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ABSTRACT: KPC f-lactamases hydrolyze the “last resort” f-lactam antibiotics (carbapenems) used to treat
multidrug resistant infections and are compromising efforts to combat life-threatening Gram-negative
bacterial infections in hospitals worldwide. Consequently, the development of novel inhibitors is essential
for restoring the effectiveness of existing antibiotics. The S-lactamase inhibitor protein (BLIP) is a competitive
inhibitor of a number of class A S-lactamases. In this study, we characterize the previously unreported
interaction between KPC-2 f-lactamase and BLIP. Biochemical results show that BLIP is an extremely potent
inhibitor of KPC enzymes, binding KPC-2 and KPC-3 with subnanomolar affinity. To understand the basis
of affinity and specificity in the f-lactamase—BLIP system, the crystallographic structure of the KPC-
2—BLIP complex was determined to 1.9 A resolution. Computational alanine scanning was also conducted to
identify putative hot spots in the KPC-2—BLIP interface. Interestingly, the two complexes making up the
KPC-2—BLIP asymmetric unit are distinct, and in one structure, the BLIP F142 loop is absent, in contrast to
homologous structures in which it occupies the active site. This finding and other sources of structural
plasticity appear to contribute to BLIP’s promiscuity, enabling it to respond to mutations at the S-lactamase
interface. Given the continuing emergence of antibiotic resistance, the high-resolution KPC-2—BLIP
structure will facilitate its use as a template for the rational design of new inhibitors of this problematic

enzyme.

KPC (Klebsiella pneumoniae carbapenemases) [(-lactamases
confer resistance to extended-spectrum cephalosporins and
carbapenems and have emerged as a significant worldwide threat
in the treatment of Gram-negative bacterial infections (/). Along
with the frequently encountered homologous TEM and SHV
p-lactamases, KPCs are Ambler class A enzymes, but unlike
TEM-1 and SHV-1, KPCs are able to hydrolyze “last resort”
p-lactam antibiotics, the carbapenems (imipenem, meropenem,
doripenem, and ertapenem) used to treat multidrug resistant
infections (2). Although only recently discovered in K. pneunio-
niae isolates in the United States in 2001, KPC enzymes have
spread both globally (United States, China, France, and Israel)
and to many other Enterobacteriaceae (Enterobacter cloacae,
Serratia marcescens, and Escherichia coli) at an alarming rate (/).
Furthermore, existing [-lactamase inhibitors have limited
efficacy against KPC enzymes; thus, developing an understand-
ing of how to effectively inhibit this enzyme has direct public
health consequences. Therefore, by studying the interaction

"This research was supported by National Science Foundation Grant
0344749 (T.M.H.), the U.S. Department of Veterans Affairs Merit
Review Program, VISN 10 GRECC (R.A.B.), National Institutes of
Health 1R01 Grant A1063517-01 (R.A.B.), National Cancer Institute
Grant CA077373 (J.M.B.), and National Institute of General Medical
Sciences Grant GM071747 (J.M.B.).

The refined coordinates for the KPC 2—BLIP structures are depo-
sited in the Protein Data Bank (PDB) as entries 3E2K and 3E2L.
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between KPC-2 and a potent protein inhibitor, we hope to glean
information useful for the development of novel therapeutics.

BLIP,' an 18 kDa protein isolated from the soil bacterium
Streptomyces clavuligeris, has been shown to be a potent inhi-
bitor of many class A f-lactamases. BLIP recognizes SHV-1
(K. pneumoniae) with micromolar affinity; TEM-1 (E. coli),
SME-1 (S. marcescens), and Blal (Bacillus anthracis) with
nanomolar affinity; and K1 (Proteus vulgaris) with picomolar
affinity (3). To date, several structures of BLIP in complex with
TEM-1 and SHV-1 have been determined (4). These structural
models show that BLIP interacts with its targets by docking the
predominantly polar concave f§-sheet surface onto the enzyme,
burying ~2500 A? of surface area in a well- hydrated interface.
BLIP competitively inhibits its targets with two binding loops
that occlude the active site. Key side chains in each loop mimic
interactions observed with the acyl—enzyme intermediate bound
to its antibiotic substrate: BLIP F142 occupies a position similar
to that of the benzyl moiety of penicillinG, while BLIP D49 is
involved in a hydrogen bond network in the active site, in a
position similar to that of the penicillinG carboxylate.

In addition to their importance for the development of new
p-lactamase inhibitors, BLIP interactions present a relevant
platform for studying the biochemical determinants of affinity

! Abbreviations: BLIP, S-lactamase inhibitor protein; AU, asymme-
tric unit; WT, wild type; vdW, van der Waals; rmsd, root-mean-square
deviation; SASA, solvent accessible surface area.
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TEM-1 TIGGPKELTAFLHNMGDHVTRLDRWEPELNEATPNDERDTTMPVAMATTLRKLLTGELLT 200
SHV-1 TVGGPAGLTAFLRQIGDNVTRLDRWETELNEALPGDARDTTTPASMAATLRKLLTSQRLS
KPC-2 ELGGPAGLTAFMRSIGDTTFRLDRWELELNSAIPGDARDTSSPRAVTESLQKLTLGSALA
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TEM-1 LASRQQLIDWMEADKVAGPLLRSALPAGWFIADKSG-AGERGSRGITAALGPDGKPSRIV 260
SHV-1 ARSQRQLLQWMVDDRVAGPLIRSVLPAGWFIADKTG-AGERGARGIVALLGPNNKAERIV
KPC-2 APQRQQFVDWLKGNTTGNHRIRAAVPADWAVGDKTGECGVYGTANDYAV VWPTGRAPIVL

*
TEM-1 VIYTTGSQATMDERNRQIAEIGASLIKHW

292

SHV-1 VIYLRDTPASMAERNQQIAGIGAALIEHWQR
KPC-2 AVYTRAPNI§9DEIESEAVIAAAARLALEGLGVNGQ

F1GURE 1: Sequence alignment of TEM-1, SHV-1, and KPC-2 showing conserved residues (gray), conserved interface residues (purple), and
nonconserved interface residues (orange). KPC-2 shares 39% (41%) sequence identity to TEM-1 (SHV-1) overall, and 39% identity when the

comparison is restricted to interface residues.

and specificity. Interestingly, the two most closely related of
BLIP’s binding partners, TEM-1 and SHV-1, share 67% amino
acid identity, yet their affinities for BLIP differ by 1000-fold
(Figure 1). In contrast, TEM-1, SME-1, and Blal are only ~30%
identical and exhibit similar affinities for BLIP. To understand
the molecular basis of affinity, alanine scanning mutagenesis of
BLIP against TEM-1, SHV-1, Blal, and SME-1 has been
conducted (3, 6). In addition, the TEM-1—BLIP (and to a lesser
extent the SHV-1—BLIP) complex is well-characterized experi-
mentally, with mutagenesis, structural, and computational data
reported (7).

Here we describe the previously uncharacterized interaction
between BLIP and KPC-2. The results indicate that BLIP inhibits
KPC-2 and KPC-3 f-lactamases with subnanomolar affinity.
Diffraction data collected from two crystal forms resulted in two
structures of the KPC-2(G175S)—BLIP complex: a 1.9 A resolu-
tion costructure (PDB entry 3E2L) and a 2.1 A resolution
costructure (PDB entry 3E2K).> Overall, the KPC-2—BLIP
interaction is similar to the TEM-1—BLIP and SHV-1—BLIP
interactions, the key difference being that the BLIP F142 binding
loop is absent from the interface in one complex in the asymme-
tric unit (AU). This displacement seems to be driven by subtly
different orientations of BLIP with respect to KPC, as observed
between the two complexes contained in the AU. Further
examples of BLIP’s plasticity, a feature enabling its broad
recognition, along with the biophysical implications of such
flexibility are discussed.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification. BLIP was
purified as described previously (8). The pBR322 plasmid
producing blaxpc., was obtained as a kind gift (F. Tenover,
Center for Disease Control and Prevention, Atlanta, GA) and
subcloned into a pET-24a(+4)-based vector behind an OmpA
signal sequence; other KPC sequences were obtained by site-
directed mutagenesis. KPC proteins were expressed in E. coli
BL21(DE3) grown at 30 °C by induction with isopropyl f-p-
thiogalactopyranoside. Cells were harvested by centrifugation,

>The KPC-2(G175S) sequence was initially reported as KPC-1. The
G175S point mutation is not in the BLIP interface, nor does it alter
binding affinity; we will refer to the structure as the KPC-2—BLIP
complex.

and the periplasmic fraction was isolated by osmotic shock. The
resulting solution was passed over a phenyl boronate column
(MoBiTec), and the -lactamase was eluted with borate [0.5 M
borate (pH 7.0) containing 0.5 M NaCl], followed by overnight
dialysis against PBS. Using the same buffer, size exclusion
chromatography (using a HiLoad 26/60 Superdex 75 column,
GE Healthcare) then served as both an additional purification
and buffer exchange step. After purification, KPC f-lactamase-
containing fractions were concentrated, flash-frozen, and stored
at —80 °C. Protein purity was assessed by observation of a single
species by sodium dodecyl sulfate (SDS)—polyacrylamide gel
electrophoresis. For the initial protein preparation, the mass was
verified by MALDI-TOF mass spectrometry to ensure proper
processing of the signal sequence. The mass was that expected of
the mature protein, with no boronyl adducts. This initial
preparation was used for experimental inhibition assays and
initial crystallization screens; additional protein purifications
were prepared and used for structural studies without verification
by mass spectrometry or activity assays.

Crystallization, Data Collection, and Structure Solu-
tion. Initial crystallization screens Hamptonl&2, Hampton
Peg/lon (Hampton Research), and Wizard I-III (Emerald
BioSystems) were set using an Oryx8 crystallization robot in
sitting drop format. KPC-2 and BLIP were mixed in 1:1 ratios
and concentrated to 3.0 mg/mL in 10 mM NaCl and 10 mM
BisTris (pH 7.25) and dialyzed overnight against the same buffer.
Hanging drop trays were set by combining 1 uL of well solution
with 1 uL of protein solution to pursue initial crystallization hits.
After optimization, two different forms of diffraction quality
crystals were produced by seeding into 20% PEG 8000, 6%
ethylene glycol, and 100 mM citrate (pH 5.0) (crystal 1) or 20%
PEG 8000, 4% ethylene glycol, and 100 mM citrate (pH 4.5)
(crystal 2). Either 20% ethylene glycol (crystal 1) or 20% xylitol
(crystal 2) was added as a cryoprotectant, and crystals were
looped and flash-frozen in liquid nitrogen.

Data sets were collected at beamline 8.3.1 at the Advanced
Light Source (Lawrence Berkeley National Laboratory,
Berkeley, CA). Diffraction data were scaled and integrated using
HKL2000 (9); phases were found by performing sequential
searches with PHASER for KPC-2 (PDB entry 20V5) and the
BLIP monomer taken from the TEM-1—BLIP costructure (PDB
entry LJTG) (10). Two data sets, both containing two complexes
in the AU, were processed: one to 1.9 A (space group C2, PDB
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Table 1: Crystallographic Data Collection, Refinement, and Stereo-
chemistry Parameters

3E2L 3E2K

Data Collection

resolution (/D\) 200.00—1.87 50.00—2.10

wavelength (A) 1.1159 1.1159

space group 2 P2,2,2,

unit cell dimensions (a, b, ¢) (A) 162.2, 664,822 41.2,76.2,241.4

unit cell angles (a, 3, ) (deg) 90.0, 101.3,90.0  90.0, 90.0, 90.0

I/o (last shell) 12.6 (2.0) 13.8(3.2)

Ryym (last shell) (%) 8.4 (46.3) 12.7 (68.9)

completeness (last shell) (%) 98.2 (82.0) 99.5 (95.0)

no. of reflections 233579 329383

no. of unique reflections 66559 46130

Refinement

resolution (A) 51.79—1.87 40.78-2.09

no. of reflections 66559 46130

no. of working reflections 63183 43801

no. of free reflections (% of total) 3376 (5.1) 2329 (5.1)

Ryork (last shell) (%) 16.9 (25.3) 19.0 (20.9)

Riree (last shell) (%) 21.3(32.6) 23.4(24.5)
Structure and Stereochemistry

no. of atoms 7011 6523

no. of protein atoms 6309 6319

no. of waters 702 204

rmsd for bond lengths (A) 0.008 0.005

rmsd for bond angles (deg) 1.124 0.951

entry 3E2L) and the other to 2.1 A (space group P2,2,2;, PBD
entry 3E2K); both contained two complexes in the AU. Iterations
between manual rebuilding in COOT and refinement with
PHENIX generated the final structural models (71, 12); TLS
groups were chosen according to TLSMD (/3). Details of
the crystallographic data processing and refinement are in
given in Table 1. Structure alignments were calculated with
LSQMAN (/4); all molecular figures were prepared using
PyMol.?

Experimental Inhibition Assays. Inhibition constants
between f-lactamase and BLIP were determined by competition
with the f-lactam substrate nitrocefin (Becton Dickinson Bio-
sciences, Cockeysville, MD). Assays were performed in PBS
(pH 7.4), with 0.1 mg/mL BSA, 200 uM nitrocefin, 1.0 nM
enzyme, and BLIP concentrations from 63 pM to 4 nM. Assays
were conducted in quadruplicate in a 96-well format at 26 °C.
The liquid handling capabilities of the FlexstationIII initiated
reactions by the addition of substrate, and absorbance at 486 nm
was monitored. Data were normalized to the observed activity
without the inhibitor (fractional activity). ICs, values were
obtained by plotting fractional activity versus total inhibitor
concentration, and fitting to Morrison’s equation (eq 1) with
OriginPro.

[Eol+{1o+1C50 =/ ([Eo]+ [l +1Cs0)* ~4[Eo][L]
factivity =1- 2[E ]
0

(1)

3Available via http://pymol.sourceforge.net.
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The inhibition constant, K;, was calculated from the 1Cs, value
by applying the Cheng—Prusoff correction (eq 2) (15).
ICso

K= Tmk @

The K, of the enzyme for the f-lactam substrate, nitrocefin,
was experimentally determined in a separate experiment, by
fitting to the Henri—Michaelis—Menten equation. The K}, and
kcat values for KPC-2 determined here are 32 + 9 uM and 30 £+
35!, respectively, which agree well with literature values (16).

Computational Alanine Scanning. The EGAD library was
employed in calculating the effects of alanine mutation on
dissociation energy (7). The energy function includes a linearized
vdW potential, Coulombic electrostatics term, torsional poten-
tial, a solvent accessible surface area term, and a generalized Born
model to describe solvation. Bound and unbound backbone
structures were fixed, and side chains at interfacial and neighbor-
ing positions were allowed to change conformation in response to
mutation. Unbound structures were generated by translating
chains in the bound conformations to a distance of 50 A apart.
The energies of both bound and unbound states were minimized
using Monte Carlo optimization followed by a heuristic quench
step. Binding energies were calculated as the energy difference
between bound and unbound states; the energy change upon
mutation was calculated by subtracting the mutant and wild-type
states.

AGiss = Gpound —Giree;
AAGdiss,mul = W(AGdiss, mut _AGdiss, WT)

Calculations were performed for both complexes in the AU of the
higher-resolution KPC-2—BLIP structure. Resulting energies
were similar, and data are shown for the interface between chain
A and chain C.

RESULTS

BLIP’s Conserved Binding Mode. BLIP has a high affinity
for KPC enzymes: the K; values for KPC-2, KPC-2(G175S), and
KPC-3 are 84 + 3, 69 + 6, and 250 & 20 pM, respectively. The
1.9 A structure of the KPC-2—BLIP complex is globally similar
to the TEM-1—BLIP and SHV-1—BLIP interfaces (Figure 2A).
Structural alignments between the KPC-2—BLIP and TEM-
1=BLIP or SHV-1—BLIP complexes yield overall C, rmsds of
1.3 A in both cases (388 C, atoms aligned for the TEM
comparison and 395 C, atoms aligned for the SHV comparison).
The KPC-2 and TEM-1 backbone structures differ only slightly
in the vicinity of the BLIP interface. TEM-1 residues 270—274 are
at the N-terminus of the last o-helix, while the corresponding
KPC-2 residues are in an extended loop conformation
(Figure 2B). The extended KPC-2 loop residues lose solvent
accessible surface area upon binding BLIP but do not form
specific intersubunit interactions. Formation of the KPC-
2—BLIP complex buries 2852 Aza of surface area (interface 1,
between chains A and C) or 2507 A? (interface 2, between chains
B and D) in heavily hydrated interfaces. Both KPC-2—BLIP and
TEM-1—BLIP interfaces have similar numbers of polar and vdW
interactions; there are ten hydrogen bonds and one salt bridge at
the KPC-2—BLIP interface, which is comparable to the nine
hydrogen bonds and three salt bridges at the TEM-1—BLIP
interface (Supporting Information).

Reminiscent of its interaction with TEM-1 and SHV-1, BLIP
D49 forms a hydrogen bonding network in the active site of
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FIGURE 2: Architecture of the KPC-2—BLIP interface. (A) BLIP
interacts with KPC-2 (gray) in a manner similar to its interaction with
TEM-1; BLIP D49 and F142 loops occupy the active site (yellow).
BLIP from the TEM-1 costructure (red, PDB entry 1JTG) is aligned
with BLIP in the KPC-2—BLIP structure (cyan, PDB entry 3E2L).
(B) KPC-2 contains a few extra residues that lose solvent accessible
surface area upon binding BLIP, compared to TEM-1. KPC-2
residues 266—276 form an extended loop (blue), whereas the compar-
able TEM-1 residues (red) continue in an a-helix. (C) Hydrogen
bonds (black dashes) formed by BLIP D49 (cyan) to KPC-2 side
chains (yellow) and corresponding hydrogen bonds (red dashes) and
participants in the TEM-1—BLIP complex (bright pink). (D) Inhi-
bitor proteins are aligned from the KPC-2—BLIP (cyan) and TEM-
1—BLIP (bright pink) costructures. Inspection of the KPC-2 side
chains (yellow) and BLIP (cyan) compared to the TEM-1—BLIP
conformers (bright pink) shows that in the TEM-1 interface, BLIP
K74 participates in a salt bridge (black dash) across the interface with
TEM-1 E104, which is lacking in the KPC-2—BLIP interface. The
boronylated S70 is also shown.

KPC-2 (Figure 2C). The BLIP D49 carboxylate forms hydrogen
bonds to KPC-2 side chains S130, K234, T235, and T237 and also
forms a salt bridge to KPC-2 residue K234. This network is
closely imitated in the TEM-1—BLIP and SHV-1—BLIP inter-
faces, where BLIP D49 interacts with similar residues: S130,
K234, S235, and R243. In contrast to the SHV-1 and TEM-1
structures, however, one of the two complexes in the asymmetric
unit (AU) lacks observable electron density for the BLIP F142
binding loop (BLIP residues 139—144). The BLIP F142 loop is
also displaced from the SHV-1(D104K)—BLIP structure
(discussed later). The 1.9 and 2.1 A resolution KPC-2—BLIP
structures were nearly identical, the exception being that the
BLIP F142loop could not be built in either complex contained in
the AU of the 2.1 A resolution structure (except where noted, the
discussion below is relevant to the 1.9 A resolution structure).
Two distinct KPC-2—BLIP complexes are contained within
the AU. Most striking is the lack of involvement of the BLIP
F142 loop in the second interface, and more subtly, BLIP
displays a different orientation relative to the enzyme. Aligning
the enzymes within the AU gives a C, rmsd of 0.3 A (259 aligned
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atoms), while the bound inhibitors have a C, rmsd of 1.9 A (157
aligned atoms); a similar alignment of inhibitors gives a Co rmsd
of 0.3 A, with a C, rmsd of 2.2 A for the cognate enzymes.
Conformational differences observed in crystallographically
determined structures must be examined carefully, with conside-
ration that differences may result from crystal packing artifacts.
However, close inspection of crystal packing in the presented
KPC-2—BLIP structures failed to suggest causative interactions.

The noted lack of involvement of the BLIP F142 loop in the
second interface (within the AU) seems to be due to the subtle
rotation and displacement of BLIP with respect of KPC-2.
Alignment between the inhibitors along with their respective
KPC-2 partners shows that van der Waals (vdW) clashes would
exist between F142 of the BLIP F142 loop and the alternate
KPC-2 active site. The alternate orientation between binding
partners, though subtle, may be sufficient to prevent the F142
side chain from occupying its canonical role in the enzyme active
site. Despite the overall offset of BLIP between the complexes,
the D49 side chain positioning is conserved, consistent with the
geometrical constraints of BLIP D49’s hydrogen bonding
requirements in the enzyme active site.

Active Site Configurations. Subtle active site features have
been proposed to be important for carbapenemase activity
(KPC-2, SME-1, NMC-A, and GES-1), such as the disulfide
bond between conserved Cys69 and Cys238 residues, and a
shallower, more accessible, active site (17—21). In KPC-2, the
entrance to the active site is flanked on opposite sides by residue
W105 (conserved as a Trp or His in carbapenemases and Tyr in
noncarbapenemases) and residue R220. Besides its importance in
the active site of carbapenemases, KPC-2 W105 is adjacent to
both BLIP binding loops. KPC-2 W105 occupies different
rotamers in the bound and unbound states; without a change
in rotamer, KPC-2 W105 is positioned to form a vdW clash with
BLIP Y50 and Y51. In the BLIP interface, KPC-2 W105 adopts a
rotamer compatible with the canonical conformation of the BLIP
D49 loop. However, KPC-2 W105 does affect the conformation
of BLIP K74, which is a hot spot in the TEM-1 interface.
Comparison of K74 between the TEM-1—BLIP and KPC-
2—BLIP structures reveals that it adopts drastically different
conformers in the two structures (Figure 2D). In the TEM-
1—BLIP interface, BLIP K74 is involved in a salt bridge across
the interface with TEM-1 E104, contributing 1—2 kcal/mol to
affinity (as evidenced by the TEM-1 E104A mutation and the
TEM-1 E104A—BLIP K74A double mutant) (22). Conversely,
the corresponding KPC-2 residue, P104, is not capable of
forming a salt bridge interaction with BLIP K74. Furthermore,
if BLIP K74 adopted the TEM-like side chain conformation
when binding KPC-2, it would form a vdW clash with KPC-2
W105. To avoid this clash, BLIP K74 is oriented away from
KPC-2, but toward the BLIP F142 loop, affecting its conforma-
tion. BLIP K74 is positioned to form a vdW clash with BLIP
S139 from the TEM-like conformation; however, BLIP S139
lacked electron density during refinement (Figure 2D).

While the monomer structure of KPC-2 exhibited a bound
bicine molecule in the active site (/8), the 1.9 A KPC-2—BLIP
structure reported here includes an adduct to the catalytic serine,
S70 (Figure 2D). The boronylated serine is likely a remnant from
the affinity purification protocol (see Experimental Procedures)
and is present in both complexes in the AU of the higher-
resolution structure, and absent from the lower-resolution struc-
ture. The modified serine residue makes vdW contact across the
interface with BLIP D49, while in the lower-resolution structure,
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this area is occupied by water molecules. Altogether, the bor-
onylation does not appear to affect the interface structure: the
lower-resolution structure lacked this modification, and BLIP is
similarly placed with respect to KPC-2.

Computational Prediction of Hot Spots. It has been noted
that only a subset of residues contribute substantially to binding
affinity; positions that result in a large change in binding energy
(> 1.5 kcal/mol) upon mutation to alanine are termed “hot
spots” (23). Both computational and experimental approaches
have been utilized for the identification of hot spots. Toward this
aim, the EGAD library, a C++ implementation of the EGAD
protein design algorithm, was applied to the KPC-2—BLIP
interface. In a recent study, EGAD was shown to capture
quantitative energetics and to be useful in predicting experimen-
tally known hot spots for a range of protein complexes (24, 25).

Results from mutagenesis studies have identified several BLIP
positions as consensus hot spots for binding TEM-1, SHV-1,
SME-1, and Blal: F36, H41, D49, Y53, and WI150 (5, 6).
Additional BLIP residues (H148, R160, and W162) are hot spots
in binding all but SHV-1. -Lactamase position 104 and BLIP
positions E73, K74, and Y50 have been described as specificity
determinants, for which energetic contributions vary tremen-
dously between binding partners (§). A computational alanine
scan identified several BLIP positions as hot spots in the KPC-
2—BLIPinterface: F36, Y50, Y51,Y53, E73, W112, F142, W150,
R160, and W162 (Figure 3A). Importantly, the computational
results recapitulate much of the previously described experimen-
tal data; six of the ten positions identified by EGAD are
conserved hot spots: F36, Y53, W112, W150, R160, and W162.
The remaining predicted hot spots include two specificity
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FIGURE 3: Computational alanine scanning results for the KPC-
2—BLIP interface using EGAD. Calculated AAGy;ngmu Values for
each mutation in the interface are shown; positions with AAGping mut
values of > 1.5 kcal/mol (dashed line) are considered hot spots, and
positions with AAGping mu Values of > 0.5 kcal/mol (dashed line) are
considered warm spots: (A) BLIP alanine mutants in the KPC-
2—BLIP interface and (B) KPC-2 alanine mutants in the KPC-
2—BLIP interface.

Biochemistry, Vol. 48, No. 39, 2009 9189

determinants (Y50 and E73) and a TEM-1 hot spot/SME-1
warm spot (F142). It is likely, given the importance of these
residues in other BLIP interactions, and our structural informa-
tion, that they also have an energetic contribution for binding
KPC-2. Few mutagenesis data have been reported for the
p-lactamase side of BLIP interactions. However, applying
computational alanine scanning to KPC-2 in the BLIP interface
identified five KPC-2 hot spots (Trpl105, Glull0, Lysl1l,
Tyr112, and Tyr129) and six KPC-2 warm spots (L102, T114,
L167, H219, R220, and H274) (Figure 3B). While future muta-
genesis studies will be required to validate these results, these
computational studies will serve as a useful guide.

DISCUSSION

Comparisons with TEM-1 and Other Model Systems.
The close identity between TEM-1 and SHV-1 facilitated a direct
comparison of interfacial contacts, which implicated S-lactamase
position 104 in BLIP’s 1000-fold preference for TEM-1. BLIP
inhibits TEM-1 (K; value of 1 nM) approximately 13-fold more
weakly than KPC-2 (K; value of 0.08 nM). However, KPC-2 and
TEM-1 are sufficiently different that a determination of the exact
interactions responsible for the subtly enhanced affinity is unclear
(see the Supporting Information for a list of hydrogen bonds and
vdW contacts). Furthermore, although changes in binding energy
are usually attributed to interactions in the complex, destabiliza-
tion or stabilization of either partner will also affect binding
energy. Although future mutagenesis work will be critical in
identifying the interactions responsible for KPC-2—BLIP
affinity, a few structural differences between the TEM-1—BLIP
and KPC-2—BLIP interfaces are highlighted below.

In some cases, the amino acid substitutions from TEM-1 and
KPC-2 result in different interfacial interactions and appear to
alter the interface networks as described by Reichmann et al. (22,
26). For example, the native TEM-1 residue Glul04 forms a
favorable salt bridge with BLIP Lys74, in addition to contacts
with the BLIP binding loop F142 in the center of cluster 2. The
corresponding KPC-2 residue, Prol04, instead, forms vdW
interactions with BLIP Glu73 and Trp162, previously in cluster
4. Other residue substitutions result in little change in the inter-
face interaction networks: for example, TEM-1 Tyr105 and
KPC-2 Trpl05 have similar roles. Both residues form vdW
contacts with Alad47, Gly48, Glu73, and Glyl4l, although
KPC-2 Trpl05 also contacts BLIP Tyr51 and TEM-1 Tyr105
contacts BLIP Lys74 and Phel42. Alternatively, the native KPC
residue may contribute further interactions, for example, the
Asn99 to Lys99 substitution. In addition to making vdW contacts
with BLIP His148 and Tyr150 similar to those of TEM-1 Asn99,
KPC-2 Lys99 also contacts BLIP L127 and forms a hydrogen
bond with BLIP Ser128. KPC-2 Ile108 contacts BLIP Ser35 and
Phe36, whereas the native TEM-1 Vall08 does not. KPC-2
Tyr129 makes vdW contacts with BLIP Phe36 and Tyr50 similar
to its counterpart, TEM-1 Met129, and furthermore forms a
hydrogen bond with BLIP Glu31. Lastly, the TEM-1 residue may
form interactions not present in the KPC-2—BLIP complex.
While both TEM-1 and KPC-2 contain Asn170, in TEM-1, this
residue makes contact with BLIP Phel42, while in the KPC-
2—BLIP interface, the residues are subtly adjusted and do not
make vdW contacts.

Recently, BLIP-I, a BLIP homologue that is 37% identical
with BLIP, was structurally characterized in a complex with
TEM-1 (27). Though TEM-1-BLIP and TEM-1—BLIP-I com-
plexes form with similar affinities, it was noted that although the
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Ficure 4: BLIP loop conformations in S-lactamase—BLIP com-
plexes. (A) The conformations of BLIP F142 and D49 binding loops
are shown interacting with TEM-1(E104Y/Y105N) (yellow, PDB
entry 2B5R), SHV-1(D104K) (green, PDB entry 2G2W), and TEM-1
(red, PDB entry 1JTG), aligned with BLIP (blue) from the KPC-2
(gray) complex. (B) Structural alignment between the enzymes in the
KPC-2—BLIP (PDB entry 3E2L) and TEM-1—BLIP (PDB entry
1JTG) complexes. BLIP in the complex with KPC-2 (blue) is
displaced from its orientation in binding TEM-1 (red). This align-
ment differs from that shown in Figure 2A, in which the inhibitor
proteins are aligned.

specific residue—residue pairing interactions at the interface were
variable, the number and types of interactions were comparable.
Thus, it seems that f-lactamase—BLIP scaffolds show multiple
examples of high-affinity enzyme—inhibitor complexes.
Structural Plasticity in the KPC-2—BLIP Complex.
BLIP shows a small displacement from its KPC-2-bound posi-
tion relative to its TEM-1-bound position (a rotation of 9° and a
translation of 2.5 A between TEM-1 and KPC-2) (Figure 4B).
Despite the overall offset of BLIP, the geometry of the interaction
with the BLIP D49 binding loop is closely conserved, which is
consistent with the geometrical constraints of BLIP D49’s
involvement in four intermolecular hydrogen bonds. Similarly,
the homologous TEM-1—BLIP and TEM-1—-BLIP-I structures
differ by a 4.5 A translation of BLIP-I with respect to BLIP (27).
Another well-characterized enzyme—inhibitor system, the endo-
nuclease colicins and cognate immunity proteins (Im9—E9 and
Im7—E7), has been shown to differ by a rigid body rotation of 19°
of Im7 compared to Im9 in binding their cognate enzymes (28).
Similar to f-lactamases, the E colicin endonucleases (DNases)
are bacterial enzymes involved in host cell survival. However,
unlike p-lactamase enzymes, DNase toxins E7 and E9 are
produced for the purpose of destroying competing cells. Host
cell death is prevented by production of an immunity protein
(Im7 or Im9) that potently inhibits the cognate enzyme (29). The
rotation has the reported effect of presenting a slightly different
face of the immunity protein’s specificity helix to the DNase.
In the S-lactamase system, the rotation mode of BLIP appears
to facilitate alternate hydrogen bonding networks and to
accommodate the different surfaces of homologous partners.
Alternate loop conformations for S-lactamase—BLIP com-
plexes have been reported for some mutations, illustrating BLIP’s
plasticity in accommodating amino acid substitutions. For
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example, the BLIP F142 loop is displaced from the SHV
D104K—BLIP interface (Figure 4A, PDB entry 2G2W). Briefly,
because the SHV-1 D104K mutation is across the interface from
BLIP K74, the new Lysl04 conformer interferes with the
canonical BLIP F142 loop placement (8). In addition, the BLIP
D49 hairpin loop occupies alternate orientations in the presence
of the SHV-1 D104K mutation, in the TEM-1 E104Y/Y 105N
mutation (PDB entry 2BSR), and in the TEM-1—BLIP W150A
complex (PDB entry 3C7U) (22, 30). It has been suggested that
significant backbone rearrangements are more likely in non-
alanine mutations, as they introduce the need to avoid unfavor-
able interactions, as well as the potential for alternate favorable
interaction modes (22). This is exemplified by structural analysis
of the f-lactamase—BLIP system.

Consequences of the Structural Plasticity Displayed by
BLIP. The structural plasticity described above has biophysical
implications for the mechanism of association and sources of
affinity between the two binding partners. The first step in
protein—protein association is the formation of the encounter
complex. As partners dock together, they retain their respective
solvation shells and form few of the short-range interactions that
are characteristic of the native complex (3/). The encounter
complex allows multiple conformations to be sampled before the
annealing process, which is necessary for formation of the short-
range hydrophobic, hydrogen bond, and electrostatic interac-
tions, and solvent structure in the native complex (37). The
dynamic properties of the intermediate appear to facilitate
finding the most favorable conformation, especially important
when multiple conformations may exist, for example, as in the
highly similar modes of binding of immunity proteins to cognate
and noncognate colicins. Kinetic data suggest that colicin—
immunity protein encounter complexes undergo rigid body
rotation events to form the bound states (32). A similar mechan-
ism is also possible for the KPC-2—BLIP complex, although
detailed association and dissociation kinetics have not yet been
investigated to support this hypothesis.

Thermodynamically, the addition of a second accessible con-
formation for the complex increases the entropic energy compo-
nent of the bound form(s). Additionally, assuming that the BLIP
F142 loop is disordered upon binding KPC-2 in the second
interface, the mobility should provide an entropic benefit to the
complex, perhaps partially, or even completely, offsetting the
interactions absent in the interface relative to TEM-1. In the case
of bovine carbonic anhydrase II binding to a series of small
molecule ligands, the enthalpic penalty due to reduced inter-
actions was completely offset by the entropic benefit of increased
flexibility, resulting in little change in the overall binding en-
ergy (33). The flexibility of the BLIP F142 loop also has
implications for the mechanisms of association with its
p-lactamase binding partners. The possibility that the rate of
exchange among F142 loop conformations is rate-limiting for
protein association exists, or alternatively, an “induced-fit”
process occurs after formation of the encounter complex.
Reported examples exist for both mechanisms of protein inter-
action (34, 35). Detailed analysis of the kinetics of association
could provide key information about the events occurring upon
binding in KPC-2—BLIP complexes.

BLIP D49 as an Anchor Residue. Rajamani et al. have
extrapolated the known means of peptide binding to the major
histocompatibility complex, where anchor residues dock into a
binding pocket on the receptor protein, to a general mechanism
for protein—protein association (36). Anchor residues in
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protein—protein interactions are generally on the smaller protein
partner involved, have the highest change in solvent accessible
surface area upon complex formation (ASASA), are experimen-
tally observed hot spots of binding affinity, and often have
decreased flexibility compared to other surface residues. They
are proposed to facilitate a “lock-and-key” mechanism of binding
by docking into recognition pockets to form the encounter
complex. In f-lactamase—BLIP interactions, BLIP residue
D49, and secondarily F142, appear to be anchored in the enzyme
active site, positioning BLIP to form the complex. Rajamani et al.
observe that a single or multiple anchors may be present;
however, in cases where a single anchor is present, the residue’s
ASASA exceeds 100 A”. Accordingly, in the second KPC-
2—BLIP interface lacking the BLIP F142 loop, D49 is sufficient
as a sole anchor (ASASA = 142 A?).

Computational Prediction of BLIP Binding Hot Spots.
Computational techniques have become useful in guiding experi-
mental efforts toward understanding protein binding determi-
nants. Like other computational techniques, EGAD assumes a
fixed backbone; therefore, considering the documented flexibility
in the BLIP backbone, specifically BLIP binding loops, it is
acknowledged that many mutations may violate the fixed back-
bone assumption. However, it has been reported that even when
computational techniques are not accurate in predicting precise
local structure, they are useful in capturing global energetics (7).

EGAD’s ability to calculate changes in free energies of
dissociation upon mutation in the f-lactamase—BLIP system
has been evaluated using the TEM-1—BLIP interface (8). In a
separate study, EGAD was employed to redesign BLIP to
display a higher affinity for one of its weakest targets, SHV-1
p-lactamase (7). However, the KPC-2—BLIP interaction is
extremely tight and may be close to optimal. Instead of utilizing
protein design efforts, we use computation to dissect the con-
tribution of individual residues in the interface. The success with
recapitulating known BLIP hot spots provides evidence that
EGAD captures the dominant energetic features of the interface.
Furthermore, it reinforces the fact that BLIP interacts with its
targets using a conserved set of interactions, while additional
residues show specificity for different targets.

Although the surface area buried in the KPC-2—BLIP inter-
face is large (> 2500 A?), involving ~50 residues, only a subset of
residues make energetically important intermolecular interac-
tions. BLIP hot spots are localized toward the top and middle of
the protein, proximal to the enzyme’s active site (Figure 5). KPC
hot and warm spots flank the active site, with additional hot and
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warm regions on the KPC-2 loop helix region at the center of the
interface. It has been shown that peptides or small molecule often
interact through similar functional regions and hot spots,
mimicking the native protein interaction (37, 38). The small
protein inhibitor of a-thrombin, hirudin, has had success as a
clinical anticoagulant (39, 40). Additionally, peptide mimics of
protein—protein interactions show promise for designing thera-
peutics; for example, the N-terminus of the HIV-1 coreceptor,
CCRS, binds to the gp120 envelope glycoprotein (41). Therefore,
identification of KPC-2 hot spots for BLIP interaction has
relevance toward the design of novel inhibitors.

Lessons from a Promiscuous Inhibitor. The TEM-1—BLIP
interface has been shown to be composed of multiple clusters of
interacting residues; Schreiber and co-workers have used site-
directed mutagenesis to demonstrate cooperativity within but
additivity among different clusters (26). Recently, however,
structural analysis of the TEM-1-BLIP WI50A complex
(PDB entry 3C7U) showed a conformational rearrangement
more than 25 A from the mutation, demonstrating at least one
instance of long distance cooperativity in BLIP interactions (30).
Nevertheless, a general decomposability of interactions would be
an obvious advantage that would allow a promiscuous protein to
maintain affinity while accommodating amino acid substitutions
between multiple partners. Backbone flexibility may be a feature
at least partially enabling the cluster behavior of the interface.

The extreme hydration of BLIP interfaces has also been
implicated in its ability to recognize a range of enzymes with
high affinity (4). Reichmann et al. have investigated the function
of water in protein interfaces and have concluded that it does not
contribute to complex stability; instead, solvent molecules fill
vacancies not occupied by amino acids (42). BLIP complexes are
prime examples where this is the case: BLIP has a global shape
complementary to the S-lactamase fold, and the ability to
accommodate variable sequences upon the scaffold is facilitated
by the presence, or absence, of interfacial water molecules.
Additional adaptability results from the side chain atoms making
up the majority of BLIP’s binding surface: side chain atoms
generally have more conformational flexibility than backbone
atoms. The anchor functions of BLIP D49 and F142 may allow
BLIP to sample different orientations, thus finding orientations
with the best atomic shape complementarity and optimal hydro-
gen bonding network; even a shift of 1 A may accommodate a
different hydrogen bonding network. BLIP’s structural flexibility
may be most central to BLIP’s promiscuity, as presented here in
the KPC-2—BLIP costructure, and described elsewhere. The

FIGURE 5: Hot residues [AAGping Ala mut > 1.5 kcal/mol (red)] and warm residues [1.5 kcal/mol < AAGping Ala mue > 0.5 kcal/mol (purple)] in the
KPC-2—BLIP interface: (A) KPC-2 surface with BLIP cartoons and (B) BLIP backbone removed for the sake of clarity.
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plasticity of BLIP’s binding loops and orientation seems crucial

to

BLIP’s function as a potent inhibitor of a wide range of

p-lactamases.
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