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Abstract

Among various β-lactam hydrolyzing enzymes, classified from group A to D, the
most genetically as well as biochemically diverse is the class D β-lactamases
(DBL), few of which can incapacitate the complete spectrum of β-lactamases.
DBLs, like class A and C, are active serine site enzymes, differing from them in
amino acid structure. The DBLs form an enzyme substrate complex with β-lactam
antibiotics in the periplasmic space leading to their hydrolysis with Ser70 serving
as the active site. DBLs can be acquired and natural. Acquired DBLs are
classified into narrow spectrum, extended spectrum, and carbapenem-
hydrolyzing β-lactamases (CHDLs). Detection of class D β-lactamases is crucial
yet challenging due to the lack of appropriate and standardized phenotypic
assays. However, currently, molecular detection of the DBL genes is the only
standardized method of identification of class D β-lactamases. Intensive research
is required for developing rapid and easy detection tools for DBLs and for the
discovery of class D specific inhibitors.
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7.1 Introduction

β lactam antibiotics have had been the vanguard of antimicrobial chemotherapy
despite their use of over half a century. Of late, majority of these antibiotics are
rendered ineffective due to the increasing antimicrobial resistance. Of the various
mechanisms of the antimicrobial resistance, presence of bacterial enzymes remains
the smartest and traditional mechanism of acquired as well as innate resistance.
Among the various β lactam hydrolyzing enzymes, classified from group A to D, the
most genetically as well as biochemically diverse is the class D β lactamases (DBLs),
few of which can incapacitate the complete spectrum of β lactamases (i.e.,
penicillins, cephalosporins, and carbapenems) (Leonard et al. 2012; Poirel et al.
2010). Clinically they may be signified into narrow spectrum (effective against
earliest generation penicillins and cephalosporins), extended spectrum (hydrolyze
later generation cephalosporins), and the most concerning are the DBLs that hydro-
lyze clinically important carbapenems (e.g., imipenem). They are the largest grow-
ing family of β lactamases based on the percentage of new enzymes and their
variants (Bush 2013). Their genes may be chromosomal or may be located on
plasmids of gram-negative pathogens like Acinetobacter, Shewanella, Pseudomo-
nas, Burkholderia, and few gram-positive microbes also (Sanschagrin et al. 1995;
Poirel et al. 2010; Toth et al. 2016). These enzymes are easily transferred between
the species due to their association with integrons, insertion sequences, and
transposons and are a formidable threat to hospitalized patients (Naas and Nordmann
1999). When associated with other enzymes on the same plasmid they result in
synergized phenotypic resistance spectrum narrowing the treatment options (Mendes
et al. 2009).

7.2 General Properties

DBLs, similar to class A and C, are active serine site enzymes differing from them in
amino acid structure. In contrast, class B β lactamases have a Zn2+ ion(s) at the active
site and are considered as metallo-enzymes (Ambler 1980; Jaurin and Grundstrom
1981; Lamotte-Brasseur et al. 1994). DBLs are highly diverse in sequence and show
less than 20% homology with class A and C enzymes (Couture et al. 1992).
However, the topological fold is preserved among the three classes and more so
within class D (Fisher et al. 2005).

Also known as OXA-type enzymes or oxacillinases, DBLs include more than
400 genetically diverse enzymes described (Bush 2013) predominantly in gram-
negative pathogens (e.g., Acinetobacter spp., Pseudomonas aeruginosa, and
Enterobacterales), along with the gram-positive pathogens (Walther-Rasmussen
and Høiby 2006; Bush and Fisher 2011).

Majority DBLs hydrolyze cloxacillin or oxacillin at a rate of more than 50%
higher than that for benzylpenicillin, although this generalization is no longer valid
(Fisher et al. 2005; Walther-Rasmussen and Høiby 2006). They are characteristically
not inhibited by β-lactamase inhibitors such as clavulanic acid, tazobactam, and
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sulbactam (Payne et al. 1994; Bush et al. 1995), with a few exceptions, such as
OXA-2, OXA-29, and OXA-32 inhibited by tazobactam, and OXA-53, inhibited by
clavulanic acid (Franceschini et al. 2001; Mulvey 2004; Naas and Nordmann 1999).
However, they are susceptible towards the recently developed inhibitors like
avibactum and vaborbactam (Voha et al. 2006; Schneider et al. 2006).

7.3 Occurrence of DBLs

DBLs genes have been shown to be acquired as well as are naturally present in
pathogens as well as environmental microbes (Poirel et al. 2010). The naturally
occurring OXA β lactamases are found as cluster in bacterial species (Yoon and
Jeong 2020). Few notable innate DBLs include OXA-22 in Ralstonia species
(Nordmann et al. 2000; Jiang et al. 2020), OXA-42 like enzymes in Burkholderia
pseudomallei (Niumsup and Wuthiekanun 2002), OXA-12 like subfamilies in
Aeromonas species (Walsh et al. 1995), OXA-22 subfamilies in Acinetobacter
species (Tian et al. 2018; Périchon et al. 2013). Mostly the innate DBLs occur as
survival machinery in environmental bacteria (Yoon and Jeong 2020).

Rampant antimicrobial use/misuse/overuse creates a castigatory environment for
the clinical bacterial isolates, which thus acquire various resistance mechanisms. The
attainment of resistance genes for DBLs is mostly through mobile genetic elements
like ISs using transposons or integrons and less commonly by homologous recom-
bination (Yoon and Jeong 2020). The genes for NS and ES DBLs are frequently
found as gene cassettes on class 1 integrons or less commonly on class 3 integrons,
whereas genes for CHDLs are usually associated with ISs associated with
transposons (Yoon and Jeong 2020).

7.4 Mechanism of Action

The DBLs form an enzyme substrate complex with β-lactam antibiotics in the
periplasmic space leading to their hydrolysis. Like other beta-lactamases OXA-β
lactamases or DBLs also have Ser70 that serves as the active site. However, DBL has
a special hydrophobic active site compared to other β-lactamases.

Lys73 present in the Ser70-X-X-Lys motif in the DBL undergoes
N-carboxylation post-translationally to become carbamylated lysine. A strongly
hydrophobic active site helps create the conditions that allow the lysine to combine
with CO2, and the resulting carbamate is stabilized by a number of hydrogen bonds
(Leonard et al. 2012). Trp158 interacts with the carboxylate group of carbamylated
Lys73 to form the active site channel. The Ser70 active site in DBL undergoes
transient acylation and mimics the penicillin binding proteins (PBPs). The lysine
carbamate is essential in acetylation and diacylation step in DBL catalysis, it serves
as a general base to activate the serine nucleophile in the acylation reaction and the
deacylating water in the second step.
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7.5 Classification

The two classic and most frequently schemes for classification of β lactamases
include molecular structure classification using the Ambler method (Ambler 1980)
and functional classification using the Bush–Jacoby–Medeiros method (Bush 2013;
Bush et al. 1995). β-lactamases are divided into four classes A, B, C, and D in the
Ambler classification, by motifs composed of primary sequences constituting the
protein molecules. Class A, C, and D β-lactamases use serine at the enzyme active
center, whereas class B β-lactamases use metal zinc ions. In functional classification
using the Bush–Jacoby–Medeiros method, β-lactamases are classified into groups
1–3 based on the hydrolysis of β-lactam substrates and the effect of the inhibitor.

According to the Bush–Jacoby classification based on substrate hydrolysis, DBLs
are classified into group 2d. Those hydrolyzing extended spectrum cephalosporins
into 2de, carbapenems into 2df and those hydrolyzing both extended spectrum
cephalosporins and carbapenems in group 2def (Bush 2013).

DBLs can be divided into acquired and natural. Acquired DBLs are classified into
narrow spectrum, extended spectrum, and carbapenem hydrolyzing β lactamases
(CHDLs).

1. Acquired narrow spectrum class D β lactamases (NS-DBL): Important examples
include OXA 1, OXA 2, OXA 10 (Poirel et al. 2010). Others acquired narrow
spectrum DBLs include OXA 9, 18, 12, 20, LCR 1, NPS 1 (Poirel et al. 2010).
OXA 30 and 1 are the same, due to an original sequencing error during identifi-
cation leading to a mistake (Boyd and Mulvey 2006).
OXA 1 has less than 30% homology with plasmid and chromosomal DBLs
(Antunes et al. 2014). Since it is a narrow spectrum DBL it hydrolyses amino
and ureidopenicillins and decreases the susceptibility to cephalothin, cefotaxime,
and cefepime. However, it has no effect on carbapenems and ceftazidime. OXA
1 and OXA 31, which differ from it by two amino acid sequences, possess the
ability to hydrolyze cefepime and cefpirome slightly. These can be considered to
be extended spectrum DBLs for bacterial species with high level intrinsic imper-
meability (e.g. Pseudomonas species) and not on bacterial species with low level
intrinsic permeability (e.g. E. coli) (Poirel et al. 2010). The OXA 1 gene is allied
with class 1 integrons and is surrounded by the integrase and aminoglycoside
aminoacyl transferase gene (Siu et al. 2000; Moura et al. 2012).

OXA 2 shares another cluster with its derivatives OXA 3, OXA 15, OXA
21, OXA 32, OXA 34, OXA 36, and OXA 53 and has 30% homology with OXA
1 (Kratz et al. 1983). OXA 2 has been identified in varying clinical species like
Pseudomonas aeruginosa, Salmonella Typhimurium, Morganella morganii,
Klebsiella pneumoniae, Bordetella bronchiseptica, Aeromonas hydrophila, and
even gram-positive microbes like Corynebacterium amycolatum. OXA 2 is his-
torical and can be tracked back to 1970s, characterized by hydrolysis of oxacillin
many times higher than for benzylpenicillin (Suzuki et al. 2015). Although
grouped with the narrow spectrum DBLs, studies have shown that OXA 2 is a
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CHDL (Antunes et al. 2014). Unlike other DBLs, it is inhibited by clavulanic acid
and tazobactam.

OXA 10 The OXA 10 DBL (formerly known as PSE-2), originally found in
Pseudomonas (Matthew and Sykes 1977), is now detected in a wide variety of
gram-negative bacterial pathogens (Fournier et al. 2006; Centron and Roy 2002;
Kumar and Thomas 2011). It hydrolyses cephalosporins including cefotaxime,
ceftriaxone, aztreonam, but not ceftazidime, cephamycins, and carbapenems
(Huovinen et al. 1988). Point mutation derivatives of OXA 10 (OXA 11, 13,
16, 28, 35, and 74) show extended spectrum of activity against cephalosporins
(Poirel et al. 2010).

Other narrow spectrum DBLs include LCR-1, NPS-1, OXA 20, and OXA 46.
2. Extended spectrum class D β lactamases (ES-DBL): These are mostly point

mutation (clustered around the active site tryptophan) derivatives of the narrow
spectrum DBLs and obviously pose a greater clinical challenge as they hydrolyze
later generation cephalosporins that contain bulkier side chain constituents
(e.g. cefotaxime, ceftazidime, and cefepime) (Leonard et al. 2012). Generally,
members of the NS-OXA and CHDL transform their substrate profile to that of
ES-DBLs. OXA-2 like and OXA-10 like subfamilies primarily consist of
ES-DBLs (Yoon and Jeong 2020). OXA 15, derivative of OXA 2, was the first
ES-DBL described (Gly replacing Asp at 150 position in the DBL numbering
system) (Danel et al. 1997). OXA 32 is another derivative of OXA 2 (Leu 169 Ile
substitution) (Poirel et al. 2002). A number of ES-DBL variants of OXA-10 have
been identified, which include OXA 11 (with two substitutions at 146 and
167 BDL numbering system) (Hall et al. 1993), OXA 14 (Gly 167 Asp change)
(Danel et al. 1995), OXA 16 (Ala114Thr and Gly167 Asp changes) (Danel et al.
1998), OXA 17 (Asn 76 Ser change) (Danel et al. 1999).
Other ES-DBLs like OXA 18, OXA-45 and OXA- 53 are extended spectrum β
lactamases which are not structurally related to narrow spectrum OXAs. OXA 18
displays resistance to high level cephalosporins, but not cephamycins and
carbapenems and unlike classic OXA DBLs are inhibited by clavulanic acid
(Philippon et al. 1997). OXA 45 and OXA 53, similar to OXA 18 confer
resistance to wide range of cephalosporins and are inhibited by clavulanic acid.
OXA 18 is chromosomal (Naas et al. 2008), OXA 45 plasmid, while OXA 53
gene is plasmid and integron borne (Mulvey 2004).

3. Acquired carbapenem hydrolyzing class D β lactamases (CHDLs): Of most
concern are DBLs with the ability to hydrolyze carbapenems leading to treatment
failures. Most of the CHDLs are found in Acinetobacter species. Of note is these
carbapenem hydrolyzing CHDLs is the inability or low capacity to hydrolyze
expanded spectrum cephalosporins (Poirel et al. 2010). OXA 23 (also known as
ARI-1) was the first reported CHDL, detected in Acinetobacter baumannii isolate
from Scotland and was found to be plasmid mediated (Dortet et al. 2008).
The CHDLs are divided into four subfamilies (OXA 23 like, OXA 24 like,
OXA 48 like, and OXA 58 like) based on their phylogenetic origin, and they
cluster according to their source of bacterial genera. These CHDLs are encoded as
mobile gene in plasmids as identified in clinical strains, whereas the other CHDLs
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are generally immobile (Yoon and Jeong 2020). Clinically challenging bacteria
possessing CHDLs include OXA 23 producing Acinetobacter baumannii,
OXA 24 producing Acinetobacter baumannii, OXA 48 producing
Enterobacterales, and OXA 58 producing Acinetobacter species (Yoon and
Jeong 2020).
a. OXA 23 like subfamily: This subfamily consists of 41 members, most of which

are carbapenemases, with the exception of OXA 105 and OXA 481, which are
yet to be described (Yoon and Jeong 2020). OXA 23 was the first CHDL to be
identified as mentioned above. The other significant member of the first group
of CHDLs is OXA 27, identified from Singapore in Acinetobacter baumannii
isolate (Afzal-Shah et al. 2001). OXA 27 has been identified in a single isolate
as of yet, whereas OXA 23 is widespread clinically in Acinetobacter isolates
and has been reported from different parts of the world (Corvec et al. 2007;
Stoeva et al. 2008; Feizabadi et al. 2008; Mugnier et al. 2008; Mansour et al.
2008; Dalla-Costa et al. 2003; Valenzuela et al. 2007). Despite the widespread
resistance in Acinetobacter species, the inadequacy of OXA-23 to confer
resistance to carbapenems in Enterobacterales may be due to their low turn-
over and high affinity for carbapenems, resulting in weak hydrolysis (Antunes
et al. 2014).

b. OXA 24 like subfamily: The group consists of 18 members, all of which have
been identified as CHDLs. Few significant enzymes of the group include,
OXA-24 (now OXA 40), OXA 25, OXA 26, OXA 72 (Poirel et al. 2010). An
original sequencing error in the index type OXA 24 identified later makes it
now OXA 40 (Lopez-Otsoa et al. 2002). In contrast to other subfamilies, the
genes for OXA 24 like subfamily are not associated with the ISs or integron
associated components but are flanked by inverted repeats homologous to the
XerC/XerD binding sites, signifying mobilization of gene by site specific
recombination (Merino et al. 2010; D’Andrea et al. 2009). OXA 24 like
producing isolates are found to be endemic in Portugal since the mid-1990s
(Grosso et al. 2011); however, recently they have been disseminated in other
regions of the world leading to clinical concerns (Dortet et al. 2016; Pagano
et al. 2017).

c. OXA-58 like subfamily: The third identified group, with a total of seven
carbapenem members, also found only in Acinetobacter species has OXA-58
as its prototype and has been often associated with hospital outbreaks. All the
seven members are CHDLs. OXA 58 hydrolyses penicillins and carbapenems,
but not cefepime, ceftazidime, and cefotaxime, whereas cefpirome hydrolyzed
only weakly (Poirel et al. 2005). OXA-58 producing isolates have been
isolated from different regions among different bacterial species, with
Acinetobacter baumannii global clone 2 being the major host carrying genes
for OXA-58 like enzyme (Hamidian and Nigro 2019; Lowe et al. 2018;
Taşbent and Özdemir 2015; Higgins et al. 2010).

d. OXA-48 like subfamily: OXA-48 was first identified in plasmid carried gene, in
a carbapenem resistant Klebsiella pneumoniae isolate from Istanbul, Turkey in
2001 (Poirel et al. 2004). The OXA-48 subfamily has been merged with
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OXA-548 subfamily and together comprises 101 enzymes (Yoon and Jeong
2020). OXA-48 is a DBL with highest catalytic activity against imipenem, but
is unable to hydrolyze extended spectrum cephalosporins (Zong 2012).
OXA-48 occurs primarily in Enterobacterales. Nonetheless, occurrence of
chromosomal OXA-48 in Shewanella species is intrinsic (Zong 2012).
OXA-48 has been reported in various hospital outbreaks and is reported
frequently with NDM-1 producing Enterobacterales (Balm et al. 2013; Avolio
et al. 2017).

7.6 Naturally Occurring Class D b Lactamases

Naturally occurring chromosomal class D β lactamase genes have been described in
several species, first one being identified in Aeromonas jandaei (Poirel et al. 2010).
OXA-12 (inducible) and AmpS are the two DBLs produced by Aeromonas jandaei
(Rasmussen et al. 1994; Walsh et al. 1995). Chromosomally located OXA-22 is
found in Ralstonia pickettii, leading to intrinsic resistance to penicillins, narrow
spectrum cephalosporins, ceftazidime, and aztreonam (Nordmann et al. 2000).
OXA-61 is identified in chromosome of Campylobacter jejuni, OXA-62 in
Pandoraea species, and OXA-42 in Burkholderia pseudomallei (Walsh et al.
1995; Alfredson and Korolik 2005; Nordmann et al. 2000). A number of other
naturally occurring DBLs are reported across several bacterial species and are
considered as their survival mechanism against the environment.

7.7 Class D b lactamases in Gram-Positive Organisms

DBLs are occur frequently in the Bacillaceae family and the environmental isolates
of family Clostridiaceae and Eubacteriaceae (Toth et al. 2016). Due to the lack of an
arginine residue conserved in all known serine β lactamases, the DBLs in gram-
positive organisms engage a unique substitute binding mode. This binding mode
differentiates them not only from the DBLs of gram-negative bacteria but also from
class A and C enzymes (Toth et al. 2016). DBLs among gram-positive cocci are not
yet reported.

7.8 Detection of Class D b lactamases

Detection of class D β lactamases is crucial yet challenging due to the lack of
appropriate and standardized phenotypic assays unlike various rapid and easy tests
available for class A, B, and C enzymes. However, few properties of DBLs can be
utilized for their early detection.
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1. Inhibition of OXA-13 and its variant OXA-19 by imipenem: placing an
imipenem disc in proximity to cefsulodin (which is easily hydrolyzed by
OXA-13 in the absence of imipenem), decreasing the zone of inhibition of
cefsulodin can be used for identification of these DBLs (Mugnier et al. 1998).
This feature is also shown by other DBLs like OXA-10 and can be utilized for
their identification (Poirel et al. 2010).

2. Synergy tests using clavulanic acid discs: DBLs whose activity is inhibited by
clavulanic acid or tazobactam (OXA-12, 18, 45, 46) may be identified by synergy
tests using clavulanic acid containing discs (Poirel et al. 2010). Nevertheless,
differentiating these from class A ESBL producers is vital.

3. Spectrophotometric analysis: Well-equipped laboratories can utilize crude
extracts and UV spectrophotometry to assess the capacity to hydrolyze oxacillin.
NaCl inhibition property can be evaluated with a reference substrate like benzyl-
penicillin.
However, various drawbacks of this methods are that all DBLs do not hydrolyze
oxacillin, in vitro inhibition of OXA enzymes activity is difficult, coproduction of
other enzymes which interfere in correct identification.

Currently molecular detection of the DBL genes is the only standardized
method of identification of class D β lactamases.

7.9 Treatment of Class D b-lactamases

In contrast to other class of β-lactamases, no specific inhibitor has had been identified
for DBLs. Nevertheless, a number of potential candidates have shown inhibitor
activity and can be utilized for degrading these enzymes.

Potential class D β-lactamases inhibitors can be classified into those:

1. Derived from β-lactams includes methylidene penems, penicillin sulfones and
2. Non-β lactams derived include avibactam, phosphonates, boronic acid.

Methylidene penems are potent inhibitors of OXA 1 and given with β-lactams.
Penicillin sulfones (Drawz et al. 2010) are active against OXA1, extended

spectrum β-lactamases (OXA10, OXA14, OXA17), and OXA24/40. These
inhibitors act by preventing the attack of deacylating water molecule. Their nega-
tively charged sulfinate group mimics C3/C4 carboxylate group of penicillins and
interact with a carboxylate recognizing residue on DBL. Studies show that C2
substituted 6-alkylidine penicillins were better than C3 substituted 7-alkylidene
cephalosporins sulfones (Pattanaik et al. 2009).

Avibactam has activity against OXA48, given in combination with ceftazidime,
ceftaroline, aztreonam (Livermore et al. 2011; Mushtaq et al. 2010) it forms a
covalent complex in complex with OXA10 and OXA48 and undergoes ring opening
reaction (Docquir et al. 2010).

Phosphonates and boronic acid are novel inhibitors of DBL that do not resemble
β-lactams (Antunes and Fisher, 2014). Thiophenyl oxime derived phosphonates and
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4,7-dichloro-1-benzothien-2yl-sulfonyl-aminomethyl boronic acid are inhibitors of
OXA24/40 (Majumdar et al. 2005; Tan et al. 2011). They work by acylating the
enzyme by acting as transition state analogue inhibitors and forming a reversible
covalent bond with catalytic serine of enzyme with their phosphorus and boron
atom, respectively. Thiophenyl oxime exhibits synergy in combination with
imipenem (Tan et al. 2010).

Polycarboxylates are active against OXA46. They work by forming hydrogen
bond with active site residues on enzyme, one of the carboxylates also makes ionic
interaction with a residue that recognize C3/C4 carboxylate group of β-lactams.
Other polycarboxylates, lipophilic aminocitrate, and aminoisocitrate derivatives also
inhibit OXA10 (Beck et al. 2009).

Yet, none of the compounds is able to inhibit the entire class D enzymes. This can
be attributed to the magnanimous size of the family and the diversity of the members
of the group. More research is thus required, to explore inhibitors for the subfamilies
existing in the class, if not for the entire family.

7.10 Conclusion

Class D β lactamases are the largest and most diverse, yet most neglected group of β
lactamases. Clinically they should be considered a threat similar to or even greater
than other β lactamases, since lack of detection may augment their unseen and rapid
spread among the clinical settings. Intensive research is required for developing
rapid and easy detection tools for DBLs and also for the discovery of class D specific
inhibitors.

Seeing the magnanimous and diverse range of members of this group, and for the
unification of the subfamilies, new scheme for their classification should be
considered.
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