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Crystal Structure ofEscherichia coliPenicillin-Binding Protein 5 Bound to a
Tripeptide Boronic Acid Inhibitor: A Role for Ser-110 in Deacylation†
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ABSTRACT: Penicillin-binding protein 5 (PBP 5) fromEscherichia coliis a well-characterizedD-alanine
carboxypeptidase that serves as a prototypical enzyme to elucidate the structure, function, and catalytic
mechanism of PBPs. A comprehensive understanding of the catalytic mechanism underlyingD-alanine
carboxypeptidation and antibiotic binding has proven elusive. In this study, we report the crystal structure
at 1.6 Å resolution of PBP 5 in complex with a substrate-like peptide boronic acid, which was designed
to resemble the transition-state intermediate during the deacylation step of the enzyme-catalyzed reaction
with peptide substrates. In the structure of the complex, the boron atom is covalently attached to Ser-44,
which in turn is within hydrogen-bonding distance to Lys-47. This arrangement further supports the
assignment of Lys-47 as the general base that activates Ser-44 during acylation. One of the two hydroxyls
in the boronyl center (O2) is held by the oxyanion hole comprising the amides of Ser-44 and His-216,
while the other hydroxyl (O3), which is analogous to the nucleophilic water for hydrolysis of the acyl-
enzyme intermediate, is solvated by a water molecule that bridges to Ser-110. Lys-47 is not well-positioned
to act as the catalytic base in the deacylation reaction. Instead, these data suggest a mechanism of catalysis
for deacylation that uses a hydrogen-bonding network, involving Lys-213, Ser-110, and a bridging water
molecule, to polarize the hydrolytic water molecule.

Penicillin-binding proteins (PBPs),1 which are the lethal
targets of â-lactam antibiotics, are ubiquitous bacterial

enzymes that catalyze the final steps in cell-wall biosynthesis
(reviewed in refs1-3). The bacterial cell wall is composed
of glycan strands consisting of a repeating disaccharide,
N-acetylglucosamine-â-1,4-N-acetylmuramic acid, in which
the N-acetylmuramic acid residues are substituted with a
pentapeptide chain. The structure of the peptide moiety varies
among different bacteria, but inEscherichia coli, the peptide
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chain is L-Ala-γ-D-Glu-m-DAP-D-Ala-D-Ala (m-DAP )
meso-diaminopimelic acid). The invariant properties of the
peptide chain include a free amino group in the side chain
of the third residue (i.e.,m-DAP) andD-Ala-D-Ala at the C
terminus. The cross-linking of the peptide chains from
adjacent glycan strands, which is catalyzed by PBPs, confers
rigidity to the cell wall and is critical for cell viability.

Bacteria have multiple PBPs (4), and these can be grouped
into two classes: the high molecular mass (HMM) PBPs,
which are essential for cell viability and catalyze transpep-
tidation and sometimes transglycosylation of disaccharide-
pentapeptide chains during peptidoglycan synthesis, and low
molecular mass (LMM) PBPs, which are not essential for
cell viability and catalyze carboxypeptidase (CPase), transpep-
tidase, and/or endopeptidase reactions (reviewed in ref5).
PBPs catalyze a two-step reaction: acylation, in which an
active-site serine nucleophile on the PBP attacks the pen-
ultimate D-Ala residue to form an acyl-enzyme complex
with the peptide chain, releasing the C-terminalD-Ala, and
deacylation, which varies depending on the PBP (Scheme
1). For HMM PBPs, deacylation occurs when an amino
group on a second peptide substrate acts as an acceptor, re-
sulting in a peptide cross-link between two adjacent pepti-
doglycan strands (transpeptidation). However, in most LMM
PBPs, the acceptor is a water molecule and the outcome is
hydrolysis (carboxypeptidation).â-Lactam antibiotics, by
virtue of their structural similarity to the acyl-D-Ala-D-Ala
portion of the peptide chain (6), inhibit PBPs by forming
long-lived serine acyl-enzyme complexes, preventing the
enzymes from performing their normal enzymatic functions.

Although not essential for cell viability, several LMM
PBPs have been found to play important roles in cell division
and cell shape, including PBP 3 fromStreptococcus pneu-
moniae(7), PBP 5 fromE. coli (8), and PBPs 3 and 4 from
Neiserria gonorrhoeae(9). The similarity between all
PBPs in terms of active-site sequence (2) and architecture
(10-14) makes LMM PBPs excellent models to elucidate
the enzymological and mechanistic properties of the PBP
class of enzymes as a whole. One of the best-studied LMM
PBPs is PBP 5 fromE. coli. This enzyme catalyzes both
D-alanine CPase and weak transpeptidase activities typical
of LMM PBPs (15) and is important for normal cell shape
in E. coli in certain genetic backgrounds (8, 16, 17).

The crystal structures of soluble constructs of both wild-
type PBP 5 (18) and a deacylation-defective mutant (PBP
5′) (12) have provided clues regarding the catalytic mech-
anism of the enzyme and suggest that, by abstracting a proton
from theγ hydroxyl of Ser-44, Lys-47 is the general base
for acylation (12, 15). In contrast, the mechanism of deacy-
lation remains unclear, but one possibility is that Lys-47 also

acts as a general base in deacylation by abstracting a proton
from an attacking water molecule during hydrolysis (15).

A logical step toward understanding the catalytic mech-
anism of PBP 5 is to obtain a crystal structure in complex
with a peptide substrate. Unfortunately, this is very difficult
to achieve because the rapid hydrolysis of the acyl-enzyme
complex precludes its visualization in a diffraction experi-
ment. An alternative approach is to design analogues of the
expected transition state of the reaction (19-21). Boronyl
compounds have proven to be very effective transition-state
analogue inhibitors of serine proteases (22-25) andâ-lac-
tamases (26-30), and the mechanistic similarity of these
enzymes with PBPs suggests that a similar approach may
also be effective with the PBPs. In addition to providing
insight into the mechanism of the enzyme-catalyzed reaction,
such compounds can also function as potent inhibitors for
the enzyme. Moreover, because boronic acids are resistant
to hydrolysis by â-lactamases that inactivateâ-lactam
antibiotics, they have the potential to be developed into a
new class of PBP inhibitors.

Previously, we synthesized a series of potential peptide
analogue inhibitors as mimics of the expected transition state
of deacylation of PBPs (31). The most effective inhibitor
against several LMM PBPs, including PBP 5, was a dipeptide
boronic acid compound in which a boronyl group replaced
the carbonyl of the penultimateD-alanine of the peptide
substrate. In this report, we describe the crystal structure at
1.6 Å resolution of PBP 5 in complex with a new boronic
acid inhibitor, Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla, which
was designed to resemble the portion of the peptide substrate
remaining after acylation and loss of the C-terminalD-alanine
(Figure 1). This compound most closely represents an
analogue of the deacylation reaction because it has an OH
group attached to the boron atom that represents the water
molecule attacking the carbonyl of the acyl-enzyme inter-
mediate and does not contain a nitrogen-attached substituent
that would correspond to the ultimateD-Ala of the D-Ala-
D-Ala substrate. The crystal structure of the complex provides
valuable insight into the catalytic mechanism of PBP 5 and
suggests that Lys-47 does not act directly in deacylation but
rather a hydrogen-bonding network, comprising Lys-213,
Ser-110, and a water molecule, is responsible.

EXPERIMENTAL PROCEDURES

Synthesis and Characterization of Inhibitor: Boc-L-Lys-
(Cbz)-OFm.Generation of the fluorenylmethyl (Fm) ester
was performed as described by Merette et al. (32). A solution
of 5.7 g of Boc-L-Lys(Cbz)-OH (15 mmol) and 4 g of
9-fluorenylmethylchloroformate (15.5 mmol) in 50 mL
dichloromethane (DCM) was cooled to 0°C, followed by

Scheme 1
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addition of 3.14 mL of diisopropylethylamine (DIPEA) (18
mmol). After 5 min, 0.2 g (1.65 mmol) of (dimethylamino)-
pyridine (DMAP) was added and the reaction mixture was
allowed to warm to room temperature. After 2 h at room
temperature, the reaction was evaporated to dryness, dis-
solved in ethyl acetate, and extracted twice each with 2%
aqueous citric acid, water, 0.5 N NaHCO3, and finally with
water. The ethyl acetate layer was dried over anhydrous
MgSO4, evaporated, and dried under vacuum. The oily
product was checked by high-pressure liquid chromatography
(HPLC) (>98% pure). Liquid chromatography/mass spec-
trometry (LC/MS): calcd for M+ (m/z), 558.3; found, 559.2
([M + H]+). The yield was calculated after Boc deprotection.

HCl‚L-Lys(Cbz)-OFm. Boc-L-Lys(Cbz)-OFm was dis-
solved in 5 mL of tetrahydrofuran (THF) and cooled to 0
°C, and 10 mL of HCl in glacial acetic acid was added
(prepared by flushing 10 mL of ice-cold glacial acetic acid
with HCl gas for 15 min). After 90 min, the reaction was
evaporated to dryness and the resulting residue was triturated
with ether to obtain a solid mass. The solid was dried under
vacuum to give a pinkish white crystalline powder (>98%
pure, 65% yield). LC/MS: calcd for M+ (m/z), 458.4; found,
459.1 ([M + H]+).

Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-OFm.A solution of 2.53 g
of Boc-D-Glu-OBzl (7.5 mmol) and 2.3 mL ofN-methyl-
morpholine (NMM) (21 mmol) in 50 mL THF was cooled
to -20 °C, followed by addition of 1.0 mL (7.7 mmol) of
isobutylchloroformate (IBCF). After 20 min, 3.5 g ofL-Lys-
(Cbz)-OFm in 20 mL (7 mmol) of dimethylformamide
(DMF) was added, the reaction mixture was allowed to warm
to room temperature for 2 h and quenched with 1 M
NaHCO3, and THF was removed by rotary evaporation. The
remaining aqueous suspension was extracted 3 times with
equal volumes of ethyl acetate. The combined organic
extracts were washed with 1 M HCl and 1 M NaHCO3, dried

over anhydrous MgSO4, and evaporated to dryness. The
product was recrystallized from ethyl acetate/hexane (>99%
pure, 86% yield). LC/MS: calcd for M+ (m/z), 777.4; found,
778.1 ([M + H]+).

Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-OH. To 1.56 g of Boc-γ-D-
Glu(Bzl)-L-Lys(Cbz)-OFm (2 mmol), 20 mL of 20% pip-
eridine in DCM was added and the reaction was maintained
at room temperature for 90 min. The reaction was evaporated
to dryness, dissolved in ethyl acetate, and extracted 4 times
with 1 M HCl to remove the Fm-piperidine adduct. The
organic layer was dried over anhydrous MgSO4, filtered,
rotary evaporated, and dried under vacuum. The white
crystalline product was checked by HPLC (>99% pure, 71%
yield). LC/MS: calcd for M+ (m/z), 599.3; found, 600.3 ([M
+ H]+).

Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-boroAla-(-)-pinanediol.
To a solution of 90 mg of Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-
OH (0.15 mmol) and 50µL of NMM (0.45 mmol) in 5 mL
of DCM at -20 °C was added 21µL of IBCF (0.17 mmol).
After 30 min, 0.056 g ofD-boroAla-(-)-pinanediol hydro-
chloride (0.25 mmol) [prepared as described previously (31)]
in 2 mL of DMF was added, and the reaction mixture was
allowed to warm to room temperature. After 2 h, the reaction
mixture was diluted with 25 mL of ethyl acetate and washed
successively with 10 mL each of 1 M hydrochloric acid,
water, saturated sodium bicarbonate solution, and water. The
organic layer was dried over anhydrous MgSO4 and evapo-
rated to dryness. The product was purified by HPLC (52%
yield). LC/MS: calcd for M+ (m/z), 804.4; found, 805.0 ([M
+ H]+).

Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla-(-)-pinanediol. To a
solution of Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-boroAla-(-)-
pinanediol (50 mg, 0.06 mmol) in 15 mL of 1:1:1 methanol/
acetonitrile/water at 0°C was added 8 mg of K2CO3 (0.06
mmol, 1 equiv). After dissolution of K2CO3 with stirring,
the reaction mixture was kept at 4°C. Additional 1 equiv
aliquots of K2CO3 were added to the reaction mixture at 12
and 24 h intervals, and the mixture was incubated for a total
of 72 h at 4 °C. Acetonitrile and methanol were evap-
orated, and the product was purified by HPLC (60% yield).
LC/MS: calcd for M+ (m/z), 714.4; found, 715.0 ([M
+ H]+).

Inhibitor Assays.PBP activity assays were performed by
quantitation ofD-Ala using aD-amino acid oxidase/horserad-
ish peroxidase-coupled enzyme fluorescence assay as de-
scribed previously (15, 33). Assays were performed with 5
mM Ac2-L-Lys-D-Ala-D-Ala as the PBP substrate and vari-
able amounts of the inhibitor and were started by addition
of PBP. For peptide boronic acid esters, such as the pinandiol
ester used in this study, preincubation in the assay buffer
releases the free boronic acid from the ester complex for
binding to the enzyme (24). This substrate concentration is
well below the Km of this substrate forE. coli PBP 5
(subsaturating conditions) (15). Peptide boronic acids were
previously demonstrated to be competitive inhibitors for the
PBPs (31). Under the conditions of enzyme (PBP) inhibition
at subsaturating substrate concentrations ([S] < Km), the
following equation will apply:

where V is the observed enzyme-catalyzed rate,Vo is the

FIGURE 1: Boronic acid inhibitor used in this study and its similarity
to the peptide portion of peptidoglycan. After the loss of the
pinanediol group during acylation with PBP 5, the boronic acid
inhibitor most closely resembles a tripeptide substrate (γ-D-Glu-
m-DAP-D-Ala). m-DAP ) meso-diaminopimelic acid, Boc)
butyloxycarbonyl, and Cbz) benzyloxycarbonyl.

V ) Vo/(1 + I/KI)
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uninhibited rate,I is the inhibitor concentration, andKI is
the inhibitor dissociation constant. TheKI value was obtained
from the inhibition data by nonlinear regression using SPSS
Software (Chicago, IL).

Crystallization of sPBP 5 and Data Collection.Crystals
of a soluble construct of wild-type PBP 5 (termed sPBP 5)
were grown in the same condition reported previously (18).
The crystals were then cryoprotected by passage through a
solution consisting of mother liquor [8% poly(ethylene
glycol) 400 and 100 mM Tris‚HCl at pH 8.0] and increasing
concentrations of glycerol, in 5% increments, up to a max-
imum of 25%. Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla-(-)-pin-
anediol was then added to this solution to a final concentra-
tion of 12.5 mM, and the crystals were allowed to soak for
40 min. Soaking at higher molarities and/or for longer times
resulted in a pronounced decrease in the quality of the dif-
fraction. The largest of the crystals was flash-cooled in a
gaseous nitrogen stream at 100 K. Data were collected at
the SER-CAT ID22 beam line at the Advanced Photon
Source (APS), Argonne, IL. A total of 360 images were re-
corded using a MAR225 CCD detector in 1° oscillations with
an exposure time of 1 s per image. The crystal-plate distance
was 130 mm. Data were processed with HKL 2000 (34).

Structure Determination and Refinement.Wild-type PBP
5 was used as a starting model for refinement. After initial
refinement using CNS (35), the |Fobs| - |Fcalc| electron-
density map was examined for evidence of the inhibitor at
the active site. Using the O program (36), the boronic acid
inhibitor was fitted against both 2|Fobs| - |Fcalc| and |Fobs|
- |Fcalc| electron-density maps. Subsequent rounds of
automated refinement and manual rebuilding were per-
formed with REFMAC (37) and O. Library definitions for
Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla were created with the
PRODRG2 program (University of Dundee Server) and
REFMAC. Where visible, water molecules with reasonable
hydrogen-bonding distances were also added to the model.
Alternative conformations for several side chains were also
modeled (residues 41, 48, 223, 257, 280, and 286). Coor-
dinates and structure factors have been deposited in the
Protein Data Bank (PDB ID 1Z6F).

RESULTS

Inhibition Assay.The tripeptide boronic acid compound
used in these studies (Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla)
was synthesized and characterized using procedures similar
to those described previously (31). It was shown to be an
effective inhibitor of theD-alanine CPase activity of PBP 5
with a KI of 13 ( 1 µM (Figure 2). ThisKI is much lower
than theKm of 6.4 ( 0.6 mM determined for the corre-
sponding substrate (Boc-γ-D-Glu-L-Lys(Cbz)-D-Ala-D-Ala,
unpublished results), indicative of transition-state analogue
behavior.

Structure Description.The crystal structure of PBP 5 in
complex with Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla was de-
termined by soaking crystals of wild-type PBP 5 in a solution
containing 12.5 mM of the compound for 40 min. The final
model has anR factor of 21.3% (Rfree ) 24.0%) with
excellent stereochemistry (Table 1) and, at 1.6 Å, is the
highest resolution structure of PBP 5 to date. The protein
has two domains: domain 1 is comprised ofR helices and
â strands in a characteristic transpeptidase/penicillin-binding

fold found in all PBPs and classes A, C, and Dâ-lactamases,
whereas domain 2 is mostlyâ-structure. In comparison to
the structure of wild-type PBP 5 (18), two extra residues,
Asn-356 and Phe-357, have been included at the C terminus,
which have become visible in the electron-density map
because of the improved resolution of the diffraction data.

One important region of the structure appears to occupy
two distinct conformations (Figure 3). After refinement, the
|Fo| - |Fc| electron-density map contained significant peaks
of positive density adjacent to residues 152-154, indicating
an alternative route for these residues. This forms part of

FIGURE 2: PBP 5DD-CPase activity (y axis) as a function of the
boronic acid inhibitor concentration, [I] (x axis). The best fit line
produces aKI value of 13( 1 µM.

Table 1: Data Collection and Refinement Statistics of the Structurea

data collection
concentration of soak (mM) 12.5
soak time (min) 40
resolution range (Å) 30.00-1.6 (1.66-1.60)
unit cell (Å) a ) 109.8,b ) 50.3,c ) 84.3
Rmerge

b (%) 6.5 (46.6)
completeness (%) 98.7 (99.9)
averageI/σI 24.4 (2.4)
number of measurements 231 274
number of unique reflections 52 064

refinement
reflections used inRfree (%) 5
number of non-hydrogen atoms 3192
number of solvent molecules 351
crystallographicR factor (%) 21.5
Rwork (%) 21.3
Rfree (%) 24.0

rms deviation from
ideal stereochemistry
bond lengths (Å) 0.010
bond angles (deg) 1.36

B factors
meanB factor (main chain)(Å2) 18.9
rms deviation in

main-chainB factor (Å2)
0.60

meanB factor
(side chains and waters) (Å2)

23.2

rms deviation in
side-chainB factors (Å2)

1.43

Ramachandran statistics
residues in most favored region (%) 93.1
residues in additionally

allowed regions (%)
6.5

residues in generously
allowed regions (%)

0.3

residues in disallowed regions (%) 0.0
a Numbers in parentheses are for the outer shell of data.b Rmerge

)∑hkl∑i|Ii(hkl) - 〈I(hkl)〉|/∑hkl∑iI i(hkl).
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what has been termed theΩ-like loop in PBP 5, in reference
to its spatial overlap with theΩ loop of class Aâ-lactamases
(12). In previous structures of PBP 5, general weakness of
the electron density in this same region was interpreted as
being due to flexibility in the protein chain (12, 18).
Interestingly, only one route was traceable in the wild-type
structure, and the dual conformations may be the result of
the higher resolution of this structure (1.6 Å) compared to
that of the wild-type structure (1.85 Å).

Structure of PBP 5 Bound to Boc-γ-D-Glu-L-Lys(Cbz)-D-
boroAla.Electron density corresponding to Boc-γ-D-Glu-L-
Lys(Cbz)-D-boroAla is clearly visible in the active site of
PBP 5 (Figure 4) and is strongest at the boroAla center.
Moving away from this center, however, the density gradu-
ally weakens toward the branch point of the ligand chain (at
L-Lys) and then disappears after the branch point. The
electron density of the branch corresponding to theL-lysyl
side chain, which terminates at the Cbz group, disappears
after theγ carbon of theL-lysine side chain (Figure 4c). The
other branch, corresponding to the main chain of the peptide,
is visible up to theâ carbon of theD-γ-Glu. In each case,
peaks of electron density indicate the approximate route of
the remainder of each chain but are insufficient to model
these regions of the inhibitor with any accuracy. No density
corresponding to either of the Boc or Cbz protecting groups
is visible. Similarly, there is no electron density correspond-
ing to the pinanediol group of the inhibitor, demonstrating
that this protecting group disassociates from the inhibitor
upon binding to the enzyme (24). Consequently, only those
atoms of the inhibitor visible in the electron density have
been included in the final model. When these atoms of the
inhibitor were refined with full occupancy, theB factors of
the atoms of the inhibitor closest to Ser-44 were of similar
magnitudes with that residue and then gradually increased
along the inhibitor chain in accordance with the weakening
of the electron density.

The boronic acid inhibitor was designed to be a mimic of
the presumed tetrahedral intermediate/transition state for the

enzyme-catalyzed deacylation reaction (Scheme 2). The
strong electron density between the boron and theγ oxygen
of Ser-44, which forms the covalent bond with peptide
substrates andâ-lactam antibiotics in PBP 5, indicates that
a covalent bond is formed between these two atoms. The
shape of the electron density around the boron is clearly
tetrahedral, consistent with this being a transition-state
analogue (Figure 4b).

Both of the boronic acid oxygens form hydrogen-bonding
interactions within the active site (parts a and c of Figure
4). One oxygen (O2) is within hydrogen-bonding distance
of the amide groups of Ser-44 and His-216, which together
appear to constitute the oxyanion hole, as well as the carbonyl
of His-216. The other oxygen, O3, does not form direct
contacts with the enzyme but instead is hydrogen-bonded to
two water molecules, W184 and W348. In turn, W184
contacts the main-chain carbonyl of Thr-214 and theγ
hydroxyl of Ser-110, and W348 contacts the main-chain
amide of His-216 as well the carbonyl group of theγ-D-Glu
residue of the inhibitor. Thus, O2 appears to correspond to
the oxyanion formed from the carbonyl oxygen of the
substrate following attack by a water molecule, while O3
represents the attacking water molecule during hydrolysis
of the acyl-enzyme complex (Scheme 2).

Aside from these interactions, there are few other contacts
between the inhibitor and PBP 5 (Figure 4c). The main-chain
carbonyl group ofL-Lys is within hydrogen-bonding distance
of both theγ-hydroxyl and main-chain amide of Ser-87 as
well as the side-chain amide of Asn-112. Nearby, the main-
chain amide ofL-Lys is within hydrogen-bonding distance
of the carbonyl group of Gly-85. Last, Ser-86 and Leu-153
both may be contributing to hydrophobic packing interactions
with the side-chain carbon atoms on theL-Lys substituent.

Of some interest is the protein environment around the
boroAla methyl group, which occupies a hydrophobic pocket
comprised primarily of Gly-152 and the side chain of Leu-
153 and to a lesser degree by Thr-217 and Ala-43. It is
noteworthy that Gly-152 and Leu-153 are well-conserved
in the class A and C LMM PBPs. Surprisingly, this pocket
appears capable of accommodating slightly larger side chains
such as valine, which appears contradictory given the speci-
ficity of PBPs for a penultimateD-Ala residue in peptide
substrates (38, 39), although it is possible that such a cavity
is required to accommodate any movement of this group
during catalysis. Interestingly, class Aâ-lactamases also con-
tain a pocket in the equivalent region of the molecule even
thoughâ-lactam antibiotics have no substituent occupying
this position. For example, in the crystal structure of TEM-1
acylated by penicillin G (40), a water molecule lies in
approximately the same position as the methyl group of the
D-boroAla (not shown). In contrast, such a cavity appears
absent in class Câ-lactamases: in the crystal structure of
AmpC â-lactamase, Tyr-218 occupies this space (41).

FIGURE 3: Dual conformation of theΩ-like loop in PBP 5. Residues
152-154, inclusive, occupy two conformations as evidenced by
positive |Fo| - |Fc| electron density calculated from a model re-
fined in the absence of residues 151-156, shown in blue and
contoured at 0.9σ. The chain colored in green occupies the same
position as in wild-type PBP 5, whereas the chain colored orange
is closer to the active site and its position may result from binding
of the boronic acid inhibitor. The figure was made with Pymol
(pymol.sourceforge.net).

Scheme 2
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The backbone and side chains of the inhibitor each occupy
a distinct region on the surface of the protein. TheL-lysyl
side chain, which is analogous to them-DAP side chain of
the peptide substrate, lies within a deep channel parallel to
the edge strand of the 5-strandedâ sheet of the penicillin-
binding domain and residues 82-86. The main-chain branch
of the inhibitor comprising the Boc-γ-D-Glu residue lies in
a depression on the surface of the protein, lined by residues
Gly-85, Ser-86, Ser-87, Leu-88, Phe-90, Gln-109, Gln-195,
and Arg-198 (Figure 5). Either (or both) of these regions
may comprise the binding site of the natural peptide substrate
for EC PBP 5. Interestingly, residues 74-90 exhibited a high
degree of disorder in the crystal structure of a mutant of PBP
5 (PBP 5-G105D) that is defective in CPase activity (12,
18, 42).

Comparison of the Structures of Inhibitor-Bound and Wild-
Type PBP 5.The structure of PBP 5 in complex with Boc-
γ-D-Glu-L-Lys(Cbz)-D-boroAla superimposes very closely
with that of wild-type PBP 5 (18), with a (root-mean-square)
rms deviation of all CR distances of 0.6 Å, indicating that
the binding of the inhibitor has little effect on the overall
structure of the enzyme. However, some interesting differ-
ences do occur in and around the active-site region. As noted
above, residues 152-154 of this region occupy two confor-

mations (see Figure 3). One of these overlaps with the wild-
type structure, but the other is in a new position closer to
the active site. In addition, there is a shift in the position of
residues 214-223, which comprise aâ hairpin betweenâ9
andâ10, and in concert, elements adjacent to theâ hairpin
also move, including the loops prior toâ1 and betweenâ10
andR10. Thus, of the five strands that comprise the central
â sheet of the penicillin-binding domain in PBP 5, the ends
of four strands shift toward the active site in response to the
binding of the boronic acid. The biggest shifts in this region
occur in residues 217 and 218, which have moved 1.8 and
2 Å, respectively (CR-CR distances). This movement
appears to be a direct consequence of inhibitor binding
because, in the boronic-acid-bound structure, the amide
nitrogen of His-216 is within hydrogen-bonding distance of
the O2 oxygen of the inhibitor. Furthermore, there is also
an interaction between theâ hairpin and theΩ-like loop
region via a potential hydrogen bond between the side chains
of Thr-217 and Asp-154 (Figure 6). In comparison with the
native structure, the side chain of Thr-217 has rotated to make
this contact, suggesting that this interaction may be important
for the stabilization of the oxyanion hole.

Within the active site itself, there is surprisingly little
change in the positions of the amino acid residues in the

FIGURE 4: Boc-γ-D-Glu-L-Lys(Cbz)-D-boroAla bound in the active site of PBP 5. (a) Stereoview showing the boronic acid inhibitor within
the active-site cavity. The electron density is a|Fo| - |Fc| difference map calculated from the final coordinates refined in the absence
of the inhibitor. The positive density is shown in blue and is contoured at 1.5σ. The side chains of active-site residues are shown
in ball-and-stick form in which carbons are yellow, oxygens are red, and nitrogens are blue. The inhibitor is shown with green bonds, and
the boron atom is colored purple. Water molecules are shown as red spheres. Potential hydrogen bonds are shown as dashed lines.
(b) Zoom of the region centered on the Ser-44 hydroxyl showing both the covalent bond between Ser-44 and the boron atom and the
tetrahedral shape of the density. The images were made with Pymol (pymol.sourceforge.net). (c) Diagram of the contacts made between the
boronic acid inhibitor and the active-site residues of PBP 5 (distances in angstroms). Figure created with ISIS Draw (Molecular Design
Ltd., U.K.).
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ligand-bound structure compared to the wild-type structure
(Figure 6). Much of the hydrogen-bonding network between
active-site residues observed in the wild-type structure of
PBP 5 (18) is retained in the boronic acid complex. Thus,
theε-amino group of Lys-213 forms a hydrogen bond with
the Oγ of Ser-110 and the main carbonyl oxygens of Ile-
106 and Asn-107 (not shown). Ser-44 is within hydrogen-
bonding distance of Lys-47, as is Asn-112. Aside from the
separation of residues 152-154 into two distinct con-
formations, as described above, the most significant differ-

ence between the native and ligand-bound active sites is the
shifts of those residues comprisingâ9, the edge strand of
the centralâ sheet. Thus, residues Gly-215 to Lys-219,
inclusive, are all shifted toward the active site in the boronic-
bound structure, with the biggest displacement being in Thr-
217.

Comparison with theDD-Peptidase-Peptide Phosphonate
Structure. The structure of PBP 5 in complex with the
boronic acid inhibitor was also compared to that of aDD-
peptidase fromStreptomycesR61 in complex with a peptide

FIGURE 5: Molecular surface of the active-site cavity of PBP 5 showing the boronic acid ligand in CPK form. The positions of some of
the amino acid residues that form the binding site are labeled. Red arrows show the approximate directions of theL-Lys side chain and
main chain of the inhibitor. The figure was made with Sybyl (Tripos, Inc.).

FIGURE 6: Superimposition of the active sites of native and boronic-acid-bound structures of PBP 5. In this stereoview, the structure of
native PBP 5 (in green) is compared to that of the complex with the boronic acid inhibitor (gold). The inhibitor is shown in bond form in
which carbons are yellow, oxygens are red, nitrogens are blue, and the boron is purple. Important active-site residues are shown in bond
form. Note the dual occupancy of theΩ-like loop in the native structure and the shift of the KTG motif toward the active site in the
boronic-acid-bound structure. The figure was made with Pymol (pymol.sourceforge.net).
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phosphonate transition-state analogue (43). The two enzymes
were superimposed using threeâ strands of the penicillin-
binding domain and the SxxK and K(H)TG active-site motifs,
and the rms deviation in CR positions between these common
elements was 1.2 Å. Because of the significant difference
in structure, the S(Y)xN motif was excluded from the
superimposition. The position and geometry of the two amino
acid analogues (boroAla and phosphonoAla) within the active
site are very similar and overlap closely until the branch point
of the boronic acid inhibitor (Figure 7a). The respective
serines and lysines of the SxxK motifs also superimpose very
closely, but the other active-site residues differ significantly,
which may reflect the different substrate specificities of the
two enzymes (15, 44, 45). In PBP 5, Ser-110 and Lys-213
are the equivalents of Tyr-159 and His-298 in theDD-pep-
tidase, respectively. Interestingly, the side-chain hydroxyls
of Ser-110 and Tyr-159 are surprisingly close to each other,
and each are within hydrogen-bonding distance of a water
molecule that occupies a similar position in both active sites.
In both cases, the water molecule is also hydrogen-bonded
to the same hydroxyl of each inhibitor. A key difference,
however, is that Tyr-159 is also hydrogen-bonded directly
to O2 (the equivalent atom to O3 in the phosphonate
inhibitor), whereas Ser-110 is beyond hydrogen-bonding
distance of the O3 atom of the boronic acid inhibitor. Tyr-
159 is thought to play the role of general base for deacylation
in DD-peptidase (43), and the spatial proximity of Ser-110

to Tyr-159 in the superimposition suggests a role for Ser-
110 for deacylation in PBP 5 (discussed below).

Comparison with the PBP 2× from Streptomyces pneu-
moniae.To assess the similarities with a HMM PBP, the
structure of the PBP 5-boronic acid complex was also
compared to that of PBP 2× from S. pneumoniaein complex
with the cephalosporin cefuroxime (11). With the exception
of a serine in place of threonine in the KTG triad, the residues
that characterize the conserved motifs of PBPs are the same
between the two enzymes. In fact, these residues could be
superimposed with a rms deviation between main-chain
atoms of 0.58 Å, indicating a close correspondence in the
positions of the amino acids in the respective active sites.
Despite this, the binding orientation of the boronic acid
inhibitor in PBP 5 is strikingly different from that of the
antibiotic in PBP 2× (Figure 7b), and its main-chain region
approximately bisects the path of the antibiotic. The same
is true when also compared to the structure of PBP 2a in
complex with antibiotics (13) (not shown). Interestingly, O3
of the boronic acid, which is believed to represent the
hydrolytic water, essentially overlaps with theâ-lactam
leaving-group nitrogen of cefuroxime in PBP 2×. If this
arrangement was the same in PBP 5 when bound toâ-lactam
antibiotics, then the hydrolytic water must occupy a different
position than O3 of the boronic acid inhibitor. More likely,
however, is that PBP 5 bindsâ lactams differently to the
arrangement observed in PBP 2×, and the variety in binding

FIGURE 7: Superimposition of the active sites of PBP 5 in complex with the boronic acid inhibitor with two other PBPs. (a) Superimposition
with the DD-peptidase fromStreptomycesR61 in complex with a phosphonate inhibitor (38). In this stereoview, the active-site residues of
PBP 5 are shown as yellow bonds and those for theDD-peptidase are purple bonds. Oxygens are colored red, nitrogens are blue, the boron
is green, and the phosphorus atom is gray. Equivalent residues are labeled black in PBP 5 and purple in theDD-peptidase. Note the similarity
in the position of a water molecule adjacent to Tyr-159 in theDD-peptidase and Ser-110 in PBP 5. (b) Superimposition with PBP 2× from
S. pneumoniaewith the same coloring scheme as (a), except that residues of PBP 2× and the antibiotic cefuroxime are colored gray.
Residues of PBP 2× are labeled in blue. The figure was made with Pymol (pymol.sourceforge.net).
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modes of the thiazolidine (or dihydrothiazine) rings within
just the PBP 2a group of acylated structures (13) suggests
this is indeed the case.

DISCUSSION

The PBPs are a unique enzyme family of bacterial en-
zymes that catalyzeDD-CPase, transpeptidase, and/or en-
dopeptidase reactions required for bacterial cell-wall pepti-
doglycan biosynthesis. Mechanism-based inhibitors of PBPs
are of interest as probes of the essential features of substrate
binding and catalytic mechanism in these enzymes, as well
as for their potential to be developed into new classes of
antibacterial agents. Recently, peptide boronic acids were
demonstrated to be effective inhibitors of several PBPs (31),
and this study presents the first structural description of a
PBP-peptide boronic acid complex.

Enzyme-Peptide Interactions.In addition to providing a
boronyl group to mimic the transition state of a PBP-
catalyzed deacylation reaction, the Boc-γ-D-Glu-L-Lys(Cbz)-
D-boroAla inhibitor was designed to incorporate backbone
and side-chain elements of the peptide substrate for PBPs.
Hence, the crystal structure of the complex also provides
clues as to how a peptide substrate might bind in the active
site of PBP 5. Other than near the boroAla moiety, there are
very few contacts observed between the enzyme and inhibi-
tor. The lack of significant interaction with the distal regions
of the inhibitor suggest that many of thein ViVo enzyme-
peptide contacts may be absent in this complex and that the
true substrate of PBP 5 may be a larger component of
peptidoglycan than is represented in the inhibitor. This may,
in turn, explain the relatively low enzymatic activity of PBP
5 against diacetyl-L-Lys-D-Ala-D-Ala-based substrates used
to measure CPase activity (15, 44).

The other interesting feature of the inhibitor complex is
the orientation of the substrate within the active-site cavity
of PBP 5. Electron density corresponding to the carbonyl
bond ofγ-D-Glu residue is clearly visible, thus distinguishing
unequivocally the main-chain branch of the inhibitor from
the L-Lys side chain. Moreover, the apparent specificity of
the interactions between theL-Lys amide nitrogen and the
carbonyl of Gly-85, as well as the carbonyl ofγ-D-Glu and
a water molecule (W348), suggests that the binding, in terms
of overall orientation, is physiologically relevant. The part
of the inhibitor that mimics them-DAP side chain, i.e.,L-Lys-
(Cbz), lies within a deep groove bounded on one side by
strandâ9, which contains the KT(S)G motif, and on the other
side by residues 82-86. This binding mode is broadly the
same as that of the glycyl-L-R-aminopimelyl group of
the phosphonate inhibitor in the crystal structure of R61
DD-peptidase (43). The region of the boronic acid inhibitor
that resembles the main chain of the peptide, i.e., the Boc-
γ-D-Glu-L-Lys, lies within a depression on the surface of
the protein that extends away from the active site (see Figure
5). The existence of a distinct binding region for each branch
of the inhibitor, as well as the idea that the enzyme might
bind larger molecules than the boronic acid used in this study,
suggests that thein ViVo substrate for PBP 5 might be a cross-
linked peptide.

Implications for Catalytic Mechanism.A complete and
general description of the catalytic mechanism of PBPs has
been elusive. Both acylation and deacylation require with-

drawal of a proton from an incipient nucleophile, either from
the active-site serine in the acylation reaction or from water
or alternative acyl group acceptor in the deacylation reaction.
Likewise, both acylation and deacylation require proton
donation to the leaving group, either to the C-terminal
D-alanine amino group during the acylation reaction or to
the active-site serine during the deacylation reaction. On the
basis of crystallographic analysis, the pH dependence of
enzyme-catalyzed CPase activity, site-directed mutagenesis,
and analogy with class Aâ lactamases, Lys-47 has been
proposed as the catalytic base for the acylation reaction in
PBP 5 (12, 15, 18). In this role, Lys-47, in its unprotonated
form, withdraws a proton from Ser-44 during nucleophilic
attack of the serine hydroxyl on theD-Ala-D-Ala peptide
bond. The proximity of Lys-47 to Ser-44 in the crystal
structure of PBP 5 in complex with Boc-γ-D-Glu-L-Lys(Cbz)-
D-boroAla provides further support for this idea.

A key question remaining, however, is whether Lys-47
also acts as a general base in deacylation or whether another
amino acid is involved. The hydroxyl group at O3 of the
boronic acid inhibitor, which is analogous to the attacking
water molecule for the deacylation reaction, makes no direct
interactions with the enzyme; instead, it forms a potential
hydrogen bond with a water molecule, W184. This is
interesting because a functional group within the active site
would be expected to polarize the attacking water molecule
to facilitate its attack on the carbonyl carbon of the acyl-
enzyme complex. Importantly, this arrangement appears to
exclude a direct role for Lys-47 in deacylation because its
ε-NH2 group is not close enough (4.2 Å) to O3 to serve as
a general base. Although it remains possible that conforma-
tional flexibility could move Lys-47 closer to O3 or the initial
binding position of the hydrolytic water could be closer to
Lys-47, a role for other amino acids in deacylation must be
considered.

One residue that might act in the deacylation reaction is
Ser-110. Although it is beyond contact range of the O3
hydroxyl of the boronic acid inhibitor in its current position
in the crystal structure (see Figure 4), a rotation of its side
chain could bring theγ oxygen of Ser-110 to within 2.9 Å
of O3. In support of this, evidence of conformational
flexibility in the SXN motif has been observed in PBP 5
(unpublished results). Furthermore, such a rotation would
increase the degree of overlap between Ser-110 and its
tyrosine counterpart in R61DD-peptidase (see Figure 7a). In
the crystal structure ofDD-peptidase in complex with a
phosphonate inhibitor, Tyr-159 forms a hydrogen bond with
O2 of the phosphonate inhibitor (equivalent to O3 of the
boronic acid inhibitor); thus, it was proposed that Tyr-159
(in its deprotonated form) acts as the base in deacylation in
R61 DD-peptidase by polarizing the hydrolytic water that
attacks the carbonyl carbon of the acyl-enzyme complex
(43). Although a rotation might bring Ser-110 close enough
to O3 of the boronic acid inhibitor, it is highly unlikely that
Ser-110 in PBP 5 could act as a base because of its high
pKa. This difference, together with the divergent nature of
these two CPases, suggests that PBP 5 has a mechanism of
deacylation distinct from that of the R61DD-peptidase.

An alternative mechanism is suggested by the network of
hydrogen-bonding interactions linking the hydrolytic water
(represented by O3 of the inhibitor), Ser-110, and Lys-213.
When Lys-213 acts through this network, it might be the
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general base for proton extraction from the hydrolytic water
molecule. In such a role, itsε-amino group must be depro-
tonated, which might be achieved through hydrogen-bonding
interactions with two carbonyls (residues 106 and 107) and
a water molecule (W151). Moreover, site-directed mutagen-
esis demonstrated the importance of Lys-213 in PBP 5, in
that substitution to any residue other than arginine resulted
in a protein unable to form an acyl-enzyme complex with
penicillin G (46). However, the K213R mutant showed an
identical rate of hydrolysis of the penicilloyl acyl-enzyme
complex as the wild-type enzyme (46), thus apparently
arguing against Lys-213 as a general base, because arginine
is unlikely to undergo protonation-deprotonation at physi-
ological pH.

This argument against Lys-213 acting as a general base
is predicated on the idea that the mechanisms for deacylation
of the peptide substrate andâ-lactam antibiotics are the same.
However, it is certainly conceivable that the mechanisms are
independent, such that Lys-213 is the general base for
deacylation for peptidyl-enzyme complexes and a different
base is used for the turnover ofâ-lactam antibiotics. This
idea is supported by kinetic data of the K213R enzyme be-
cause, although this mutant hydrolyzes the penicilloyl acyl-
enzyme complex at a normal rate, it no longer turns over
peptide substrates (46), suggesting a mechanistic separation
of these activities. A similar disparity between the hydrolysis
of penicilloyl-PBP and thekcat/Km for CPase was observed
in a S87A mutation of PBP 5 (18). A plausible candidate
for the general base for acyl-enzyme hydrolysis with
â-lactam substrates is the free amino group of the cleaved
â-lactam ring, which is tethered in close proximity to the
acyl-enzyme intermediate (in contrast to the situation with
peptide-based substrates). Such a mechanism has also been
proposed previously for the class Câ lactamases (41, 47).

The final hypothesis for the mechanism of deacylation in
PBP 5 emerging from this study is a subtler one and involves
a network of polarizing interactions. In this scenario, Lys-
213 promotes deacylation by orienting and polarizing Ser-
110, which in turn polarizes the hydrolytic water molecule

through the bridging water molecule W184. The polarized
hydrolytic water molecule then attacks the electrophilic
carbonyl of the acyl-enzyme complex (Figure 8). The
proximity of Ser-87 to W184 also suggests a possible
contribution of this residue in deacylation of the acyl-
enzyme complex. This hypothesis is supported by site-
directed mutagenesis experiments in which mutation of Ser-
87 to alanine caused a 16-fold decrease of thekcat/Km constant
for CPase activity of PBP 5 (18). Irrespective of the precise
mechanism of deacylation, evidence from the crystal structure
of PBP 5 in complex with the boronic acid inhibitor suggests
major roles for Ser-110 and Lys-213 in the deacylation
reaction catalyzed by this enzyme.
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