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Conspectus

Despite 70 years of clinical use, β-lactam antibiotics still remain at the forefront of antimicrobial

chemotherapy. The major challenge to these life-saving therapeutics is the presence of bacterial

enzymes (i.e., β-lactamases) that can hydrolyze the β-lactam bond and inactivate the antibiotic.

These enzymes can be grouped into 4 classes (A-D). Among the most genetically diverse are the

class D β-lactamases. In this class are β-lactamases that can inactivate the entire spectrum of β-

lactam antibiotics (penicillins, cephalosporins, and carbapenems).

Class D β-lactamases are mostly found in Gram-negative bacteria such as Pseudomonas

aeruginosa, Escherichia coli, Proteus mirabilis, and Acinetobacter baumannii. The active-sites of

class D β-lactamases contain an unusual N-carboxylated lysine post-translational modification. 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. The carboxy-lysine

plays a symmetric role in the reaction, serving as a general base to activate the serine nucleophile

in the acylation reaction, and the deacylating water in the second step.

There are more than 250 class D β-lactamases described, and the full set of variants shows

remarkable diversity with regard to substrate binding and turnover. Narrow-spectrum variants are

most effective against the earliest generation penicillins and cephalosporins such as ampicillin and

cephalothin. Extended-spectrum variants (also known as extended-spectrum β-lactamases,

ESBLs) pose a more dangerous clinical threat as they possess a small number of substitutions that

allow them to bind and hydrolyze later generation cephalosporins that contain bulkier side-chain

constituents (eg. cefotaxime, ceftazidime, and cefepime). Mutations that permit this versatility

seem to cluster in the area surrounding an active-site tryptophan resulting in a widened active-site

to accommodate the oxyimino side-chains of these cephalosporins. More concerning are the class

D β-lactamases that hydrolyze clinically-important carbapenem β-lactam drugs (e.g., imipenem).

Whereas carbapenems irreversibly acylate and inhibit narrow- spectrum β-lactamases, class D

carbapenemases are able to recruit and activate a deacylating water. The rotational orientation of

the C6 hydroxyethyl group found on all carbapenem antibiotics likely plays a role in whether the

deacylating water is effective or not.

*Corresponding author: Robert A. Bonomo, MD, Louis Stokes Cleveland Department of Veterans Affairs Medical Center, 10701 East
Blvd., Cleveland, Ohio 44016. Phone 2167913800x 4399, 4801. Robert.bonomo@va.gov.

NIH Public Access
Author Manuscript
Acc Chem Res. Author manuscript; available in PMC 2014 November 19.

Published in final edited form as:
Acc Chem Res. 2013 November 19; 46(11): 2407–2415. doi:10.1021/ar300327a.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Inhibition of class D β-lactamases is a current challenge. Commercially available inhibitors that

are active against other classes of β-lactamases are ineffective against class D enzymes. On the

horizon are several compounds, consisting of both β-lactam derivatives and non-β-lactams, that

have the potential of providing novel leads to design new mechanism-based inactivators that are

effective against the class D enzymes. Several act synergistically when given in combination with

a β-lactam antibiotic, and others show a unique mechanism of inhibition that is distinct from the

traditional β-lactamase inhibitors. These studies will bolster structure-based inhibitor design

efforts to facilitate the optimization and development of these compounds as class D inactivators.

Introduction

The introduction of β-lactam antibiotics into clinical medicine has had a profound impact on

our civilization. As a therapeutic category of drugs, β-lactams have increased our life

expectancy by almost 10 years1. Each new class has addressed a significant clinical

challenge in the surgical and medical treatment of adults and children. Regrettably, bacteria

have acquired mechanisms that allow them to fend off these life-saving drugs. Perhaps the

most important resistance mechanism involves acquisition of β-lactamases (EC 3.5.2.6),

drug-inactivating enzymes that have seriously challenged the therapeutic efficacy of each

generation of novel β-lactams. In response to multiple drug modification strategies, β-

lactamases have altered their substrate spectrum by introducing amino acid changes in or

near the active site that alter the kinetic profile to confer resistance to novel β-lactams. This

evolutionary strategy has been coupled with the introduction of novel genetic elements that

increase production and regulate synthesis of these enzymes2.

Presently, the medicinal chemist is challenged by the diverse β-lactamases that are present

in nature (>1400 unique enzymes). Of the four distinct structural classes (designated A-D),

three (A, C, and D) proceed by a serine nucleophile based hydrolysis. Class B enzymes

hydrolyze β-lactams by employing 1 or 2 Zn+2 ions as part of the catalytic machinery. In

keeping with their status as a family of proteins subject to direct drug selection, β-

lactamases have altered their kinetic characteristics such that they can hydrolyze

cephalosporins and carbapenems, the most potent β-lactam therapeutic agents.

Members of the class D β-lactamase sub-family are named using the “OXA” nomenclature

(ie. OXA-1, OXA-2, etc.). This convention arose when it was observed that enzymes of this

class were shown to possess strong hydrolytic activity against the semi-synthetic penicillin

oxacillin. As the sub-family grew, it was discovered that many class D enzymes are active

against cephalosporins, β-lactam/β-lactamase inhibitor combinations, and carbapenems as

well. Unfortunately class D β-lactamases are often found among the most clinically

challenging species including Acinetobacter baumannii, Pseudomonas aeruginosa,

Escherichia coli andProteus mirabilis. In Acinetobacter spp. certain class D β-lactamases

(ie. OXA-23, -24, -58, -143) confer resistance to carbapenems while in P. aeruginosa, other

class D enzymes (ie. OXA-14, -28, -35) render resistance to extended-spectrum

cephalosporins. Moreover, OXA-23 and OXA-24/40 were largely responsible for

carbapenem resistance in isolates that infected members of the US military in Iraq and

Afghanistan3. Recently, an OXA carbapenemase believed to originate in Turkey (OXA-48)

Leonard et al. Page 2

Acc Chem Res. Author manuscript; available in PMC 2014 November 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



has been reported in Klebsiella pneumonia, has caused considerable mortality in Europe4

and is now in the US5.

The > 250 members of the class D β-lactamase family are highly diverse in sequence, and

display very low levels of homology with the enzymes of class A and C6. Despite this,

crystal structures reveal that the topological fold is conserved among the three classes, and

highly so within class D7. This fold is composed of two domains: one a fairly flat central β-

sheet surrounded by α-helices, and another all-helical domain8-12. Interestingly, this basic

fold is also found in a several other families of proteins, including β-lactam sensors13,

transpeptidases6 and serine proteases such as chymotrypsin. The sensors bind and covalently

link to β-lactam antibiotics, but in line with their role as signal transducers, the complexes

enjoy longevity that lasts longer than the duration of a bacterial generation14.

The X–ray structures of OXA-10, OXA-24/40 and the sensor protein BlaR1 (a structurally

related sensor/signal transducer protein of Staphylococcus aureus) each with a β-lactam

bound in the active-site, are shown in Figure 1. The deep active-site, found at the interface

of the two domains, is formed mainly from a short 310 helix, a loop between α-helices α4

and α5 (115-117; all residue numbers correspond to OXA-10 unless otherwise indicated),

and β-strand β5. A wall of the active-site, also observed in class A and class C β-lactamases,

is made from a loop of variable length commonly referred to as the “omega loop”. Not

surprisingly, those residues that are highly conserved in class D (ie. S67, K70, S115, V117,

W154, L155, K205, G207), and those few that are ubiquitous in all class A, C and D

enzymes, are found amongst these structural elements.

In contrast to the exclusively monomeric class A and C β-lactamases, class D enzymes can

be either monomeric or dimeric. Extensive structural analysis of dimeric enzymes such as

OXA-10, OXA-46 and OXA-48 show a similar mode of dimerization mediated by α9 and

β49,10. OXA-1 and OXA-24/40, which are members of distinct subfamilies in the class D

group, are shown to be monomeric8,11 .

Active-site chemistry and the catalytic mechanism

Key active-site residues of a typical class D β-lactamase (OXA-10) are shown in Figure 2.

Class D β-lactamases are much more hydrophobic than those of class A and C; most

notably, the nearly ubiquitous asparagine in the latter two classes (N132 in TEM-1 and

N152 in AmpC) is replaced by valine (V117), isoleucine or (rarely) leucine in class D15.

Other examples of highly conserved non-polar residues are W102, Y/F141, W154 and L/

I155. Two other positions that are often hydrophobic (Y112 and M223 in OXA-24/40) have

been shown to reside on the opposing rims of the active-site, or to extend across it forming a

hydrophobic bridge8.

The hydrophobic nature of class D β-lactamases is necessary to promote the formation of an

unusual post-translational modification: the carboxylation of an active-site lysine to form a

carbamate functional group9. Carbamates are known to bind and orient metal ions16, but in

rare cases, they are implicated in substrate binding (alanine racemase)17 or directly in

catalysis (ribulose-5-phosphate carboxylase)18. Lysine carboxylation was first observed in

the crystal structure of OXA-109, and has since been observed in OXA-1, OXA-24/40,
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OXA-46 and OXA-48 structures11,12,19,20. BlaR1, though not a β-lactamase itself,

conserves most of the carbamate- stabilizing active-site residues, and indeed was shown to

possess a carboxylated lysine in a recent crystal structure21. Interestingly, it has been shown

that β-lactam acylation of BlaR1 leads to lysine decarboxylation, thus removing the general

base required for hydrolytic deacylation and allowing to the long-lived acyl-species

necessary for β-lactam-sensing signal transduction22.

The hydrophobic residues of class D β-lactamase active-sites (most notably V117)

presumably lower the pKa of the lysine enough to allow the deprotonation that is necessary

for the attack on CO2. The carbamate moiety is stabilized by hydrogen bonds from the side-

chains of W154 and the serine that serves as the attacking nucleophile, S67. Residues that

differ throughout the class (e.g. S120 in OXA-1, H78 in OXA-46), also contribute hydrogen

bonds or salt bridges. A second active-site serine (S115) hydrogen bonds with the carbamate

nitrogen, further stabilizing and orienting the functional group. Unstabilized carbamates can

easily decompose into CO2 and a free amine, but these active-site interactions push the

equilibrium toward stable carboxylation (Kd values of 1-10 QM)23-25. With such low

Kdvalues, class D β-lactamases are expected to be fully carboxylated under physiological

conditions (~ pH 7 and > 15 mM bicarbonate). Not surprisingly, the pH of crystallization

conditions can affect the degree of carboxylation, with little or no carbamate observed at pH

< 6, partial occupancy observed from pH 6-7 and full carboxylation observed at more

alkaline pH values8,24,26.

Class D enzymes use a covalent catalysis mechanism reminiscent of that seen with classic

serine proteases such as chymotrypsin. In the first step, a serine nucleophile attacks the

lactam carbonyl yielding a covalent acyl-intermediate (Figure 3a). The tetrahedral oxyanion

transition state (Figure 3b) for this acylation reaction is stabilized by two main-chain amides

(S67 and F/A/W208) and electrostatically by a second active-site lysine (K205). The ester

linkage is then hydrolyzed by an active-site water (Figure 3c) allowing the release of the

inactivated β-lactam (Figure 3d). Studies with hydroxyalkyl penicillinate inhibitors revealed

that this deacylating water attacks the α face of the ester carbonyl of the acyl intermediate

(ie. the side facing the reader in Figure 3)27,28. This matches the direction of water attack in

class A β-lactamases, and contrasts with the β face attack in class C enzymes7.

The discovery of the active-site carboxy-lysine suggests that it participates in catalysis as a

general base, activating both the serine acylation nucleophile and later the deacylating

water24,28. This proposal was supported by the observation that one of the carbamate

oxygens overlays closely with the general base carboxylate (E166) of TEM-1, a class A β-

lactamase29. Secondly, β-lactamase activity can be eliminated by exposure to conditions that

favor decarboxylation (low pH), and subsequently restored by the addition of

bicarbonate23,24. Mutation of the hydrophobic residues surrounding K70, most notably

V117 and W154, also leads to decarboxylation and loss of activity30,31. Substitutions for

K70 itself have been shown to greatly slow down acylation rates and nearly eliminate

deacylation altogether32,33. Thus, as with mutation of the general base of class A (E166)34

and class C (Y150)35, K70 substitution yields an enzyme that arrests at the acyl-intermediate

stage25,32.
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The symmetric role of carboxy-K70 acting as a general base in both acylation and

deacylation requires a mechanism by which the protonated carbamate can be restored to

basicity. The simplest scenario would be to have the proton transferred to the leaving group

(the β-lactam nitrogen in acylation and the S67 alcohol in deacylation) via S11511,36,37. The

positive charge of a second active-site lysine (K205) may encourage the role of S115 as an

intermediary in a proton relay10. While S115 is almost always found within hydrogen

bonding distance of S67, most structures do not place it close enough to hydrogen bond with

either of the oxygen atoms of carboxy-K70. S115 is hydrogen bonded to the carbamate

nitrogen, however, and it was proposed that its hydroxyl may transfer a proton via that

group11.

As noted above, the “OXA” name used for all class D β-lactamases recalls that many of the

early identified β-lactamases efficiently hydrolyzed oxacillin, a semi-synthetic isoxazolyl

pencillin. As more class members were identified by the presence of common sequence

motifs, it became clear that efficient oxacillinase activity is not a defining property of the

class. The >250 currently identified class D enzymes are classified as narrow-spectrum,

ESBL (extended- spectrum β-lactamase), or CHDL (carbapenem-hydrolyzing class D β-

lactamase)15,38,39. While there has been a great number of both ESBL and CHDL enzymes

discovered, a class D enzyme has not yet been found that possesses both ESBL and

carbapenemase activities15.

The reason for the strong preference by class D β-lactamases for oxacillin is a matter of

interest. If the core structure of oxacillin binds in a manner similar to that seen for ampicillin

and benzylpenicillin in OXA-1025, oxacillin's hydrophobic bicyclic side chain would likely

present itself to a nonpolar patch composed of F208 and G210. In OXA-46 and OXA-48,

two other proficient oxacillinases, this patch is composed of W213 and G215 in the former

and Y211 and T213 in the latter. In OXA-1, the sequentially-unrelated F217 and L255

occupy the same space. As first noted in the structure of OXA-24/40 and later expanded in

the analysis of OXA-48, the loop containing these non-polar residues in narrow spectrum

enzymes does not extend very far into the active-site, leaving plenty of room for the bulky

isoxazolyl ring8,12. In OXA-24/40 however, this loop (and the M223 side-chain emanating

from it) extends so far over the top of the active-site as to form an “occluding bridge”,

thereby providing an explanation for the weak binding affinity of oxacillin8,31.

Extended-spectrum activity in class D typically arises from a small number of point

mutations occurring in the background of a parental narrow-spectrum enzyme. OXA-10, for

instance, has given rise to approximately 10 enzymes that confer resistance to one or more

advanced-generation cephalosporins15. Paetzel, et al. note that many point mutations

common to OXA-10 ESBLs (G157D, N73S/T, A124T) are near the carbamate-stabilizing

tryptophan W15410. Indeed, mutation of this tryptophan, or the leucine next to it (L155),

leads to robust ceftazidime hydrolysis activity40-42. Mutation of W154 leads to increased

“omega loop” flexibility and a more open active site30 which suggests a reason for increased

activity against the bulky ceftazidime. The ceftazidime-hydrolyzing variant OXA-145 is

derived from the deletion of L165 (homologous to L155 in OXA-10) from an otherwise

narrow-spectrum OXA-3540. A recent crystal structure of OXA-145 shows that the loss of

L165 also results in an expanded active-site cavity43.
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Most of the originally identified class D β-lactamases were incapable of hydrolyzing

clinically important carbapenems such as impenem and meropenem. As with class A and

class C enzymes, carbapenems arrest as acyl-enzyme intermediates in OXA-1 and OXA-10.

The structure of OXA-1 with doripenem bound suggests an intriguing mechanism of

inhibition: the 6α-hydroxyethyl moiety adopts a rotational position that allows a hydrogen

bond between its alcohol and the carbamate general base of carboxy-K7044. The lack of any

water near the acyl- carbonyl indicates that this hydrogen bond prevents the hydrolytic

release of product. Another earlier proposed inhibition mechanism posited that the

carbapenem undergoes a post-acylation tautomerization event and adopts a new

conformation that is incapable of undergoing hydrolysis45. This tautomerization event has

been observed in some class A enzyme/carbapenem complexes46-48, as well as the OXA-1/

doripenem structure44.

The emergence of class D β-lactamases that can hydrolyze carbapenems began in 1995 with

the identification of OXA-23 (also known as ARI-1) by Amyes and colleagues49. Since that

time, > 75 novel variants that confer carbapenem resistance can be grouped into five

sequence- based sub-families: OXA-23, OXA-24/40, OXA-48, OXA-51 and OXA-5815. In

addition to the serious clinical threat posed by these enzymes, interest in how class D active-

sites adapt to deacylate carbapenems is the subject of much scrutiny. The structures of

OXA-24/40 and OXA- 48 showed that different sub-families achieve that feat by different

mechanisms. Santillana, et al. suggested that the same hydrophobic bridge that prevents

binding of oxacillin to OXA-24/40, also anchors the side-chain of meropenem through non-

polar interactions8. While this enzyme has relatively modest kcat values (< 1 s-1) for

carbapenems, the extraordinarily low KM (< 20 nM) leads to clinically-relevant resistance

levels8. In a telling case report, an A. baumannii strain became more resistant to meropenem

as its OXA-164 CHDL mutated to create a larger non-polar bridge (L114F)50. The active-

site of OXA-48, on the other hand, is much more “open”, with no occluding bridge over the

top12. Docquier et. al. suggested that differences in the positioning of a highly-conserved

leucine near the β5-β6 loop (L158 in OXA-48) may cause the carbapenem hydroxyethyl

group to adopt different rotamer positions in CHDL versus narrow-spectrum enzymes12. If

the alcohol of that group rotated away from the position observed in the OXA-1/doripenem

structure, it could leave space for the deacylating water to enter12.

The first structure of a carbapenem bound to a class D carbapenemase (OXA-24/40/

doripenem) confirms these predictions. The pyrrolidine ring of the doripenem side chain

does indeed interact with the hydrophobic bridge, although the majority of the van der

Waals contact area is made with Y112 rather than M22331. Schneider, et al. also note that

the alcohol of doripenem's hydroxyethyl group points away from the carbamate of carboxy-

K70, likely allowing it to bind and activate the deacylating water. More recently, Docquier,

et al. confirmed the importance of the β5-β6 loop region through the construction of hybrid

enzymes51. The transfer of the ten-residue loop from the CHDL enzymes OXA-48 or

OXA-23 into the narrow spectrum OXA-10, conferred carbapenemase activity on the latter.

In general, class D β-lactamases are not inhibited by commercially available β-lactam-based

inhibitors like clavulanic acid, tazobactam and sulbactam52,53. However, a few exceptions

are observed. OXA-18 and OXA-24 are both inhibited by clavulanic acid54,55, and OXA-29
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is inhibited by tazobactam, but not clavulanic acid56. The Carey group investigated the

mechanistic reasons for the poor inhibition of OXA-10 by tazobactam and sulbactam using

Raman crystallography and compared these results with those observed for class A β-

lactamases, which are inhibited by these compounds57. Similar to the class A enzymes,

OXA-10 forms an initial imine species upon acylation. However, the data suggest that this

imine form in OXA-10 undergoes rapid deacylation and regenerates active enzyme, in

contrast to formation of the key cis and/or trans enamine species that leads to inhibition of

the class A enzymes57.

Prospects for drug development

Inhibition of class D β-lactamases is an area of intense research. Whereas lead compounds

that inhibit other classes of β-lactamases have been identified, few of them exhibit activity

against the class D enzymes2,52,53. With extensive sequence and structural variability found

within the class D β-lactamases, the discovery and design of inhibitors that act on all class D

enzymes is a challenge. Figure 4 shows representative examples of the different classes of

novel inhibitors. The first set (methylidene penems, penicillin sulfones) is derived from β-

lactams, and the second (avibactam, phosphonates, boronic acids) are non-β-lactams.

Methylidine penems (parent compound, BRL 42715 and derivative BLI-489) show activity

as effective class D β-lactamase inhibitors when given in combination with β-lactams58-60.

Based on these leads, two novel derivatives were shown to be especially potent mechanism-

based inhibitors of OXA-1, with KM values ranging from 12-45 nM61. Molecular modeling

studies noted interactions between the inhibitor, penem 2, and several conserved residues of

OXA-1 (e.g. W102, F114, S115, and T213).

The penicillin sulfone inhibitors were designed by Buynak as novel inactivators for class D

enzymes62. Of the compounds tested, the C-2 substituted 6-alkylidene penicillin sulfones

were better than C-3 substituted 7-alkylidene cephalosporin sulfones. The best inhibitor

identified in this series is LN-1-255, with a KM value of 0.7 μM for the penicillinase OXA-1,

0.65 μM for the carbapenemase OXA-24, and values ranging from 0.20-8.0 μM for the

ESBLs OXA-10, -14 and -1763.

The reaction mechanism for the penicillin sulfones is unique from that of the clinical

inhibitors tazobactam, clavulanic acid, and sulbactam. Crystal structures of OXA-24/40 in

complexes with four of these inhibitors reveal key insights into inhibition by penicillin

sulfones (Figure 5)20. The observed electron density supports rearrangement of the

inhibitors into a substituted 2-indolizinecarboxylate serine ester that may obstruct the path of

attack by the deacylating water molecule. The negatively charged sulfinate group mimics the

C3/C4 carboxylate group and interacts with carboxylate-recognizing residue R261. The

carboxylate of the inhibitors hydrogen bonds with the bridge residue Y112 to further

stabilize binding. In every case, the carbonyl oxygen occupied the oxyanion hole, in contrast

to what was observed in complexes with the class A enzymes, SHV-1 and SHV-2.

Phosphonates and boronic acids are both non-β-lactam compounds that are known to inhibit

class A and C β-lactamases64,65. These molecules act as transition state analog inhibitors

and form a reversible, covalent bond between Oγ of the catalytic serine and the phosphorus
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or boron atom of the inhibitor, essentially acylating the enzyme. The advantage of these

molecules is that they are structurally unique from current clinical inhibitors and do not

resemble β-lactams themselves. Pratt and coworkers are studying phosphonates as novel

inhibitors for class D β-lactamases66. The addition of hydrophobic substituents to these

compounds decreases Ki values and also increases acylation rates. More recently several

thiophenyl oxime-derived phosphonates were reported as inhibitors for OXA-24/40 (IC50s

17 μM and 31 μM) that exhibited synergy in combination with imipenem67. A recent paper

reported 4,7-dichloro-1-benzothien-2-yl-sufonyl-aminomethyl boronic acid as the first

boronic acid-based class D β-lactamase inhibitor with activity against OXA-24 (IC50 5.6

μM)68.

Avibactam (formerly known as NXL104) is another interesting inhibitor that has activity

against OXA-48-producing isolates when given in combinations with ceftazidime,

ceftaroline, or aztreonam69,70. Structures of avibactam in complex with OXA-10 and

OXA-48 show that the drug forms a covalent complex with S67 and undergoes a ring

opening reaction71.

Polycarboxylates act as inhibitors for class D enzymes. The apo structure of the non-

carbapenemase OXA-46 was shown to have a tartrate molecule from the crystallization

buffer bound in the active-site (PDB 3IF6)19. The two carboxylate groups hydrogen bond

extensively with active-site residues (S72, K75, K210, and T211). One of the carboxylates

makes an ionic interaction with R249, the residue that recognizes the C3/4 carboxylate

group found on β-lactam antibiotics. Docquier et al. suggests that tartrate may promote its

own binding through decarboxylation of the lysine general base (K75). Additionally, other

polycarboxylates, lipophilic aminocitrate and aminoisocitrate derivatives, are reported to

inhibit OXA-1072. This class of molecules may provide a new scaffold for novel inhibitor

design and discovery efforts.

Summary

A better understanding of class D β-lactamases may aid in the discovery of novel, non-β-

lactam inhibitors for these enzymes. Non-β-lactam compounds may avoid existing

resistance mechanisms that have evolved to β-lactam-based compounds as bacteria cannot

simply rely on modification of existing mechanisms for inactivation of novel compounds.

Therefore, the identification of a novel inhibitor that has the ability to inhibit across the

varying active-sites of the β-lactamases that have the highest clinical impact (ie. OXA-23,

-24, and -48) would be highly desirable since there appears to be diverse mechanisms for

carbapenemase resistance.
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Figure 1.
Comparison of the overall topology of a narrow spectrum class D β-lactamase (OXA-10)

with the penicillin ampicillin forming an acyl-enzyme intermediate (cyan; PDB 2WKH), a

class D carbapenemase (OXA-24/40) acylated with the carbapenem doripenem (green; PDB

3PAE) and one of the related β-lactamase sensors (BlaR1) acylated with the cephalosporin

ceftazidime (magenta; PDB 1HKZ). In each case, the drug is found near the interface of an

all helical domain (left) and a mixed α/β domain (right).
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Figure 2.
An expanded view of the active-site of OXA-10 (PDB 1E4D).
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Figure 3.
A proposed mechanism for class D β-lactamases. The initial acylation step is aided by

carboxy-lysine-mediated deprotonation of S67. The carbamate also activates the deacylating

water in the second step.
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Figure 4.
Inhibitors with activity against class D β-lactamases. Methylidine penem, BRL 42715 (1).
Bicyclic penem derivative, BLI-489 (2). Penicillin sulfone, LN-1-255 (3).Avibactam (4). 4-

phenylphosphonate (5). 4,7-dichloro-1-benzothien-2-yl sulfonylaminomethyl boronic acid

(DSABA) (6).
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Figure 5.
Overlay of the X-ray crystal structures of OXA-24/40 with the final products obtained

following rearrangement of the acyl-enzyme intermediate derived from the reaction with

several penicillin sulfone inhibitors (PDB 3FYZ, carbon atoms green; 3FV7, carbon atoms

magenta; and 3FZC, carbon atoms cyan)20. Residues in this figure are labeled with

OXA-24/40 numbering.
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