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␤-Lactamase inhibitory protein II (BLIP-II) is a potent inhibitor of class A ␤-lactamases. KPC-2 is a class A ␤-lactamase that is
capable of hydrolyzing carbapenems and has become a widespread source of resistance to these drugs for Gram-negative bacteria. Determination of association and dissociation rate constants for binding between BLIP-II and KPC-2 reveals a very tight
interaction with a calculated (koff/kon) equilibrium dissociation constant of 76 fM (76 ⴛ 10ⴚ15 M).

eta-lactam antibiotics are among the most often used antimicrobial agents (1). Bacterial resistance to these agents is increasing, and the resulting loss of treatment options is a threat to
public health (2, 3). The major mechanism of bacterial resistance
to ␤-lactam antibiotics is the production of ␤-lactamase enzymes
that catalyze the hydrolysis of the ␤-lactam ring to create ineffective antimicrobials (4). The carbapenem class of ␤-lactam antibiotics had been held in reserve as agents of last resort due to their
resistance to the action of ␤-lactamases (5). However, ␤-lactamases capable of hydrolyzing carbapenem antibiotics are emerging in
Gram-negative bacteria leading to resistance to these drugs. In
particular, metallo-␤-lactamases, such as NDM-1, and class A serine active site enzymes, including KPC-2, are a significant clinical
threat (6, 7).
KPC-2 ␤-lactamase was first found in an isolate of Klebsiella
pneumoniae in North Carolina in 1996 (8). The gene encoding the
KPC-2 enzyme is present within a Tn3 family transposon
(Tn4401) on transferable plasmids (9). Strains of Enterobacteriaceae producing KPC ␤-lactamase have disseminated widely in the
United States and many countries worldwide (10–12).
The ␤-lactamase inhibitory protein (BLIP) is a 165-aminoacid protein inhibitor of class A ␤-lactamases that was discovered
in Streptomyces clavuligerus in 1990 (13). Interestingly, S. clavuligerus also produces the mechanism-based inhibitor, clavulanic
acid, and so this organism produces both protein and small-molecule inhibitors of class A ␤-lactamases (14, 15). More recently,
other BLIPs have been discovered; they include BLIP-I, which is
37% identical to BLIP and has a similar protein fold, and BLIP-II,
which is unrelated in sequence and structure to BLIP and BLIP-I
(16–18).
The structure of BLIP-II alone and in complex with TEM-1 or
Bla1 ␤-lactamase reveals it has a seven-blade ␤-propeller fold type
that utilizes a number of ␤-turns and loops to form interactions
with the loop-helix region of ␤-lactamase from positions 99 to 114
(18, 19). Biochemical studies indicate that BLIP-II is a potent inhibitor of class A ␤-lactamases with binding constant (Kd) values
in the picomolar range for the TEM-1, Bla1, SHV-1, CTX-M-14,
SME-1 and Staphylococcus aureus PC1 enzymes (19, 20).
In this study, we investigated the potency of BLIP-II as an inhibitor of the KPC-2 carbapenemase. In previous studies of BLIP–
␤-lactamase interactions, we have utilized a ␤-lactamase inhibition assay to determine an inhibition constant (21, 22). However,
preliminary experiments using the assay with BLIP-II and KPC-2
␤-lactamase indicated that the potency was at least in the picomo-
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lar inhibition constant (Ki) range, and therefore, the low concentrations of enzyme necessary for an accurate assay are not possible,
and the inhibition assay cannot be used.
The equilibrium dissociation constant for the BLIP-II and
KPC-2 ␤-lactamase interaction was therefore obtained by determining the association (kon) and dissociation (koff) rate constants
for the interaction. BLIP-II was purified for the binding experiments as described previously (19, 20). The protein concentration
was determined by a Bradford assay, the results of which were
compared with a standard curve calibrated by quantitative amino
acid analysis. KPC-2 ␤-lactamase was expressed in Escherichia coli
using an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible
promoter, and the bacterial pellet was resuspended in 20% sucrose
and 10 mM Tris (pH 8.0) at a ratio of 50 ml per liter of culture. The
periplasmic materials were released by adding one-half volume of
ice-cold water. After clarification by centrifugation (11,000 rpm
for 30 min), the periplasmic materials were passed through an SP
ion-exchange column to absorb unwanted proteins. The passthrough materials were adjusted to pH 5.8 using morpholineethanesulfonic acid (MES) acid and then passed through a
stack of three 5-ml HiTrap SP cartridges. The bound proteins were
eluted in an NaCl gradient of 0 to 1,500 mM in MES (pH 6) using
a fast-performance liquid chromatography (FPLC) system. Fractions were subjected to SDS-PAGE analysis. Fractions containing
highly pure KPC (⬎80%) were pooled, concentrated, and subjected to a Superdex 75 gel filtration sizing chromatography purification step. The resulting enzyme was greater than 90% pure as
judged by SDS-PAGE. The KPC-2 concentration was determined
by UV adsorption at 280 nm with an extinction coefficient of
39,545 M⫺1 cm⫺1.
The association rate constant was determined using an enzymatic activity assay as previously described (19). The experiment
was performed in 50 mM sodium phosphate (pH 7.0) with bovine
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FIG 2 Enzymatic activity-based measurement of the slow dissociation of the
FIG 1 Time course experiment of ␤-lactamase enzymatic activity demon-

serum albumin (BSA) added at a concentration of 0.03 mg/ml.
Aliquots (0.3 ml) were taken over time to measure the initial velocities of nitrocefin hydrolysis (optical density [OD] at 482 nm).
The initial velocities are used as readouts of free enzyme with the
time zero point being the maximum initial rate without the addition of BLIP-II. Nitrocefin was used at a concentration of 200 M,
and KPC-2 ␤-lactamase was used at 1 nM. The BLIP-II concentration was threefold higher than the ␤-lactamase concentration,
allowing the association rate constants to be determined by second-order kinetics. We previously demonstrated that using second-order kinetics for analysis of the association rate is more suitable than using pseudo-first-order kinetics and yielded results that
are within experimental error of the stopped-flow fluorescence
spectrometry results (19). Inhibition of ␤-lactamase activity over
time was therefore fitted to the second-order kinetic equation
(equation 1),
Mobs ⫽

关E兴t
⫽ Ce共关B兴0⫺关E兴0兲共kon兲t
关E兴t ⫹ 关B兴0 ⫺ 关E兴0

(1)

where Mobs is defined by the terms in equation 1 for simplicity in
fitting and definition of the axis in Fig. 1, [E]t is the concentration
of free ␤-lactamase estimated by the level of enzymatic activity at
time t, [E]0 is the concentration of free ␤-lactamase before the
addition of BLIP-II, [B]0 is the initial BLIP-II concentration in the
reaction, C is a fitting constant representing the background rate
of nitrocefin hydrolysis, t is the time after mixing (in seconds), and
kon is the association rate constant of the interaction that is extrapolated from the data fitting (19). The experiments to determine
the association rate constant were repeated four times, and all of
the data sets were used to obtain the rate constant with an associated standard error through nonlinear regression. The results of
the experiment are shown in Fig. 1, and using this curve fit, the
association rate constant was determined to be 1.01 ⫾ 0.11 ⫻ 107
M⫺1 s⫺1.
The dissociation rate constant was determined by measuring
the recovery of the wild-type ␤-lactamase activity by competitive
displacement with an inactive TEM-1 variant (Glu166Ala) as described previously (19). With this system, the inactive enzyme is
present in large excess so that, upon dissociation of BLIP-II and
KPC-2, the BLIP-II is bound by the inactive ␤-lactamase to prevent its rebinding to KPC-2. The experiment involved incubating
BLIP-II in twofold excess with KPC-2 for 1 h. The BLIP-II–KPC-2
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complex was then diluted into a 200 molar excess TEM-1
Glu166Ala competitor solution. As the BLIP-II dissociates from
KPC-2 ␤-lactamase, it is bound by the excess TEM-1 Glu166Ala
competitor rather than rebinding to KPC-2, so the dissociation
reaction can be monitored by measuring the formation of free
KPC-2 enzyme. The initial velocities of nitrocefin hydrolysis were
measured to determine the amount of free wild-type KPC-2 enzyme. Nitrocefin was used at 200 M, and KPC-2 was present at a
concentration of 50 nM. The buffer used in this experiment was 50
mM sodium phosphate (pH 7.0) supplemented with 1 mg/ml
BSA. The BSA concentration used for this experiment was higher
than the concentrations used in the association rate constant experiments to further stabilize the proteins over the extended time
course. The amount of active ␤-lactamase over time was fitted
with first-order kinetics to determine the kinetic parameters
(equation 2),

关E兴t ⫽ 关E兴⬁共1 ⫺ e⫺koff t兲 ⫹ C

(2)
where [E]⬁ is the concentration of free ␤-lactamase when the dissociation had reached completion as estimated by the level of enzymatic activity not inhibited by BLIP-II, [E]t is the amount of free
␤-lactamase estimated by the level of enzymatic activity at time t,
t is the time (in seconds) after mixing the BLIP-II–␤-lactamase
complex with the inactive TEM-1 E166A enzyme, C is the curvefitting constant representing the background rate of nitrocefin
hydrolysis (including the activity of the TEM-1 Glu166Ala enzyme), and koff is the dissociation rate constant extrapolated from
fitting the data (19). The experiments to determine the dissociation rate constant were repeated three times, and all of the data sets
were used to obtain the rate constant with an associated standard
error through nonlinear regression. The results of this experiment
are shown in Fig. 2, and the fitting indicated a dissociation rate
constant (koff) of 0.77 ⫻ 10⫺6 ⫾ 0.1 ⫻ 10⫺6 s⫺1.
Complete recovery of free KPC-2 after formation of the BLIPII–KPC-2 complex was not observed, because the uninhibited
KPC-2 enzymatic activity begins to decay over time in the experiment shown. This observation is likely due to protein instability
after ⬃1.5 days at room temperature. To confirm the tight binding
interaction of wild-type BLIP-II with KPC-2, a BLIP-II Y191A
variant was constructed by site-directed mutagenesis using the
QuikChange method (Stratagene), purified, and subjected to the
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strating the fast association between BLIP-II and KPC-2. The association rate
constant (kon) was extrapolated from fitting the data to the second-order kinetic equation. Mobs is defined by equation 1.

BLIP-II–KPC-2 complex. In this experiment, the BLIP-II–KPC-2 complex is
formed and then diluted in 200-fold excess of inactive ␤-lactamase competitor
at time zero. The fractional activity recovery of free KPC-2 is determined by
monitoring the activity over time compared to the uninhibited reaction (without BLIP-II). This recovered activity is then fit to the first-order kinetic equation (equation 2) to extrapolate the dissociation rate constant (koff). Symbols:
black circles, wild-type BLIP-II; black triangles, BLIP-II Y191A mutant.
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experiments described above. This variant was chosen after examining the structures that were previously determined (18, 19). The
association and dissociation rate constants for the BLIP-II Y191A
variant were determined to be 1.13 ⫻ 107 ⫾ 0.15 ⫻ 107 M⫺1 s⫺1
and 48.2 ⫻ 10⫺6 ⫾ 3.1 ⫻ 10⫺6 s⫺1, respectively. While this
BLIP-II substitution did not impact the rate of association with
KPC-2, the dissociation rate constant was drastically affected with
a 63-fold increase (Fig. 2). This variant demonstrates that differences in the dissociation rate constants can be clearly observed
with this approach and further confirms the rate measurements
for the tight interaction between the wild-type BLIP-II and KPC-2
␤-lactamase.
The kon and koff determinations of the BLIP-II–KPC-2 interaction were used to calculate the equilibrium dissociation constant
(koff/kon), revealing that BLIP-II has very high affinity for binding
to KPC-2 ␤-lactamase with a Kd of 7.6 ⫻ 10⫺14 M (76 fM). Because the on and off rate determinations are based on monitoring
KPC-2 enzyme activity and inhibition kinetics and equilibrium
inhibition assay results show that BLIP-II binding to KPC-2 inhibits the enzyme, we conclude that the binding constant, Kd, and
the inhibition constant, Ki, are equivalent. Therefore, BLIP-II–
KPC-2 is the most potent inhibitor–␤-lactamase interaction reported for interactions of any BLIP family member with a class A
␤-lactamase and is among the most potent noncovalent inhibitors
known for a ␤-lactamase. For example, BLIP is a potent inhibitor
of KPC-2 with a Ki of 84 pM; however, this is ⬃1,000-fold less
potent than BLIP-II binding to KPC-2 (23).
The 76 fM Kd binding constant for the BLIP-II–KPC-2 complex is also among the tightest reported protein-protein interactions. The potency of the interaction is largely due to the very slow
dissociation of the complex. Published association rate constants
between proteins cover a wide range (⬍103 to ⬎109 M⫺1 s⫺1)
(24). A high-throughput study of antibody-antigen binding kinetics revealed association rates in the range of 105 to 106 M⫺1 s⫺1
(25). The BLIP-II–KPC-2 association rate is approximately 10fold higher (107 M⫺1 s⫺1) than this but nevertheless is much lower
than some of the fastest associating complexes such as barnasebarstar, which exhibits a kon rate of ⬎5 ⫻ 109 M⫺1 s⫺1 (26, 27). In
contrast, the antibody study revealed off rates in the 10⫺3 to 10⫺4
s⫺1 range, and the off rate for BLIP-II–KPC-2 is much lower at
0.77 ⫻ 10⫺6 s⫺1 (25). This koff rate reflects the long-lived nature of
the BLIP-II–KPC-2 complex, which has a calculated half-life of
250 h (⬃10 days).
Despite its highly potent inhibition of KPC-2 ␤-lactamase, the
use of BLIP-II in combination with a carbapenem antibiotic as a
therapeutic agent faces challenges. For example, with a molecular
mass of 28 kDa, BLIP-II would not be expected to penetrate the
bacterial outer membrane without the aid of facilitating molecules
such as cell-penetrating peptides (28). In addition, BLIP-II would
be subject to an immune response in humans without a masking
molecule such as the attachment of polyethylene glycol (PEG) (29,
30). It is possible that a BLIP-II-derived peptide, such as a peptide
containing residues 50 to 57 could bind the ␤-lactamase active
site, but the potency of such a peptide would likely be much lower
than that of BLIP-II. The high-affinity interaction between
BLIP-II and KPC-2 could, however, be advantageous in the development of an enzyme-linked immunosorbent assay (ELISA)based diagnostic assay, since BLIP-II could be used to capture
extremely low concentrations of KPC ␤-lactamase from clinical
samples.
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