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Abstract

Production of β-lactamases of the four molecular classes (A, B, C, and D) is the major mechanism 

of bacterial resistance to β-lactams, the largest class of antibiotics that have saved countless lives 

since their inception 70 years ago. Although several hundred efficient class D enzymes have been 

identified in Gram-negative pathogens over the last four decades, they have not been reported in 

Gram-positive bacteria. Here we demonstrate that efficient class D β-lactamases capable of 

hydrolyzing a wide array of β-lactam substrates are widely disseminated in various species of 

environmental Gram-positive organisms. Class D enzymes of Gram-positive bacteria have a 

distinct structural architecture and employ a unique substrate binding mode quite different from 

that of all currently known class A, C, and D β-lactamases. They constitute a novel reservoir of 

antibiotic resistance enzymes.

The discovery of antibiotics and their introduction into clinical practice has revolutionized 

our ability to treat bacterial infections. Following their initial success, widespread and often 

uncontrolled use of antibiotics over more than seven decades has resulted in the selection of 

antibiotic-resistant pathogens. As a result, bacterial infections remain the number one killer 

in the world, claiming millions of human lives annually. It is estimated that by 2050 the 

global death rate will soar to 10 million at a cost of over $100 trillion if antibiotic-resistant 

pathogens remain unchecked (http://amr-review.org/). To address the ever expanding 

problem of antibiotic resistance in bacteria, more than a dozen structurally diverse classes of 
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compounds have been introduced into clinical practice. Among them the β-lactams are 

represented by more than a hundred individual compounds that constitute over 60% of the 

world antibiotic market 
1
. The β-lactams kill bacteria by inactivating their penicillin-binding 

proteins (PBPs), essential enzymes involved in the assembly and morphogenesis of the 

bacterial cell wall
2–4

. To withstand the deleterious effects of β-lactam antibiotics, bacteria 

exploit several protection mechanisms. In Gram-negative bacteria production of the 

antibiotic-inactivating enzymes, β-lactamases, is by far the most prevalent mechanism of 

resistance. β-lactamases confer resistance to β-lactams via cleavage of the four-membered 

ring of the antibiotics and the subsequent release of an inactive product. More than 1300 

individual enzymes belonging to the four molecular classes (A, B, C, and D) have been 

characterized 
5
. The β-lactamases of classes A, C, and D are active-site serine enzymes, and 

those of class B are zinc-dependent 
6–8

. The first β-lactamases identified were narrow-

spectrum enzymes capable of producing resistance only to early penicillins and 

cephalosporins. Subsequent introduction into clinics of the next generations of β-lactams 

triggered selection of mutant enzymes capable of hydrolyzing these novel compounds. As an 

outcome of this successful evolution, substrate profiles of modern β-lactamases of Gram-

negative bacteria widely range from narrow to expanded-spectrum, with many enzymes 

capable of producing resistance to virtually every available β-lactam antibiotic.

In Gram-positive pathogens, enzymes of only molecular classes A and B have currently been 

implicated in antibiotic resistance, with the vast majority of them belonging to class A
9
. The 

lack of reports regarding the existence of efficient class C and D β-lactamases in Gram-

positive bacteria is puzzling in light of how widespread these enzyme classes are in Gram-

negative pathogens
10,11

. Class D OXA-type enzymes of Gram-negative bacteria currently 

constitute the fastest growing and largest class of β-lactamases with almost 500 members 

being recognized (http://www.lahey.org/Studies/). Named for their ability to hydrolyze the 

penicillin antibiotic oxacillin, members of this family of enzymes have evolved to confer 

resistance to β-lactams of “last resort”, including the carbapenems
12,13

.

Here we describe the discovery of putative class D β-lactamases in genomes of the 

Bacillaceae, Clostridiaceae, and Eubacteriaceae families of Gram-positive bacteria. We 

demonstrate that these enzymes are most common in Bacillaceae, where they are present in 

at least 12 different Bacillus species. We show that Bacillus atrophaeus, B. pumilus, and B. 
subtilis encode active class D β-lactamases that produce high levels of resistance to β-lactam 

antibiotics when expressed in Escherichia coli. We also demonstrate that class D β-

lactamases from Gram-positive bacteria exploit a unique substrate-binding mode due to the 

lack of the conserved arginine that is involved in anchoring of the carboxylate of β-lactam 

antibiotics in all previously known class A, C, and D β-lactamases.

RESULTS

Class D enzymes do exist in Gram-positive bacilli

Over the past decade thousands of bacterial genomes have been sequenced providing new 

opportunities for identification of antibiotic resistance genes. We screened the available 

genomic sequences of Gram-positive bacteria for the genes encoding putative class C and D 

β-lactamases. While no sequences for putative class C enzymes were found, several hundred 
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open reading frames with conserved amino acid motifs characteristic for the class D β-

lactamases have been identified in the Bacillaceae, Clostridiaceae, and Eubacteriaceae 
families of the phylum Firmicutes, and none have been found in the genomes of Gram-

positive cocci, such as staphylococci, streptococci, and enterococci. Although the vast 

majority of the identified enzymes were from non-pathogenic soil bacteria, two were found 

in the chromosomes of Clostridium botulinum, a deadly Gram-positive pathogen. One also 

has to keep in mind that the number of enzymes identified in Gram-positive pathogenic 

organisms may significantly expand following progress in bacterial genome sequencing. 

Among currently available genomic sequences putative OXA-type β-lactamases were most 

common in Bacillaceae, where we have identified them in twelve different Bacillus species. 

Based on the extent of amino acid sequence identity, they can be subdivided into 9 groups 

(Supplementary Results, Supplementary Table 1), with sequences of enzymes within each 

group being ≥ 80% identical. The amino acid sequence identity between various groups of 

enzymes ranged from 45 to 79%. For two of these species (B. atrophaeus and B. pumilus), 

these putative OXA-type β-lactamases are native, as they are present in all strains whose 

genomes have been sequenced. All genomes of B. atrophaeus and some genomes of B. 
subtilis and B. endophyticus harbor two putative class D enzymes that share between 53% 

and 78% amino acid sequence identity.

Enzymology of the Gram-positive class D β-lactamases

To evaluate whether putative OXA-type enzymes of Gram-positive bacteria possess β-

lactamase activity and are capable of producing resistance to β-lactam antibiotics, we cloned 

the genes for five of them. Two of these genes from B. atrophaeus (we named the encoded 

enzymes BAT-1 and BAT-2) and one from B. pumilus (the encoded enzyme BPU-1) were 

chosen because they are native for these species. Two other genes from B. subtilis (the 

encoded enzymes BSU-1 and BSU-2) were chosen as their host is well studied. When 

expressed in an Escherichia coli background, three of the encoded enzymes, BPU-1, BAT-1, 

and BSU-1, significantly (up to 2048-fold) elevated the minimal inhibitory concentrations 

(MICs) of the β-lactam antibiotics ampicillin, ticarcillin, and oxacillin. The two other 

putative β-lactamases, BAT-2 and BSU-2, did not produce antibiotic resistance in E. coli. 
Among the three active β-lactamases, BPU-1 produces the highest levels of resistance to 

penicillins, and was chosen to study in more detail. This enzyme elevates the MICs of 

various penicillins up to 2048-fold and the MICs of the expanded-spectrum cephalosporins 

ceftazidime and cefepime and the monobactam aztreonam by 128-fold (Table 1). The MICs 

of the narrow-spectrum cephalosporins cephalothin and cephalexin, the expanded-spectrum 

cephalosporins cefotaxime and ceftriaxone, and carbapenems, imipenem, meropenem, and 

doripenem, are elevated by only 1.5- to 4-fold in the presence of the enzyme. BPU-1 is 

resistant to inhibition by classical class A β-lactamase inhibitors sulbactam and tazobactam, 

whereas a significant decrease in resistance to ampicillin is observed in the presence of 

another inhibitor, clavulanic acid. Based on the ability of the enzyme to produce resistance 

to expanded-spectrum cephalosporins, BPU-1 is classified as an extended-spectrum β-

lactamase
14

. To evaluate whether BPU-1 is capable of producing resistance in a Gram-

positive host, we expressed its gene from an E. coli/Bacillus shuttle vector in the β-lactam 

sensitive B. pumilus strain. Prior to performing MIC evaluation, we grew the strain and 

tested whether growth medium or sonicated pellet could turn over the chromogenic substrate 
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nitrocefin or the β-lactam antibiotic ampicillin (both are good substrates for BPU-1). No 

activity was observed against these substrates which demonstrates that this strain does not 

express BPU-1 or any other β-lactamase. When expressed in the B. pumilus host, BPU-1 

increased the MICs of ampicillin, ticarcillin, and piperacillin 4-, 2-, and 2-fold with 

bacterium inoculum of 5×105 CFU/ml and 64-, 32-, and 32-fold with bacterium inoculum of 

5×106 CFU/ml, respectively, which is well below the increase in MICs observed in E. coli 
(Table 1). The difference in the MIC values in these two hosts could result from a number of 

factors that include enzyme expression levels and sensitivity of penicillin-binding proteins 

(targets of β-lactams) to antibiotics. Moreover, Gram-negative bacteria have an outer 

membrane that could significantly impede the penetration of antibiotics into the cell. In 

addition, presence of the outer membrane creates a periplasmic space in Gram-negative 

bacteria which is absent in Gram-positive organisms. The periplasmic space allows for a 

very high concentration of β-lactamases which would efficiently hydrolyze incoming 

antibiotic thus producing high levels of resistance. Although the levels of resistance 

produced by BPU-1 in Gram-positive hosts are relatively low when compared to those in E. 
coli, this could be advantageous for bacterial survival in environmental niches where a 

gradient of drug concentrations exist as a result of biosynthesis of antibiotics by β-lactam-

producing organisms. An important question yet to be answered is whether various enzymes 

from this new family are expressed in their hosts and, if so, what levels of resistance to β-

lactams they produce. This would require the extensive analysis of dozens of bacterial 

strains harboring multiple variants of these enzymes. Such analysis is further complicated by 

the potential impact of other β-lactamases and/or alternative mechanisms on the observed 

phenotype and levels of resistance. Given that it has taken more than four decades to 

generate similar data for class D β-lactamases of Gram-negative bacteria, this would be a 

daunting task.

We next evaluated the catalytic efficiency of BPU-1, the most active of the five studied 

enzymes, by determining its steady-state kinetic parameters for the turnover of a wide range 

of β-lactam substrates. In agreement with the high MIC values for penicillins, the enzyme 

has high catalytic efficiency (kcat/Km values 1.1 – 4.7 × 106 M−1s−1) against these antibiotics 

(Table 2). Moreover, the catalytic efficiency of BPU-1 against penicillins matches or exceeds 

those of the clinically important OXA-23, OXA-48, and OXA-58 class D β-lactamases of 

Gram-negative pathogens
15–17

. Among the other structural groups of β-lactam antibiotics 

studied, the fourth generation cephalosporin, cefepime, is the best substrate for BPU-1 

(kcat/Km = 1.2 × 105 M−1s−1), while the catalytic efficiency of the enzyme against other 

cephalosporins, the monobactam aztreonam, and carbapenems is 3- to 36-fold lower. The 

substrate profile and catalytic activity of BPU-1 is characteristic of the extended spectrum β-

lactamases.

We also analyzed whether BAT-2 and BSU-2, enzymes that do not confer resistance, possess 

any β-lactamase activity. Our kinetic studies show that these two enzymes are active but 

exhibit low catalytic efficiencies (kcat/Km) against ampicillin of 7.9 × 102 and 1.8 × 103 

M−1s−1, respectively. These values are three orders of magnitude below that for BPU-1, 

which explains why these enzymes do not produce resistance in E. coli. BSU-2 and BAT-2 

are only 61 to 63% identical to BSU-1 and BAT-1 and even less to BPU-1 (52% and 54%, 

respectively; Supplementary Table 1). At this point it is unclear which of these differences in 
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the amino acid sequences of the enzymes are responsible for differences in their catalytic 

activities. Although BAT-2 and BSU-2 are very poor β-lactamases, their catalytic efficiency 

is significantly higher than that reported for the class D-like protein encoded by the ybxI 
gene of B. subtilis 168

18
. YbxI was postulated to be a class D β-lactamase, but subsequent 

kinetics studies demonstrated that the enzyme has extremely low catalytic efficiency against 

very few β-lactams. Thus it was concluded that YbxI is most likely a PBP with very low β-

lactamase activity
18

.

Structural characterization of BPU1

The crystal structure of BPU-1 determined at 1.0 Å resolution (Fig. 1a and Supplementary 

Table 2) shows that the overall fold of the enzyme is topologically similar to that of known 

Gram-negative class D OXA enzymes (Supplementary Fig. 1)
16,19–27

. Despite having 

relatively low sequence identities (ranging from 26% to 34%) the structures superimpose 

well, with root-mean-squares differences (rmsds) between 1.2 and 1.4 Å for 85–90% of the 

Cα atoms (Supplementary Table 3). Residues and sequence motifs identified in the Gram-

negative class D enzymes as being critical for activity are structurally conserved, including 

the catalytic serine residue (Ser101 in BPU-1 numbering) in the SxxK motif at the N-

terminus of helix α3 (Fig. 1a and Supplementary Fig. 2), the SxV motif (containing the 

universally conserved Ser149) on the short loop between helices α4 and α5, the YGN motif 

at the end of helix α6, the KTG motif (containing the universally-conserved Lys239) on 

strand β8, and the WxxG motif on strand β9 (Supplementary Fig. 2). Moreover, it is 

important to note that the conserved lysine (Lys104) three residues downstream of Ser101 is 

fully carboxylated in the BPU-1 structure (Fig. 1b). This post-translational modification is 

observed only in the Gram-negative OXA β-lactamases, and is critical for activity of the 

enzymes
28

. These structural and functional similarities establish that the Gram-positive 

enzymes we have identified and characterized are bona fide class D β-lactamases.

Structural deviations are observed, however, between BPU-1 and the OXA enzymes, 

primarily in the loops connecting strands β8 and β9 (designated Loop 1) and strand β10 with 

the terminal helix α9 (Loop 2) (Fig. 1c and Fig. 2). Both of these loops are near the opening 

of the enzyme’s active site. In BPU-1 Loops 1 and 2 are very short, comprising only two 

residues in both cases, in distinct contrast to the OXA enzymes where the equivalent loops 

are significantly longer (from six to nine residues). It is noted in several of the OXA 

enzymes that a partially-conserved methionine at the beginning of Loop 1 is involved in the 

formation of a “hydrophobic bridge” across the opening of the active site cleft 
24,25

 that has 

been implicated in extending the activity of these enzymes to include carbapenems 
29

. In 

BPU-1 methionine is not present at the equivalent position, and the tight type II β-turn 

between strands β8 and β9 completely changes the direction of the polypeptide chain relative 

to the equivalent loops in the OXA enzymes.

An important arginine residue is missing

The shortening of Loop 2 in BPU-1 results in significant structural rearrangements in the 

active site of the enzyme. The short BPU-1 Loop 2 causes a rotation of helix α9 of 

approximately 25° in comparison to the OXA enzymes, and pulls the N-terminus of the 

helix approximately 5 Å closer to the β8-β10 sheet (Fig. 3a). This movement of the helix 
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effectively blocks an internal cavity formed by the concave face of the β-sheet. In the class D 

OXA-type β-lactamases of Gram-negative bacteria this cavity houses the side chain of a 

highly conserved arginine residue. In BPU-1 and the other Gram-positive class D-like 

enzymes, this arginine is missing, substituted in all cases by alanine (Ala273 in BPU-1, Fig. 

2). The rotation of helix α9 into this internal arginine pocket positions the helix significantly 

closer to the active site, such that the N-terminus of this helix occupies the same spatial 

location as the guanidinium group of the arginine side chain in the Gram-negative OXA 

enzymes (Fig. 3a). This arginine residue in the OXA enzymes plays a significant role in the 

stabilization of the acyl-enzyme intermediate by formation of a salt bridge with the invariant 

carboxylate moiety of β-lactam antibiotics (Fig. 3b). The arginine (Arg259 using OXA23 

numbering 
25

) is on the first turn of the final helix, with its guanidinum group anchored in 

the arginine pocket by hydrogen bonds to the carbonyl oxygen atoms of Gly218 and Ala 256 

(Fig. 3a). Not surprisingly, given its role in substrate binding, an arginine pocket at this 

location is conserved also in all class A and class C β-lactamases. In the class C enzymes the 

arginine (Arg349, AmpC numbering 
30

) is structurally and sequentially equivalent to the 

arginine of the class D β-lactamases, and in the class A enzymes three different arginine 

residues perform the same role, Arg244 in TEM-, SHV- and GES-like enzymes (using the 

Ambler numbering system 
31

), Arg220 in SME- and KPC-like enzymes, and Arg276 in the 

CTX-M enzymes and TOHO-1 
32

. Although the arginine residues in these class A β-

lactamases come from different parts of the structure, with the exception of CTX-M and 

TOHO-1 the arginine side chains project into a cavity highly reminiscent of that observed in 

the OXA enzymes, with the guanidinum groups of Arg244 and Arg220 overlapping almost 

exactly with the equivalent groups from the class D Arg259 (Supplementary Fig. 3), and 

giving rise to similar electrostatic interactions with the carboxylate group of the substrates. 

In contrast to all other studied class A β-lactamases, the Arg276 residue in CTX-M and 

TOHO-1 is slightly further from the conserved guanidinium cavity and does not appear to 

interact with the substrate.

Since arginine at this location is conserved in all currently known active-site serine β-

lactamases, we have evaluated how the loss of the arginine pocket might affect substrate 

binding by BPU-1. Binding experiments were attempted by soaking pre-formed apo-BPU-1 

crystals in solutions containing a range of different β-lactam antibiotics and inhibitors, and 

residual electron density in the BPU-1 active site was observed with several β-lactam 

compounds, indicative of the formation of covalently-linked acyl-enzyme intermediate 

species. The complex formed between BPU1 and the carbapenem doripenem was the most 

stable (Supplementary Fig. 4). There was no evidence of carboxylation of Lys104 in this 

complex. The carbonyl oxygen atom (O7, Fig. 3b) of the hydrolyzed β-lactam ring of 

doripenem sits in a small pocket generally referred to as the oxyanion hole
33,34

, between the 

N-terminus of helix α3 and the side of strand β8. In BPU-1 the O7 atom accepts hydrogen 

bonds from the amide nitrogen atoms of Ser101 and Ser242 (Fig. 3c). This mode of carbonyl 

oxygen anchoring in productive acyl-enzyme intermediates and enzyme-inhibitor complexes 

is conserved not only in class D β-lactamases (Fig. 3d) but also in class A and C 

enzymes
35–39

. Two additional hydrogen bonds, one between the 6α-hydroxyethyl (6α-HE) 

group of the doripenem and the carbonyl oxygen of Ser242 (Fig. 3c), and another between 

the N4 nitrogen on the doripenem pyrroline ring and the side chain of the conserved Ser149 
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(Fig. 3c and Supplementary Fig. 4), also serve to anchor doripenem in the active site of 

BPU-1. Hydrophobic residues lining one side of the active site cleft may also assist in 

substrate recognition and binding (Supplementary Fig. 4). In contrast to the acyl-enzyme 

intermediates observed in the Gram-negative class D β-lactamases
25,29

, the loss of the 

arginine anchor in BPU-1 results in a substantial movement of the five-membered pyrroline 

ring away from the arginine pocket. This displaces the carboxylate group approximately 3.5 

Å from the equivalent position in the Gram-negative OXA-type enzymes (Fig. 3d) and 

swings the 6α-HE group approximately 3 Å towards strand β8 where the new hydrogen 

bonding interaction with the Ser242 carbonyl oxygen is formed (Fig. 3c). A potential 

hydrogen bonding interaction with the side chain of Thr240 on strand β8 is also lost due to 

the rotation of the pyrroline ring in BPU-1. This residue belongs to the Class D β-lactamase 

fingerprint motif KTG (Supplementary Fig. 2), and in the Gram-negative enzymes this 

threonine also sits in the arginine pocket where it interacts with the carboxylate (Fig. 3d). 

Overall, when compared to the Gram-negative enzymes OXA-23 and OXA-24
25,40

, there is 

a net loss of hydrogen bonding interactions between the protein and the carbapenem 

substrate, which is only partially compensated for by other residues within the active site, at 

least in the interaction of BPU-1 with doripenem. Such loss of hydrogen bonding 

interactions may result in diminished binding affinity and activity against carbapenem 

antibiotics and this is what we observe for these substrates
15

. Given that BPU-1 has a high 

catalytic efficiency against the penicillins that matches or exceeds those of OXA enzymes, 

there may be other areas within the BPU-1 active site which can specifically interact with 

these substrates and compensate for the loss of hydrogen bonding interactions with their 

carboxylate moiety and its mutation diminishes the catalytic activity of class A 

enzymes 
32,41

.

Comparison of the sequences of Gram-positive class D enzymes with those of OXA β-

lactamases of Gram-negative bacteria shows that the two main regions of sequence variation 

coincide with Loops 1 and 2 (Supplementary Fig. 2). These two short loops thus serve as a 

fingerprint motif for the Gram-positive class D β-lactamases (Fig. 2). In all of the Gram-

positive enzymes there is invariably an alanine residue (Ala273 in BPU-1) at the same 

sequence location as the arginine (Arg259 in OXA24) in the OXA enzymes of Gram-

negative organisms (Fig. 2). This sequence difference is critical as the smaller alanine allows 

helix α9 to closely approach the β8-β10 sheet. This, coupled with the short Loop 2, strongly 

suggests that the arginine pocket would be absent in all of the Bacillus enzymes. Moreover, 

β-lactam binding in these enzymes would be reminiscent of the mode of binding that we 

observe in BPU-1.

DISCUSSION

Our in silico analysis of bacterial genomes demonstrates that the genes for the putative class 

D β-lactamases are widely disseminated in the Bacillaceae family of the phylum Firmicutes, 

and the open reading frames characteristic for class D enzymes are common also in the 

Clostridiaceae and Eubacteriaceae families of Gram-positive environmental bacteria. The 

discovery of efficient class D β-lactamases in Gram-positive bacteria expands our 

understanding of reservoirs, structure, and evolution of antibiotic resistance enzymes. 

Moreover, our microbiological and kinetic data show that chromosomes of bacilli encode 
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both poor and efficient extended-spectrum class D β-lactamases capable of hydrolyzing a 

wide variety of β-lactam antibiotics. The atomic resolution structure of the enzyme from B. 
pumilus demonstrates that although the overall three-dimensional structure of this Gram-

positive class D β-lactamase is highly reminiscent of the Gram-negative OXA enzymes, the 

Gram-positive enzymes employ a unique substrate binding mode due to lack of an arginine 

residue that is conserved in all currently known serine β-lactamases, and which plays a 

critical role in anchoring the carboxylate of β-lactam antibiotics. The binding mode observed 

in BPU-1 is unique for the class D enzymes from Gram-positive bacteria and distinguish 

them not only from OXA enzymes of Gram-negative organism but also from all currently 

know class A and C β-lactamases. Since we have demonstrated that the Gram-positive class 

D enzymes have a high catalytic efficiency against β-lactam substrates and produce high 

levels of resistance to various antibiotics when expressed in E. coli, the implication is that a 

productive acyl-enzyme intermediate forms in these enzymes, albeit with the carboxylate 

moiety remaining unanchored in the active site. These differences in the substrate binding 

modes strongly suggest that class D enzymes of Gram-positive organisms and all other 

known serine β-lactamases took different evolutionary pathways to engineer their substrate 

binding machinery.

ONLINE METHODS

Identification of class D β-lactamases in Gram-positive bacteria

We analyzed thousands of genomes of Gram-positive bacteria deposited in the PATRIC 

database
42

 for the presence of genes for putative class D β-lactamases. First, several 

keywords (lactamase, penicillin, transpeptidase) were used for the initial screening. Putative 

enzymes that were found were analyzed manually for the presence of the conserved motifs 

characteristic of class D β-lactamases of Gram-negative organisms (Supplementary Figure 2) 

to exclude other classes of β-lactamases. Only open reading frames up to 400 amino acids 

containing all of the conserved motifs were analyzed to exclude high molecular weight 

PBPs. After several hundred putative class D β-lactamases were identified, their amino acid 

sequence alignment was performed. Enzymes with less than 80% of amino acid sequence 

identity were used for a BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to expand 

our search for additional enzymes. Those that were found were analyzed manually as 

described above. A search for class C β-lactamases was performed similarly using conserved 

motifs characteristic for these enzymes.

Cloning of the bpu-1, bat-1, bat-2, bsu-1, and bsu-2 genes

The genes for a putative class D β-lactamases from Bacillus pumilus (bpu-1; GenBank 

accession number ABV63006), Bacillus atropheus (bat-1; GenBank accession number 

CP002207.1 and bat-2; GenBank accession number YP003975776.1), and Bacillus subtilis 
(bsu-1; GenBank accession number ELS62907.1 and bsu-2; GenBank accession number 

NP388091.1) were optimized for expression in Escherichia coli and custom synthetized 

(GenScript). The predicted leader peptides for the five genes were replaced with the signal 

sequence of the outer-membrane protein A (OmpA) to ensure efficient transport of the 

mature enzymes into the periplasm. Unique NdeI and HindIII restriction sites were 

introduced at the 5’- and 3’-ends of the constructs, respectively, which were subsequently 
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cloned into the pHF016
43

 vector between NdeI and HindIII sites. The resulting constructs 

pHF016:BPU-1, pHF016:BAT-1, pHF016:BAT-2, pHF016:BSU-1, and pHF016:BSU-2 were 

transformed into E. coli JM83 for antibiotic susceptibility testing. For expression of the 

BPU-1 enzyme, the OmpA leader was removed and the NdeI restriction site encoding the 

methionine start codon was introduced at the 5’-end of the bpu-1 gene by PCR. The gene 

was subsequently cloned into the pET24a(+) expression vector between the NdeI and 

HindIII sites and the resulting construct (pET24a:BPU-1) was transformed into E. coli 
BL21(DE3) cells. The nucleotide sequences of all constructs were verified by DNA 

sequencing.

Antibiotic susceptibility testing

Minimum inhibitory concentrations (MIC) of various β-lactam antibiotics were determined 

in Mueller-Hinton II broth by the broth microdilution method according to the guidelines of 

the Clinical and Laboratory Standards Institute
44

. MICs of β-lactam antibiotics were 

determined for E. coli JM83 harboring the pHF016:BPU-1, pHF016:BAT-1, pHF016:BAT-2, 

pHF016:BSU-1, and pHF016:BSU-2 constructs while E. coli JM83 carrying the pHF016 

vector
43

 was used as a control. To select a proper strain for MIC testing in Gram-positive 

background, we checked whether the B. pumilus strain that harbors the gene for BPU-1 

expresses this or any other β-lactamases. We grew this strain in 100 ml of Mueller-Hinton II 

broth overnight and pelleted the bacteria by centrifugation. The supernatant was reserved 

and the pellet was resuspended in 10 ml of phosphate buffer, pH 7.0 and subsequently 

sonicated. Both the reserved supernatant and the sonicated pellet were tested 

spectrophotometrically for the ability to hydrolyze the chromogenic substrate nitrocefin and 

the β-lactam antibiotic ampicillin. MICs produced in the β-lactam sensitive B. pumilus were 

determined following cloning the gene for BPU-1 into the commercially available shuttle 

vector pHY300PLK (Takara Bio Company) in which the ampicillin resistance marker was 

substituted with that for kanamycin resistance from the pHF016 vector. The optical density 

of the cultures was monitored spectrophotometrically at 625nm and diluted accordingly to 

obtain the 5×105 colony-forming units/ml in the test well. MICs were determined in 

triplicate in 96-well plates after 16–20 hours incubation at 37 °C.

Protein expression and purification

The E. coli BL21(DE3) strain harboring the pET24a:BPU-1 plasmid were grown in shaker/

incubator at 37 °C in LB broth supplemented with 50 µg/mL kanamycin A until the optical 

density reached 0.6 at 600 nm. Expression of the BPU-1 enzyme was initiated by the 

addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside and the culture was incubated at 

24°C for an additional 20 hours. Cells were collected by centrifugation (4,500 g/10 minutes, 

4°C) then resuspended and sonicated in 25mM Hepes, pH 8.0, 1 mM EDTA, and 0.2 mM 

DTT. The lysate was centrifuged (20,000g/20minutes, 4°C), and the soluble proteins were 

separated by CM cation-exchange chromatography (Bio-Rad). The 50 ml column was 

washed with 5 column-volume of 25mM Hepes buffer, pH 8.0 and a 0–600 mM NaCl 

gradient was used for protein elution. Fractions were analyzed by 12% SDS-PAGE. BPU-1 

was eluted with 220–260 mM NaCl, collected, and dialyzed against 25mM Hepes, pH 7.5. 

The protein concentration was measured spectrophotometrically using the predicted 

extinction coefficient (Δε280 = 61880 cm−1 M−1) and BCA kit (Pierce).
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Enzyme kinetics

All kinetic data were collected with a Cary 50 spectrophotometer (Varian) at room 

temperature. The reaction mixtures contained 100 mM sodium phosphate buffer, pH 7.0, 50 

mM sodium bicarbonate, various concentrations of β-lactam substrate, and 0.5 nM - 1.7 µM 

BPU-1 enzyme. The reaction was initiated by addition of the enzyme, and the reaction 

progress curve was followed spectrophotometrically. The hydrolysis of various β-lactams by 

the BPU-1 β-lactamase was measured using the following wavelengths (nm) and extinction 

coefficients (M−1cm−1): ampicillin 240/−538; piperacillin 235/−1070; ticarcillin 235/−660; 

oxacillin 260/+440; cephalothin 262/−7,960; cephalosporin C 280/−2390; cefotaxime 

265/−6,260; ceftazidime 260/−10,800; cefepime 264/−8240; aztreonam 318/−640; 

imipenem 297/−10,930; meropenem 298/−7200; doripenem 299/−11540; nitrocefin 

500/+15900. Steady-state velocities were calculated from the slopes of progress curves and 

plotted as a function of substrate concentrations. This allowed the determination of Km and 

kcat by nonlinear regression with Prism 5 software (GraphPad Software, Inc.) using the 

Michaelis-Menten equation: v = Vmax × S/(Km + S), where v is the initial velocity, S is the 

β-lactam concentration, Km is the Michaelis constant and Vmax= kcat × E where E is the 

enzyme concentration. In the cases when measurements were limited by a range of substrate 

concentrations which were much less than the Km, the ratio of kcat/Km was obtained by 

fitting the reaction time course to the following equation: At = A∞ + (A0 −A∞) e−kt where 

At is the absorbance at time t, Ao and A∞ is the initial and final absorbance and k = 

(kcat/Km) × E.

Crystallization, data collection, structure solution and refinement

Initial crystallization trials with the BPU-1 β-lactamase were set using the sitting drop 

method in Intelliplates (Art Robbins), using PEG/Ion screens I and II, and Crystal Screens I 

and II (Hampton Research). Crystals were observed in three conditions from PEG-Ion 

screen II; #16, 8% Tacsimate (pH 7.0), 20% PEG 3,350; #22, 0.2 M ammonium citrate 

tribasic (pH 7.0), 20% PEG 3,350; and #32, 2% Tacsimate (pH 5.0), 0.1 M sodium citrate 

pH 5.6, 16% PEG 3,350. Crystals were transferred to a cryoprotectant solution containing 

30% glycerol in each crystallization condition, flash-cooled in liquid nitrogen, and screened 

for diffraction quality on beamline BL7-1 at the Stanford Synchrotron Radiation Lightsource 

(SSRL). Crystals from condition #32 were found to diffract close to atomic resolution so 

these crystals were used for subsequent data collection experiments. The crystals belonged 

to a primitive monoclinic space group with cell dimensions a = 47.66 Å, b = 79.87 Å, c = 

65.01 Å, β = 92.3°. The Matthews coefficient
45

 assuming one molecule in the asymmetric 

unit was 1.9 Å3/Da (34.5% solvent content). Complete datasets were collected from two 

flash-cooled crystals on the SSRL beamline BL12-2, using X-rays at 12658 eV (0.9795 Å) 

and a PILATUS 6M PAD detector running in shutterless mode. The data sets, comprising 

800 images and 760 images respectively, were processed with XDS
46

 and scaled and merged 

using XSCALE
46

 to give a final data set comprising 261147 unique reflections extending to 

1.0 Å resolution. The program POINTLESS
47

 indicated that the space group was P21. Final 

data collection statistics are given in Supplementary Table 2.

The doripenem-BPU-1 complex was prepared by soaking pre-formed apo-BPU-1 crystals in 

a solution containing 50 mM doripenem in 2% Tacsimate, 0.1 M sodium citrate pH 5.6, 16% 
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PEG 3,350 for varying lengths of time ranging from a few seconds up to 5 minutes. After 

soaking in the doripenem solution the crystals were transferred to a cryoprotectant solution 

containing the buffer augmented with 30% glycerol, and flash-cooled in liquid nitrogen. 

Data extending to 1.35 Å resolution were collected from a single crystal on SSRL beamline 

BL12-2, processed using XDS
46

 and scaled with AIMLESS
48

. Final statistics are also given 

in Supplementary Table 2.

Structure Solution and Refinement

The BPU-1 sequence was aligned with several other class D β-lactamases from Gram-

negative bacteria whose structures had been determined. The pairwise sequence identities 

ranged from 28.4% (OXA-45, PDB code 4gn2) to 36.8% (OXA-48, PDB code 3g4p) 

(Supplementary Table 3). Since there was no significantly preferred alignment, molecular 

replacement (MR) models were generated from all eleven OXA structures using the CCP4 

program CHAINSAW to convert the structures into a pseudo-BPU-1 model, where identical 

residues in the matched sequences were retained and those which differed were truncated at 

the Cβ atom. All models gave strong MR solutions, indicating two independent molecules in 

the asymmetric unit. These models were subsequently refined for 15 cycles using 

REFMAC 
49

 and 2Fo-Fc and Fo-Fc electron density maps calculated. Refinement statistics 

indicated that the model derived from OXA-48 was significantly better than any of the 

others, and inspection of the BPU-1-OXA-48 sequence alignment showed the least number 

of insertions or deletions between these two sequences. Refinement of the structure was 

completed with PHENIX.REFINE 
50

 and manual building of the model using the molecular 

graphics program COOT 
51

. Water molecules were added in structurally and chemically 

relevant positions, and the atomic displacement parameters (B-factors) for the protein atoms 

were refined anisotropically. In the final refinement cycle, hydrogen atoms were added in 

calculated positions for all protein atoms. Final refinement statistics are given in 

Supplementary Table 2, and the structure is shown in Fig. 1. Ramachandran statistics 

indicate that 99% of the residues lie in the allowed regions, 1% in the generously allowed 

regions and no residues fall in disallowed regions, as calculated using PROCHECK 
52

.

The doripenem-BPU-1 structure was solved by MR using the refined apo-BPU-1 structure 

as the starting model with all water molecules and alternate side chain conformations 

removed, and the carboxylate moiety removed from Lys104. Doripenem was added to 

residual electron density observed in the active site (Supplementary Fig. 4) of both 

independent BPU-1 molecules in the asymmetric unit. The structure was refined using 

PHENIX.REFINE with anisotropic B-factors, and final refinement statistics are given in 

Supplementary Table 2. Ramachandran statistics indicate that 99.1% of the residues lie in 

the allowed regions, 0.7% in the generously allowed regions and one residue falls in a 

disallowed region, as calculated using PROCHECK
52

.

Statistical analysis of data

Statistical analysis of the crystallographic data was automatically performed in all of the 

programs used (noted above) and is presented here without modification. All MICs were 

measured in triplicate. Other statistical analyses were performed using the Prism 5 software.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The BPU-1 structure
(a) Ribbon representation of the BPU-1 crystal structure. The secondary structure 

assignment is indicated. The sidechain of the catalytic serine residue, Ser101, indicates the 

location of the enzyme active site. Single letter amino acid abbreviations are used 

throughout the Figures for clarity. (b) Final 2Fo-Fc electron density near the BPU-1 active 

site, contoured at 1.2σ. Electron density for the carboxylate moiety covalently attached to 

the side chain of Lys104 is evident. The carboxylated lysine is anchored by two hydrogen 

bonding interactions to a highly-conserved tryptophan residue (Trp188) from a loop adjacent 

to the active site. This loop is in turn anchored to the N-terminus of helix α3 by an additional 

hydrogen bonding interaction. (c) Superposition of BPU-1 (gray ribbons) and OXA-23 (cyan 

ribbons). Only strands equivalent to β8, β9, and β10, along with helix α9, are shown for 

OXA-23 for clarity. Two loops (Loop1 and Loop2) which show the largest structural 

deviation between BPU-1 and the OXA enzymes are shown in red for BPU-1 and blue for 

OXA-23.
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Figure 2. Structure-based sequence alignment of Gram-positive class D β-lactamases
A segment of the sequence alignment of BPU-1 and other class D β-lactamase enzymes 

identified in various Bacillus species is shown, covering the two fingerprint loops (Loop1 

and Loop2, highlighted in light gray) which show the largest structural variation compared 

to the Gram-negative OXA enzymes. OXA-10, OXA-23 and OXA-24 are shown as the 

representative Gram-negative β-lactamases. The secondary structure assignment for BPU-1 

is indicated at the top. The conserved arginine residue in the Gram-negative enzymes is 

highlighted green, and the equivalent alanine residue is highlighted yellow. Residues and 

motifs which are highly conserved in the Gram-negative and Gram-positive enzymes are 

colored red.
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Figure 3. BPU-1 substrate binding
(a) Close up view of the arginine pocket in OXA-23 (cyan ribbons, blue loop and lighter 

blue sticks), superimposed on the equivalent region near Loop 2 in BPU-1 (gray ribbons and 

red loop). The conserved Gram-negative class D arginine residue (represented by Arg259 

from OXA-23) responsible for anchoring the carboxylate group of meropenem (cyan ball-

and-stick) in OXA-23 is indicated. (b) The general structure of the carbapenem antibiotics. 

Differences in the structure of the tail group (R) distinguish the various clinically-available 

antibiotics including imipenem, meropenem, doripenem, and ertapenem. The R’ position is 

occupied either by hydrogen in imipenem) or by a methyl group in meropenem, doripenem, 

and ertapenem. (c) The substrate binding site in the doripenem-BPU-1 complex. The BPU-1 

structure is represented by green ribbons and sticks and the covalently-linked doripenem by 

yellow sticks. The hydrogen bonding interactions between the doripenem and the protein are 

shown as dashed black lines. (d) The difference in coordination of doripenem (yellow sticks) 

in BPU-1 (grey ribbons, grey sticks) and meropenem (cyan sticks) in OXA-23. Only the 

residues which interact with the meropenem are shown for OXA-23 (light blue sticks) for 

clarity, and only the hydrogen bonding in the meropenem-OXA-23 complex is shown. The 
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OXA-23 residues are labeled in italics and the BPU-1 residues in plain bold text. The tail of 

the doripenem in BPU-1 is truncated at the sulfur atom for clarity.
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Table 1

Antimicrobial susceptibility profile of E. coli JM83 expressing the BPU-1 β-lactamase

Antimicrobial

MIC (µg/ml)

BPU-1 Control1 Fold change

Ampicillin 1,024 2 512

Ampicillin-Clavulanic acid2 32 2 323

Ampicillin-Sulbactam2 1,024 2 03

Ampicillin-Tazobactam2 1,024 2 03

Piperacillin 256 2 128

Ticarcillin 8,192 4 2048

Carbenicillin 8,192 4 2048

Oxacillin 8,192 256 32

Cephalothin 8 4 2

Cephalexin 8 4 2

Cefotaxime 0.125 0.031 4

Ceftriaxone 0.125 0.031 4

Ceftazidime 32 0.25 128

Cefoxitin 8 4 2

Cefepime 4 0.03 128

Aztreonam 8 0.06 128

Imipenem 0.25 0.125 2

Meropenem 0.030 0.015 2

Doripenem 0.045 0.030 1.5

1
Control strain E. coli JM83 with the pHF016 vector.

2
Clavulanic acid, sulbactam and tazobactam were used at a constant concentration of 4 µg/mL.

3
Fold change in comparison to the MIC value for ampicillin.
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Table 2

Substrate profile of the BPU-1 β-lactamase

Antimicrobial kcat (s−1) Km (µM) kcat/Km (M−1s−1)

Ampicillin 56 ± 2 27 ± 3 (2.1 ± 0.3) × 106

Piperacillin 60 ± 2 15 ± 2.5 (3.9 ± 0.6) × 106

Ticarcillin 39 ± 2 34 ± 5 (1.1 ± 0.2) × 106

Oxacillin 19 ± 1 4 ± 1 (4.7 ± 1.4) × 106

Cephalosporin C 0.093 ± 0.003 200 ± 16 (4.7 ± 0.4) × 102

Cephalothin 0.70 ± 0.03 60 ± 6 (1.2 ± 0.1) × 104

Ceftazidime1 >0.9 >150 (8.1 ± 0.6) × 103

Cefotaxime1 >0.7 >150 (7.2 ± 1.0) × 103

Cefepime1 >13 >180 (1.2 ± 0.3) × 105

Aztreonam 0.51 ± 0.02 35 ± 5 (1.5 ± 0.2) × 104

Imipenem 0.26 ± 0.02 6.6 ± 0.8 (3.9 ± 0.6) × 104

Meropenem 0.014 ± 0.001 4.2 ± 0.4 (3.3 ± 0.4) × 103

Doripenem 0.014 ± 0.02 4.1 ± 1.1 (3.4 ± 0.9) × 103

Nitrocefin 830 ± 30 82 ± 8 (1.0 ± 0.1) × 107

Only the lower limit for kcat and Km could be measured
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