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Background: Resistance to �-lactams in Burkholderia is mediated by different �-lactamases (e.g. PenA and PenI).
Results: PenA from B.multivorans is a carbapenemase, and PenI from B. pseudomallei is an extended-spectrum enzyme.
Conclusion: Subtle changes within the active site of �-lactamases result in major phenotypic changes.
Significance: Future antibiotic design must consider the distinctive phenotypes of PenA and PenI �-lactamases.

Burkholderia cepacia complex and Burkholderia pseudomal-
lei are opportunistic human pathogens. Resistance to�-lactams
among Burkholderia spp. is attributable to expression of �-lac-
tamases (e.g. PenA in B. cepacia complex and PenI in B. pseu-
domallei). Phylogenetic comparisons reveal that PenA and PenI
are highly related. However, the analyses presented here reveal
that PenA is an inhibitor-resistant carbapenemase,most similar
toKPC-2 (themost clinically significant serine carbapenemase),
whereas PenI is an extended spectrum �-lactamase. PenA
hydrolyzes �-lactams with kcat values ranging from 0.38 � 0.04
to 460 � 46 s�1 and possesses high kcat/kinact values of 2000,
1500, and 75 for �-lactamase inhibitors. PenI demonstrates
the highest kcat value for cefotaxime of 9.0 � 0.9 s�1. Crystal
structure determination of PenA and PenI reveals important
differences that aid in understanding their contrasting phe-
notypes. Changes in the positioning of conserved catalytic
residues (e.g. Lys-73, Ser-130, and Tyr-105) as well as altered
anchoring and decreased occupancy of the deacylation water
explain the lower kcat values of PenI. The crystal structure of
PenA with imipenem docked into the active site suggests why
this carbapenem is hydrolyzed and the important role of Arg-
220, which was functionally confirmed by mutagenesis and
biochemical characterization. Conversely, the conformation
of Tyr-105 hindered docking of imipenem into the active site
of PenI. The structural and biochemical analyses of PenA and
PenI provide key insights into the hydrolytic mechanisms of

�-lactamases, which can lead to the rational design of novel
agents against these pathogens.

Burkholderia cepacia complex is group of highly diverse bac-
teria that includes 17 different species (1, 2). B. cepacia com-
plexes are typically found in soil, water, and the rhizosphere of
crop plants (i.e. rice and wheat) and are used in both bioreme-
diation and as biopestidicides. Unique among prokaryotes, B.
cepacia complex has a large complex genome of seven mega-
bases with three chromosomes and a plasmid (3, 4). However,
these bacteria are also opportunistic-nosocomial pathogens of
whichBurkholderiamultivorans andBurkholderia cenocepacia
are most prevalent in this setting (3). Alarmingly, the bacteria
can survive for months in solutions, such as disinfectants,
saline, and mouthwash. Nosocomial infections can arise
through patients interacting with contaminated solutions
(5–17). In addition, B. cepacia complex is notorious for causing
respiratory infections in cystic fibrosis patients, who received
prolonged courses of broad spectrum antibiotics (1). As a
result, B. cepacia complex is inherently resistant to multiple
antibiotics. Adding to this, B. cepacia complex possesses many
mobile genetic elements and genomic islands that were
acquired through horizontal transfer (18).
Burkholderia pseudomallei is an intracellular pathogen and

the causative agent of melioidosis (i.e.Whitmore disease) (19).
This pathogen is also found in water and soil and is spread to
humans and animals through direct contact with these sources.
B. pseudomallei has the potential to be used in biological war-
fare and bioterrorism. Primary routes of infection by B. pseu-
domallei include inhalation, aspiration, and percutaneous
inoculation. Moreover, the bacterium can persist for long peri-
ods (years) in low nutrient environments (20, 21). Notably,
melioidosis has a 20–50% mortality rate even with treatment.
Melioidosis is predominantly a disease of tropical climates,
such as Southeast Asia andNorthernAustralia (22–24). Similar
to B. cepacia complex, B. pseudomallei also has a large genome
with two chromosomes; the transmission of genetic material
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betweenB. cepacia complex andB. pseudomallei is highly prob-
able (25, 26).
Currently, �-lactam antibiotics are recommended as a treat-

ment option for infections due to B. cepacia complex and B.
pseudomallei (27, 28).However, resistance to�-lactams is pres-
ent, and themechanistic basis for resistance is correlated to the
expression of �-lactamases (29–32) as well as decreased
expression of penicillin-binding proteins in B. pseudomallei
(33). B.multivorans and B. pseudomallei possess related �-lac-
tamases, PenA and PenI, respectively, that share 71% similarity
and 62% identity (34).
At present, �-lactamases (EC 3.5.2.6) are classified into four

different classes based on structural similarities (A–D) (35).
Class A, C, and D �-lactamases use a serine (e.g. Ser-70 in class
A enzymes; Ambler amino acid-numbering scheme (35)), as the
nucleophile, and class B �-lactamases are metalloenzymes
using one or two Zn2� ions for catalysis. PenA and PenI are
class A �-lactamases. In general, class A �-lactamases hydro-
lyze �-lactams through the reactionmechanism represented in

Fig. 1. Here, we use biochemical assays, crystallography, and
molecular modeling to dissect the hydrolytic mechanisms of
PenA and PenI. Understanding how �-lactamases interact with
their target ligand, �-lactams, is critical for devising strategies
to circumvent them and treat infections by these drug-resistant
and virulent pathogens.

EXPERIMENTAL PROCEDURES

ProteinAnalysis—Protein sequenceswere analyzed by BlastP
and Bl2Seq from theNational Center for Biotechnology Informa-
tion website (www.ncbi.nlm.nih.gov). Multiple sequence align-
ments were generated using Clustal 2.0.12 and BOXSHADE ver-
sion 3.31C from the Mobyle@Pasteur website. Phylogenetic
trees were constructed by submitting amino acid sequences
andusing the “one-click”mode of the phylogenetic analysis tool
developed by Information Génomique et Structurale and
funded by Réseau National des Génopoles (36–42).
Bacterial Strains and Plasmids—The blaPenA gene was

obtained by PCR of genomicDNA isolated fromB.multivorans
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FIGURE 1. Proposed reaction mechanism for a cephalosporin (red) with a class A serine �-lactamase (black). The carbonyl of �-lactam sits in the oxyanion
hole (electrophilic center) formed by the backbone nitrogens of Ser-70 and Xaa-237. The carboxylate forms a salt bridge to a positively charged amino acid,
Arg-220 with PenA and PenI. Either Lys-73 directly removes a proton from Ser-70 or Glu-166 removes a proton from a water molecule (blue), which activates the
nucleophilic Ser-70 to initiate acylation. Unprotonated Ser-70 attacks the �-lactam bond forming an acyl-enzyme. A proton shuttle starting with the �-lactam
and Ser-130 to Lys-73 followed by Glu-166 results in an unprotonated Glu-166. Unprotonated Glu-166 removes a proton from a water molecule (i.e. DW), which
attacks the acyl-enzyme complex resulting in water being added across the bond and deacylation of the inactivated �-lactam (69, 80).
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ATCC 17616. The blaPenI gene was a kind gift fromDr. Herbert
P. Schweizer (Colorado StateUniversity, Fort Collins, CO). The
full-length blaPenA and blaPenI genes were cloned into the
pET24a(�) plasmid using NdeI and BamHI restriction sites.
Both genes were subsequently subcloned from the pET24a(�)
plasmid into pBC SK(�) phagemid, including the ribosome-
binding site of pET24a(�) (pBC SK(�) lacks a ribosome-bind-
ing site) by using SacII and BamHI restriction sites for blaPenA
and SacI and BamHI restriction sites for blaPenI. The blaPenA
gene minus the first 81 nucleotides, which encode the signal
peptide for PenA, was cloned into the pGEX-6p-2 using the
BamHI and XhoI restriction sites with a glutathione S-trans-
ferase gene at the 5� end of the gene. The blaPenI geneminus the
first 90 nucleotides, which encode its signal peptide, was cloned
into the pET24a(�) plasmid using theNdeI and BamHI restric-
tion sites. blaPenA and blaPenI genes cloned into pBC SK(�)
phagemid were expressed in Escherichia coli DH10B cells for
susceptibility testing. The blaPenA gene (�1–81) cloned into the
pGEX-6p-2 and the blaPenI gene (�1–90) cloned into the
pET24a(�) plasmid were expressed in E. coli Origami 2 DE3
cells for protein purification. TheQuikChangeXL site-directed
mutagenesis kit (Stratagene) was used to perform site-directed
mutagenesis of pBC SK(�) blaPenA to generate the R220G sub-
stitution in PenA using the manufacturer’s protocol.
Antibiotic Susceptibility—Mueller-Hinton agar dilution

MICs,2 according to the Clinical and Laboratory Standards
Institute (43, 44), were used to phenotypically characterize E.
coli DH10B pBC SK(�) with blaPenA and blaPenI, as described
previously (45). Etest MIC assays were conducted using the
manufacturer’s instructions. Colonies, directly resuspended
into sterile water equivalent to a 0.5 McFarland standard, were
used to inoculate Mueller-Hinton agar plates. The IMI Etests
(Biomerieux Diagnostics) were placed on each plate; the bacte-
ria were grown at 37 °C for 18 h, andMICs were read. Chemical
structures of compounds tested are presented in Fig. 2, and the
sources of these compounds were described previously (46).

�-Lactamase Purification—The E. coli Origami 2 DE3 cells
producing the PenA and PenI �-lactamases were grown and
lysed as described previously (47). PenAwith a cleavable N-ter-
minal GST tag was purified from crude extracts using GSTrap
FF column as described previously (48). Crude extracts from
PenI pellets were used for preparative isoelectric focusing using
a pH 3.5–10 gradient, as described previously (48, 49).
Purity of the fractions from both preparations was deter-

mined by SDS-PAGE. Gels were stained with Coomassie Bril-
liant Blue R-250. Protein concentrations were determined by
measuring absorbance at�280 nm and using the protein’s extinc-
tion coefficient (��, 32,555 M�1 cm�1 for PenA and ��, 21,555
M�1 cm�1 for PenI at 280 nm), which were obtained using the
ExPASy ProtParam tool. To maintain full activity, PenA and
PenI were stored in 10 mM PBS with 25% glycerol at �20 °C.

Kinetics—Steady-state kinetic parameters were determined
using an Agilent 8453 diode array spectrophotometer (Santa
Clara, CA), as described previously (45, 50). Using Enzfitter
(Biosoft Corp., Ferguson, MO), a nonlinear least square fit of
the data (Henri-Michaelis-Menten equation) determined the
kinetic parameters, Vmax and Km as shown in Equation 1,

� � �Vmax�[S]�/�Km � [S]� (Eq. 1)

The �-lactamase inhibitors (CLAV, SUL, and TAZO) inacti-
vate �-lactamases by interfering with the catalytic mechanism.
For class A enzymes, CLAV, SUL, and TAZO are recognized as
�-lactams. The apparentKm (Km, app) value of the inhibitors for
the enzyme was determined using a direct competition assay
under steady-state conditions, as described previously (45, 50).
Partition ratios (kcat/kinact) at 15min for PenA and PenI were

obtained by incubating the enzymeswith increasing concentra-
tions of inhibitor at room temperature (45, 50). The ratio of
inhibitor to enzyme (I/E) necessary to inhibit the hydrolysis of
nitrocefin by greater than 99% was determined.
Crystallization and Structure Refinement—PenA and PenI

were crystallized by the vapor diffusion method using a 250-�l
reservoir with a 4-�l hanging drop (2 �l reservoir solution � 2
�l protein solution). For PenA, the well solution contained 25%
polyethylene glycol of 8 kilodaltons (PEG8K), 0.2 M sodium
chloride, 0.1 M sodium phosphate/citric acid at pH 4.2 and 15
mg/ml of PenA in 2 mMHEPES, pH 7.5. Two successful condi-
tions were obtained for PenI, one at pH 7.5 and the other at pH
9.5. Onewell solution contained 25% PEG8K, 0.1 M ammonium
sulfate, 0.1 M HEPES, pH 7.5, and 10 mg/ml protein in 2 mM

HEPES, pH 7.5, and the second contained 25% PEG8K, 0.1 M

N-cyclohexyl-2-aminoethanesulfonic acid, pH 9.5 (reservoir),
and 10 mg/ml protein in 2 mM HEPES, pH 7.5. Crystals
appeared in 1–2weeks reaching sizes of 0.4–0.8mm. The crys-
tals were cryoprotected by dipping them into a reservoir solu-
tion containing 20% glycerol, flush-cooled, and kept at 100 K
with a nitrogen gas stream.
The 0.5° oscillation images were collected on a Q270 CCD

detector with synchrotron radiation (� � 1.00 Å at beamline
NE3A of the Advanced Ring of the Photon Factory, Tsukuba,
Japan). The HKL2000 program was used to index and scale
x-ray intensities (51). For the PenI structure, the � was close to
90° (89.996° as the HKL2000 output) in the C2 space group.
Other bravais-lattice candidates, which were suggested by
HKL2000, were also examined. Only in the case of the C Cen-
tered Monoclinic was a reasonable Rmerge value (0.04 versus
�0.4) obtained.
Molecular replacement for PenI structure obtained at pH 9.5

was completed at 2.0 Å using CTX-M-9 �-lactamase (PDB
entry 2P74) as a search model with the program Phaser with
PhenixAuto-MRwizard (52). Formolecular replacement of the
other two structures, theworkingmodel of PenI at pH9.5 struc-
ture was used as a search model. With the highest resolution
data, anisotropic B-factors with SIMU restraint 0.025 were
introduced. At this step, Rfactor and Rfree values were reduced
from 0.176/0.205 to 0.136/0.170, from 0.201/0.218 to 0.159/
0.186, and from 0.201/0.242 to 0.141/0.189 for PenI at pH 9.5,
PenI at pH 7.5, and PenA, respectively. The validity of these

2 The abbreviations used are: AMP, ampicillin; THIN, cephalothin; TAZ, cefta-
zidime; TAX, cefotaxime; AZT, aztreonam; IMI, imipenem; CLAV, clavulanic
acid; SUL, sulbactam; TAZO, tazobactam; PEG8K, polyethylene glycol at 8
kDa; r.m.s.d., root mean squared deviation; MDS, Molecular Dynamics Sim-
ulation; DW, deacylation water; PDB, Protein Data Bank; ESBL, extended
spectrum �-lactamase; MIC, minimal inhibitory concentration.
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steps in the refinement was verified with PARVATI, a program
that analyzes the modeled anisotropy (53). Riding hydrogen
atoms were later added. Rfactor and Rfree values were reduced
from 0.126/0.167 to 0.115/0.154, from 0.144/0.171 to 0.134/
0.159, and from 0.143/0.187 to 0.132/0.174 for PenI at pH 9.5,
PenI at pH 7.5, and PenA, respectively.
The occupancies of the DWs of PenI structures were refined,

because the electron densities in the 2Fo � Fc map were poor
compared with the PenA structure. The occupancies of the
amino acid residues with poor density with the 1.0 � 2Fo � Fc
map were set as 0.6. The atoms with no electron density in the
map were not included in the final model.
The results showed clear initial solutions and a reasonable

molecular arrangement of each of the�-lactamases in an asym-
metric unit. The model was then subjected to numerous cycles
of conjugate gradient refinement and stepping to add higher
resolution data with the program SHELX-97 followed by man-
ual model building with the programCOOT (54, 55). See Table
1 for data collection and refinement statistics. The coordinates
were deposited in the Protein Data Bank (PenA, PDB code

3W4Q; PenI, pH 7.5, PDB code 3W4P; and PenI, pH 9.5, PDB
code 3W4O).
Molecular Modeling—The atomic coordinates of PenA and

PenI, from the crystal structures reported here were used to
construct Michaelis-Menten and acyl-enzyme complexes with
IMI as described previously using Discovery Studio 3.1 (Accel-
rys, Inc. San Diego) molecular modeling software (45). IMI was
constructed using Fragment Builder tools and was minimized
using a Standard Dynamics Cascade protocol of Discovery Stu-
dio 3.1. IMI was automatically docked into the active site of
PenA using the CDOCKER module of Discovery Studio 3.1
(56). This protocol uses a CHARMm-based molecular dynam-
ics scheme to dock ligands into a receptor-binding site. For IMI
docking into the PenI active site, LibDock algorithm was
employed (57–59). LibDock is a high throughput algorithm for
docking, which uses a set of pre-generated ligand conforma-
tions to dock ligands into a receptor-active site. From a maxi-
mum of 1000 pre-calculated IMI conformations, 100 hits were
retained and scored (with a minimum LibDock score of 100).
The best conformations were automatically aligned to polar
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and apolar active site hot spots, and the best scoring poses were
reported. At this step, the hydrogen atoms were not main-
tained. To further optimize the docked poses (i.e. add hydro-
gens and prevent the clashes between the receptor and ligand),
a CHARMm minimization step was used. For this step the
SmartMinimization algorithmwas employed (i.e. 1000 steps of
steepest descent with a root mean square gradient tolerance of
3Å, followed byConjugateGradientminimization, with a root-
mean square deviation (r.m.s.d.)-minimization gradient of
0.001 Å). For the final minimization of the IMI conformations
into the active site of PenI, a r.m.s.d. cutoff of 1 Å was chosen.
The resulting conformations of both PenA and PenI com-

plexes were analyzed; themost favorable positioning of the IMI
was chosen, and the complexes between the enzyme and inhib-
itor created, as described previously (60).
To check the stability of the complexes, a 6-ps Molecular

Dynamics Simulation (MDS) was conducted for all enzyme-
IMI complexes, as described previously (46, 50). During the
heating/cooling, equilibration and production stages ofMDS, a
temperature of 300 K and a constant pressure weremaintained.
The long range electrostatics were treated with Particle Mesh
Ewald and explicit solvation with Periodic Boundary Condi-
tion. The MDS for PenA-IMI complexes was run without any
constraints. The first 4000 steps (4 ps) ofMDS (heating/cooling
and equilibration) of PenI with IMI were run using distance
constraints to tether the carbonyl oxygen of IMI toward the
oxyanion hole, which is made up of the amide backbone nitro-
gens of Ser-70 and Thr-237. For the production step of MDS,
the system was free without any constraints.
Imipenem Hydrolysis Assay—Periplasmic extracts were pre-

pared from E. coli DH10B pBC SK(�), E. coli DH10B pBC
SK(�) blaPenA, and E. coliDH10B pBC SK(�) blaPenA carrying

the R220G substitution as described previously (47). Total pro-
tein concentrations were measured for periplasmic extracts
using protein assay according to the manufacturer’s instruc-
tions (Bio-Rad). Imipenemhydrolysis wasmonitored at 297 nm
for 20 min using 100 �M imipenem and 12 �g of protein from
the periplasmic extracts.

RESULTS AND DISCUSSION

Divergent Phenotypes, PenA Is a Carbapenemase and PenI Is
an ESBL—One of the most significant threats in clinical medi-
cine is resistance to carbapenems, as they are the “last line” of
therapy for many types of infections (61, 62). Thus, the identi-
fication of classA�-lactamases, like PenA,with carbapenemase
activity is highly alarming (63–67). Similarly, our analysis of
PenI reveals it possesses ESBL properties. Thus, Burkholderia
spp. harbor intrinsic �-lactamases that confer multidrug resis-
tance phenotypes.
PenA and PenI possess the most amino acid sequence simi-

larity and identity with the �-lactamases, LUT-1, Sed-1,
FONA-1, CTX-M-1, and Toho-1, and the carbapenemase,
KPC-2 (Fig. 3A). A phylogenetic comparison of the primary
sequences of PenA and PenI to other commonly identified
�-lactamases illustrates that PenA and PenI cluster together
and are mostly related to the inhibitor-resistant carbapen-
emase, KPC-2, and the ESBL, CTX-M-9 (Fig. 3B).
In vivo susceptibility testing reveals that E. coli expressing

blaPenA demonstrate resistance to all four classes of �-lactam
antibiotics (i.e.AMP, THIN and TAX, AZT, and IMI) as well as
all currently available �-lactam-�-lactamase inhibitor combi-
nations (i.e. AMP-CLAV, AMP-SUL, and PIP-TAZO) (Table 2
and Fig. 2). On the contrary, E. coli-producing blaPenI shows
lower levels of resistance to all tested compounds compared

TABLE 1
X-ray data collection and crystallization refinement statistics

PenI at pH 9.5 PenI at pH 7.5 PenA at pH 4.2

Data collection
Space group P21 P21 C2
Cell constant 41.4, 52.8, 50.5 41.4, 52.7, 50.5 121.0, 69.9, 84.4
a, b, c 90.0, 92.6, 90.0 Å 90.0, 92.5, 90.0 Å 90.0, 90.0, 90.0 Å
Wavelength 1.000 Å 1.000 Å 1.000 Å
Resolution 50 to 1.18 Å (1.22 to 1.18 Å 50 to 1.05 Å (1.07 to 1.05 Å) 50 to 1.20 Å (1.22 to 1.20 Å)
Observations 274,380 (21,669) 375,483 (8696) 845,028 (36,428)
Unique reflections 68,595 (6191) 98,393 (3781) 208,965 (10,119)
Rmerge 0.088 (0.286) 0.092 (0.350) 0.039 (0.450)
Completeness 96.4% (87.5%) 97.8% (75.7%) 95.5% (93.1%)
Average I/�(I) 14.8 (4.3) 13.6 (2.6) 31.6 (2.7)

Data refinement
Resolution range 15 to 1.18 15 to 1.05 15 to 1.2
No. of reflections used (F � 0�(F)) 66,491 95,315 202,528
Rwork/Rfree

a 0.1138/0.1528 0.1345/0.1602 0.1322/0.1749
Rtotal 0.1150 0.1354 0.1334
Residue in Ramachandran zone
Favored/allowed 260 (98.5%)/4 (1.5%) 262 (99.2%)/2 (0.8%) 759 (98.8%)/9 (1.2%)
Disallowed 0 0 0
r.m.s.d. values from ideality
Bond lengths 0.013 Å 0.014 Å 0.013 Å
Bond angles 0.031 Å 0.029 Å 0.031 Å
Zero chiral volumes 0.080 Å3 0.081 Å3 0.074 Å3

Nonzero chiral volumes 0.088 Å3 0.096 Å3 0.080 Å3

Mean B-factor (no. of atoms)
Protein 9.35 (2130) 12.57 (2104) 16.39 (6039)
Solvent 21.83 (249) 26.27 (171) 31.16 (929)
Others 14.06 (19) 35.38 (23) None
Total 10.68 (2398) 13.82 (2298) 18.36 (6968)
No. of hydrogen atoms 2137 2088 5949

aRfree values were calculated from 3% of reflections, respectively.
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FIGURE 3. Comparisons of PenA and PenI with other �-lactamases. A, amino acid sequence alignments based on BlastP search. Amino acid sequence in
black background indicates identity; gray background indicates similarity, and white background indicates differences. B, phylogenetic tree comparing PenA and
PenI to prevalent �-lactamases identified by Dr. George Jacoby of the Lahey Clinic.

TABLE 2
In vivo susceptibility testing for blaPenA and blaPenI represented in mg/liter
�-Lactam abbreviations are as follows: AMP, ampicillin; THIN, cephalothin; TAZ, ceftazidime; TAX, cefotaxime; AZT, aztreonam; IMI, imipenem; CLAV, clavulanic acid;
SUL, sulbactam; PIP, piperacillin; and TAZO, tazobactam.

AMP THIN TAZ TAX AZT IMI AMP/CLAVa AMP/SULa PIP/TAZOb

E. coli DH10B pBC SK(�) 4 2 0.25 0.06 0.25 0.5 50/0.06 50/1 2/0.25
E. coli DH10B pBC SK(�) blaPenA 8192 2048 8 16 64 4 50/32 50/256 128/16
E. coli DH10B pBC SK(�) blaPenI 512 256 4 4 8 0.25 50/0.125 50/4 4/0.5

a AMP was maintained at a constant concentration of 50 mg/liter, and CLAV and SUL concentrations were varied.
b For PIP/TAZO, both were varied at a ratio 8:1.
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with cells carrying blaPenA, and it is only resistant to AMP,
THIN, and to a lesser extent, TAZ, TAX, and AZT (Table 2).
Steady-state kinetic analyses parallel susceptibility testing as

PenA can hydrolyze AMP, THIN, TAX, AZT, and IMI with
kcat/Km values of 3.6 	 0.4 s�1, 3.1 	 0.3 s�1, 0.48 	 0.05 s�1,
0.16 	 0.02 s�1, and 0.05 	 0.01 s�1, respectively (Table 3).
PenI demonstrates lower catalytic efficiencies for all �-lactams
compared with PenA, but the highest kcat value (i.e. 9.0 	 0.9
s�1) is for TAX (Table 3). Interestingly, PenA and PenI display
distinct substrate spectra.
The �-lactamase inhibitors CLAV, SUL, and TAZO were

developed to circumvent the production of �-lactamases. Both
PenA and PenI exhibit Km, app values in the low micromolar
range (i.e. 0.5 	 0.1 to 4.1 	 0.5 �M) to the �-lactamase inhib-
itors CLAV, SUL, and TAZO (Table 4). However, the partition
ratios (kcat/kinact) tested at 15min differ greatly between the two
enzymes. PenA possesses much larger kcat/kinact values of 2000,
1500, and 50 for CLAV, SUL, and TAZO, respectively, whereas
the values for PenI are 5, 5, and 1.
The ability of PenA to hydrolyze inhibitors as well as all

classes of �-lactams (i.e. penicillin, cephalosporins, monobac-

tams, and carbapenems) is worrisome; currently, �-lactamase
inhibitors are not available that can inhibit this enzyme.
Crystallography Reveals Key Differences between PenA and

PenI That Explain Phenotype and Catalytic Properties—The
PenA crystal structure was obtained at a 1.2 Å resolution at pH
4.2, and the PenI structures were obtained at 1.05 Å resolution
at pH 7.5 and at 1.18 Å resolution at pH 9.5. The PenA �-lacta-
mase crystal was in the space groupC2with threemolecules per
asymmetric unit (Table 1). The PenI�-lactamases at pH7.5 and
pH 9.5 were both crystallized in space group P21 with one mol-
ecule in the asymmetric unit (Table 1).
Despite differences in amino acid sequence, PenA and PenI,

pH 7.5, have very similar overall three-dimensional structures
(i.e. r.m.s.d. � 0.59 Å for C	 atoms between positions 32 and
289). To identify differences that may contribute to the con-
trasting kinetic properties of PenA and PenI, the 70SXXK73

motif, 130SDN132 loop, 234KTG236 motif, B3 �-strand, 102–110
loop, and 
 loop were compared; r.m.s.d. values comparing
PenA to PenI, pH 7.5, are 0.41, 0.53, 0.23, 0.49, and 0.27 Å for
these motifs, respectively (Fig. 4).

70SXXK73 Motif—The 70SXXK73 motif contains the nucleo-
philic Ser-70 as well as Lys-73, which can serve as a general base
to initiate �-lactam acylation and is also involved in the proton
shuttle during �-lactam hydrolysis (Fig. 1). Fig. 5A shows that
two conformations of Lys-73 are found in the structure of PenI
obtained at pH 9.5. An overall decreased hydrolytic profile is
observed in PenI compared with PenA, and the positioning of
Lys-73 may be an important contributing factor. In conforma-
tion 1, which is identical to the conformation observed in PenA
(Fig. 5A, cyan), the N
 of Lys-73 can form hydrogen bonds with
the O�1 of Asn-132 (distance 2.6 Å) and the O� of Ser-70 (dis-
tance 2.5 Å), and in conformation 2, the N
 of Lys-73 is within
hydrogen bonding distance of the O�1 of Glu-166 (distance 2.6
Å) and the O� of Ser-70 (distance 2.9 Å). Not only are Lys-73
and Ser-70 important for �-lactam hydrolysis, but Glu-166 can

TABLE 3
Steady-state kinetic parameters for PenA and PenI with selected
�-lactams
Km and kcat values were determined under pseudo-first order conditions, and a
nonlinear least square fit of the data to the Henri-Michaelis-Menten equation was
determined using the kinetic parameters. Each experiment was completed in trip-
licate, and the error values represent the mean 	 S.E.

Km kcat kcat/Km

�M s�1 �M�1 s�1

AMP
PenA 88 	 9 285 	 29 3.2 	 0.3
PenI 12 	 3 0.69 	 0.07 0.06 	 0.01

THIN
PenA 71 	 7 221 	 21 3.1 	 0.3
PenI 42 	 4 4.2 	 0.4 0.10 	 0.01

TAX
PenA 295 	 30 142 	 14 0.48 	 0.05
PenI 410 	 41 9.0 	 0.9 0.022 	 0.002

Nitrocefin
PenA 142 	 14 460 	 46 3.2 	 0.3
PenI 35 	 4 4.9 	 0.4 0.14 	 0.01

AZT
PenA 378 	 40 60 	 6 0.16 	 0.02
PenI 104 	 10 2.1 	 0.2 0.020 	 0.002

IMI
PenA 7 	 1 0.38 	 0.04 0.05 	 0.01
PenI NDa ND ND

a NDmeans no measurable hydrolysis of imipenem was detected.

TABLE 4
Steady-state kinetic parameters for PenA and PenI with �-lactamase
inhibitors
The Km, app value was determined using a direct competition assay under steady-
state conditions. kcat/kinact represents the ratio of inhibitor to enzyme (I/E) neces-
sary to inhibit the hydrolysis of NCF by greater than 99%. Each experiment was
completed in triplicate, and the error values represent the mean 	 S.E.

Km, app kcat/kinact
�M

CLAV
PenA 3.1 	 0.3 2000
PenI 2.3 	 0.2 5

SUL
PenA 4.1 	 0.4 1500
PenI 2.4 	 0.2 5

TAZO
PenA 0.5 	 0.1 50
PenI 1.9 	 0.2 1

FIGURE 4. Overlay of the PenA (colored) and PenI (gray) active sites high-
lighting the following major motifs: 70SXXK73 motif (green), 130SDN132

loop (orange), 234KTG236 motif (yellow), B3 �-strand (yellow), 102–110
loop (blue), and � loop (red), and the approximate binding pocket (gray
oval) for �-lactams and �-lactamase inhibitors.
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also serve as a general base important for acylation and deacy-
lation of �-lactams (Fig. 1). As a consequence, both the inter-
actions observed between Lys-73, Glu-166, and Ser-70 in con-
formation 2, as well as the ability of Lys-73 to have two
conformations,may decrease substrate hydrolysis due to inhib-
iting the proper function of these residues (e.g. decreased ability
of Lys-73 to abstract a proton from Ser-70, altered proton shut-
tling, and changes in the pKa of Glu-166).
Unlike PenI, PenA possesses a Phe at position 72. The S72F

substitution was implicated in promoting CLAV resistance in
PenI by increasing theKi of the enzyme for CLAV (31, 68). This
hydrophobic amino acid may contribute to the CLAV resis-
tance phenotype found in PenA by altering the overall geome-
try of the oxyanion hole.

130SDN132 Loop—The 130SDN132 loop contains Ser-130,
which participates in the proton shuttle for�-lactamhydrolysis
(Fig. 1) and is critical for inactivation of a �-lactamase by a
�-lactamase inhibitor (69). Also present in the loop is Asn-132,
which stabilizes the Michaelis complex. Two conformations of
Ser-130 are found in PenI at pH 7.5. In conformation 1, the O�
of Ser-130 is within hydrogen bonding distance of the N
 of
Lys-73 (distance 3.0 Å), which is similar to the orientation
observed in PenA (Fig. 5A, cyan). In conformation 2, the O� of
Ser-130 can form hydrogen bonds with the N
 of Lys-234 (dis-
tance 2.7 Å); and an additional hydrogen bond can be observed
between the O� of Ser-130 and a sulfate molecule (SO42010,
distance 2.6 Å) trapped in the active site of PenI. Similar to
Lys-73, flexibility of Ser-130 may impede hydrolysis of �-lac-
tams by PenI, further supporting the lower -catalytic efficien-
cies for �-lactams observed with PenI compared with PenA
(70). As with Lys-73, the decreased ability to shuttle protons by
Ser-130 affects hydrolysis rates.

234KTG236 Motif and B3 �-Strand—The hydrogen bonding
network between residues 236, 237, 220, and 276was previously
demonstrated to be critical for binding and hydrolysis of �-lac-
tams and �-lactamase inhibitors by the carbapenemase, KPC-2
(46, 47). In both PenA and PenI, the O�1 of Thr-237 and the O
of Gly-236 can form a hydrogen bonding network with theN
2
and the N
1 of Arg-220, respectively, in addition the N� of
Arg-220 is within hydrogen bonding distance of the O�1
Asp-276.
102–110 Loop—The importance of 105 in �-lactam binding

was previously shown in KPC-2 (50), and as a result attention
was directed to the 102–110 loop. The crystal structure shows
that theO
 of Tyr-105 of PenA can form a hydrogen bondwith
the hydroxyl side chain of Tyr-129 (distance 2.8 Å) and pos-
sesses a t rotamer orientation (trans, t80°); conversely, the Tyr-
105 of PenI is in them rotamer orientation (minus,m �85°/m
�30°) (Fig. 5A) (71). Typically, them rotamer is only observed
in crystal structures of �-lactamases bound by an inhibitor and
is hypothesized to stabilize hydrophobic ligand side chains (71).
Molecular dynamics studies revealed that Tyr-105 is a dynamic
residue, and for optimal �-lactam binding the t rotamer is nec-

FIGURE 5. Crystal structures of PenA and PenI. A, overlay of active site of
PenA (cyan), PenI at pH 7.5 (orange), and PenI at pH 9.5 (gray) highlighting the
alternate conformations of Lys-73, Ser-130, Tyr-105, and Asn-170. B, electron
density of PenA active site showing the occupancy of the DW molecule is at

100%. Also represented is the water molecule in the oxyanion hole (OAW). C,
electron density of PenI, pH 7.5, active site showing the occupancy of the DW
molecule is at 21.7%. Also represented is the water molecule in the oxyanion
hole (OAW).
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essary (71). The decreased catalytic activity of PenI compared
with PenA may also be the result of the orientation of Tyr-105
obstructing the active site thus preventing the �-lactam from
binding.


 Loop and Deacylation Water—The 
 loop includes resi-
dues 164–179 and contains two critical active-site residues,
Glu-166 and Asn-170; both residues anchor the DWmolecule
required for �-lactam hydrolysis (Fig. 1). Hydrogen bonding
interactions between DW molecules and the three structures
are different. In the PenA structure, the DW molecule forms
hydrogen bonds with the O�2 of Glu-166, the N�2 of Asn-170,
the N of Ser-70, and O� of Ser-70. Compared with PenA (Fig.
5A), in PenI at pH7.5 andpH9.5, the side chains ofAsn-170 and
Glu-166 are rotated 180°, and thus the hydrogen bonding inter-
actions with the DW are different (Fig. 5A). Specifically, in the
pH 7.5 structure, theDW is not anchored appropriately toAsn-
170; this suggests that the DW may be impaired in promoting
deacylation of the �-lactam. In addition, the rotation of Glu-166
changes thehydrogenbondingpartner fromtheO�2ofGlu-166 to
the O�1 of Glu-166 with the DW. In the PenI structure at pH 9.5,
theDWpossesses additional hydrogen bonds to theN�2 andO�1
of Asn-170, which may decrease the rate of deacylation. In addi-
tion to the alterations in hydrogen bonding pattern of the DW in
the three structures, the DWmolecule is at a lower occupancy in
PenI about 25% (21.7% at pH 7.5 and 27.4% at pH 9.5) compared
with PenA, which is at 100% (Fig. 5, B and C). The lower DW
occupancymay further explainwhy PenI demonstrates lower cat-
alytic activity compared with PenA.
In class A �-lactamases, substitutions within the 
 loop can

confer cephalosporin resistance (72, 73). A substitution from
Pro-167 to Thr results in TAZ resistance in the class A ESBL,
CTX-M-23 (74). PenA possesses Thr-167; conversely, PenI has

Pro-167. PenA demonstrates a TAZ resistance level one dilu-
tion higher than PenI.
Hydrogen bonding interactions between the 
 loop and B3

�-strand have been shown to decrease the flexibility of the B3
�-strand andnarrow the spectrumof the�-lactamase (75). Spe-
cifically, Arg-241, which is near the B3 �-strand in the SHV-1
class A �-lactamase, was shown to be important for stabilizing
the 
 loop; however, in PenA and PenI, a tyrosine is present at
position 241. This changemay allow the B3 �-strand to be flex-
ible and thus be displaced from the 
 loop, increase the dis-
tance between the two, and allow larger cephalosporins (e.g.
TAX) to be hydrolyzed.
PenA Shares Significant Structural Similarities with KPC-2—

PenAwas comparedwithKPC-2 as this�-lactamase is themost
prevalent and clinically important class A carbapenemase (76).
r.m.s.d. for PenA to KPC-2 is 1.0 Å. KPC-2 is similar to PenA in
the fivemajormotifs anddemonstrates similar differences from
PenI as observed in the PenA-PenI comparison. A major differ-
ence is the lackof a disulfide bond inPenAandPenI that is present
between Cys-69 and Cys-238 in KPC-2 as well as other class A
carbapenemases. Notably, KPC-2 contains the 237, 220, and 276
hydrogen bonding network, which is necessary for binding and
hydrolysis of�-lactams aswell asCLAVresistance (46). Theoccu-
pancy of DW in KPC-2 is at 100% and is anchored between Glu-
166 andAsn-170.Thephenotypeof PenA, being so comparable to
that of KPC-2, may be attributed to their similarities.
Molecular Modeling of PenA and PenI with IMI, Insights into

Carbapenemase Activity—Carbapenems are the last line of
therapy for many types of infections (61, 62). PenA hydrolyzes
carbapenems with a kcat of 0.38 	 0.4 s�1, although carbap-
enem hydrolysis by PenI was not detectable. In addition, E. coli
DH10B carrying blaPenA is resistant to imipenem (MIC 4mg/li-

FIGURE 6. Molecular modeling of PenA and PenI with imipenem. A, Michaelis-Menten complex of PenA (cyan) with IMI (green) shows that the carbonyl of IMI
is oriented toward the oxyanion hole, the backbone amides of Ser-70 and Thr-237. B, Michaelis-Menten complex of PenI (orange) with IMI (green) reveals the
different conformation of Tyr-105 compared with PenA model. C, �2 isoform of IMI (green) with PenA (cyan) reveals the carbonyl of IMI is within the oxyanion
hole and in a position favorable for deacylation. D, �2 isoform of IMI (green) with PenI (orange) demonstrates that the carbonyl of IMI is outside of oxyanion hole.
Water molecules (not shown) are present near Arg-220; thus IMI is in a favorable orientation for tautomerization of its C2–C3 double bond for generation of the
more stable �1 isoform.
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ter), whereasE. coliDH10B-producing blaPenI is susceptible. As
a result, PenA and PenI were modeled with the carbapenem,
IMI, to gain insight intowhy PenA is a carbapenemase and PenI
is not. Michaelis-Menten complexes of IMI with PenA reveal
that IMI is primed for acylation with PenA (Fig. 6A). The car-
bonyl of IMI is oriented toward the backbone amides of Ser-70
and Thr-237, which is the oxyanion hole or electrophilic center
of �-lactamases. In contrast, the positioning of Tyr-105 hin-
dered the docking of IMI into the active site of PenI. Docked
complexes were eventually achieved, and the carbonyl of IMI is
positioned toward the oxyanion hole (Fig. 6B).
To gain further insights into the mechanism, the acyl-en-

zyme complexes of PenA and PenI with IMI were constructed
with the �2 isoform of IMI. Upon acylation, carbapenems can
form two isoforms (e.g. �23 �1) due to tautomerization of the
pyrroline-double bond from C2–C3 to C3–C4 (Fig. 2). In
TEM-1, a class A enzyme, deacylation of the carbapenem pro-
ceeds more rapidly with the �2 isoform; the �1 isoform deacy-
lates slowly (77, 78). An arginine residue at 244 in the TEM-1
�-lactamase coordinates a water molecule that is the source of
the proton for this tautomerization (79); the Arg-244 equiva-
lent in PenA and PenI is Arg-220.
In the molecular representation of PenA with the �2 iso-

form of IMI, the carbonyl of IMI is docked in the oxyanion
hole (2.7 Å from the N of Ser-70 and 2.9 Å from the N of
Thr-237) (Fig. 6C). The O4 of the IMI carboxylate forms a
hydrogen bonding interaction with the N
1 of Arg-220 (dis-
tance 2.9 Å); no waters are found near (within 4 Å) Arg-220
to promote tautomerization. Thus, the IMI is oriented in a
position for deacylation.
To confirm this model, we substituted Arg-220 to Gly; this

resulted in a loss of IMI resistance by PenA and a significant
decrease in catalytic activity whenmeasured enzymatically (Fig. 7,
A and B). Therefore, Arg-220 is critical for interacting with IMI.
In contrast, in the model of PenI with the �2 isoform of IMI,

the carbonyl is not in an oxyanion hole (Fig. 6D). The Arg-220
can form a hydrogen bond with the O4 of the IMI carboxylate,
and water molecules are within hydrogen bonding distance of
Arg-220, which may influence the tautomerization of IMI in
PenI to the unhydrolyzable and stable �1 isoform.
The carbapenemase phenotype of the PenA enzymes com-

pared with PenI may also be attributed to the positioning of
Tyr-105, thus allowing IMI to enter the active site. In addition,
the �2 isoform of IMI forms interactions that are favorable for
deacylation; the carbonyl of IMI remains in the oxyanion hole
during the 6-ps molecular dynamics simulation, unlike with
PenI. Finally, the water molecules necessary for tautomeriza-
tion of the IMI to the more stable �1 isoform are not near
Arg-220 in PenA but are present in PenI.
Conclusions—B.multivorans is an opportunistic nosocomial

pathogenprimarily infecting patientswith cystic fibrosis, andB.
pseudomallei is the causative agent ofmelioidosis andpossesses
the potential to be used as a bioweapon. Both organisms are
resistant to�-lactam antibiotics, and this phenotype is linked to
the expression of a classA�-lactamase, PenA inB.multivorans,
and PenI in B. pseudomallei.
Here, the crystal structures of two phylogenetically similar

yet phenotypically distinct �-lactamases from Burkholderia

were analyzed to dissect their different mechanisms. Kinetic
and crystallographic analysis of both enzymes revealed key dif-
ferences that may directly lead to their unique phenotypes.
Alterations in the positioning of important catalytic residues
(e.g. Lys-73, Ser-130, and Tyr-105) may directly contribute to
PenI’s lower catalytic efficiencies and kcat/kinact values toward
�-lactams and �-lactamase inhibitors, respectively, compared
with PenA. In addition, altered anchoring of and decreased
occupancy of the DW molecule is most likely another consid-
eration of importance. On a different note, resistance to �-
lactamase inhibitors by PenAmay be the result of the presence
of Phe at 72, as well as the topology of the active site; PenA
demonstrates strong similarity to KPC-2, an inhibitor-resistant
carbapenemase.
Distressingly, these studies highlight the tremendous hurdles

that appear before the medicinal chemist and clinician facing
the challenge of designing drugs to treat multidrug resistance
Gram-negative pathogens. For the former, designing novel
�-lactams that can be effective against a pathogen harboring
two different �-lactamases that possess contrasting properties
is a complex endeavor. To the latter, the correct combination of
drugs that will affect a durable cure must be chosen.
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FIGURE 7. Arg at position 220 is critical for imipenem resistance and
hydrolysis by PenA. A, Etests for E. coli DH10B pBC SK(�) (left), E. coli DH10B
pBC SK(�) blaPenA (middle), and E. coli DH10B pBC SK(�) blaPenA carrying the
R220G substitution (right) reveals MICs of 0.19, 1.5, and 0.25 mg/liter, respec-
tively. B, imipenem hydrolysis was monitored at 297 nm using periplasmic
extracts prepared from E. coli DH10B pBC SK(�) (black line), E. coli DH10B pBC
SK(�) blaPenA (black dotted line), and E. coli DH10B pBC SK(�) blaPenA carrying
the R220G substitution (gray striped line).
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