
INTRODUCTION. THE ERA OF ANTIBIOTICS

AND THE ROLE OF β-LACTAMS

For many centuries, infectious diseases had been a

constant threat for public health. Until the early 1900s,

they accounted for up to 25% of deaths [1]. The discovery

in 1929 by the British microbiologist Alexander Fleming

of the antimicrobial properties of the Penicillium notatum

mold resulted in the identification of the first β-lactam

antibiotic, penicillin, and marked the emergence of a

novel class of pharmaceuticals.

β-Lactam antibiotics produced by various bacteria

and fungi have existed in nature for over 2 billion years.

Their targets are penicillin-binding proteins (PBPs) that

catalyze various reactions in the synthesis of peptidogly-

can, the major element of the bacterial cell wall [2]. The

antibacterial activity of these antibiotics is based on the

structural likeness of the β-lactam ring to the terminal D-

Ala-D-Ala-fragment of the peptidoglycan pentapeptides.

β-Lactams form a covalent complex with serine in the

PBP transpeptidase domain and irreversibly inhibit pepti-

doglycan synthesis, resulting in the lysis of bacterial cells

and the loss of their viability.

A high efficacy of penicillin and its natural analogs,

together with their relatively low toxicity and low cost of

industrial synthesis, have facilitated the development of

novel β-lactam antibiotics [3]. The goal of chemical mod-

ification of β-lactams was to extend the action spectrum,

improve the pharmacokinetic properties, and to counter-

act the resistance mechanisms of bacteria. Currently, this

class of antibiotics includes four groups with the four-

membered β-lactam ring: penicillins, cephalosporins,

carbapenems, and monobactams (Fig. 1).

The discovery of penicillin was one of the most

important discoveries of the XX century. Successful

chemical modifications of penicillins, cephalosporins,

and carbapenems have resulted in the development of

several dozens of drugs for suppressing multiple bacterial

infections, including severe hospital-acquired forms.

Human organism has no targets for the action of β-lac-

tam antibiotics, which explains their low toxicity. Due to

their properties, β-lactam antibiotics have remained the

most commonly used antibacterial preparations for more

than 70 years. They make up about 60% of all antibiotics

used in medicine and agriculture for the therapy and pre-

vention of infectious diseases of human and animals [4].

Some antibiotics of this class belong to the so-called

reserve group.

The clinical efficacy of β-lactam antibiotics is limit-

ed mainly due to the evolution of microorganisms, result-

ing in the development of microbial antibiotic resistance.
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The World Health Organization (WHO) reported that in

2019, the resistance to antimicrobial preparations was

one of the ten main threats to the public health worldwide

[5]. As a result, the “life” of many β-lactams in medical

practice is limited and the development of new antibac-

terial preparations of this class has diminished.

THE “TRAGEDY” of β-LACTAM ANTIBIOTICS,

β-LACTAMASES, AND RESISTANCE

MECHANISMS

The first reports on the isolation of microbial strains

with a natural resistance to penicillin appeared almost at

the same time as the discovery of this antibiotic. Such

resistance is a protective mechanism that has developed

during bacterial evolution as a result of competitive strug-

gle with other microorganisms. The selective pressure on

microorganisms provided by the wide and frequently

uncontrolled use of antibiotics in clinical medicine and

especially, in veterinary and agriculture, has led to the

emergence of various resistance mechanisms, such as

efflux (antibiotic transport out of the cell) and modifica-

tion in the structure of porins (membrane transfer pro-

teins), antibiotics themselves, or their targets [6].

All mechanisms of microbial resistance to antibiotics

involve bacterial enzymes [7]. The most common mech-

anism of the resistance to β-lactams is expression of spe-

cific hydrolases, β-lactamases (BLs, EC 3.5.2.6), that

catalyze hydrolysis of the antibiotic β-lactam ring. One of

the first described cases was hydrolysis of penicillins in

Gram-positive bacteria. Later, it was found that the main

resistance mechanism in Gram-positive bacteria is asso-

ciated with the acquisition of new genes that encode addi-

tional PBPs with a reduced affinity for β-lactams,

e.g., mecA gene in the methicillin-resistant

Staphylococcus aureus (MRSA) [8]. The most common

antibiotic resistance mechanism in Gram-negative bacte-

ria is the synthesis of BLs. BLs form a superfamily con-

sisting of ~2800 enzymes [9]. The information on BLs is

constantly updated on the National Center for Biotech-

nology Information (NCBI) site (https://www.ncbi.nlm.

nih.gov/pathogens/beta-lactamase-data-resources).

A common property of all BLs is the ability to cat-

alyze hydrolysis of the amide bond in the β-lactam ring,

which is the major structural element responsible for the

antibacterial activity. BL-encoding genes are character-

ized by a high rate of mutations. These genes are usually

found in mobile genetic elements (plasmids, transposons,

and integrons), which facilitates their rapid spread among

infectious bacteria, as well as bacteria inhabiting natural

environment (water, soil) [10]. A combination of BL-

encoding genes and other resistance genes leads to the

emergence of the multidrug resistance (MDR), extensive

drug resistance (XDR), and pandrug resistance (PDR)

[11]. As a result, many infectious agents have become

deadly dangerous and now represent a global threat for

human health.

BLs and PBPs have a common precursor protein and

possess common structural elements. In both PBPs and

serine BLs, the active site serine forms a covalent complex

with the antibiotic molecule (acyl-enzyme), leading to

the break of the amide bond in the β-lactam ring. The

formation of the antibiotic complex with the PBP is irre-

versible, which results in the enzyme inhibition.

Based on the amino acid sequences homology, there

are four molecular classes of BLs: A, B, C, and D.

Enzymes of the A, C, and D classes are serine hydrolases;

members of the B class are metalloenzymes that contain

one or two cofactor Zn2+ ions in the active site. Each BL

class is subdivided into enzymes types with different sub-

strate specificity and sensitivity to inhibitors. β-Lactam-

resistant bacteria that cause human infections most fre-

quently produce class A BLs of the TEM, CTX-M, and

SHV types; during the last years, an exponential growth in

the number of strains producing carbapenemases of the

B, D, and A classes has been recorded [9].

All serine BLs are compact protein globules with the

secondary structure including 11 α-helices, 5 β-sheets,

and irregularly structured loops (Fig. 2a). Serine BLs have

the sandwich-type structure and consist of three α/β/α

domains connected with a network of ionic and hydrogen

bonds [12]. Serine BLs have a compact nucleus consisting

of spatially close α-helix and β-sheet that contain 3 to 4

amino acid-long conserved motifs (including the catalyt-

ic serine). Although this globular structure is rigid in gen-

Fig. 1. Structures of the main groups of β-lactam antibiotics.
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eral, its flexibility is provided by the movements of the

loops, which often contain mutations [13, 14]. An impor-

tant conserved structural element is the Ω-loop located in

the lower part of the entrance to the active site pocket that

contains catalytically important conserved Glu residue

(Fig. 2b). This residue plays a crucial role in the deacyla-

tion of the acyl-enzyme complex, resulting in the release

of the cleaved antibiotic molecule from the BL active

site [15].

The mechanism of the β-lactam hydrolysis by serine

BLs from different classes is similar and includes three

main stages (Fig. 3a). All these enzymes form a covalent

acyl-enzyme complex with the serine residue, which is

stabilized by other amino acids (depending on the active

site structure). At the first stage, the antibiotic molecule is

oriented and bound in the enzyme active site, and the

hydroxyl group of the catalytic serine is activated. In the

class A BLs of the TEM type, activation of the catalytic

serine requires deprotonation of Lys73. The deprotona-

tion mechanism includes formation of a chain of hydro-

gen bonds with the involvement of the water molecule

and Glu166 and Asn170 residues of the Ω-loop (Fig. 3b)

[16]. An alternative mechanism of Lys73 deprotonation

occurs with the participation of Ser130 residue of the

SDN (Ser130-Asn132) loop. Then, the serine hydroxyl

group acts as a nucleophile and attacks the carbonyl

group of the β-lactam ring with the formation of a highly

reactive tetrahedral acylated intermediate that is convert-

ed to the low-energy acyl-enzyme complex in which ser-

ine is covalently bound with the antibiotic molecule. At

the third stage, the water molecule coordinated in the

enzyme active site by Glu166 and other charged residues

of the Ω-loop attacks the covalent acyl-enzyme complex.

The β-lactam ring breaks as a result of the amide bond

diacylation and antibiotic molecule leaves the active site,

while the enzyme molecule is released for the next cat-

alytic act [17].

The structure of BLs can be modified by mutations

in the enzyme active site and peripheral regions of the

protein globule. Some of them (key mutations) lead to the

changes in the structural elements of the active site, thus

altering the catalytic activity and the substrate specificity

of the mutant enzyme. For example, mutations of Arg164

in the N-terminus of the Ω-loop in the TEM-type BLs

and Asp179 in the C-terminus of the Ω-loop in the SHV-

type BLs change the loop conformation and cause an

increase in the active site volume, allowing formation of

stable enzyme complexes with oxyimino-cephalosporins

with bulky side groups [18]. Such modifications have

resulted in the origin of the extended-spectrum BLs

(ESBLs) that can efficiently hydrolyze cephalosporins of

the II-IV generations [9]. Another direction in the BL

evolution is the emergence of new types of enzymes with

an extended substrate specificity, e.g., class A KPC-type

and class D OXA-type carbapenemases.

At present, class A serine BLs of the TEM, SHV,

CTX-M, and KPC types are the most common BLs.

Each type includes several dozens to several hundred

ba

Fig. 2. a) Structure of the class A β-lactamase TEM-1 (catalytic Ser70 is presented as a space-filling model). b) Structure of the Ω-loop in the

TEM-type BLs. (Color versions of Figs. 2, 3, 5-7 are available in the online version of this article and can be accessed at:

https://www.springer.com/journal/10541)
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enzymes originating from the same ancestor protein (e.g.,

TEM-1 or SHV-1) and representing mutant forms that

contain from one to several amino acid substitutions. The

TEM- and SHV-type enzymes are subdivided into the

broad-spectrum BLs that hydrolyze only penicillins and

generation I cephalosporins, and ESBLs with mutated

key residues that hydrolyze penicillins and

cephalosporins of the I-IV generations. The SHV-type

BLs are characterized by the presence of insertions in the

amino acid sequence; in particular, SHV-16 BL contains

a repeat of the Asp163- Thr168 fragment of the Ω-loop

that includes catalytically important Glu166 [19]. This

enzyme is characterized by an increased conformational

mobility of the catalytic region, which promotes the

availability of the active site to generation III

cephalosporins but decreases the thermostability of the

enzyme. It might be related to the redistribution of the

internal contacts between the amino acids of the loop and

Fig. 3. a) Hydrolysis of β-lactam antibiotics by BLs; b) mechanism of penicillin hydrolysis by class A BLs; c) mechanism of carbapenem

hydrolysis by metallo-BLs.

b

a

c
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their contacts with other amino acids of the protein glob-

ule [20].

BLs of the CTX-M type hydrolyze generation III-IV

cephalosporins. All these enzymes are ESBLs, and their

prevalence in the clinically important infectious agents

has now become global [21]. Based on the homology of

amino acid sequences, these BLs are subdivided into five

subclusters that display lower homology than the TEM-

and SHV-type enzymes [22]. The CTX-M enzymes differ

in the catalytic activity toward different generation III

cephalosporins (cefotaxime, ceftazidime, and cefepime).

This BL group is also characterized by the presence of

hybrid enzymes composed of fragments of BLs from dif-

ferent subclusters. Thus, CTX-M-116, -123, and -132 are

hybrids of CTX-M-15 and CTX-M-14 [23-25]. The key

substitutions in these enzymes enhance the efficiency of

ceftazidime hydrolysis; the most common substitutions

are Asp240Gly and Pro167Ser/Thr in the Ω-loop.

The catalytic residue in class C BLs is Ser64, while

Tyr150 acts as a common base and Asn152 (analog of

Asn132 in class A BLs) is involved in the correct orienta-

tion of the substrate molecule. The catalytic residue in

class D BLs is Ser67, but the mechanism of its activation

for the subsequent nucleophilic attack on the β-lactam

ring remains unclear. The role of the common base in

these enzymes presumably belongs to Lys70, the position

of which in the enzyme structure is optimal for activating

the water molecule and similar to the position of Lys73 in

class A BLs.

Class B contains multiple metallo-BLs (MBLs) that

have one or two Zn2+ ions as cofactors and hydrolyze

three groups of β-lactam antibiotics (penicillins,

cephalosporins, and carbapenems) (Fig. 3c) [16, 17].

These enzymes had diverged from a PBP ancestor earlier

in the evolution than other BLs and now belong to a large

superfamily of metallohydrolases. Based on the primary

structure homology, substrate specificity, and number of

Zn2+ ions, MBLs are divided into three subclusters: B1,

B2, and B3. Enzymes of the B1 and B3 subclusters con-

tain two Zn2+ ions; enzymes of the B2 subcluster contain

one Zn2+ ion. MBLs are characterized by a low degree of

homology (less than 20% in the subclusters); even the

residues participating in the coordination of metal ions

are not conserved in the enzymes from different subclus-

ters. VIM, IMP, and NDM enzymes of the B1 subcluster

belong to the most clinically important MBLs.

The active site of MBL is located at the bottom of a

wide shallow groove between two β-sheets. In the sub-

cluster B1 enzymes, the Zn2+ ion in the first Zn-binding

center has a tetrahedral environment formed by His116,

His118, and His196; in the second Zn-binding site, Zn2 is

penta-coordinated by His263, Cys221, and Asp120

(Fig. 3c) [16, 26]. Coordination of Zn2+ ions involves two

water molecules, one of which (bridging water molecule)

connects two metal ions, whereas the other (apical water

molecule) forms contacts with the second Zn2+ ion.

Metal ions in the subcluster B3 enzymes are coordinated

by the same residues in the first binding site, whereas in

the second binding site, cysteine is substituted by histi-

dine. MBLs of the B1 and B3 subclusters are character-

ized by the mobile L3 loop located near the entrance to

the active site between the α3-helix and β7-sheet.

Substrate binding alters the loop conformation, leading to

the changes in the effective values of the dielectric per-

meability and stabilization of the intermediate forms of

the enzyme-substrate complex [26, 27].

Antibiotic binding by the two-zinc MBLs occurs with

the coordination of the second Zn2+ by the substrate car-

boxyl group and release of the hydroxide ion (Fig. 3c)

[16]. The metal ion pulls the electron density from the car-

bonyl oxygen atom, thus increasing and stabilizing its pos-

itive charge. The hydroxide ion coordinated by the Zn2+

ion, which is a stronger nucleophile than the water mole-

cule, attacks the carbonyl carbon atom of the antibiotic

molecule. An intermediate product is formed with a neg-

ative charge delocalized in the pyrrolidine ring, followed

by the protonation of the C2 atom with the involvement of

the water molecule and formation of 1-pyrroline or proto-

nation of the N4 atom and formation of 2-pyrroline.

Mono-zinc MBLs of the B2 subcluster are repre-

sented only by carbapenemases. These enzymes efficient-

ly hydrolyze carbapenems but exhibit low activity toward

penicillins and cephalosporins, which might be related to

the presence of asparagine residue instead of conserved

His116 typical of B1 and B3 subclusters of MBL.

The evolution of BLs has favored the development of

protective mechanisms in bacteria and promoted the loss

of efficiency of the β-lactam antibiotics. According to the

predictions by the WHO, by the middle of the XXI centu-

ry, the number of deaths from the infections caused by

microorganisms resistant to antimicrobial preparations

could exceed the number of cancer-related deaths, and

the humankind will return to the pre-antibiotic era [28].

Taking into account that the latest new class of antibiotics

was discovered more than 30 years ago, developing the

approaches for the recovery of the activity of β-lactam

antibiotics is an urgent task of the global healthcare.

Here, we discuss the approaches for overcoming the

resistance to β-lactam antibiotics based on the inhibition

of BLs.

INHIBITORS OF β-LACTAMASES

Despite the differences in the primary structure of

serine BLs, the action mechanism of these enzymes is

rather conserved. Therefore, the original search for the

BL inhibitors had been based on the competitive inhibi-

tion with β-lactam ring-containing low-molecular-

weight compounds that were screened for the ability to

form a more stable acyl-enzyme complex resistant to

deacetylation.
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Generation I inhibitors of serine BLs. Generation I

inhibitors of BLs include sulfones and oxapenems with

the β-lactam ring in their structure (Fig. 4a). The main

representatives of this group are clavulanic acid, sulbac-

tam, and tazobactam.

Clavulanic acid was the first inhibitor of serine BLs

that was found in 1980s via screening of natural com-

pounds isolated from Streptomyces clavuligerus [29]. It has

the β-lactam ring condensed with a 5-membered ring

containing oxygen atom and carboxyl group as a sub-

Fig. 4. a) Structural formulas of the generation I inhibitors of BLs; b) scheme of inhibition of class A serine BLs by β-lactam inhibitors;

c) inhibition of class A BLs by clavulanic acid and mechanisms of the acyl-enzyme complex transformation.

b

a

c
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stituent (Fig. 4a). Clavulanic acid exhibits low antimicro-

bial activity, however, when used in a combination with

amoxycillin, minimum inhibitory concentration (MIC)

of antibiotic against Gram-negative bacteria producing

class A BLs significantly decreases [30]. Later, other com-

pounds of this group, sulbactam and tazobactam, were

synthesized [31, 32]. These two inhibitors are sulfones of

penicillanic acid, in which the β-lactam ring is condensed

with a carboxyl group-containing 5-membered ring

(Fig. 4a). They differ by substituents in the C2 position

(methyl group in sulbactam and triazolyl-containing

fragment in tazobactam).

Although these three compounds are inhibitors of

class A serine BLs, they display different enzyme speci-

ficity: clavulanic acid and tazobactam exhibit comparable

inhibitory activity against enzymes of the TEM, SHV, and

CTX-M types and are more efficient than sulbactam [33].

However, sulbactam has a higher antibacterial activity

and interacts with PBPs. The inhibitory activities of sul-

bactam and clavulanic acid against the KPC-type

enzymes and other class A serine carbapenemases are low.

A new β-lactam inhibitor is the tazobactam deriva-

tive enmetazobactam, which is a methylated sulfone of

penicillanic acid (Fig. 4a). It easily penetrates into bacte-

rial cells and is active against many class A serine BLs,

especially ESBLs [34].

All generation I inhibitors of class A serine BLs have

a common inhibition mechanism (Fig. 4b) [17]. The

binding of these inhibitors in the enzyme active site is

similar to the binding of β-lactam antibiotics. Initially, a

non-covalent complex (E:I) is produced, in which the

carboxyl fragment of the inhibitor molecule is situated in

the conserved region of the active site within the limits of

electrostatic interaction with Arg244 and Lys234 and

forms hydrogen bonds with Thr235 and Ser130 [35]. The

carbonyl oxygen is located in the oxyanion pocket formed

by the nitrogen atoms of the peptide backbone of Ser70

and Ala237, providing correct positioning of the carbonyl

carbon for the nucleophilic attack by the catalytic Ser70

and formation of the E-I [36]. There are three possible

pathways for the acyl-enzyme complex transformations:

irreversible inactivation (E-I*); reversible inactivation

with the production of the E-T tautomer, and slow dea-

cylation with the regeneration of the active enzyme E.

Molecules ensuring irreversible inactivation would be

preferable inhibitors of BLs.

The mechanism of the class A serine BL inhibition

by clavulanic acid is shown in Fig. 4c. The acyl-enzyme

complex is formed by the mechanism similar to the

enzyme interaction with the antibiotics: the serine

hydroxyl group is activated with participation of Lys73,

Ser130, and Glu166 [22]. After acylation, the inhibitor

molecule is β-eliminated, leading to the opening of the

5-membered oxazole ring with the formation of the tran-

sitory intermediate imine of the acyl-enzyme. This com-

plex can be tautomerized with the generation of interme-

diate enamines in the trans- or cis-conformation. Trans-

and cis-enamines have a conjugated system of double

bonds with the carbonyl bond that hinders the nucle-

ophilic attack of the carbonyl carbon by the water mole-

cule and prevents rapid deacylation [37]. Depending on

the structure of the BL active site and inhibitor proper-

ties, the intermediate imine/enamine complex can

regroup several times with the generation of inactive

forms of the enzyme or can be deacylated slowly with the

regeneration of active BL. There are several possible

pathways for the irreversible inactivation, such as forma-

tion of enzyme complexes with the 70- or 88-Da

inhibitor fragments bound to Ser70, decarboxylation of

the enamine form and subsequent slow hydrolysis of the

produced esters, and nucleophilic attack of the linear

imine-acyl complex by Ser130 resulting in the inhibitor

fragmentation and formation of the enzyme complex

with the 52-Da inhibitor fragment, which further

degrades, leading to the generation of several forms of

inactivated enzyme.

Generation I inhibitors are effective against class A

serine BLs, but inactive against class C and D serine BLs.

Only tazobactam displays a low activity against class C

BLs [38], while its derivative enmetazobactam inhibits

some BLs of the OXA type [34]. Since the structure of the

MBL active site is fundamentally different from that of

serine BLs, inhibitors of this group are inefficient against

MBLs and, moreover, can be hydrolyzed by them

(i.e., serve as substrates) [39].

Inhibitory activity of pharmaceutical combinations of

generation I inhibitors with b-lactams. All the above-

described β-lactam inhibitors are used in clinical practice

as combinations with antibiotics. To be used as combina-

tion, the antibiotic and the inhibitor should have similar

pharmacokinetic properties, i.e., they should act simulta-

neously or the inhibitor binding with the enzyme should

precede the substrate binding. The most commonly used

pharmaceutical combinations are amoxicillin/clavulanic

acid, ticarcillin/clavulanic acid, ampicillin/sulbactam,

and piperacillin/tazobactam [40, 41]. Recently, a new

combination of ceftolozane, a new antibiotic from the

cephalosporin group, with tazobactam was approved,

which is efficient in the treatment of infections with com-

plications [42]. This combination was shown to be highly

efficient against the ESBL-expressing bacteria of the

Enterobacteriaceae family and the multidrug resistant

Pseudomonas aeruginosa [43, 44]. A combination of

cefepime with the new β-lactam inhibitor enmezobactam

is now in the phase III of clinical trials; this combination

was shown to suppress in vitro the resistance of the

Enterobacteriaceae family microorganisms producing the

KPC-type carbapenemases [45].

Despite successful clinical use of combinations of

penicillin and cephalosporin with the generation I β-lac-

tam inhibitors against class A serine BLs (which still

remain the most common BLs), it has become obvious
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that this approach has serious limitations. Since the

action mechanism of all β-lactam inhibitors includes

slow phases of acyl-enzyme complex deacylation, none of

these inhibitors is irreversible. The evolution of the resist-

ance mechanisms of serine BLs has led to the emergence

of mutations of some peripheral residues (e.g., residues

69, 130, 244, 275, and 276 in the TEM-type BLs), lead-

ing to the resistance to the β-lactam inhibitors [13].

Mutations of some BL residues disturb the network of

hydrogen bonds involved in Ser70 deprotonation, thus

hindering formation of the acyl-enzyme complex. Other

mutations in BLs affect the distribution of charged

groups, resulting in the water molecule shift and

decreased affinity for the inhibitors.

The search for competitive inhibitors based on sub-

strate analogs with the same action mechanism was prin-

cipally limited, as the acyl-enzyme complexes with these

inhibitors can be broken through other mechanisms, and

the wide use of inhibitors in the pharmaceutical combina-

tions has stimulated the development of resistance to

them. Moreover, the search for suitable antibiotic/

inhibitor combinations is difficult, since the choice of

pairs is limited because of the differences in the pharma-

cokinetic properties.

The emergence of infectious microorganisms simul-

taneously resistant to different classes of antibiotics has

become a very serious challenge for clinical medicine. As

a rule, these bacteria produce several BLs of different

classes; therefore, the use of β-lactam inhibitors for their

suppression is limited because of narrow specificity, the

absence of activity against class B, C, and D BLs, and

ability of MBLs to degrade such inhibitors. A new group

of β-lactam preparations, carbapenems, has been devel-

oped for suppression of the multidrug-resistant microor-

ganisms (Fig. 1) and it has been proposed to use combi-

nations of these antibiotics for the treatment of severe

infections. The first preparation developed was a combi-

nation of ertapenem and high concentrations of doripen-

em or meropenem, that was used for the suppression of

multidrug-resistant microorganisms of the Enterobac-

teriaceae family [46]. The following mechanism was sug-

gested: ertapenem characterized by a high affinity for the

KPC-type carbapenemases forms stable complexes with

these enzymes and inhibits them, whereas meropenem or

doripenem act as antibacterial drugs on PBP and suppress

bacterial growth. Such combinations have been shown to

suppress bacterial growth thousand and ten times in vitro

and in vivo, respectively. Clinical trials have confirmed

the efficacy of such combined therapy in comparison with

other antibacterial preparations, but only against

pathogens producing the KPC-type BLs [47].

The new generation of inhibitors. The appearance of a

new group of β-lactam antibiotics, carbapenems, for the

therapy of severe hospital-acquired infections has led to

emergence of carbapenemases, BLs capable of hydrolyz-

ing these new antibiotics. Carbapenemases vary signifi-

cantly in the structure and belong to different molecular

classes. Because of the growth of infections caused by car-

bapenemase-producing bacteria, it was necessary to cre-

ate new inhibitors with a broader inhibitory spectrum in

comparison with the generation I inhibitors.

Inhibitors of the diazabicyclooctane group. The first

non-β-lactam inhibitors of serine BLs that belong to the

bridged diazabicyclooctane (DBOs) were proposed in

mid-1990s [48]. At present, this group includes avibac-

tam, relebactam, nacubactam, zidebactam, and dur-

lobactam (Fig. 5a) that have a 5-membered bicyclical

DBO scaffold as a common structural element. The dif-

ferences between the inhibitors are determined by the

substituents at the C2 atom; durlobactam has a double

bond in the DBO scaffold. Instead of the carboxyl group

typical for β-lactam inhibitors, these inhibitors have a

negatively charged sulfate group.

Inhibition of BLs is provided by the interaction of

the active site serine with the amide group of the DBO

ring (Fig. 5b). The correct orientation of the inhibitor

molecule in the active site is ensured by retaining the dis-

tance between the carbonyl oxygen and negatively

charged oxygen atom of the sulfate group, which is simi-

lar to the distance between the equivalent atoms (car-

bonyl oxygen and carboxylic group oxygen) in β-lactam

inhibitors. The carboxamide side chain interacts with the

charged Asn/Gln residues of the conserved triad, with the

involvement of the catalytic serine (Ser-X-Asn) and Ω-

loop. As a result of the acyl-enzyme complex formation

with the catalytic serine, the C7-N6 bond is broken and

the 5-membered DBO ring opens [49].

The structure of the acyl-enzyme complexes with

DBO inhibitors is different from the structure of the

enzyme complexes with β-lactam inhibitors: in the for-

mer, the sulfate group interacts with the conserved Lys-

Thr-Gly triad and the N6 atom interacts with the con-

served Ser130 in class A serine BLs or Tyr150 in class C

serine BLs. Formation of additional bonds with the

inhibitor molecule in the enzyme active site determines

the broad specificity of these inhibitors against different

BL classes.

Inhibitors of this type are characterized by different

mechanisms of the acyl-enzyme complex modification:

in the class A BLs, the inhibitor forms a hydrogen bond

with the water molecule, and as a result, Glu166 of the Ω-

loop is protonated, which makes further deacylation with

the participation of the loop residues impossible [50].

Hydrolysis of the inhibitor molecule is also difficult

because of the presence of the aromatic system nitrogen

atom that is bound to the carbon atom of the carbonyl

group. Instead, these inhibitors ensure two other mecha-

nisms for the break of the acyl-enzyme complex (Fig. 5c):

recyclization of the DBO ring with the release of the

native inhibitor molecule, which can interact again with

the enzyme, and slow desulfation resulting in the

inhibitor hydrolysis, which prevents its further participa-
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tion in the suppression of the BL activity. The recycliza-

tion is observed in class C and A BLs (except the KPC-

type enzymes); it also occurs in the class D enzymes, but

at a much lower rate [50]. In the KPC-type enzymes

desulfation occurs mainly.

Avibactam. The advantages of avibactam in compar-

ison with the generation I β-lactam inhibitors include a

high activity against clinically significant class A CTX-

M-15 BL and class C AmpC BL and prolonged half-

elimination period [51]. The use of avibactam in a com-

bination with ceftazidime was found to be effective

against multidrug-resistant bacteria of the Enterobacteri-

aceae family and P. aeruginosa [52]. However, avibactam

does not inactivate MBLs and most class D enzymes

(except OXA-48); therefore, this combination cannot be

used against carbapenem-resistant strains of Acinetobac-

ter spp. and P. aeruginosa and MBL-producing strains of

Enterobacteriaceae [53].

Currently, the aztreonam/avibactam combination is

tested against the multidrug-resistant strains of Entero-

bacteriaceae producing serine BLs together with MBLs

[54]. This choice is determined by the MBL inability to

hydrolyze monobactams, and avibactam is added for the

inhibition of ESBLs and serine carbapenemases.

b

a

c

Fig. 5. a) Structural formulas of the DBO inhibitors; b) scheme of reversible inhibition of serine BLs by avibactam; c) mechanism of inhibi-

tion of serine BLs by avibactam.
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Relebactam. Relebactam is different from avibactam

in the presence of the piperidine ring. It is used in a com-

bination with imipenem in the treatment of urinary tract

and abdominal infections caused by the carbapenem-

resistant strains of Enterobacteriaceae and P. aeruginosa

producing KPC-type BLs of the class A and BLs of the

class C [55]. The imipenem/relabactam combination is

active against Klebsiella pneumoniae and Enterobacter spp.

resistant to imipenem due to the expression of ESBLs or

class C AmpC BLs, as well as due to impaired cell wall

permeability. However, this combination was ineffective

against Enterobacteriaceae strains expressing OXA-48

BLs or MBLs [56].

Nacubactam, zidebactam, and durlobactam are new

inhibitors of the DBO group. Their advantages include

inherent antibacterial activity due to the interaction with

some PBPs. The nacubactam/meropenem and zidebac-

tam/cefepime combinations are active against class A and

C serine BLs as well as MBLs [57, 58]. Zidebactam

inhibits class D BL OXA-48. Durlobactam was developed

to expand the inhibition spectrum against various class D

BLs (OXA-48 bacteria of the Enterobacteriaceae family

and OXA-23/24/58 Acinetobacter baumannii) [59]. This

inhibitor is used in a combination with sulbactam, which

displays an antibacterial activity and interacts with some

PBPs of Acinetobacter spp., Neisseria gonorrhoeae, and

Haemophilus influenza in addition to the ability to inhibit

class A serine BLs [60]. It has been shown that the com-

bination of these two inhibitors efficiently suppresses the

multidrug-resistant A. baumannii.

Boronic acids derivatives as inhibitors of BLs. A novel

group of BL inhibitors are boronic acid compounds capa-

ble of inhibiting microbial serine proteases [61]. However,

the first inhibitors of this group produced various side

effects because of the inhibition of mammalian serine

proteases. Therefore, cyclic boronates have been studied

to improve the selectivity of theses inhibitors toward BLs

(Fig. 6a). Vaborbactam was the first compound that

inhibited class A serine BLs (CTX-M, SHV, TEM, KPC

types) and C class BLs, but not mammalian serine pro-

teases [62].

When a boronic acid derivative inhibitor binds to the

enzyme active site, its carboxyl fragment is situated in the

carboxyl-binding pocket. The aromatic system atoms

form hydrophobic contacts with the side groups of

Tyr/Trp, and the amide group interacts with Ser237,

Fig. 6. a) Structures of BL inhibitors based on cyclic derivatives of boronic acid; b) formation of the tetrahedral acyl-enzyme complex of the

boron atom of the boronic acid derivatives with the BL active site serine and Zn2+ ion of metallo-BL.

b

a
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Asn132, and Asn102 (similarly to the amide group of

penicillins) [61]. Boronic acid can form covalent bonds

with alcohols; therefore, the boron atom of the inhibitor

imitates the carbonyl carbon in β-lactams and acts as a

target for the nucleophilic attack of the catalytic serine

hydroxyl group. As a result, a tetrahedral complex is pro-

duced with the formation of the covalent bond between

the serine and the boron atom – an analog of the transi-

tory state of the acyl-enzyme complex of BLs with β-lac-

tams (Fig. 6b). Boronic acid derivatives act as the transi-

tory state inhibitors, because their complex with the

enzyme has a tetrahedral conformation imitating the

transitory state of the tetrahedral oxyanion in the acyla-

tion and deacylation reactions [63].

Screening of cyclic boronates identified inhibitors of

all four BL classes, including MBLs [64, 65]. The advan-

tage of these inhibitors is their ability to inhibit PBP5

[61]. Thus, taniborbactam (VNRX-5133) is active against

class A and C serine BLs, some class D carbapenemases

(OXA-48), and MBLs of the VIM and NDM types pro-

duced by carbapenem-resistant bacteria of the

Enterobacteriaceae family and P. aeruginosa [66]. This

inhibitor is 50-50,000 times more efficient against clini-

cally significant MBLs than vaborbactam.

X-ray crystallographic analysis of complexes of two

clinically significant BL (serine CTX-M-15 and MBL

VIM-2) with taniborbactam revealed formation of the

tetrahedral intermediates with the involvement of boron

atom and catalytic serine of BL CTX-M-15 or Zn2+ ion of

MBL VIM-2 resulting in the emergence of additional sta-

bilizing interactions, e.g., interactions of the inhibitor N-

(2-aminoethyl)cyclohexylamine moiety with negatively

charged amino acids (Glu149 in MBLs VIM-2 and

NDM-1) [67]. The cefepime/taniborbactam combina-

tion was active both in vitro and in vivo against ESBLs and

carbapenemase-producing strains of Enterobacteriaceae

and P. aeruginosa [66].

QPX7728 is a new cyclic boronate inhibitor that

demonstrates a broad inhibitory activity against ESBLs,

class A carbapenemases, and class C BLs. Its efficiency is

comparable to or even exceeds the efficiency of the DBO

group inhibitors (avibactam, relebactam, and vaborbac-

tam) [68]. Unlike other inhibitors, QPX7728 is also active

against MBLs (NDM, VIM, IMP, etc.) and class D car-

bapenemases, in particular, enzymes of the OXA-48 bac-

teria from the Enterobacteriaceae family and OXA-

23/24/58 A. baumannii. A broader inhibitory spectrum of

QPX7728 can be due to the more compact structure of

this inhibitor because of the absence of bulky substituents,

which allows its molecule to enter completely into the

active site of the enzyme.

The information on the specificity of serine BL

inhibitors is presented in the table. Generation I

inhibitors are active mainly against A class BLs (except

carbapenemases). A novel inhibitor from this group,

enmetazobactam, is active against class A KPC-type car-

bapenemases and some D class BLs of the OXA-type.

Next-generation inhibitors from the DBO group and

boronic acid derivatives are characterized by a broader

spectrum of action: they inhibit serine BLs, class A car-

bapenemases, class C BLs, some BLs and carbapene-

mases of the D class, and MBLs.

Inhibitors of metallo-BLs. The last decades are char-

acterized by the growing expansion of multi- and pan-

resistant Gram-negative pathogenic bacteria that synthe-

size several BLs. Among these enzymes, a special role

belongs to highly active MBLs with a broad substrate

specificity toward virtually all groups of β-lactams.

Generation I inhibitors of serine BLs are almost inactive

against class B MBLs; therefore, the search for the

inhibitors of these enzymes is especially urgent [69, 70].

By present, several hundred compounds capable of

inhibiting MBLs have been described; however, none of

them has been approved for the clinical application [16].

The development of MBL inhibitors is difficult because of

Activity of inhibitors of serine BLs and MBLs

β-Lactamases, class/type

Inhibitor

Clavulanic acid

Sulbactam

Tazobactam

Enmetazobactam

Avibactam

Relebactam

Nacubactam

Zidebactam

Durlobactam

Vaborbactam

Taniborbactam

QPX7728

ESBL

+

+

+

+

+

+

+

+

+

+

+

+

+

КРС

−

−

−

+

+

+

+

+

+

+

+

+

+

MBLs

B

−

−

−

−

−

−

−

+

−

−

−

+

+

Note. 1) BL OXA-48 (BL OXA-23, OXA-24/40, and OXA-58
are not inhibited).

Serine BLs

A C

AmpC

−

−

−

−

−

−

−

+

−

−

−

+

+

D

OXA

−

−

−

+/−

+/−1

+/−1

_

+/−1

+/−1

+

−

+/−1

+

Sulfone-substituted β-lactams

DBO group inhibitors

Boronic acids derivatives
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the structural diversity of these enzymes and differences

in the hydrolysis mechanisms. There are two main strate-

gies for searching for potential MBL inhibitors: Zn2+-

dependent and Zn2+-independent approaches. Each

strategy has limitations. The Zn-dependent inhibitors

display non-specific effects more frequently, because

many biochemical processes in humans involve metal-

dependent enzymes. The search for the Zn-independent

inhibitors with a broad specificity is hindered by a limited

number of conserved amino acids in MBLs and the pres-

ence of a large pocket-shaped active site in these

enzymes. Besides, bivalent cations (Ca2+, Mg2+), which

are present in high (mM) concentrations in the blood

plasma and tissues, can compete for the binding with the

Zn-dependent inhibitors.

Zn-dependent inhibitors. Zn-dependent inhibitors of

MBLs are subdivided into groups according to their

action mechanism: (i) chelating agents extracting metal

ions from the active site and (ii) inhibitors competing with

antibiotics for the binding with metal ions and amino

acids of the active site.

Chelating agents. A common mechanism of MBL

inhibition is removal of Zn2+ ions from the active site by

chelating agents. The most known chelate, EDTA, can-

not be applied in clinics because of its high toxicity. It is

used only for the identification of MBLs in the diagnos-

tics of resistant bacteria [71]. Another type of these

inhibitors is zinc-selective analogs of spiro-dihydroindole

thiadiazole, the efficiency of which has been shown in

mouse models [72].

The natural compound aspergillomarasmine A

(AMA) is a very promising chelating agent that can effi-

ciently inhibit MBLs of the NDM, VIM, and IMP types

[73, 74]. AMA extracts Zn2+ from the enzyme active site;

two AMA equivalents can efficiently remove one equiva-

lent of Zn2+ (Fig. 7a).

Other known chelating agents are 1,4,7,10-tetraaza-

cyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA) [75], and

their derivatives [76]. When combined with meropenem,

these compounds are active against various pathogenic

MBL-producing bacteria. All these compounds demon-

strate a low toxicity for mammalian cells.

Zn-binding compounds. Boronic acid cyclic deriva-

tives were described in detail in the previous section. They

inhibit both serine BLs and MBLs and are the most

promising inhibitors of MBL [64]. Their analogs cyclobu-

tanes are also inhibitors with a broad specificity [77].

Compounds containing thiol groups are Zn-binding

inhibitors with a high complex formation constant

[78, 79]. L-captopril, which is a known inhibitor of the

angiotensin-converting enzyme, belongs to this group

[80]. Among four captopril diastereomers, D-captopril

was shown to be the most efficient against MBLs and

inhibited MBLs of the B1 and B3 (but not B2) subclusters

in vitro [81], which might be related to the differences in

the action mechanisms of these enzymes (Fig. 7b). In the

complex with the two-zinc MBL NDM-1 (B1 subclus-

ter), the thiol group of D-captopril binds two Zn2+ ions

and thus substitutes the nucleophilic hydroxide [82]. In

the complex with the one-zinc BL CphA (B2 subcluster),

the thiol group of D-captopril interacts with the

hydrophobic residues of the enzyme active site, whereas

the Zn2+ ion is very poorly coordinated by the D-capto-

pril carboxyl group [83].

Other potential broad-spectrum inhibitors of MBLs

are some nitrogen-containing heterocyclic compounds,

in particular those with the azolylthioacetamide scaffold

[84]. These compounds were shown to inhibit NDM-1

and VIM-2 MBLs.

Phosphonate-containing compounds, such as 6-

(phosphonomethyl)pyridine-2-carboxylates, were found

to possess a high ability for Zn2+ ion binding and inhibi-

tion constants for MBLs in the nanomolar range in vitro

[85]. Derivatives of carbonic acids [nitrilotriacetic acid

and N-(phosphonomethyl)iminodiacetic acid] have sim-

ilar binding constants for Zn2+ ion and are active in vitro

against enzymes of the NDM, VIM, and IMP types.

However, it is unlikely that such strong Zn-binding low-

molecular carboxylates will be used as pharmaceuticals;

more probably, they will be used as a basis for the devel-

opment of prodrugs that can be activated after penetra-

tion into a bacterial cell.

Zn-independent inhibitors. Zn-independent inhibi-

tors include activated 3-mercaptopropionic acid esters

that interact with the conserved Lys224 residue in the

active site of subcluster B1 MBLs [86]. The selen-con-

taining inhibitor ebselen efficiently inhibits NDM-1 by

forming the covalent Se-S bond with the active site

residue Cys221 (Fig. 7c) [87]. Some of the inhibitors of

subcluster B1 and B2 MBLs have been found to interact

simultaneously with Lys224 and Cys221 [88].

Bismuth sulfate colloid solution has been also pro-

posed as an MBL inhibitor. Its action mechanism is based

on the displacement of Zn2+ from the NDM-1 active site

with the production of inactive Bi3+ complex [89]. It

should be noted that ebselen and colloid bismuth sulfate

are used in clinical practice for the therapy of other

pathologies, which will facilitate the approval of clinical

preparations based on these compounds.

The main advantage of novel non-β-lactam

inhibitors is their broad inhibitory activity against BLs of

various molecular classes (table). Some of these com-

pounds possess an inherent antibacterial activity and act

synergistically with β-lactam antibiotics, which gives the

latter “the second life” in the treatment of severe infec-

tions caused by multidrug-resistant microorganisms [90].

Notwithstanding the achieved progress, the develop-

ment of preparations for the inhibition of MBLs in vivo still

remains a difficult task, in particular, because of the neces-

sity to decrease their affinity for other Zn-containing met-

alloenzymes, e.g., the angiotensin-converting enzyme.
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NEW TRENDS IN THE DEVELOPMENT

OF BL INHIBITORS

The beginning of the antibiotic application in clinical

practice was extremely successful: several tens of thou-

sands various antibiotics have been synthesized for com-

bating infectious bacteria, and many of these antibiotics

have moved on to being produced industrially. However,

within 50 years of active use of antimicrobial preparations,

bacteria have changed dramatically and many antibiotic-

resistant forms have emerged with significantly higher

pathogenicity and virulence toward human and animal

organisms as a result of an insufficient knowledge and

absence of understanding of biochemical and genetic

mechanisms of bacterial adaptation to toxic compounds,

including antibiotics. Despite the continuing searches for

new antibiotics, bacterial resistance remains uncon-

quered. Its main mechanisms are enzymatic hydrolysis

and modification of antibiotics, as well as modification of

targets attacked by antibiotics [7]. The use of BL inhibitors

as an approach for overcoming the resistance of Gram-

negative bacteria to β-lactams was proposed about

50 years ago. Despite initial success of the first-generation

inhibitors, their application has become limited because of

the narrow spectrum of action and development of bacte-

rial resistance to them. The novel generation of inhibitors

was more successful and allowed to return β-lactams to

the clinical practice as combinations with the inhibitors.

However, both the first and the second generations of the

inhibitors were directed against the active sites of BLs and

therefore, similarly to antibiotics, were subjected to the

pressure of the resistance mechanisms.

The promising approaches in the search for new

non-β-lactam inhibitors and their targets are computer

Fig. 7. Inhibition of metallo-BLs by aspergillomarasmine A (a), D-captopril (b), and ebselen (c).

b

a

c
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simulation and virtual screening. Virtual screening based

on the characterization of ligand molecules with altered

backbone structure using a set of descriptors has allowed

us to find structural analogs of the known allosteric

inhibitors of class A BLs [91]. Two new non-β-lactam

inhibitors were identified that structurally belonged to

other chemical classes, but manifested similar biological

activity against the same targets and were more efficient

against the TEM-type BLs than the initial mole-

cules [92, 93].

Studying the structural and functional features of

BLs using new methods of structural biology, physico-

chemical biology, and molecular modeling allows to dis-

cover new surface “hot points” of the BL protein globule

and to use them as new targets for modification of the

enzyme activity and stability. The promising targets are

mobile loops, because mutations in their sequences can

change the catalytic functions of the enzyme and result in

the appearance of new features. In serine BLs, such target

can be the Ω-loop, the shape of which is provided by fix-

ation of the terminal amino acids closely to each other.

The loops with similar shape have been described in 60

proteins, some of them manifesting allosteric regulatory

functions [94]. The Ω-loop of serine BLs is situated at the

entrance to the enzyme active site and includes catalyti-

cally important conserved Glu166, mutations of which

lead to almost complete loss of the enzyme activity. The

Ω-loop is involved in all stages of the catalytic cycle, and

its role is especially critical in the reactions of deacylation

and release of the hydrolyzed antibiotic molecule [95].

Despite the differences in the amino acid sequences of

BLs of various types, the spatial folding of their Ω-loops

is the same. Considering the structure and functions of

the Ω-loop, it may be considered as a “mosaic” model of

the targets for the action of allosteric inhibitors.

The search for allosteric inhibitors is underway for

MBLs, although no targets have been established accu-

rately in this enzyme family [96]. A number of tricyclic

natural compounds from the extract of the Chaetomium

funicola fungus have been found to inhibit some MBLs

(IMP-1 from Bacillus cereus II and P. aeruginosa, CfiA

from Bacteroides fragilis) with rather low (µM) inhibition

constants [97]. One of these compounds has an affinity

for the loop located near the enzyme active site.

Macromolecules (peptides, nanoantibodies, aptamers)

directed to the regions distant from the active site are also

studied as potential allosteric inhibitors. Using the phage

display, a nano-antibody was found with the epitope rep-

resented by the L6 loop fragments and α2-helices; this

nano-antibody was able to inhibit MBL VIM-4 with the

micromolar Ki value [98]. A novel approach to the inhibi-

tion is the use of constructs based on DNA self-organiza-

tion that can inhibit different classes of MBLs (including

NDM-1) with the IC50 value ~10 nM [99].

The expected worldwide growth in the commercial

production of β-lactam antibiotics will inevitably lead to

the appearance of new BLs and further mutations in the

existing enzymes. Even now, we observe the increasing

diversity of class B MBLs [9] and formation of hybrid

molecules from different BLs [23-25]. Other variants of

evolution of this enzyme superfamily are also probable,

but their direction is difficult to predict. This problem

must be solved by studying the genetic mechanisms of

synthesis and regulation of the new enzymes. Induction

of BL synthesis is a complex process that involves the

antibiotics themselves, products of the bacterial wall

hydrolysis, and enzymes participating in the signaling

pathways and regulating expression of bacterial genes.

Analysis of these processes will allow to identify new tar-

get proteins, the inhibition of which will affect the syn-

thesis of BLs. Considering the expansion of genetic stud-

ies on the regulation of bacterial cell biosynthesis, this

trend can be very effective in the creation of novel anti-

bacterial preparations that will target the proteins and

nucleic acids strictly specific for microorganisms.

CONCLUSION

The volume of commercial produced β-lactam

antibiotics is increasing despite the growth of bacterial

resistance to them. According to the worldwide predic-

tions, the consumption of β-lactams can double by 2030,

and therefore, the problem of developing BL inhibitors

based on new principles and new chemical structures is

especially urgent. The search for new targets, including

allosteric ones, distant from the enzyme active site is a

promising approach to broaden the specificity of the

inhibitors against different BLs. Creation of novel

allosteric inhibitors and their combined use with antibi-

otics will prolong the “life” of β-lactams, the therapeutic

action of which is well studied and advantageous due to a

broad specificity, low toxicity and low allergenicity in

comparison with other antibiotics.
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