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ABSTRACT The development of effective inhibitors that block extended-spectrum
�-lactamases (ESBLs) and restore the action of �-lactams represents an effective
strategy against ESBL-producing Enterobacteriaceae. We evaluated the inhibitory ef-
fects of the diazabicyclooctanes avibactam and OP0595 against TLA-3, an ESBL that
we identified previously. Avibactam and OP0595 inhibited TLA-3 with apparent in-
hibitor constants (Ki app) of 1.71 � 0.10 and 1.49 � 0.05 �M, respectively, and could
restore susceptibility to cephalosporins in the TLA-3-producing Escherichia coli strain.
The value of the second-order acylation rate constant (k2/K, where k2 is the acylation
rate constant and K is the equilibrium constant) of avibactam [(3.25 � 0.03) � 103

M�1 · s�1] was closer to that of class C and D �-lactamases (k2/K, �104 M�1 · s�1)
than that of class A �-lactamases (k2/K, �104 M�1 · s�1). In addition, we determined
the structure of TLA-3 and that of TLA-3 complexed with avibactam or OP0595 at
resolutions of 1.6, 1.6, and 2.0 Å, respectively. TLA-3 contains an inverted � loop
and an extended loop between the �5 and �6 strands (insertion after Ser237),
which appear only in PER-type class A �-lactamases. These structures might favor
the accommodation of cephalosporins harboring bulky R1 side chains. TLA-3 pre-
sented a high catalytic efficiency (kcat/Km) against cephalosporins, including cephalo-
thin, cefuroxime, and cefotaxime. Avibactam and OP0595 bound covalently to TLA-3
via the Ser70 residue and made contacts with residues Ser130, Thr235, and Ser237,
which are conserved in ESBLs. Additionally, the sulfate group of the inhibitors
formed polar contacts with amino acid residues in a positively charged pocket of
TLA-3. Our findings provide a structural template for designing improved diazabi-
cyclooctane-based inhibitors that are effective against ESBL-producing Enterobacteria-
ceae.

KEYWORDS diazabicyclooctane, avibactam, OP0595, TLA-3, extended-spectrum
�-lactamase, crystal structure, ESBL

The increasing prevalence of extended-spectrum �-lactamases (ESBLs) among
pathogenic Enterobacteriaceae represents a major concern in clinical and veterinary

settings, because these enzymes inactivate most �-lactams except cephamycins and
carbapenems (1–3). Among the ESBLs, the CTX-M type and the TEM and SHV types are
widely distributed worldwide and are regarded as pandemic ESBLs (4). Conversely,
certain ESBLs, such as those of the TLA, BEL, PER, and GES types, have been reported
only sporadically in Enterobacteriaceae (5). Specifically, the genes for TLA-1, TLA-2, and
TLA-3 have been found mainly on plasmids in Enterobacteriaceae (6–8). We recently
characterized TLA-3 produced by a Serratia marcescens clinical isolate (8).

New and effective inhibitors that block ESBLs and thereby restore the action of
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�-lactam antibiotics are powerful tools for overcoming the spread of ESBL-producing
Enterobacteriaceae (9). Diazabicyclooctanes, such as avibactam (10), relebactam (MK-
7655) (11), and OP0595 (12), which are effective non-�-lactam inhibitors of class A, C,
and D �-lactamases, are currently under clinical development. Avibactam in combina-
tion with ceftazidime was recently approved by the U.S. Food and Drug Administration
for treating infectious diseases for which no alternative therapeutic choices were
available (13). The use of relebactam in combination with imipenem has now pro-
gressed to clinical trials. OP0595 differs from avibactam and relebactam because of
three crucial properties: it is a �-lactamase inhibitor, an antibiotic agent that acts
toward penicillin-binding proteins, and an enhancer of various �-lactam activities (12,
14). As the use of diazabicyclooctanes offers a promising strategy for the treatment of
infectious diseases caused by ESBL producers, defining the mode of inhibition of
�-lactamases by diazabicyclooctanes in detail is of considerable interest.

Three-dimensional structural studies have allowed extensive characterization of the
inhibitory mechanism of these diazabicyclooctanes against major class A �-lactamases,
such as SHV, CTX-M, and KPC (15, 16), but not against minor ESBLs, such as TLA, PER,
and GES. In this study, we aimed to reveal the mode by which the aforementioned two
new diazabicyclooctanes, avibactam and OP0595, inhibited a rare TLA-type ESBL, TLA-3,
which is characterized by an inverted � loop and an extended loop between the �5
and �6 strands (insertion after Ser237). We also present the fine crystal structures of the
avibactam–TLA-3 and OP0595–TLA-3 complexes.

RESULTS AND DISCUSSION
Purified TLA-3 has multiple N termini. The TLA-3 �-lactamase contains a duplicate

amino acid sequence (AKGTDSLKNS) in its N-terminal signal peptide (see Fig. S1 in the
supplemental material). To determine the N terminus of mature TLA-3, we performed
Edman N-terminal sequencing of purified TLA-3. This revealed multiple molecules with
distinct N termini, including one containing the AKGTD sequence and another con-
taining the TDSLK sequence (see Fig. S1 in the supplemental material).

TLA-3 hydrolyzes cephalosporins, whereas diazabicyclooctanes act as TLA-3
inhibitors. We measured the kinetics parameters of TLA-3 against a variety of
�-lactams (Table 1). TLA-3 showed a high catalytic efficiency (kcat/Km) against the
cephalosporins cephalothin, cefuroxime, and cefotaxime but not against cefoxitin and
meropenem. The enzymatic activity of TLA-3 was successfully inhibited by the diazabi-
cyclooctanes avibactam and OP0595 (Fig. 1) and by the �-lactam-based inhibitors
clavulanic acid, sulbactam, and tazobactam (Table 1). The apparent inhibitor constants

TABLE 1 Kinetic parameters of TLA-3

Substrate Km (�M)a kcat (s�1)a

kcat/Km

(�M �1 · s�1) Ki app (�M)a

Nitrocefin 37.6 � 1.1 57.3 � 0.7 1.5
Ampicillin 61.1 � 3.8 55.6 � 2.9 0.9
Cephalothin 29.9 � 1.4 132.8 � 2.3 4.4
Cefuroxime 127.7 � 16.2 246.0 � 19.1 1.9
Ceftazidime 177.9 � 7.7 33.4 � 1.0 0.2
Cefotaxime 98.1 � 5.3 156.3 � 5.0 1.6
Cefepime 197.8 � 18.0 34.2 � 1.9 0.2
Cefoxitin NHb NDc ND
Aztreonam 105.6 � 14.5 12.1 � 0.7 0.1
Meropenem NH ND ND
Avibactam 1.71 � 0.10
OP0595 1.49 � 0.05
Clavulanic acid 0.41 � 0.01
Tazobactam 0.14 � 0.01
Sulbactam 0.57 � 0.07
aDeterminations of kinetic parameters were performed in triplicate, and values are reported as means �
standard deviations.

bNH, no measurable hydrolysis was detected at an enzyme concentration of 1 �M.
cND, not determined.
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(Ki app) of avibactam and OP0595 were 1.71 � 0.10 and 1.49 � 0.05 �M, respectively
(Table 1). The Ki app of avibactam for TLA-3 was similar to that for KPC-2 (1.2 �M) (17)
but ca. 10-fold lower than that for PER-2 (20 �M) (17) and ca. 100-fold higher than that
for SHV-1 (0.022 �M) (18). Observed rate constant for inactivation (kobs) values were
calculated on the basis of the fitting of progress curves for avibactam or OP0595
inhibition and were plotted against the inhibitor concentration to obtain the second-
order acylation rate constant (k2/K, where k2 is the acylation rate constant and K is the
equilibrium constant) value (Fig. 2A and B). Acylation of avibactam and OP0595
revealed k2/K values of (3.25 � 0.03) � 103 M�1 · s�1 and (2.65 � 0.26) � 103 M�1 ·
s�1, respectively. The acylation of avibactam by TLA-3 was similar to that by PER-2
(2.2 � 103 M�1 · s�1) (17) but was at least 1 magnitude lower than that by KPC-2 (19),
SHV-1 (20), and CTX-M-15 (19) (k2/K range, 104 to 105 M�1 · s�1). The off-rate (koff)
values of avibactam and OP0595 for TLA-3 were (9.57 � 0.75) � 10�4 s�1 and (5.04 �

1.03) � 10�4 s�1, respectively (Fig. 2C and D), resembling those of other class A
�-lactamases (17, 19, 20). These low off rates indicate that diazabicyclooctanes can form
stable complexes with TLA-3. In summary, the inhibitory action of TLA-3 against diazabi-
cyclooctanes resembled that of PER-2 rather than that of other class A �-lactamases
(KPC-2, TEM-1, and CTX-M-15).

Diazabicyclooctanes restore susceptibility in TLA-3-producing Escherichia coli.
The results of susceptibility testing are listed in Table 2. Production of TLA-3 could
confer resistance to a penicillin (ampicillin), cephalosporins, and a monobactam
(aztreonam) but not to a cephamycin (cefoxitin) and carbapenems. Diazabicyclooctanes
(avibactam and OP0595) and �-lactam-based inhibitors (clavulanic acid, sulbactam, and
tazobactam) could successfully restore the MICs of ceftazidime and cefotaxime for
TLA-3-producing bacteria.

TLA-3 has two unique loops around the cephalosporin R1 side chain binding
site. We determined the structure of native TLA-3 at a 1.6-Å resolution. The collected
data and the refinement statistics are listed in Table S1. The TLA-3 crystal is in space
group C2, with one molecule per asymmetric unit. The model includes 275 amino acids,
from Gly32 to Lys306 (Fig. S2). TLA-3 forms one �/� domain and one � domain, with
the active site being located at the interface between these domains (Fig. 3A), as in
other class A �-lactamases (15, 16, 21). The active site is defined by motif I (Ser70-
Thr71-Tyr72-Lys73), motif II (Ser130-Asp131-Asn132), motif III (Lys234-Thr235-Gly236),
and the � loop (16 amino acids, Ala164 to Asn179) (Fig. S2). Compared with other class
A �-lactamases, the most noticeable structural features of TLA-3 are two loops, the �

loop (loop 1) and loop 2, which are predicted to be positioned around the R1 side
chains of bound �-lactam antibiotics (22) (Fig. 3B and C). The overall configuration of

FIG 1 Chemical structures of avibactam and OP0595.
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the � loop (loop 1) in TLA-3 is most closely related to that of the � loop in PER-2 (21)
but is inverted relative to the � loops in CTX-M-15 (16) and KPC-2 (15) (Fig. 3B). Loop
2 of TLA-3 (and PER-2) is extended by the insertion of additional amino acids between
the �5 and �6 strands (insertion after Ser237) compared to the number of amino acids
in CTX-M-15 and TEM-1 (Fig. S2). Consequently, the overall TLA-3 structure is consid-
erably more similar to that of the PER-2 �-lactamase (C-� root mean square deviation
[RMSD] value, 1.2 Å) than to the structures of other class A �-lactamases. Indeed, TLA-3
shares 42% amino acid sequence identity with PER-2. The opening between the � loop
(loop 1) and loop 2 of TLA-3 (and PER-2) is slightly wider than the openings of CTX-M-15
and KPC-2 (Fig. 3B). Ruggiero et al. suggested that these configurations of the double
loop structure in PER-2 (and TLA-3) yielded an expanded active site that could accom-
modate oxyiminocephalosporins harboring bulky R1 side chains (21). We predicted the
binding mode between ceftazidime and TLA-3 through in silico analysis and revealed
that TLA-3 had sufficient space to accommodate the bulky R1 side chains (Fig. 3C). This
explains the high catalytic efficiencies (kcat/Km) of TLA-3 against oxyiminocepha-
losporins containing bulky R1 side chains, such as ceftazidime (0.2 �M�1 · s�1),
cefotaxime (1.6 �M�1 · s�1), and cefepime (0.2 �M�1 · s�1) (Table 1).

Active site of TLA-3. In the TLA-3 active site, the spatial positioning of Ser70, Lys73,
Ser130, Asn132, Glu166, and Lys234, which are involved in �-lactam acylation/deacy-

FIG 2 (A and B) Plots of kobs values against avibactam (A) and OP0595 (B) concentrations; these were used to obtain the corresponding
k2/K values. (C and D) Recovery of nitrocefin hydrolysis rate by TLA-3 after inhibition by avibactam (C) and OP0595 (D). a.u., absorbance
units.
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lation, is comparable to that in class A �-lactamases, including PER-2 (Fig. 4A and B). The
TLA-3 active site is stabilized by a network of several hydrogen bonds: Ser70-Ser130 (3.0
Å), Ser70-Lys73 (2.7 Å), Lys73-Ser130 (2.8 Å), Lys73-Asn132 (2.8 Å), and Ser130-Lys234
(2.9 Å). Arg220, a unique amino acid present only in certain class A �-lactamases, such
as TLA-, PER-, and KPC-type enzymes (Fig. S2), rigidly stabilizes the side chain of Ser237
(Fig. 4A). Ser237 in TLA-3 corresponds to Thr237 in PER-2, and the hydroxyl group of
both residues is predicted to coordinate with the carboxylate group of substrate
�-lactams (21). This stabilization of the Ser237 side chain by Arg220 potentially con-
tributes to firm recognition of substrate �-lactams, which results in the increased
�-lactam catalytic activity of TLA-3 (21). In fact, the substitutions at Arg220 and Thr237
deteriorate the enzymatic behavior of PER-1 (23). One water molecule (W1) is bound to
Glu166, and this molecule is predicted to be involved in �-lactam deacylation.

Structural insights into the binding of avibactam to TLA-3. Figures 5A to C show
the avibactam–TLA-3 complex structure. The overall structure of the complex is highly
similar to that of native TLA-3, with an RMSD of 0.2 Å and few conformational changes
in the key residues around the active site. The avibactam molecule was bound to the
active site and was clearly observed in an |Fobs|�|Fcalc| omit map contoured at 3� (Fig.
5A). Bound avibactam assumes a form lacking the bond between the N-6 and C-7
atoms, similar to the form of typical hydrolyzed �-lactams, and adopts the chair
conformation of a six-membered ring. Ser70 is covalently bound to avibactam. The
oxyanion hole is formed by the main chain nitrogen atoms of Ser70 and Ser237 (Fig. 5B
and C). The sulfate group binds to TLA-3 by forming polar contacts with the side chains
of Ser130 (2.8 Å), Thr235 (3.0 Å), and Ser237 (2.7 Å). The N-6 atom of avibactam binds
to Ser130 (3.2 Å), and the carbonyl oxygen of the carbamoyl group is hydrogen bonded
to the side chain of Asn132 (2.9 Å) (Fig. 5B). The C-4 atom of the avibactam six-
membered ring makes hydrophobic contact with the side chain of Trp105 (3.4 Å). These

TABLE 2 Result of susceptibility testing

Agent

MIC (�g/ml)

E. coli
DH5�(pBC-TLA-3b)

E. coli
DH5�(pBC-SK�)

Ampicillin 128 2
Cephalothin 128 8
Cefuroxime 256 8
Ceftazidime 64 0.25

Ceftazidime plus:
Avibactama 0.25 0.25
OP0595a �0.13 �0.13
Clavulanic acida 0.5 0.25
Tazobactama 1 0.25
Sulbactama 4 0.25

Cefotaxime 16 �0.13

Cefotaxime plus:
Avibactama �0.13 �0.13
OP0595a �0.13 �0.13
Clavulanic acida �0.13 �0.13
Tazobactama �0.13 �0.13
Sulbactama 1 �0.13

Cefepime 0.25 �0.13
Cefoxitin 4 4
Aztreonam 8 �0.13
Imipenem 0.25 0.25
Meropenem �0.13 �0.13
Avibactam 32 32
OP0595 4 4
aThe concentration was fixed at 4 �g/ml.
bThe pBC-TLA-3 vector was constructed in a previous study (8).
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residues are conserved in class A �-lactamases, and thus, their contribution to the
recognition of avibactam is also observed in other class A �-lactamase–avibactam
complexes (Fig. 5D).

The sulfate group of avibactam is located in a positively charged pocket (Fig. 5E),
where the carboxylate group of �-lactams is normally positioned. Multiple contacts of
the sulfate moiety with polar residues, such as Ser130 and Ser237, in the active-site
pocket might partially explain why avibactam acts as an effective inhibitor across class
A �-lactamases (Fig. 5B, D, and F), whereas the carboxylate groups of �-lactam-based
inhibitors make comparatively fewer polar contacts with the active site. In the native
TLA-3 structure, the sulfate ion provided by the reservoir solution used for crystalliza-
tion is detected precisely where the sulfate group of avibactam is positioned (data not
shown). Thus, the sulfate group is a key factor that endows avibactam with the ability
to strongly inhibit TLA-3.

FIG 3 (A) Schematic representation of the overall structure of TLA-3. Cyan, � helices and loops; magenta,
� strands; black circles, � loop (loop 1) and loop 2. (B) Superposition of the � loop (loop 1) and loop 2 from
TLA-3 (cyan), PER-2 (PDB accession no. 4D2O; orange), CTX-M-15 (PDB accession no. 4HBU; gray), and KPC-2
(PDB accession no. 4ZBE; yellow). (C) Simulated interaction between ceftazidime and TLA-3. Cyan, two loops
around the R1 side chain of ceftazidime; pink sticks, ceftazidime. Images were rendered using the PyMOL
program.

FIG 4 Schematic representation of the active sites of TLA-3 (A) and PER-2 (PDB accession no. 4D2O) (B).
Cyan and orange sticks, carbon atoms of TLA-3 and PER-2, respectively; red and blue sticks, oxygen and
nitrogen atoms, respectively; black dashed lines, hydrogen bonds (cutoff distance, 3.2 Å); red sphere, the
water molecule (W1). Images were rendered using the PyMOL program.
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The catalytic water molecule (W1), which is probably involved in the deacylation of
the carbamyl-enzyme complex, is bound to Glu166 (2.5 Å) (Fig. 5B), as in the native
structure (Fig. 4A). In avibactam–CTX-M-15 complexes, the same catalytic water is also
bound to Glu166 (Fig. 5D). Lahiri et al. determined the avibactam–CTX-M-15 complex

FIG 5 (A) |Fobs|�|Fcalc| omit map of avibactam, contoured at 3.0� (gray mesh). Avibactam is illustrated using green (carbon), ocher (sulfur), red
(oxygen), and blue (nitrogen) sticks. (B) Interactions between TLA-3 and avibactam. Amino acids are drawn as cyan (carbon), red (oxygen), and
blue (nitrogen) sticks, and avibactam is shown as described in the legend to panel A. Red sphere, the water molecule (W1); black dashed lines,
hydrogen bonds (cutoff distance, 3.2 Å). (C) Two-dimensional view of the binding between TLA-3 and avibactam. Green, avibactam; black, amino
acids; dashed lines, hydrogen bonds (cutoff distance, 3.2 Å). The figure was rendered using ChemBioDraw (version 13.0) software. (D) Interactions
between CTX-M-15 and avibactam (PDB accession no. 4HBU). Amino acids are drawn as gray (carbon), red (oxygen), and blue (nitrogen) sticks,
and avibactam is shown as described in the legend to panel A. Red sphere, the water molecule (W1); black dashed lines, hydrogen bonds (cutoff
distance, 3.2 Å). (E) Molecular surface representation of TLA-3, colored according to electrostatic charge (red, negative; blue, positive). Avibactam
is shown in stick form as described in the legend to panel A. (F) Interactions between KPC-2 and avibactam (PDB accession no. 4ZBE). Amino acids
are drawn as yellow (carbon), red (oxygen), and blue (nitrogen) sticks, and avibactam is shown as described in the legend to panel A. Red sphere,
the water molecule (W1); black dashed lines, hydrogen bonds (cutoff distance, 3.2 Å).
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structure at an ultrahigh resolution and concluded that Glu166 was protonated and
neutral; consequently, the water molecule’s orientation is disfavored and it becomes a
weak nucleophile (16). Avibactam’s decarbamylation might be disfavored partially due
to the presence of protonated Glu166, and a similar mechanism might also apply to the
avibactam–TLA-3 complex. Furthermore, prevention of decarbamylation results from
the carbamyl carbon being originally less susceptible to nucleophilic attack than the
ester of the acyl-enzyme complex (24). Therefore, carbamyl bond formation and the
establishment of a considerably higher number of polar contacts through the sulfate
group are common structural features that could explain avibactam’s ability to effec-
tively inhibit most class A �-lactamases.

The �-loop configuration of TLA-3 results in the creation of a relatively large space
that accommodates cephalosporins possessing bulky R1 side chains. This is in spite of
the larger spaces created around the carbamoyl group of avibactam’s binding pocket
being expected to diminish avibactam’s inhibitory effect following the loss of certain
interactions, such as the interaction of the Asn170-carbamoyl moiety in avibactam–
CTX-M-15 complexes (Fig. 4D). As mentioned above, kinetic inhibition constants indi-
cated that TLA-3 was more resistant to avibactam inhibition than representative class
A �-lactamases. The �-loop configuration observed in TLA-3 (and also present in PER-2)
may confer increased resistance to avibactam inhibition. However, avibactam binding
largely depends on residues Ser70, Ser130, Thr235, and Ser(Thr)237, which are con-
served in class A �-lactamases. As a result, avibactam could, with a greater or lesser
degree, act as a universal and effective inhibitor across class A �-lactamases.

Structural insights into OP0595 binding and proposed role of the terminal
chain in diazabicyclooctanes. The crystal structure of the OP0595–TLA-3 complex was
determined at a 2.0-Å resolution. OP0595 was bound to the active site and was clearly
observed in an |Fobs|�|Fcalc| omit map contoured at 2.5� (Fig. 6A). OP0595 bound to the
active-site pocket through Ser70, Ser130, Asn132, Thr235, and Ser237 in a manner
highly similar to that of avibactam (Fig. 5B) and that of Toho-1 (CTX-M-44) and OP0595
(Fig. 6B). The diazabicyclooctane core was located at almost the same position in
OP0595- and avibactam-complexed structures (Fig. 6C) (12).

In OP0595, the terminal alkyl amine moiety is linked to the carbamoyl group side
chain, and this moiety may mediate affinity to the penicillin-binding proteins (12, 25).
This terminal moiety on the OP0595 side chain does not contact the amino acid
residues in TLA-3; thus, extension of the terminal side chain does not enhance the
inhibitory effect of OP0595 relative to that of avibactam (Table 1). Because the His170
contained in the unique � loop (loop 1) is positioned near the tip of the terminal alkyl
amine moiety, this residue may represent a favorable target for enhancing the inhib-
itory effect of modifications to the side chain structure of diazabicyclooctane-based
inhibitors. Indeed, relebactam (MK-7655) contains a terminal piperidine ring moiety and
might bind to His170, making it an inhibitor superior to avibactam. The side chain
structure of diazabicyclooctanes is thus a key target for enhancing inhibition against
ESBLs, such as TLA-3.

Conclusions. In this paper, we report the crystal structure of the ESBL TLA-3. The
active site of TLA-3 contains residues comparable to those of other class A
�-lactamases, such as Ser70, Lys73, Ser130, Glu166, and Lys234, which are involved
in the acylation and deacylation of �-lactams. Conversely, TLA-3 presents two structural
features, an inverted � loop and an extended loop between the �5 and �6 strands
(insertion after Ser237), that have been observed only in PER-type �-lactamases. These
two loops might enable TLA-3 to readily accommodate cephalosporins harboring a
bulky R1 side chain.

In addition, we determined the kinetics of TLA-3 inactivation by the diazabicy-
clooctanes avibactam and OP0595. TLA-3 displayed a lower affinity for diazabicy-
clooctanes than other class A �-lactamases evaluated so far. This characteristic may be
partially due to the two unique loop structures in TLA-3; however, we found that
avibactam and OP0595 could successfully restore cephalosporin susceptibility in TLA-
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3-producing cells, as well as other class A �-lactamase producers (25, 26). Thus,
diazabicyclooctanes might be the compounds of choice for targeting ESBL producers,
regardless of the exact ESBL type. Our findings provide a structural basis for designing
improved diazabicyclooctane-based inhibitors with increased effectiveness against
ESBL-producing Enterobacteriaceae.

FIG 6 (A) Interactions between TLA-3 and OP0595. Amino acids are drawn as cyan (carbon), red (oxygen),
and blue (nitrogen) sticks, whereas OP0595 is depicted by yellow sticks. Black dashed lines, hydrogen
bonds (cutoff distance, 3.2 Å). The figure shows the |Fobs|�|Fcalc| omit map of OP0595, contoured at 2.5�
(gray mesh). (B) Interactions between Toho-1 (CTX-M-44) and OP0595 (PDB accession no. 4X69). Amino
acids are drawn as green (carbon), red (oxygen), and blue (nitrogen) sticks, whereas OP0595 is depicted
by yellow sticks. Black dashed lines, hydrogen bonds (cutoff distance, 3.2 Å). (C) Superposition of
avibactam and OP0595 in TLA-3. Avibactam and OP0595 are represented by green and yellow sticks,
respectively. Images were rendered using the PyMOL program.
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MATERIALS AND METHODS
Protein expression and purification. The gene blaTLA-3 (GenBank accession no. AP014611) was

amplified with primers NdeI-TLA3-F (5=-GGG AAT TCC ATA TGA AAA AAC ATC TTA TTG-3=) and
BamHI-TLA3-R (5=-CGG GAT CCT TAC TAT TTC CCA TCC TTA ACT AGA T-3=) (where the underlined
nucleotides represent restriction endonuclease sequences) using PrimeSTAR HS DNA polymerase
(TaKaRa), digested with NdeI and BamHI, and ligated into the vector pET-29a. The recombinant plasmid
(pET-TLA3) was introduced into Escherichia coli BL21(DE3)pLysS. Transformants were grown at 37°C in
Luria-Bertani broth until the optical density at 610 nm reached 0.6, at which point isopropyl-�-D-1-
thiogalactopyranoside was added to a final concentration of 0.5 mM. After incubation at 37°C for another
3 h, bacterial cells were harvested, suspended in 50 mM HEPES buffer (pH 7.5) containing 0.1 M NaCl, and
disrupted by sonication. The supernatant obtained after ultracentrifugation (100,000 � g, 1 h) was
loaded onto a HiTrap SP HP column (GE Healthcare) and eluted using a linear gradient of 0.1 to 0.5 M
NaCl in HEPES buffer. The eluted protein was dialyzed against 50 mM Tris-HCl (pH 7.5) containing 0.1 M
NaCl and 2.0 M ammonium sulfate, loaded onto a HiTrap phenyl HP column (GE Healthcare), and eluted
with 50 mM Tris-HCl (pH 7.5) containing 0.1 M NaCl. Finally, the protein was loaded onto a HiLoad 16/60
Superdex 200 pg column (GE Healthcare) and then eluted with 20 mM Tris-HCl (pH 7.4) containing 0.1
M NaCl. The concentration of the eluted protein was determined using a Pierce bicinchoninic acid
protein assay kit (Thermo Fisher Scientific). Protein purity was estimated by SDS-PAGE and Coomassie
brilliant blue staining. The N-terminal sequence of purified TLA-3 was obtained by Edman degradation.

Kinetic parameters. Steady-state kinetic parameters were determined using a V-730Bio spectro-
photometer (Jasco Corporation). The assay was performed with 100 mM phosphate buffer (pH 7.0) at
30°C. The Km and kcat values were obtained by fitting the data to a Michaelis-Menten equation (equation
1) using KaleidaGraph (version 4.5) software.

v �
Vmax � [S]

Km 	 [S]
(1)

where v is the velocity of the reaction and [S] is concentration of the substrate. The interaction between
TLA-3 and the inhibitors was evaluated as described previously (17, 27).

E 	 I º
k
1

k1

E : I º
k
2

k2

E 
 1

where E represents TLA-3, I represents the inhibitors, k1 represents the association rate constant, k�1

represents the disassociation rate constant, k2 represents the acylation (carbamylation) rate constant, and
k�2 represents the decarbamylation (recyclization) rate constant for diazabicyclooctanes. Apparent inhibitor
constant (Ki app) values were determined using a direct competition assay under steady-state conditions:
nitrocefin (120 �M) was used as a reporter substrate, TLA-3 was kept at 1 nM, and the concentration of
each inhibitor was varied. The velocity (v0) was obtained by fitting the data to equation 2:

V0 �
Vmax � [S]

Km � (1 	 [I] ⁄ Ki app) 	 [S]
(2)

The inverse initial steady-state velocity (1/v0) was plotted against the inhibitor concentration ([I]), and
Ki app was obtained by dividing the y-intercept value by the slope of the line. Finally, the Ki app (corrected)

value was determined by considering the concentration and affinity for nitrocefin of TLA-3 according to
equation 3:

Ki app (corrected) �
Ki app (observed)

(1 	 [S] ⁄ Km nitrocefin)
(3)

To determine the observed rate constant for inactivation (kobs), progress curves obtained by mixing
1 nM TLA-3 with the inhibitor at various concentrations and 120 �M nitrocefin as a substrate were fitted
to equation 4, and k2/K was determined from equation 5:

A � vf · t 	 (v0 
 vf) ·
[1 
 exp(
kobs · t)]

kobs
	 A0 (4)

kobs � k
2 	
k2

K
·

[I]

1 	 � [S]

km nitrocefin
� (5)

where A is the absorbance, vf is the final velocity, t is time, v0 is the initial velocity, and A0 is the initial
absorbance at 482 nm. kobs was plotted against the inhibitor concentration ([I]). k2/K (corrected) was
determined by considering the concentration and affinity for nitrocefin of TLA-3 according to
equation 6:

k2

K
(corrected) �

k2

K
(observed) · (

[S]

Km nitrocefin
	 1) (6)

The off-rate (koff) value was obtained as follows: 1 �M TLA-3 and 15 �M avibactam or OP0595 were
mixed and incubated for 5 min. The mixture was diluted (1:2,000), and the hydrolysis of 120 �M nitrocefin
was monitored. Progress curves were fitted to equation 4.

Susceptibility testing. MICs were determined using the microdilution method following Clinical and
Laboratory Standards Institute guidelines (28). The following antimicrobial agents and �-lactamase
inhibitors tested in the present study were obtained from the indicated sources: cephalothin, cefuroxime,
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and cefoxitin were from Sigma-Aldrich; ampicillin, clavulanic acid, cefotaxime, and meropenem were
from Wako Pure Chemical Industries; ceftazidime and aztreonam were from Tokyo Chemical Industry;
tazobactam and sulbactam were from LKT Laboratories; imipenem was from Apollo Scientific; cefepime
was from the United States Pharmacopeial Convention; avibactam was from MedKoo Biosciences; and
OP0595 was synthesized by Meiji Seika Pharma.

Crystallization. To obtain native crystals, 1 �l of 15 mg/ml TLA-3 was mixed with 1 �l of reservoir
solution (0.1 M sodium citrate, 2.4 to 3.0 M ammonium sulfate) and incubated at 20°C using the sitting
vapor diffusion method. Crystals suitable for the collection of diffraction data were obtained within 1
week.

TLA-3 crystals complexed with avibactam and OP0595 were prepared as follows: sodium avibactam
and OP0595 were dissolved in the reservoir solution to a final concentration of 10 mg/ml; next, 1 �l of
each inhibitor was added to drops of solution containing the native crystals, and the mixture was
incubated for another 24 h before collection of the diffraction data.

Data collection and refinement. Crystals were frozen in liquid nitrogen with 20% glycerol as a
cryoprotectant. X-ray diffraction data were collected at the BL2S1 beamline of the Aichi Synchrotron
Radiation Center (Aichi, Japan) (29), processed, and scaled using iMosfilm/SCALA software (30, 31).
Structures were solved by performing molecular replacement in the MOLREP program (32), using a
modified PER-1 structure solved at a 1.9-Å resolution (Protein Data Bank [PDB] accession no. 1E25) (33).
The PER-1 structure was modified by removing water molecules and replacing amino acids that did not
match those of TLA-3 with alanine. Models were built and refined using the Coot (34) and REFMAC5 (35)
programs, respectively, and the quality of the final models was assessed using the RAMPAGE program
(36).

Molecular modeling of TLA-3 with ceftazidime. The crystal structure of avibactam bound to TLA-3
was analyzed and prepared by the protein preparation wizard module of Schrodinger (37). After ionizing
acylated ceftazidime, tautomers and stereoisomers were generated by using the OPLS2003 force field in
the LigPrep (37). Low-energy conformations were used for the docking. Using the crystal structure of
avibactam bound to TLA-3, ceftazidime was covalently docked in the grid space created around the
active site of avibactam using the CovDoc (37). A thorough pose prediction was performed for covalent
docking with default parameters and the reaction type set to nucleophilic addition to a double bond.

Accession number(s). The atomic coordinates and structure factors of native TLA-3, avibactam–
TLA-3, and OP0595–TLA-3 have been deposited in the PDB database under accession no. 5GS8, 5GWA,
and 5X5G, respectively.
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