_OXA_181
MG570092, Lebanon

Klebsiella pneumoniae pOXA-181_29144
KX523903 Czech Republic

IncX3



Cambio di approccio in farmacologia

La nuova golden age





ceftolozane/tazobactam
2014

ceftazidime/avibactam
2015

meropenem/vaborbactam
2017

imipenem/relabactam
2019

Back to susceptibility



CAZ-AVII

Ceftazidime Avibactam



β-Lactamase inhibitors

8. Avibactam. 9. Relebactam. 10. Vaborbactam. 11. Bicyclic
boronate.
Chief among these is the introduction of the 
diazabicyclooctanones (DBOs), of which avibactam was the 
progenitor and first to reach the clinic as a combination with 
the oxyiminocephalosporin ceftazidime. Avibactam is a 
mechanism-based non-β-lactam β-lactamase inhibitor, based 
around a bicyclic core structure, that is able to acylate the 
active site of serine β-lactamases in a reversible manner

Since the discovery and development of clavulanic acid 
as an irreversible inhibitor of the most widely 
distributed class A enzymes other
penicillin-inhibitor combinations (amoxicillin–
clavulanate, ampicillin–sulbactam, piperacillin–
tazobactam) have found wide application as 
treatments for both community- and healthcare-
associated infections by β-lactamase-producing 
organisms. However, their limited spectrum of activity, 
is confined to a subset of class A enzymes that, 
importantly, does not include KPC.
The search for more widely effective β-lactamase 
inhibitors is given added impetus by the continued 
weakness of the antibiotic discovery pipeline for Gram-
negative bacteria. 



Ceftazidime/avibactam (CAZ/AVI) EMA authorized 2018 



Avibactam is a structural class of inhibitor that does not contain a β-lactam core but maintains the capacity to covalently 
acylate its β-lactamase targets.



β-Lactamase inhibitors



CARBAPENEMASE TYPE MATTERS
Spectra of New and Anticipated β-Lactams and β-Lactamase Inhibitor Combinations, in Relation to Bacterial Group 
and Carbapenemase Type

Enterobacterales Pseudomonas Acinetobacter
aeruginosa baumannii

Drug KPC OXA-48 MBL MBL MBL OXA

Diazabicyclooctane-based
inhibitor combinations

Ceftazidime/avibactam ++ ++ – – – –
Imipenem/relebactam ++ – – – – –
Aztreonam/avibactam ++ ++ ++ + a – –

Boronate-based
inhibitor combinations

Meropenem/vaborbactam ++ – – – – –

Single agents 

Cefiderocol ++ ++ +(+)b ++ +(+)b ++ 

Abbreviations: -, not generally active; +, weak activity; ++, broadly active; 
a:Aztreonam only has weak activity, in general, vs. P. aeruginosa.
b:MIC are raised for isolates with NDM MBLs, which are the commonest MBLs in Enterobacterales and A. baumannii (though not in P. aeruginosa). 
Table adapted from Livermore et al., Clinical Infectious Diseases, Volume 71, Issue 7, 1 October 2020, Pages 1776–1782
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The dominant mechanism that lead to CAZ/AVI 
(CZA) resistance is conferred by KPC mutants

• 11 new KPC variants 
were identified in 
clinical isolates from 
2020-2022 

CEFTAZIDIME/AVIBACTAM RESISTANCE

Replacing aspartic acid in tyrosine at position 179 changes the shape of 
the Ω-Loop, with a subsequent change in the phenotype. 



Frequency of sequence types of Escherichia coli isolates carrying blaNDM-5 over time by year of sampling (n = 741)

ST167 22.9%
ST405 13.2%
ST410 11.0%
ST361 8.0%
ST648 7.4%



874 WGS Escherichia coli carrying 
blaNDM-5 
from 13 countries in 2012-2022
showed the predominance of
ST167, ST405, ST410, ST361 and ST648

Eurosurveillance Volume 28, Issue 19, 11/May/2023

The European Centre for Disease Prevention and 
Control requested, via its EpiPulse platform, WGS and 
epidemiological data on Escherichia coli carrying blaNDM-5 from 
European Union (EU)/European Economic Area (EEA) countries



IncF and NDM

Wu W, Feng Y, Tang G, Qiao F, McNally A, Zong Z. NDM Metallo-β-Lactamases and Their Bacterial Producers in Health Care 
Settings. Clin Microbiol Rev. 2019 Jan 30;32(2).
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Published on 21 Nov 2024

76% were 
blaOXA-244 n = 230  
and 
blaOXA-48 n = 224
 
other n = 140

Worldwide, Sequence type (ST)131 is a high-risk lineage of 
global distribution.
12 April 2024, ECDC requested to NRLs the genomes of 
Escherichia coli sequence type (ST)131 and its single locus 
variants, carrying carbapenemase genes 
660 sequences from 17 European Union/ European Economic 
Area countries



Detection of isolates carrying blaOXA-244 increased sharply between 2021 and 2023. 
Increasing diversity of carbapenemase (including metallo-beta-lactamase) genes over time



blaOXA-244 with a high proportion of 
female patients, a relatively low 
median age, the frequent detection 
of isolates from urine samples, and 
slightly more frequent 
documentation of travel outside 
the EU/EEA within 12 months 
before detection. bla OXA-244 formed 
multi-country clusters, 

bla OXA-48-carrying isolates were 
predominantly detected within one 
country, e.g. France or Ireland.

bla OXA-244 suggest a potential association with community-acquired urinary tract infections. 

Of note, E. coli carrying bla OXA-244 often do not grow on screening media for carbapenemase-producing 
Enterobacterales (CPE) and are most likely under-detected. 

The apparent association of E. coli ST131 carrying bla OXA-244 with community-acquired UTIs might therefore only 
represent the tip of the iceberg in terms of patient colonisation in the community.

Previous global surveys of carbapenemase-producing E. coli covering different geographical areas and time 
periods have identified only few E. coli ST131 isolates carrying bla OXA-48 and none carrying bla OXA-244



Salmonella isolates from humans (n = 2,824) and animals and 
food (n = 8,574) from Lombardia and Emilia-Romagna regions. 
62% of all Italian pigs and 38% of cattle are resident in these 2 
Italian regions.
blaOXA 181 gene in 16 (0.14%) isolates, four from 2023 and 12 from 
2024.
12 from pigs or pork, 3 from humans and 1 isolate was from a wild 
roe deer.
1,4,[5],12:I monophasic variant of Salmonella Typhimurium

Published 03 April 2025





NDM-like β-lactamases hydrolyse all β-
lactams (BLs) except monobactams, and are
not inactivated by most of the recently
developed β-lactamase inhibitors (BLIs)
(avibactam, relebactam, vaborbactam,
nacubactam or zidebactam).

The newly developed cyclic boronate BLI,
taniborbactam, alias VNRX-5313, is one of
the few BLIs possessing significant inhibitory
activity against MBLs, with the exception of
IMP-like enzymes, and is currently in clinical
development in combination with cefepime.





Here we report the in vitro activity of cefepime/taniborbactam in 
comparison with other recently developed BL/BLI combinations 
against a collection of NDM-9 producers. 

Our collection included four different bacterial species: E. 
coli, Klebsiella pneumoniae, Klebsiella variicola and Acinetobacter 
baumannii, recovered either from human or water origins and from 
four different countries (France, Switzerland, South Korea, USA) 
located in three different continents.
In addition, some other worldwide reports indicated a large variety of 
bacterial species that includes E. coli, Klebsiella aerogenes, K. 
pneumoniae, K. variicola, Cronobacter sakazakii and A. baumannii as 
carriers of the blaNDM-9 gene. They have been recovered from humans but 
also from animals (chickens) and the environment (rivers), and in many 
different countries including China, French Polynesia, Italy, South Korea, 
Tunisia and Switzerland. 



We show here that the future 
effectiveness of 
cefepime/taniborbactam, but also of 
any other BL/BLI combination supposed 
to include taniborbactam as BLI, might 
be compromised by the circulation of 
the NDM-9 enzyme. Worryingly, the 
potential of the NDM-9-encoding gene 
to successfully spread among many 
different species and many different 
environments is proven here, as a good 
example of a One Health critical issue.

Of particular concern is the report of an MDR NDM-9-producing ST147 K. pneumoniae that was clonally 
related to other NDM-1-producing K. pneumoniae isolates being part of a nosocomial outbreak involving 
patients hospitalized in the same region of Italy



Recently, three intriguing manuscripts were published 
in Antimicrobial Agents and Chemotherapy, which describe 
the role of taniborbactam (13), a bicyclic boronate β-
lactamase inhibitor, and the factors that appear to both 
promote and limit its ability to inactivate some of the 
most clinically relevant MBLs (14–16). The potential 
availability of taniborbactam in the near future is very 
welcome news as we are in dire need of MBL-active β-
lactamase inhibitors. However, reports of NDM-variants 
(e.g., NDM-9) and VIM-variants (e.g., VIM-83) with single 
amino acid substitutions making them less susceptible to 
inhibition by taniborbactam temper some enthusiasm 
(15, 17). Regrettably, taniborbactam is also inefficient at 
inhibiting IMP-type MBLs, a significant contributor to 
carbapenemase production in the Far East and Australia 
(18).
In one of the three aforementioned manuscripts, Drusin
and colleagues sought to better elucidate the molecular 
basis by which certain MBLs (including IMP-1) are not 
inhibited by taniborbactam (14). Using elegant docking 
simulations and electrostatic surface calculations, they 
advanced the notion that “MBL escape variants” can 
arise from changes in electrostatic features due to single 
amino acid substitutions in MBL active site loops, leading 
to ineffective binding of taniborbactam

we review three manuscripts (S. I. Drusin, C. Le Terrier, 
L. Poirel, R. A. Bonomo, et al., Antimicrob Agents 
Chemother 68:e01168-23, 
2024, https://doi.org/10.1128/aac.01168-23; C. Le Terrier, 
C. Viguier, P. Nordmann, A. J. Vila, and L. Poirel, 
Antimicrob Agents Chemother 68:e00991-23, 
2024, https://doi.org/10.1128/aac.00991-23; D. Ono, M. F. 
Mojica, C. R. Bethel, Y. Ishii, et al., Antimicrob Agents 
Chemother 68:e01332-23, 
2024, https://doi.org/10.1128/aac.01332-23) in which
investigators describe elegant experiments to explore
MBL/taniborbactam interactions and modifications to 
MBLs, in response, to reduce the affinity of 
taniborbactam.

https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B13
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B14
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B15
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B16
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B15
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B17
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B18
https://journals.asm.org/doi/full/10.1128/aac.01510-23?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B14
https://doi.org/10.1128/aac.01168-23
https://doi.org/10.1128/aac.01168-23
https://doi.org/10.1128/aac.01168-23
https://doi.org/10.1128/aac.00991-23
https://doi.org/10.1128/aac.00991-23
https://doi.org/10.1128/aac.00991-23
https://doi.org/10.1128/aac.01332-23
https://doi.org/10.1128/aac.01332-23
https://doi.org/10.1128/aac.01332-23


Cambio di approccio

Il cavallo di Troia



• Siderophore cephalosporin with activity against carbapenem-resistant gram-negative bacteria 

• FDC is subject to active transport through the iron transport system, including TonB-dependent 
receptors as well as passive diffusion through porin channel 

(https://www.fetroja.com/mechanism-of-action)

CEFIDEROCOL (FDC)



In vivo evolution of K. pneumoniae sequence type 512 in a patient during 
hospitalization under the treatment with CZA, Meropenem/Vaborbactam, 
and FDC.

Genotypic Evolution of Klebsiella pneumoniae Sequence Type 512 

CASE 1: FDC RESISTANCE
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▪ PL1: CZA S 
wt cirA
FDC MIC: 0,5 mg/L

▪ PL2 = PL4: CZA R
wt cirA
FDC MIC: 2 mg/L

▪ PL3: CZA R 
wt cirA
FDC MIC: 4 mg/L

Differences between the strains were 
diverse combinations of KPC variants 
and a fec gene cluster

CASE 2: FDC RESISTANCE



Figure S4. Maps of pKPN plasmids. Major structural features of pKPN-PL3, pKPN-PL2 identified in PL3 and PL2 K. pneumoniae isolates, respectively. pKPN-PL2 is fused

with pKpQIL-PL2 plasmid (map and integration site are indicated below the pKPN-PL2 map by dot lines). Maps of the two reference pKPN-307 and pKPN-1001 plasmids

representing the largest and smaller pKPN plasmid identified in our previous studies in ST307 and ST512 K. pneumoniae isolates, respectively are also included for

comparison.



Expression of ferrisiderophore 
receptor genes in presence of ferric 
citrate 

• The inhibition was almost complete 
(90%) in cells carrying the R69c-FEC 
plasmid and only partial in R69c-
carrying cells

• The markedly reduced 
expression of ferrisiderophore 
receptor genes correlated with 
the higher FDC MICs

Fur binding region= dotted double arrows

RESULTS



• A global screening of 27,793 K. 
pneumoniae genomes  identified 
the fec gene cluster in 38.4%  of 
the samples.

• 24.0% carried a fec gene cluster 
identical to K. pneumoniae PL3

• The distribution of the fec gene 
cluster varied across the 15 most 
common STs

• ST512 showed high prevalence, 
with 68% of fec-carrying isolates 

GLOBAL EPIDEMIOLOGY
Ferric citrate uptake system
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β-lactamases from Gram-negative bacteria are 
generally regarded as soluble, periplasmic enzymes.  
N-terminal signal peptide directs β-lactamase 
precursor to one of the two main export pathways 
(Sec or Tat) responsible for protein translocation into 
the periplasmic space.

Published 13 December 2024

Predominance of putative lipidated enzymes in 
the Class D OXAs. 
In the case of lipoproteins, the signal peptides are 
cleaved by the Type II signal peptidase (Sec/SpII)
Namely, 60% of the OXA Class D enzymes contain a 
lipobox sequence in their signal peptide.
This contrasts with β-lactamases from other

classes, which are predicted to be mostly soluble
proteins (NDM-1 is lipidated)

7,479 accessible β-
lactamase sequences



>99% lipidated OXAs are present in 
Acinetobacter spp. 
OXA-23 and OXA-24/40 are 
lipidated, membrane-bound proteins in 
Acinetobacter baumannii. 
In contrast, OXA-48 (commonly produced by 
Enterobacterales) lacks a lipobox and is a 
soluble protein. 

The cysteine residue located at 
C-terminus is the target of lipidation.

lipidated cysteines (Cys18 and Cys20)

Cys for Ala in both proteins (Cys18 in OXA-23 
and Cys20 in OXA-24/40) 



The membrane-bound β-lactamases are OMVs loaded with lipidated β-lactamases.
These are vehicles for antimicrobial resistance and its dissemination. This advantage could be crucial in polymicrobial 
infections, in which Acinetobacter spp. are usually involved

CA_OXA-23 and CA_OXA-24/40 variants in A. 
baumannii resulted in the accumulation of both 
proteins only in the periplasmic fractions as 
soluble proteins membrane anchoring of OXAs 
results in packaging into OMVs.

Lipidated OXAs are selectively secreted into OMVs

We tested this in β-lactam-susceptible A. baumannii, E. coli, and 
Pseudomonas aeruginosa cells treated with OMVs from A. baumannii
carrying the empty vector (EV) or expressing OXAs in the presence of 
imipenem or piperacillin, and we determined the MICs
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