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Structural Insights for Core Scaffold and Substrate Specificity of B1, B2, and B3 Metallo-β-Lactamases
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Metallo-β-lactamases (MBLs) hydrolyze almost all β-lactam antibiotics, including penicillins, cephalosporins, and carbapenems; however, no effective inhibitors are currently clinically available. MBLs are classified into three subclasses: B1, B2, and B3. Although the amino acid sequences of MBLs are varied, their overall scaffold is well conserved. In this study, we systematically studied the primary sequences and crystal structures of all subclasses of MBLs, especially the core scaffold, the zinc-coordinating residues in the active site, and the substrate-binding pocket. We presented the conserved structural features of MBLs in the same subclass and the characteristics of MBLs of each subclass. The catalytic zinc ions are bound with four loops from the two central β-sheets in the conserved αβ/βα sandwich fold of MBLs. The three external loops cover the zinc site(s) from the outside and simultaneously form a substrate-binding pocket. In the overall structure, B1 and B2 MBLs are more closely related to each other than they are to B3 MBLs. However, B1 and B3 MBLs have two zinc ions in the active site, while B2 MBLs have one. The substrate-binding pocket is different among all three subclasses, which is especially important for substrate specificity and drug resistance. Thus far, various classes of β-lactam antibiotics have been developed to have modified ring structures and substituted R groups. Currently available structures of β-lactam-bound MBLs show that the binding of β-lactams is well conserved according to the overall chemical structure in the substrate-binding pocket. Besides β-lactam substrates, B1 and cross-class MBL inhibitors also have distinguished differences in the chemical structure, which fit well to the substrate-binding pocket of MBLs within their inhibitory spectrum. The systematic structural comparison among B1, B2, and B3 MBLs provides in-depth insight into their substrate specificity, which will be useful for developing a clinical inhibitor targeting MBLs.
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INTRODUCTION

The increasing incidence of multidrug-resistant (MDR) bacteria is a global health concern (Laxminarayan et al., 2013; Berendonk et al., 2015; Lee et al., 2016). β-lactams constitute 60% of current antibiotics; thus far, they have been the most applicable and useful class of antibiotics (Ozturk et al., 2015). However, the frequent clinical use of β-lactams has caused selective pressure, resulting in the rapid appearance of bacterial resistance to β-lactams. The most common mechanism of β-lactam resistance among MDR bacteria is the production of β-lactamases, which hydrolyze β-lactams into inactive forms (Paterson et al., 2020; Bahr et al., 2021). The evolution and catalytic mechanisms of various β-lactamases have been studied (Hall and Barlow, 2004; Sidjabat et al., 2018; Lee et al., 2019; Park et al., 2020; Pedroso et al., 2020). β-lactamases can be divided into serine β-lactamases and metallo- β-lactamases (MBLs). MBLs hydrolyze most β-lactams, including last resort antibiotics carbapenems. There are currently no effective and clinically available inhibitors against MBLs (Fisher et al., 2005). MBLs are further classified into the B1, B2, and B3 subclasses depending on their sequence, structure, and zinc ion site(s) and have diverse substrate profile or specificity for β-lactams (Crowder et al., 2006; Palacios et al., 2019; Behzadi et al., 2020; Park et al., 2020).

The substrate profile of MBLs is related to the antimicrobial susceptibility of MBL producers and is essential for the adequate treatment of patients with MBL-producing MDR bacteria (Lutgring et al., 2020). However, the main interest of antibiotic resistance study has been the efficacy and effectiveness of specific antibiotics and inhibitors on MDR bacteria in clinical use. The previous study of the substrate profile showed that B1 and B3 MBLs have a broad substrate spectrum, and B2 MBLs degrade only carbapenems (Bahr et al., 2021). Even in a subclass, there are many different types of MBLs and a growing number of variants, which also could have diverse hydrolytic activities on β-lactams; thus far, 710 MBLs of 509 B1, 22 B2, and 179 B3 members were reported (Naas et al., 2017). Independent research groups have studied the substrate profile and enzyme kinetics of MBLs with varied assay conditions. There are only limited numbers of MBL structures available for the study of structure-function relationships. The complexity and insufficiency of MBL data have prohibited the systematic study of the structure-based substrate specificity of MBLs. Herein, we compared several tens of B1, B2, and B3 MBLs in sequence and structure and proposed structural insights on the substrate specificity of MBLs. The specificity of the substrate-binding pocket of MBLs was also verified by B1 and cross-class MBL inhibitors binding to the same substrate-binding pocket. The cross-class inhibitors showed the complementary chemical structures to fit into the varied substrate-binding pockets of different subclasses of MBLs. The structural insights of MBLs will provide a valuable platform to understand the structure-function relationships of current and newly found putative MBLs and develop a broad-spectrum MBL inhibitor.


Scaffold of Metallo-β-Lactamases

The amino acid sequences of MBLs varied; the sequence identity among them could be as low as 10%. Within the same subclass, the B1, B2, and B3 MBLs had average sequence identities of 31.8, 60.2, and 33.0%, respectively (Supplementary Table 1). Although there was low sequence conservation, the MBL scaffold had the distinctive αβ/βα sandwich fold (Figure 1A) and was well conserved, as indicated by an RMSD value of 1.77 Å in approximately 220 residues (Supplementary Table 2). In the superimposed crystal structures of MBLs, there were conserved secondary structures of 5 α-helices and 13 β-strands as the core scaffold. The four loops of L1–4 coordinated the catalytic zinc ion(s), and the three external loops (eLs) eL1–3 formed the substrate-binding pocket (Figure 1B). The overall structure of the B1, B2, and B3 MBLs showed RMSD values of 1.45 in 205 residues, 0.65 in 223 residues, and 1.51 in 231 residues, respectively, among the members of the same subclass (Supplementary Tables 3–5).
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FIGURE 1. The crystal structure of NDM-1, showing the representative core scaffold of MBLs. (A) The αβ/βα sandwich fold of NDM-1, which is the core scaffold of MBLs, is shown at the top (left) and side (right). The schematic representation is shown in the middle. The central two β-sheets and the five α-helices in the main scaffold are shown in purple and cyan, respectively. The two zinc ions are shown in gray. Certain β-strands in the second β-sheet exist as α-helices in some MBLs, which are shown as open purple arrows in the schematic representation (middle). (B) The overall structure of NMD-1 with the zinc-coordinating central loops L1–4 and the substrate-binding pocket forming the external loops eL1–3. The schematic representation of the central and external loops with zinc ions is shown in the middle. L3 is the N-terminal part of eL3.


The MBL structure can be divided into two parts at the interface between the two β-sheets (Figure 1A). The active site is located at the center between the two β-sheets, wherein the zinc ions are coordinated with various residues depending on each subclass (Figures 1B, 2; Ullah et al., 1998; Fonseca et al., 2011b; King and Strynadka, 2011; Pedroso et al., 2020). The zinc-coordinating residues come from the L1–4 loops protruding from the two β-sheets. The zinc ions directly coordinate a catalytic water molecule, which is deprotonated to a hydroxide ion to attack the β-lactam ring of the substrate (Supplementary Figure 1). The central L1–4 loops are surrounded by the external loops eL1–3, which form the substrate-binding pocket and play an important role in the substrate specificity of MBLs (Figures 1B, 3).


[image: image]

FIGURE 2. The structural sequence alignment of MBLs. The secondary structures of NDM-1, CphA, and AIM-1 are shown at the top. The labels B1, B2, and B3 show the representative member of each subclass. The numbering of secondary structures is based on the core scaffold of 13 β-strands and 5 α-helices. In some B3 MBLs, including AIM-1, an additional α-helix (α3′) exists after α3. The first and second halves of the αβ/βα sandwich fold are divided by a dashed line between the β7 and β8 strands. The zinc-coordinating residues of the B1, B2, and B3 subclasses are shown as diamonds and circles in cyan, green, and pink, respectively. The four zinc-coordinating loops L1, L2, L3, and L4 are shown as thick green, red, pink, and blue lines, respectively. The three external loops eL1, eL2, and eL3 are shown as thin black lines.
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FIGURE 3. The zinc coordination of (A) NDM-1, (B) CphA, and (C) AIM-1 as the representative B1, B2, and B3 MBLs. The schematic representations of zinc coordination are shown on the right. The four zinc-coordinating loops L1, L2, L3, and L4 are shown as green, red, pink, and blue lines, respectively. The three external loops eL1, eL2, and eL3 are shown as black lines. L3 is the N-terminal part of eL3 and is shown in black. The missing Zn1 ion and Zn2-coordinating residue from L3 are shown as red and pink dashed circles, respectively.




Representative Metallo-β-Lactamases in Each Subclass

Although many MBLs from the three different subclasses have been studied in parallel, these comparisons were mainly related to the catalytic zinc ion(s) and the sequence and structure of the coordinating residues. There is only limited comparative information about the structure of the core scaffold, the substrate-binding pocket, and the relationship between drug resistance and structure. In this study, we performed a systematic comparison of the sequence and structure of MBLs, both with protein alone and in complex with substrate antibiotics. First, the sequences and structures of MBLs were compared within the same subclass. Second, the representative MBL structures from each subclass were compared with those from the other subclasses. Finally, the β-lactam or inhibitor-bound B1, B2, and B3 MBL structures were studied based on the characteristics of each subclass.

For structural comparison, 11, 2, and 8 MBLs were selected from the B1, B2, and B3 subclasses, respectively (Figure 2 and Supplementary Figures 2–4). These MBLs included the New Delhi metallo- β-lactamase (NDM-1) (PDB ID: 3S0Z, Guo et al., 2011), BlaB-1 (1M2X, Garcia-Saez et al., 2003a), VIM-2 (4NQ2, Aitha et al., 2014), DIM-1 (4ZEJ, Booth et al., 2015), IMP-1 (5EV6, Hinchliffe et al., 2016), TMB-1 (5MMD, Skagseth et al., 2017), SPS-1 (6CQS, Cheng et al., 2018), ECV-1 (6T5K, Frohlich et al., 2020), MYO-1 (6T5L, Frohlich et al., 2020), FIM-1 (6V3Q), and GIM-1 (2YNT, Borra et al., 2013) in B1; CphA (1X8G, Garau et al., 2005) and SfhI (5EW0, Hinchliffe et al., 2016) in B2; and Adelaide imipenemase (AIM-1) (4AWZ, Leiros et al., 2012), GOB-18 (5K0W, Moran-Barrio et al., 2016), FEZ-1 (1K07, Garcia-Saez et al., 2003b), Rm3 (5IQK, Salimraj et al., 2016), SMB-1 (3VPE, Wachino et al., 2013), L1 (2AIO, Spencer et al., 2005), BJP-1 (5NJW, Di Pisa et al., 2018), and LRA-12 (5AEB, Rodriguez et al., 2017) in B3. Among them, NDM-1 in the B1 subclass (Khan et al., 2017), CphA in the B2 subclass (Hernandez Valladares et al., 1997), and AIM-1 in the B3 subclass (Yong et al., 2012) were selected as the representative MBLs of each subclass for structural comparison (Figure 3). NDM-1 is found in the clinically important Klebsiella pneumoniae, Enterobacter cloacae, Pseudomonas spp., and Acinetobacter baumannii, and is mostly found in plasmids. NMD-1 hydrolyzes a wide range of β-lactams (Khan et al., 2017) and NDM-1 producers are resistant to imipenem, meropenem, ertapenem, gentamicin, amikacin, tobramycin, and ciprofloxacin; meanwhile, NDM-1 producers are susceptible to colistin and tigecycline (Kumarasamy et al., 2010). CphA was originally found in Aeromonas hydrophila and has a narrow substrate specificity for carbapenems (Hernandez Valladares et al., 1997). AIM-1 was found in P. aeruginosa and hydrolyzes a wide range of substrates, such as imipenem, meropenem, penicillin G, piperacillin, cephalothin, cefoxitin, and cefepime; however, it has no activity against aztreonam (Yong et al., 2012; Selleck et al., 2016).

When we performed structural sequence alignment, the internal sequence identity among MBLs within the same subclass was higher than that between the MBLs of different subclasses. NDM-1 was compared with 10 other MBLs in B1; CphA was compared with SfhI in B2: and AIM-1 was compared with seven other MBLs in B3 (Supplementary Table 1). The RMSD value was 1.45 Å in approximately 205 residues when comparing NDM-1 with the selected members in B1. The RMSD values comparing NDM-1 for B2 and B3 MBLs were 1.42 Å in approximately 195 residues and 2.25 Å in approximately 176 residues, respectively (Supplementary Tables 2–5). These results show that the overall scaffold is more similar between B1 and B2 MBLs than between B3 MBLs and the other two subclasses.



B1 Subclass

Members of the B1 subclass exist in large numbers and contain many clinically important MDLs, such as NDMs, Verona integrin-encoded MBLs (VIMs), imipenemases (IMPs), and German imipenemases (GIMs). In the B1 subclass, 11 MBLs, including NDM-1 (PDB ID: 3S0Z, Guo et al., 2011), VIM-2 (4NQ2, Aitha et al., 2014), IMP-1 (5EV6, Hinchliffe et al., 2016), and GIM-1 (2YNT, Borra et al., 2013), were chosen as representative B1 MBLs (Supplementary Figure 2).

When the crystal structures of the representative B1 members were superimposed, the RMSD values among structures were between 1.06 and 1.76 Å in 205 residues. This finding shows that the overall scaffold is well conserved within the B1 subclass (Supplementary Table 3). The two central β-sheets in a core scaffold generally consist of seven β-strands and six β-strands in the first and second β-sheets, respectively (Figure 1A). Even though the terminal β-strands located at the ends of β-sheets are often changed to an α-helix or loop in certain members, the overall scaffold is well conserved (Figure 3A). The N-terminal sequences also varied; before the β1 strand, additional secondary structures could exist, such as an additional α-helix or β-strand (Supplementary Figure 5). Among the 13 β-strands, β2 and β3 are long, and β1 is only half the length of β2. The protruding tips of β2 and β3 of eL1 have a flexible conformation (Raczynska et al., 2020).

The two zinc ions are coordinated with four loops in the active site: short L1, long L2, extralong L3, and short L4 (Figure 3A). The first zinc ion, Zn1, is coordinated with three His residues (two from L1 and one from L2), and the second zinc ion, Zn2, is coordinated with Asp, Cys, and His residues from L1, L3, and L4, respectively. All six residues are strictly conserved in the sequences of B1 MBLs; among the 11 MBLs in B1, only SPS-1 loses one His residue in L1 (Supplementary Figure 2). All the zinc-coordinating residues exist at the tip of the secondary structures of the helix and strand; they are tightly wrapped in the center with three external loops (eL1–3) from the outside. The stable zinc-coordinating residues contain two metal ions at the catalytic positions.

The three external loops eL1, eL2, and eL3, including L3, surround the zinc binding sites and form the substrate-binding pocket as three protruding fingers (Figure 1B). eL1 forms the left wall with long and flexible β2 and β3 (Figure 4A). At the bottom and right side of the pocket, eL2 provides a large hole in the central bottom of the pocket, which allows the flexible binding of bulky substrates. eL3 is extruded and shows a natural curvy-loop conformation to form the entire upper lip of the substrate-binding pocket.
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FIGURE 4. The structure of the substrate-binding pocket forming eL1–3 of each subclass. The surface representation of eL1, eL2, and eL3 of (A) cefuroxime-bound NDM-1 (PDB ID: 3SPU), (B) biapenem-bound CphA (PDB ID: 1X8I), and (C) meropenem-bound SMB-1 (PDB ID: 5AXO) is shown at the top. The enlarged view of the hydrolyzed β-lactams with the zinc ion(s) is shown in the middle. The zinc ion(s)-bound chemical structures of β-lactams, including the core structures of each β-lactam group, are shown at the bottom. The substituted R groups at the four-member β-lactam ring are shaded in pink, and those at the five or six-membered dihydropyrrole ring or dihydrothiazine ring next to the β-lactam ring are shaded in blue.




B2 Subclass

B2 MBLs, existing in 3% among all known MBLs, include CphA (Garau et al., 2005), SfhI from Serratia fonticola (Hinchliffe et al., 2016), ImiS from Aeromonas sobria (Walsh et al., 1996), and AsbM1 from Aeromonas sobria (Yang and Bush, 1996) and preferentially hydrolyze carbapenems (Fonseca et al., 2011a). Among them, only two crystal structures of CphA (PDB ID: 1X8G, Garau et al., 2005) and SfhI (5EW0, Hinchliffe et al., 2016) were determined, and the RMSD value between them was 0.65 (Supplementary Table 4). B2 MBLs have a zinc ion in the Zn2 site, which is coordinated with Asp, Cys, and His residues and loses the other zinc ions at the Zn1 site (Figure 3B and Supplementary Figure 3).

In the B2 subclass, both structures of CphA and SfhI showed a well-conserved core scaffold of MBLs with two central β-sheets of seven β-strands and six β-strands (Figure 3B). β2 and β3 are shorter in the B2 subclass compared with the B1 subclass in their lengths, and the resulting lengths of β1, β2, and β3 are similar (Figure 2 and Supplementary Figure 6). The helix α3 is long and bent in the middle, and the end of long α3 is positioned close to eL1 (Supplementary Figure 6).

CphA lost the Zn1 ion and maintained only the Zn2 ion. All three Zn2-coordinating residues in CphA of Asp, Cys, and His from L1, L3, and L4, respectively, are conserved in B2 MBLs (Supplementary Figure 3). In the Zn1 site, the first His residue among the three conserved His residues is changed to an Asn residue with a shorter side chain, which is insufficient to coordinate Zn1 compared to the canonical His residue (Figure 3B). The remaining two His residues were not sufficient to bind the Zn1 ion in CphA.

Although the overall structures of the zinc-coordinating L1–4 loops in the active site of CphA are conserved with NMD-1, all three external loops forming the substrate-binding pocket are different (Figure 4B). eL1 is shorter because of the shorter β2 and β3 and provides a shallow left boundary of the substrate-binding pocket. eL2, consisting of long and bent helix α3, forms a solid wall in the lower lip of the substrate-binding pocket, which could restrain substrate binding and accordingly affect the substrate specificity of CphA. eL3 of the upper lip of the substrate-binding pocket is slightly shorter than that found in B1 MBLs but adopts a similar conformation.



B3 Subclass

B3 MBLs include SMB-1 (Wachino et al., 2013), AIM-1 (Leiros et al., 2012), L1 (Spencer et al., 2005), GOB-1 (Moran-Barrio et al., 2016), MIM-1 (Selleck et al., 2020), SAM-1 (Selleck et al., 2020), CSR-1 (Pedroso et al., 2020), SIE-1 (Wilson et al., 2021), SPR-1 (Vella et al., 2013), and LRA-8 (Pedroso et al., 2017). When the crystal structures of the eight selected B3 MBLs were superimposed, the RMSD values among the structures were between 0.90 and 1.73 Å, with an average value of 1.51 Å in 231 residues. These values suggest that the overall structures are well conserved within the B3 subclass (Supplementary Table 5). The B3 MBLs showed significant structural differences in the core scaffold compared to B1 and B2 MBLs (Figure 3C). In the central β-sheets of the core scaffold, β1, β2, and β3 from the first β-sheet are very short and a long N-terminal tail provides a flexible conformation of eL1; the second β-sheet consists of five β-strands instead of six β-strands, and the C-terminal β13 is changed to the helix (Supplementary Figure 7). The additional helix α3′ exists immediately after α3 and before β7. The long N-terminal tail forming eL1 showed varied relative positions in the different B3 MBL structures of L1, GOB-1, CSR-1, and AIM-1, which could affect the catalytic activity (Pedroso et al., 2020).

Although two zinc ions are bound in B3 MBLs, their coordination is different from that of B1 MBLs (Pedroso et al., 2020). In canonical B3 MBLs, the Zn1 ion is coordinated with three His residues like B1 MBLs. However, the Zn2 site of B3 MBLs was different from those of both B1 and B2 MBLs. The L3 of B3 MBLs was shorter than those of B1 and B2 MBLs without the Zn2 ion coordinating Cys residue, and its conformation was also different (Figure 4C). A compensatory His residue from the L1 loop is additionally involved to bind the Zn2 ion from the bottom position (Figure 3C). In the Zn1 site, the first His residue from the L1 loop is sometimes replaced with a Gln residue (Supplementary Figure 4). Compared to the corresponding Asn residue of B2 MBLs, the longer Gln side chain in B3 MBLs could be sufficient to coordinate and hold the Zn1 ion. Recently, B3 MBL variants with different zinc coordination residues in both zinc sites were also found, which implies the active site of B3 MBLs appears to be more diverse than those of B1 and B2 MBLs (Pedroso et al., 2020).

eL1, eL2, and eL3 of B3 MBLs were different from those of B1 and B2 MBLs (Figure 3C). In AIM-1, eL1 includes a long N-terminal tail loop, which exists close to the Zn2 site and forms the left wall of the substrate-binding pocket (Figure 3C and Supplementary Figure 7). Although the secondary structures of eL1 are different in B1 and B3 MBLs, the superimposed positions are similar. eL2 has the characteristic additional helix α3′, which is close to the long α3 in B2 members but has a different orientation (Figure 3C). The most significant change occurred in eL3. Without a Zn2-coordinating residue from L3, eL3 stretches straight outward from the second β-sheet, which causes eL3 to shift to the right side and generates a large hole in the upper and left lip. Generally, B3 MBLs have the upper left open space in the substrate-binding pocket to accommodate bulky R groups on β-lactam substrates (Figure 4C and Supplementary Figure 7).



Comparison Among the Metallo-β-Lactamases of the Three Subclasses

MBLs have zinc ion(s) in the active site on the top of two central β-sheets, and the substrate-binding pocket is formed mainly from the external loops protruding above the canonical αβ/βα MBL scaffold. Structural comparison among the MBLs B1 NDM-1, B2 CphA, and B3 AIM-1 revealed the characteristic structural features of each subclass in the core scaffold, zinc coordination, and substrate-binding pocket.

In the active site, both the Zn1 and Zn2 sites of NDM-1 and CphA were well superimposed (Figure 3). Although CphA does not have the Zn1 ion, the corresponding position of the Zn1 site was well superimposed. However, the zinc binding sites of AIM-1 were shifted to the lower left position compared to those of NDM-1 due to the change in the core scaffold. Within B3 MBLs, the correlation of the metal-metal distance in the active site was observed (Wilson et al., 2021). Interestingly, even in the shifted or different zinc positions, the interatomic distance between the two zinc ions was almost the same as that observed between NDM-1 and AIM-1 (3.45 Å). The average distance in all the selected B1 and B3 MBLs was 3.56 Å (Supplementary Table 6), which is sufficient to bind and coordinate the catalytic water molecule to hydrolyze the β-lactam ring of the substrates in the active site.

The shape of the substrate-binding pocket, which is mainly formed by the core scaffold and external loops, is important for substrate binding according to substrate specificity. Compared to the conserved coordination geometry of zinc binding sites in each subclass and the interatomic distance between the Zn1 and Zn2 ions, the structure of the substrate-binding pocket varies among the three subclasses: B1 MBLs have a long eL1, short eL2, and long eL3; B2 MBLs have a short eL1, long eL2, and long eL3; and B3 MBLs have long eL1, long eL2, and short eL3 (Figures 3, 4).

B1 MBLs have an open space in the left and central bottom positions in the substrate-binding pocket (Figure 4A). B2 MBLs have a narrow open space on the left side horizontal to the Zn1 and Zn2 sites. Furthermore, the bottom is blocked by the long eL2, forming a narrow substrate-binding pocket (Figure 4B). In B3 MBLs, both zinc ions are extensively exposed to solutions, and the left and upper sides of the substrate-binding pocket are wide open (Figure 4C). Only the short eL3 provides a shallow barrier on the upper and right sides of the substrate-binding pocket.



β-Lactam-Bound Metallo-β-Lactamases

The structures of β-lactam-bound MBLs were superimposed to study substrate recognition in the varied substrate-binding pockets of MBLs: the hydrolyzed product β-lactam-bound MBL structures were used instead of substrate β-lactam-bound MBL structures due to unavailability (Figure 4). The bound β-lactams showed a well-conserved conformation in the active site (Supplementary Figure 8). The cleavable C-N bond of β-lactams was faced toward the zinc site(s) within the distance of direct interactions, in which the β-lactam ring can be easily attacked by a catalytic hydroxide ion bound to zinc ion(s) (Supplementary Figures 1, 8). In the bound structures, the existing carboxyl and carbonyl groups of the core β-lactams were directly bound to the zinc ion(s) in the active sites of MBLs. Accordingly, there is little space to accommodate additional structural motifs in the β-lactam positions.

All B1, B2, and B3 MBLs have open space on the left side between potentially flexible eL1 and eL3; B2 MBLs have a narrow pocket, B1 MBLs have a medium-sized pocket, and B3 MBLs have a wide-open pocket. The left side of the substrate-binding pocket can accommodate the various R groups at the five- or six-membered ring side of the core β-lactam scaffold with a carboxylate (blue shade). The bottom pocket between eL1 and eL2 is noticeably wide only in B1 MBLs and is limited in B2 and B3 MBLs. The bottom side of the substrate-binding pocket binds the R groups on the β-lactam ring side (red shade) and allows only limited structural substitutions.

Thus far, various modifications have been introduced in the different R positions in the core β-lactam scaffold for better efficacy in all classes of β-lactams, including penicillins, carbapenems, cephalosporins, and monobactams (Figure 5). Modifications, especially bulky ones, can cause steric hindrance in the varied substrate-binding pockets in B1, B2, and B3 MBLs. Among the five β-lactams in the six substrate-bound structures, penicillin G and cephalosporin have an additional bulky motif at the β-lactam ring side (red shade), and meropenem and biapenem have one at the other five- or six-member ring side (blue shade). This motif is bound to the open space on the bottom (red shade) and left side (blue shade) of the substrate-binding pocket, respectively (Figures 4, 5). The available room on the bottom and left side of the pockets of B1, B2, and B3 MBLs is important for binding a specific β-lactam antibiotic for substrate specificity.
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FIGURE 5. The chemical structures of the four major classes of β-lactams. The left column, labeled with a red rectangle, shows the core scaffold of each type of β-lactam. The substituted R groups at the four-member β-lactam ring are shaded in pink, and those at the five or six-membered dihydropyrrole ring or dihydrothiazine ring next to the β-lactam ring are shaded in blue.




Inhibitor-Bound Metallo-β-Lactamases

We selected the MBL inhibitors having the co-crystal structure and the inhibitory mechanism of metal ion-binding (Supplementary Table 7; Ju et al., 2018). The inhibitor-bound MBLs were superimposed to study the inhibitory spectrum in the varied substrate-binding pockets. The inhibitors are divided into B1 and cross-class inhibitors, which have inhibitory activity on B1 MBLs (Figure 6) and MBLs of more than a subclass (Figure 7), respectively, based on limited enzyme assay results. The B1 MBL inhibitors include benzophenone (Christopeit et al., 2015), benzyl thiol (Cain et al., 2018), isoquinoline (Li et al., 2017), disubstituted succinic acid (Toney et al., 2001), cyclic boronate (Brem et al., 2016), tricyclic natural product (Payne et al., 2002), and biphenyl tetrazole (Toney et al., 1998) and the cross-class inhibitors, bisthiazolidine (Hinchliffe et al., 2016), thiomandelic acid (Mollard et al., 2001; Karsisiotis et al., 2013), and thiol-containing derivatives (Lassaux et al., 2010). The B1 inhibitors were developed against clinically relevant B1 MBLs, and their inhibitory activities were primarily measured on only B1 MBLs; accordingly, some B1 inhibitors might inhibit other subclass MBLs. Among them, cyclic boronate and tricyclic natural product have selective inhibitory activity on B1 MBLs. Based on the proposed structural characteristics of B1, B2, and B3 subclasses, the structure of cyclic boronate is well fitted within the substrate-binding pocket of B1 MBL, but the steric hindrance is shown with that of B2 MBL (Figure 6B). The structure of the tricyclic natural product is also well fitted in that of B1 MBL, but the loosen interaction is shown within the wide-open substrate-binding pocket of B3 (Figure 6C).


[image: image]

FIGURE 6. The chemical structures of B1 MBL inhibitors and their superimposed structures on the representative B1, B2, and B3 MBLs. The chemical structures of (A) benzophenone, benzyl thiol, isoquinoline, disubstituted succinic acid, (B) cyclic boronate, and (C) tricyclic natural product, and their superimposed structures on the B1, B2, and B3 MBLs of NDM-1, CphA, and AIM-1, respectively. The substrate-binding pockets of the B1, B2, and B3 MBLs are represented by red dashed lines. The red dotted circle represents the clashed region between the superimposed cyclic boronate and the substrate-binding pocket of B2 MBL. The brown dotted oval represents the space between the tricyclic natural product and substrate-binding pocket of B3 MBL.
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FIGURE 7. The chemical structures of cross-class MBL inhibitors and their superimposed structures on the representative B1, B2, and B3 MBLs. The chemical structures of (A) bisthiazolidine, (B) thiomandelic acid, (C,D) thiol-containing derivatives and their superimposed structures on the B1, B2, and B3 MBLs of NDM-1, CphA, and AIM-1, respectively. The binding sites of the cross-class inhibitors are represented by green dashed circles. The binding sites are well conserved on top of the zinc-binding site(s). The superimposed cross-class MBL inhibitors with small globular shapes show limited steric hindrances with the substrate-binding pockets of the B1, B2, and B3 MBLs. In (D), iPR represents isopropyl group.


The cross-class MBL inhibitors show relatively smaller and globular shapes rather than the elongated shapes of the B1 inhibitors, which fit well within the center of the substrate-binding pocket on top of the zinc-binding site (Figure 7). The central pocket is conserved and free from the steric hindrance with eL1-3 within MBLs of all subclasses. Significantly, the thiol-containing derivatives showing similarity with the thiomandelic acid were co-crystallized with the B2 subclass CphA, which has the narrow substrate-binding pocket. The thiol-containing derivatives showed comparable inhibitory effects on MBLs of all three subclasses (Supplementary Table 7). In addition to the inhibitors co-crystallized with MBLs, potent MBL inhibitors having trifluoromethyl ketones and alcohols, dicarboxylic acids, thiols, sulfates, hydroxamates, tetrazoles, and sulfonamides as scaffolds have been studied with molecular modeling and docking methods (McGeary et al., 2014, 2017; Arjomandi et al., 2016; Yusof et al., 2016).




DISCUSSION

The varied substrate-binding pockets of B1, B2, and B3 MBLs makes it difficult to develop a broad-spectrum inhibitor against all subclasses of MBLs. However, the zinc sites are relatively well conserved in all MBLs; the relative distance between two zinc ions is almost the same in all MBLs, except for the loss of Zn1 in the B2 subclass. Considering the conserved zinc sites and the opposingly varied substrate-binding pockets of MBLs, the catalytic value of kcat could be affected mainly by the catalytic hydroxide ion bound at the zinc ion(s). The Km value for the affinity for the substrate could be more affected by the substrate-binding pockets formed by the external loops.

From the systematic structure analysis of all MBLs, a strategy to develop a broad-spectrum inhibitor could involve targeting a metal-binding inhibitor to the zinc ion(s) in the active site. This could involve an inhibitor that had a sufficiently small size or flexible structure to fit into the diverse substrate-binding pockets of all subclasses of MBLs. Aspergillomarasmine A might have a similar working mechanism, as it has a flexible scaffold with metal chelator activity and successfully inhibits MBLs (King et al., 2014; Mojica et al., 2021); however, its clinical efficacy remains to be determined. Zinc ions are abundant in living organisms. Approximately 1,600 proteins have been proposed as zinc proteins in human, and these proteins have catalytic and structural roles (Andreini et al., 2006). The human zinc-binding proteins are potential off-targets, and the resulting side effects should be considered. It is necessary to identify the window span for inhibitors with a high affinity for many MBLs and a low affinity for off-targets in humans.

The structural comparison among the selected MBLs of the three subclasses and the β-lactam-bound structures demonstrates the conserved features and unique characteristics of each subclass. The proposed unique characteristics of the substrate-binding pocket in B1, B2, and B3 MBLs were further verified with narrow and broad-spectrum MBL inhibitors. The cross-class inhibitors are found to bind to the central substrate-binding pocket, which is commonly available in all subclasses, with the complementary chemical structures.

Different from traditional MBLs, there are also non-canonical MBLs such as SPS-1 (Cheng et al., 2018) and SPM-1 (Brem et al., 2015) that belong to the B1 and B3 subclasses, respectively. SPS-1 has a long eL2 (Supplementary Figure 2), which showed a long bent α3 helix forming eL2 similar to that of the B2 members (Supplementary Figure 9A). SPM-1 showed two different open and close conformations in the α3 (Supplementary Figure 9B). These findings imply that despite decades of β-lactam-related research by international groups, the current classification and structural information of B1, B2, and B3 MBLs could be still incomplete and limited. Even the directed evolution study of AIM-1 showed the substrate preference relevant amino acids are not necessarily near the catalytic center of the enzyme (Hou et al., 2017). Cautions should be exerted when making a conclusion related to MBLs based on the currently available structural information.

This study systematically compared MBLs of all three subclasses altogether in sequence, structure, and substrate specificity. The MBL structures are scrutinized in the core scaffold, zinc-coordination loops of L1-4, and substrate-binding pocket-forming external loops of eL1-3 for the structure-function relationships in terms of substrate specificity. Because all MBLs have the common comprising moieties, the sequences and structures of characteristic moieties could be compared simultaneously among multiple MBLs. The multiple comparative statistics in the sequence identities and RMSD values among MBLs are used to verify the conservation and difference among MBLs of the same and different subclasses. The characteristic structural differences are used to explain the substrate specificity of MBLs. However, the currently available structural information of MBLs is limited. For example, there is no structure of any unbroken substrate β-lactam-bound MBL and only hydrolyzed product β-lactam-bound MBLs are available. There are many MBLs and variants with uncharacterized activities on substrates and unknown structures, making it hard to generalize the current understandings as the canonical structural features and substrate specificity of classified MBLs. Consequently, the systematic comparative study of several tens of multiple MBLs in the sequence, structure, and structure-function relationships is still limited, but could be used as a valuable platform to understand and predict the mechanism and substrate specificity of existing or newly found MBLs. The structural insights of MBLs are also valuable to develop a broad-spectrum inhibitor against MBLs.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

YY, SH, YSP, HP, DK, YSK, YDK, SK, JHL, JHJ, SHL, and L-WK: investigation and writing. YY, SH, YSP, and L-WK: methodology. JHL, JHJ, SHL, and L-WK: funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported by the Bio and Medical Technology Development Program of the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (NRF-2017M3A9E4078014 and NRF-2017M3A9E4078017). This work was supported by the project “Development of Biomedical Materials Based on Marine Proteins” (Project No. 20170305), funded by the Ministry of Oceans and Fisheries, South Korea (JHL).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.752535/full#supplementary-material



REFERENCES

Aitha, M., Marts, A. R., Bergstrom, A., Moller, A. J., Moritz, L., Turner, L., et al. (2014). Biochemical, mechanistic, and spectroscopic characterization of metallo-beta-lactamase VIM-2. Biochemistry 53, 7321–7331. doi: 10.1021/bi500916y

Andreini, C., Banci, L., Bertini, I., and Rosato, A. (2006). Counting the zinc-proteins encoded in the human genome. J. Proteome Res. 5, 196–201. doi: 10.1021/pr050361j

Arjomandi, O. K., Hussein, W. M., Vella, P., Yusof, Y., Sidjabat, H. E., Schenk, G., et al. (2016). Design, synthesis, and in vitro and biological evaluation of potent amino acid-derived thiol inhibitors of the metallo-beta-lactamase IMP-1. Eur. J. Med. Chem. 114, 318–327. doi: 10.1016/j.ejmech.2016.03.017

Bahr, G., Gonzalez, L. J., and Vila, A. J. (2021). Metallo-beta-lactamases in the age of multidrug resistance: from structure and mechanism to evolution, dissemination, and inhibitor design. Chem. Rev. 121, 7957–8094. doi: 10.1021/acs.chemrev.1c00138

Behzadi, P., Garcia-Perdomo, H. A., Karpinski, T. M., and Issakhanian, L. (2021). Metallo-ss-lactamases: a review. Mol. Biol. Rep. 47, 6281–6294. doi: 10.1007/s11033-020-05651-9

Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh, F., et al. (2015). Tackling antibiotic resistance: the environmental framework. Nat. Rev. Microbiol. 13, 310–317. doi: 10.1038/nrmicro3439

Booth, M. P., Kosmopoulou, M., Poirel, L., Nordmann, P., and Spencer, J. (2015). Crystal structure of DIM-1, an acquired subclass B1 metallo-beta-lactamase from Pseudomonas stutzeri. PLoS One 10:e0140059. doi: 10.1371/journal.pone.0140059

Borra, P. S., Samuelsen, O., Spencer, J., Walsh, T. R., Lorentzen, M. S., and Leiros, H. K. (2013). Crystal structures of Pseudomonas aeruginosa GIM-1: active-site plasticity in metallo-beta-lactamases. Antimicrob. Agents Chemother. 57, 848–854. doi: 10.1128/AAC.02227-12

Brem, J., Cain, R., Cahill, S., McDonough, M. A., Clifton, I. J., Jimenez-Castellanos, J. C., et al. (2016). Structural basis of metallo-beta-lactamase, serine-beta-lactamase and penicillin-binding protein inhibition by cyclic boronates. Nat. Commun. 7:12406. doi: 10.1038/ncomms12406

Brem, J., Struwe, W. B., Rydzik, A. M., Tarhonskaya, H., Pfeffer, I., Flashman, E., et al. (2015). Studying the active-site loop movement of the sao paolo metallo-beta-lactamase-1. Chem. Sci. 6, 956–963. doi: 10.1039/c4sc01752h

Cain, R., Brem, J., Zollman, D., McDonough, M. A., Johnson, R. M., Spencer, J., et al. (2018). In silico fragment-based design identifies subfamily B1 metallo-beta-lactamase inhibitors. J. Med. Chem. 61, 1255–1260. doi: 10.1021/acs.jmedchem.7b01728

Cheng, Z., VanPelt, J., Bergstrom, A., Bethel, C., Katko, A., Miller, C., et al. (2018). A noncanonical metal center drives the activity of the sediminispirochaeta smaragdinae metallo-beta-lactamase SPS-1. Biochemistry 57, 5218–5229. doi: 10.1021/acs.biochem.8b00728

Christopeit, T., Carlsen, T. J., Helland, R., and Leiros, H. K. (2015). Discovery of novel inhibitor scaffolds against the metallo-beta-lactamase VIM-2 by surface plasmon resonance (SPR) based fragment screening. J. Med. Chem. 58, 8671–8682. doi: 10.1021/acs.jmedchem.5b01289

Crowder, M. W., Spencer, J., and Vila, A. J. (2006). Metallo-beta-lactamases: novel weaponry for antibiotic resistance in bacteria. Acc. Chem. Res. 39, 721–728. doi: 10.1021/ar0400241

Fisher, J. F., Meroueh, S. O., and Mobashery, S. (2005). Bacterial resistance to beta-lactam antibiotics: compelling opportunism, compelling opportunity. Chem. Rev. 105, 395–424. doi: 10.1021/cr030102i

Di Pisa, F., Pozzia, C., Benvenuti, M., Docquier, J.-D., De Luca, F., and Mangani, S. (2018). Boric acid and acetate anion binding to subclass B3 metallo-β-lactamase BJP-1 provides clues for mechanism of action and inhibitor design. Inorg. Chim. Acta 470, 331–341.

Fonseca, F., Bromley, E. H., Saavedra, M. J., Correia, A., and Spencer, J. (2011b). Crystal structure of Serratia fonticola Sfh-I: activation of the nucleophile in mono-zinc metallo-beta-lactamases. J. Mol. Biol. 411, 951–959. doi: 10.1016/j.jmb.2011.06.043

Fonseca, F., Arthur, C. J., Bromley, E. H., Samyn, B., Moerman, P., Saavedra, M. J., et al. (2011a). Biochemical characterization of Sfh-I, a subclass B2 metallo-beta-lactamase from Serratia fonticola UTAD54. Antimicrob. Agents Chemother. 55, 5392–5395. doi: 10.1128/AAC.00429-11

Frohlich, C., Sorum, V., Huber, S., Samuelsen, O., Berglund, F., Kristiansson, E., et al. (2020). Structural and biochemical characterization of the environmental MBLs MYO-1, ECV-1 and SHD-1. J. Antimicrob. Chemother. 75, 2554–2563. doi: 10.1093/jac/dkaa175

Garau, G., Bebrone, C., Anne, C., Galleni, M., Frere, J. M., and Dideberg, O. (2005). A metallo-beta-lactamase enzyme in action: crystal structures of the monozinc carbapenemase CphA and its complex with biapenem. J. Mol. Biol. 345, 785–795. doi: 10.1016/j.jmb.2004.10.070

Garcia-Saez, I., Hopkins, J., Papamicael, C., Franceschini, N., Amicosante, G., Rossolini, G. M., et al. (2003a). The 1.5-A structure of Chryseobacterium meningosepticum zinc beta-lactamase in complex with the inhibitor, D-captopril. J. Biol. Chem. 278, 23868–23873. doi: 10.1074/jbc.M301062200

Garcia-Saez, I., Mercuri, P. S., Papamicael, C., Kahn, R., Frere, J. M., Galleni, M., et al. (2003b). Three-dimensional structure of FEZ-1, a monomeric subclass B3 metallo-beta-lactamase from Fluoribacter gormanii, in native form and in complex with D-captopril. J. Mol. Biol. 325, 651–660. doi: 10.1016/s0022-2836(02)01271-8

Guo, Y., Wang, J., Niu, G., Shui, W., Sun, Y., Zhou, H., et al. (2011). A structural view of the antibiotic degradation enzyme NDM-1 from a superbug. Protein Cell 2, 384–394. doi: 10.1007/s13238-011-1055-9

Hall, B. G., and Barlow, M. (2004). Evolution of the serine beta-lactamases: past, present and future. Drug Resist. Updat. 7, 111–123. doi: 10.1016/j.drup.2004.02.003

Hernandez Valladares, M., Felici, A., Weber, G., Adolph, H. W., Zeppezauer, M., Rossolini, G. M., et al. (1997). Zn(II) dependence of the Aeromonas hydrophila AE036 metallo-beta-lactamase activity and stability. Biochemistry 36, 11534–11541. doi: 10.1021/bi971056h

Hinchliffe, P., Gonzalez, M. M., Mojica, M. F., Gonzalez, J. M., Castillo, V., Saiz, C., et al. (2016). Cross-class metallo-beta-lactamase inhibition by bisthiazolidines reveals multiple binding modes. Proc. Natl. Acad. Sci. U.S.A. 113, E3745–E3754. doi: 10.1073/pnas.1601368113

Hou, C. D., Liu, J. W., Collyer, C., Mitic, N., Pedroso, M. M., Schenk, G., et al. (2017). Insights into an evolutionary strategy leading to antibiotic resistance. Sci. Rep. 7:40357. doi: 10.1038/srep40357

Ju, L. C., Cheng, Z., Fast, W., Bonomo, R. A., and Crowder, M. W. (2018). The continuing challenge of metallo-beta-lactamase inhibition: mechanism matters. Trends Pharmacol. Sci. 39, 635–647. doi: 10.1016/j.tips.2018.03.007

Karsisiotis, A. I., Damblon, C. F., and Roberts, G. C. (2013). Solution structures of the Bacillus cereus metallo-beta-lactamase BcII and its complex with the broad spectrum inhibitor R-thiomandelic acid. Biochem. J. 456, 397–407. doi: 10.1042/BJ20131003

Khan, A. U., Maryam, L., and Zarrilli, R. (2017). Structure, genetics and worldwide spread of new Delhi metallo-beta-lactamase (NDM): a threat to public health. BMC Microbiol. 17:101. doi: 10.1186/s12866-017-1012-8

King, A. M., Reid-Yu, S. A., Wang, W., King, D. T., De Pascale, G., Strynadka, N. C., et al. (2014). Aspergillomarasmine a overcomes metallo-beta-lactamase antibiotic resistance. Nature 510, 503–506. doi: 10.1038/nature13445

King, D., and Strynadka, N. (2011). Crystal structure of New Delhi metallo-beta-lactamase reveals molecular basis for antibiotic resistance. Protein Sci. 20, 1484–1491. doi: 10.1002/pro.697

Kumarasamy, K. K., Toleman, M. A., Walsh, T. R., Bagaria, J., Butt, F., Balakrishnan, R., et al. (2010). Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, biological, and epidemiological study. Lancet Infect. Dis. 10, 597–602. doi: 10.1016/S1473-3099(10)70143-2

Lassaux, P., Hamel, M., Gulea, M., Delbruck, H., Mercuri, P. S., Horsfall, L., et al. (2010). Mercaptophosphonate compounds as broad-spectrum inhibitors of the metallo-beta-lactamases. J. Med. Chem. 53, 4862–4876. doi: 10.1021/jm100213c

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A. K., Wertheim, H. F., Sumpradit, N., et al. (2013). Antibiotic resistance-the need for global solutions. Lancet Infect. Dis. 13, 1057–1098. doi: 10.1016/S1473-3099(13)70318-9

Lee, J. H., Park, K. S., Karim, A. M., Lee, C. R., and Lee, S. H. (2016). How to minimise antibiotic resistance. Lancet Infect. Dis. 16, 17–18. doi: 10.1016/S1473-3099(15)00467-3

Lee, J. H., Takahashi, M., Jeon, J. H., Kang, L. W., Seki, M., Park, K. S., et al. (2019). Dual activity of PNGM-1 pinpoints the evolutionary origin of subclass B3 metallo-beta-lactamases: a molecular and evolutionary study. Emerg. Microbes Infect. 8, 1688–1700. doi: 10.1080/22221751.2019.1692638

Leiros, H. K., Borra, P. S., Brandsdal, B. O., Edvardsen, K. S., Spencer, J., Walsh, T. R., et al. (2012). Crystal structure of the mobile metallo-beta-lactamase AIM-1 from Pseudomonas aeruginosa: insights into antibiotic binding and the role of Gln157. Antimicrob. Agents Chemother. 56, 4341–4353. doi: 10.1128/AAC.00448-12

Li, G. B., Abboud, M. I., Brem, J., Someya, H., Lohans, C. T., Yang, S. Y., et al. (2017). NMR-filtered virtual screening leads to non-metal chelating metallo-beta-lactamase inhibitors. Chem. Sci. 8, 928–937. doi: 10.1039/c6sc04524c

Lutgring, J. D., Balbuena, R., Reese, N., Gilbert, S. E., Ansari, U., Bhatnagar, A., et al. (2020). Antibiotic Susceptibility of NDM-producing enterobacterales collected in the United States in 2017 and 2018. Antimicrob. Agents Chemother. 64, e499–e420. doi: 10.1128/AAC.00499-20

McGeary, R. P., Schenk, G., and Guddat, L. W. (2014). The applications of binuclear metallohydrolases in medicine: recent advances in the design and development of novel drug leads for purple acid phosphatases, metallo-beta-lactamases and arginases. Eur. J. Med. Chem. 76, 132–144. doi: 10.1016/j.ejmech.2014.02.008

McGeary, R. P., Tan, D. T. C., Selleck, C., Monteiro Pedroso, M., Sidjabat, H. E., and Schenk, G. (2017). Structure-activity relationship study and optimisation of 2-aminopyrrole-1-benzyl-4,5-diphenyl-1H-pyrrole-3-carbonitrile as a broad spectrum metallo-beta-lactamase inhibitor. Eur. J. Med. Chem. 137, 351–364. doi: 10.1016/j.ejmech.2017.05.061

Mojica, M. F., Rossi, M. A., Vila, A. J., and Bonomo, R. A. (2021). The urgent need for metallo-beta-lactamase inhibitors: an unattended global threat. Lancet Infect. Dis. 22, e28–e34. doi: 10.1016/S1473-3099(20)30868-9

Mollard, C., Moali, C., Papamicael, C., Damblon, C., Vessilier, S., Amicosante, G., et al. (2001). Thiomandelic acid, a broad spectrum inhibitor of zinc beta-lactamases: kinetic and spectroscopic studies. J. Biol. Chem. 276, 45015–45023. doi: 10.1074/jbc.M107054200

Moran-Barrio, J., Lisa, M. N., Larrieux, N., Drusin, S. I., Viale, A. M., Moreno, D. M., et al. (2016). Crystal Structure of the metallo-beta-lactamase GOB in the periplasmic dizinc form reveals an unusual metal site. Antimicrob. Agents Chemother. 60, 6013–6022. doi: 10.1128/AAC.01067-16

Naas, T., Oueslati, S., Bonnin, R. A., Dabos, M. L., Zavala, A., Dortet, L., et al. (2017). Beta-lactamase database (BLDB) - structure and function. J. Enzyme Inhib. Med. Chem. 32, 917–919. doi: 10.1080/14756366.2017.1344235

Ozturk, H., Ozkirimli, E., and Ozgur, A. (2015). Classification of Beta-lactamases and penicillin binding proteins using ligand-centric network models. PLoS One 10:e0117874. doi: 10.1371/journal.pone.0117874

Palacios, A. R., Mojica, M. F., Giannini, E., Taracila, M. A., Bethel, C. R., Alzari, P. M., et al. (2019). The reaction mechanism of metallo-beta-lactamases is tuned by the conformation of an active-site mobile loop. Antimicrob. Agents Chemother. 63:5489. doi: 10.1128/AAC.01754-18

Park, Y. S., Kim, T. Y., Park, H., Lee, J. H., Nguyen, D. Q., Hong, M. K., et al. (2020). Structural study of metal binding and coordination in ancient metallo-beta-lactamase PNGM-1 variants. Int. J. Mol. Sci. 21:4926. doi: 10.3390/ijms21144926

Paterson, D. L., Isler, B., and Stewart, A. (2020). New treatment options for multiresistant gram negatives. Curr. Opin. Infect. Dis. 33, 214–223. doi: 10.1097/QCO.0000000000000627

Payne, D. J., Hueso-Rodriguez, J. A., Boyd, H., Concha, N. O., Janson, C. A., Gilpin, M., et al. (2002). Identification of a series of tricyclic natural products as potent broad-spectrum inhibitors of metallo-beta-lactamases. Antimicrob. Agents Chemother. 46, 1880–1886. doi: 10.1128/AAC.46.6.1880-1886.2002

Pedroso, M. M., Selleck, C., Enculescu, C., Harmer, J. R., Mitic, N., Craig, W. R., et al. (2017). Characterization of a highly efficient antibiotic-degrading metallo-beta-lactamase obtained from an uncultured member of a permafrost community. Metallomics 9, 1157–1168. doi: 10.1039/c7mt00195a

Pedroso, M. M., Waite, D. W., Melse, O., Wilson, L., Mitic, N., McGeary, R. P., et al. (2020). Broad spectrum antibiotic-degrading metallo-beta-lactamases are phylogenetically diverse. Protein Cell 11, 613–617. doi: 10.1007/s13238-020-00736-4

Raczynska, J. E., Imiolczyk, B., Komorowska, M., Sliwiak, J., Czyrko-Horczak, J., Brzezinski, K., et al. (2020). Flexible loops of New Delhi metallo-beta-lactamase modulate its activity towards different substrates. Int. J. Biol. Macromol. 158, 104–115. doi: 10.1016/j.ijbiomac.2020.04.219

Rodriguez, M. M., Herman, R., Ghiglione, B., Kerff, F., D’Amico Gonzalez, G., Bouillenne, F., et al. (2017). Crystal structure and kinetic analysis of the class B3 di-zinc metallo-beta-lactamase LRA-12 from an Alaskan soil metagenome. PLoS One 12:e0182043. doi: 10.1371/journal.pone.0182043

Salimraj, R., Zhang, L., Hinchliffe, P., Wellington, E. M., Brem, J., Schofield, C. J., et al. (2016). Structural and biochemical characterization of Rm3, a subclass B3 metallo-beta-lactamase identified from a functional metagenomic study. Antimicrob. Agents Chemother. 60, 5828–5840. doi: 10.1128/AAC.00750-16

Selleck, C., Larrabee, J. A., Harmer, J., Guddat, L. W., Mitic, N., Helweh, W., et al. (2016). AIM-1: an antibiotic-degrading metallohydrolase that displays mechanistic flexibility. Chemistry 22, 17704–17714. doi: 10.1002/chem.201602762

Selleck, C., Pedroso, M. M., Wilson, L., Krco, S., Knaven, E. G., Miraula, M., et al. (2020). Structure and mechanism of potent bifunctional beta-lactam- and homoserine lactone-degrading enzymes from marine microorganisms. Sci. Rep. 10:12882. doi: 10.1038/s41598-020-68612-z

Sidjabat, H. E., Gien, J., Kvaskoff, D., Ashman, K., Vaswani, K., Reed, S., et al. (2018). The use of SWATH to analyse the dynamic changes of bacterial proteome of carbapanemase-producing Escherichia coli under antibiotic pressure. Sci. Rep. 8:3871. doi: 10.1038/s41598-018-21984-9

Skagseth, S., Christopeit, T., Akhter, S., Bayer, A., Samuelsen, O., and Leiros, H. S. (2017). Structural insights into TMB-1 and the role of residues 119 and 228 in substrate and inhibitor binding. Antimicrob. Agents Chemother. 61, e2602–e2616. doi: 10.1128/AAC.02602-16

Spencer, J., Read, J., Sessions, R. B., Howell, S., Blackburn, G. M., and Gamblin, S. J. (2005). Antibiotic recognition by binuclear metallo-beta-lactamases revealed by X-ray crystallography. J. Am. Chem. Soc. 127, 14439–14444. doi: 10.1021/ja0536062

Toney, J. H., Fitzgerald, P. M., Grover-Sharma, N., Olson, S. H., May, W. J., Sundelof, J. G., et al. (1998). Antibiotic sensitization using biphenyl tetrazoles as potent inhibitors of Bacteroides fragilis metallo-beta-lactamase. Chem. Biol. 5, 185–196. doi: 10.1016/s1074-5521(98)90632-9

Toney, J. H., Hammond, G. G., Fitzgerald, P. M., Sharma, N., Balkovec, J. M., Rouen, G. P., et al. (2001). Succinic acids as potent inhibitors of plasmid-borne IMP-1 metallo-beta-lactamase. J. Biol. Chem. 276, 31913–31918. doi: 10.1074/jbc.M104742200

Ullah, J. H., Walsh, T. R., Taylor, I. A., Emery, D. C., Verma, C. S., Gamblin, S. J., et al. (1998). The crystal structure of the L1 metallo-beta-lactamase from Stenotrophomonas maltophilia at 1.7 A resolution. J. Mol. Biol. 284, 125–136. doi: 10.1006/jmbi.1998.2148

Vella, P., Miraula, M., Phelan, E., Leung, E. W., Ely, F., Ollis, D. L., et al. (2013). Identification and characterization of an unusual metallo-beta-lactamase from Serratia proteamaculans. J. Biol. Inorg. Chem. 18, 855–863. doi: 10.1007/s00775-013-1035-z

Wachino, J., Yamaguchi, Y., Mori, S., Kurosaki, H., Arakawa, Y., and Shibayama, K. (2013). Structural insights into the subclass B3 metallo-beta-lactamase SMB-1 and the mode of inhibition by the common metallo-beta-lactamase inhibitor mercaptoacetate. Antimicrob. Agents Chemother. 57, 101–109. doi: 10.1128/AAC.01264-12

Walsh, T. R., Gamblin, S., Emery, D. C., MacGowan, A. P., and Bennett, P. M. (1996). Enzyme kinetics and biochemical analysis of ImiS, the metallo-beta-lactamase from Aeromonas sobria 163a. J. Antimicrob. Chemother. 37, 423–431. doi: 10.1093/jac/37.3.423

Wilson, L. A., Knaven, E. G., Morris, M. T., Monteiro Pedroso, M., Schofield, C. J., Bruck, T. B., et al. (2021). Kinetic and structural characterization of the first B3 metallo-beta-lactamase with an active-site glutamic acid. Antimicrob. Agents Chemother. 65:e0093621. doi: 10.1128/AAC.00936-21

Yang, Y., and Bush, K. (1996). Biochemical characterization of the carbapenem-hydrolyzing beta-lactamase AsbM1 from Aeromonas sobria AER 14M: a member of a novel subgroup of metallo-beta-lactamases. FEMS Microbiol. Lett. 137, 193–200. doi: 10.1111/j.1574-6968.1996.tb08105.x

Yong, D., Toleman, M. A., Bell, J., Ritchie, B., Pratt, R., Ryley, H., et al. (2012). Genetic and biochemical characterization of an acquired subgroup B3 metallo-beta-lactamase gene, blaAIM-1, and its unique genetic context in Pseudomonas aeruginosa from Australia. Antimicrob. Agents Chemother. 56, 6154–6159. doi: 10.1128/AAC.05654-11

Yusof, Y., Tan, D. T. C., Arjomandi, O. K., Schenk, G., and McGeary, R. P. (2016). Captopril analogues as metallo-beta-lactamase inhibitors. Bioorg. Med. Chem. Lett. 26, 1589–1593. doi: 10.1016/j.bmcl.2016.02.007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yun, Han, Park, Park, Kim, Kim, Kwon, Kim, Lee, Jeon, Lee and Kang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Structural Insights for Core Scaffold and Substrate Specificity of B1, B2, and B3 Metallo-β-Lactamases



		INTRODUCTION



		Scaffold of Metallo-β-Lactamases



		Representative Metallo-β-Lactamases in Each Subclass



		B1 Subclass



		B2 Subclass



		B3 Subclass



		Comparison Among the Metallo-β-Lactamases of the Three Subclasses



		β-Lactam-Bound Metallo-β-Lactamases



		Inhibitor-Bound Metallo-β-Lactamases







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-752535-g003.jpg
His

—=






OPS/images/cover.jpg
, frontiers
in Microbiology

Structural Insights for Core
Scaffold and Substrate
Specificity of B1, B2, and B3
Metallo-p-Lactamases





OPS/images/fmicb-12-752535-g004.jpg
A C
wide-open
hole
at left-up
S
€ Loy
il open hole
at bottom
- Meropenem
Cefuroxime
Zn2 Zn2 Znl
. e
Carbapenem CH o Carbapenem
2 Lo 3 2
R p R
H 1 HO H
R / \ NH OH—O R
3 3
L . ; Nk
0 ! 0
HOOC o2t 702t HOOC






OPS/images/fmicb-12-752535-g001.jpg






OPS/images/fmicb-12-752535-g002.jpg
NDM-1__3S0Z
g1 | vIM-1__4auwp
IMP-1__ SEV6
GIM-1__ 2¥YNT
CphA___ 1X8G
B2 Esm—:_sgwo
AIM-1_ 4P62
B3| GoB-18_S5KOW
L1 2AI0

Bl
B2
B3

NDM-1__ 3S0Z
VIM-1__4UWP
IMP-1__SEV6
GIM-1_ 2YNT
CphA___ 1X8G
B2 sen-1  sEWO
AIM-1_ 4P62
B3| GoB-18 5KOW
L1 2AT0

Bl

Bl
B2
B3

NDM-1__ 3S0Z
VIM-1_ 4UWP
IMP-1__ SEV6
GIM-1__ 2YNT
CphA___ 1X8G
B2  gen-1  5EWO
AIM-1 4P62
B3| coB-18 SKOW
Ll 2AI0

Bl

Bl
B2
B3

NDM-1  3S0Z
VIM-1__4UWP
Bl| 1mp-1 SEVSE
GIM-1_ 2YNT
hA___ 1X8G
B2 (S:?h-I_SEWO
AIM-1_ 4P62
B3| coB-18 skow
L1 2ATI0

BL B2 _ell B3 R B4 00000
1< > — =
— — —> 020
1 10 20 30 a9 50
...................................... GD FRQLAPN QHTSYLDMPGFGAVAS RDGGRVL DTAWTDDQT
............................ EYPTVNEIPVGEVRLYQIADG SHIATQSFDGA .VYPS RDGDELL DTAWGAKNT
................................ GPAESLPDLKIEKLDEG HTSFEEVNGWGVVPK LVNAEAY DTPFTAKDT
.................................. SQGHKPLEVIKIEDG LHTSFKNIEGYGLVDS LDNNQAY DTPWSEEDT
...................................... AGMSLTQVSGP VEDNYY .o e s VEE FGAKGVT GATWTPDTA
.................................. GPSEKNLTLTHFKGP LIVEDERY . ... :VOE IGTDGIT GATWTPETA
MKRRFTLLGSVVALALSSTALASDAPASRGCADDAGWNDP PQKVYGN EVEETCw 5w s s §iE GI TSDAGHI DAATPQ.AG
...... MRNFATLFFMFICLGLSAQVVKEPENMPKEWNQAYEPFRIAGN EVEETE - 6 v s w5 ol TDKGNI NTGTA.ESF
.................... AEVPLPQLRAYTVDASWLQP PLQ DH RESTR & v b ws b Dy QTPDG DGGMPQ . MA
—
2
N aa N 0 BS . Ll 000 Aam 000 BG QGQS%GQ eLz B7
Q’\QQQ’\Q’\Q 0 0 0 N 0N 0 0 0N 0 0N 0 0 0
Q000N Q0Q : NO0O0D0O000D N D000 0 AOD DD
60 7Q 80 9Q IOQ 119 129
.INLP DALHAA .G RN = okl B BE B R R R e e GMVAAQHSLTFAANG
.IGLP DVLRAA .G AR 2 e R e s R e GNEIPTHSLEGLSSS
.RGYK EWLNSR. S REE ¢ wow @ Bw & e 5B B B0 @ R GKVQATNSFSGV. ..
.RGYQ KLLNSK.S IRBE - oo as 2o 585 EE 5 E GKPVPTHYFKDD. ..
KRV . .SRKP YWKSI.G KSDWAEIVAFTRKGLPEYPDLPLVLPNVVHDG. ...

RKV. .SPLP
RALGFRPED
QKLGFNYKD
KARGVTPRD

YWKTL.G
ELQKATG
QDFKTETA
ELKRRTG

KSQWGSIVNFTRQGNNKYPNLEKSLPDTVFPG. ...
KRG.LP. .DRTDPQFEVAEPVAPVANIVTLAD. ...
RTGGKS ... . DYEMGKYGVTFKPVTPDKTLKD. ...
ARGGESD . . . . . DLHFGDGITYPPANADRIVMD. ...

HFEHZZ0Onn

i— ad
B8 B9 L2 B10 B11 |3 el3 B B it Bl
: : N 0 9 9
—» : : ; 000 "OD0DOO0 D
140 150 160 170 180 190
WVEPATA KVFYPGPGEITSDNITVGIDG. ... .. GCLIKDS...KAKSLGNLGD.ADTEH GAAFP. ...
GDA . .VR ELFYPGAAEBISTDNLVVYVPS. .. ... GCAVLEL.. .SSTSAGN D.ADLAE RDERER . . - «
« vl s w BN EVFYPGPGEITPDNVVVWLPE . . . ... S CERERY . s s & & YGLGNLGD.ANIEA RESEXE . : «
s sis o R ELYYPGAGERITEDNIVAWLPK. .. ... GGCLVRSH.. .EWEGLGYVGD.ASISS VBERT . - » »
s iy AlE RAF GPARITPDGIFVYFPD. .. ... GNCELEKEK . ...... LGNLSF.ADVKA RRNE . « » ¥
s o De o TN R LGEAEITKDGIFVYFPA......ER GNCILKEN.......LGNMSF.ANRTE KGLIEQGEL
..D..GV - S.PGEITPGGTSWTWRSCEGDDCRQ ADSLTAISDDVYRYSDDAAHP.GYLAA AAL......
o e o BN ;s H.PGEITKGSCSFIFETKDEKRKYR NMPSVIV.. .DKKFSEV YPNIQSDYAYTFGVMKKL. ... ..
Y - (. 5 .AGEITPGSTAWTWTDTRNGKPVR ADSLISAPG. . . YOQLOQGNPRYP.HLIEDYRRSFATVRAL. .. ...
@
= ®
B12 |4 p13 a5
By, . 0 0O 0 0 N
| il i 0O 0 0 0

210 220

(s;ig g ...................... cs;leg: g:g::z aigg. B DS gy 3 5 B1 € :Znlresidues
BEY e wn 5w 0 S N DASLLKLTLEQAVKGL....NESKKPSKPSN. . @ : Zn2 residues
T IR SSDILDHTIDLAESAS....NKLMQPTAEASAD ; :
o GPEL[IDHYEALTKAAP ... .QS........... B2 @ :Zn2residues
RO o o5 5 0 B ORI R B R B § DVGLIDHYLTLLEKAP ... .K............ , :
PSA.SGLWNRIGP...RAAAPLMDTTACRRYAQGARQRLEKRL. .. .AEEAAA. ... ... B3 @:Znl residues

SQ.FDLHEKRKEGDPYNPQLFM. . . .DKQSYFQONLNDLEKSYLNKIKKDSQDK. . . . . . ® : Zn2 residues
PGA.SNWDY...A...AGARAGAKALTCKAYADAAEQKEDGQL....AKETAGAR. . ...









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-752535-g007.jpg
OH
SH O

Bisthiazolidine

Thiomandelic acid

0
HO I Cl
P
HO

HS
Cl

Thiol-containing derivative 1

D

OiPr
Thiol-containing derivative 2






OPS/images/fmicb-12-752535-g005.jpg
Carbapenem Cephalosporin Penicillin

Monobactam

o &R . fDo 0

HOOC HOOC HOOC HOOC
Penicillin core Penicillin G Ampicillin Ticarcillin
H
S\ ! ,
N N S N
' 0

COOH COOH

Cephalosporin core 15t Cephalotin 2" Cefaclor 3rd Cefdinir

H

\_N

HOOC

Carbapenem core

Monobactam core

HyC

HO,S F

Imipenem

Meropenem

N
HOOC

Doripenem

0
Aztreonam

Avibactam






OPS/images/fmicb-12-752535-g006.jpg
HO 0] OH -
Benzophenone Benzyl thiol
Oy __-OH o o
0 F
N OH
HO
Isoquinoline Disubstituted

succinic acid

Cyclic boronate





