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ABSTRACT: â-Lactam inhibitors of transpeptidase enzymes involved in cell wall biosynthesis remain among
the most important therapeutic agents in clinical use.â-Lactams have more recently been developed as
inhibitors of serine proteases including elastase. All therapeutically usefulâ-lactam inhibitors operate
via mechanisms resulting in the formation of hydrolytically stable acyl-enzyme complexes. Presently,
it is difficult to predict whichâ-lactams will form stable acyl-enzyme complexes with serine enzymes.
Further, the factors that result in the seemingly special nature ofâ-lactams versus other acylating agents
are unclearsif indeed they exist. Here we present the 1.6 Å resolution crystal structure of a stable acyl-
enzyme complex formed between porcine pancreatic elastase and a representative monocyclicâ-lactam,
which forms a simple acyl-enzyme. The structure shows that the ester carbonyl is not located within
the oxyanion hole and the “hydrolytic” water is displaced. Combined with additional kinetic and mass
spectrometric data, the structure allows the rationalization of the low degree of hydrolytic lability observed
for the â-lactam-derived acyl-enzyme complex.

The catalytic mechanism of the serine proteases is among
the best studied processes in enzymology. The mechanisms
of other enzymes, including transpeptidases involved in
bacterial cell wall biosynthesis (penicillin binding proteins,
PBPs)1 and resistance toâ-lactam antibiotics (â-lactamases),
also employ a mechanism involving nucleophilic attack by
an active-site serine residue. While there are considerable
variations in the active-site architectures and mechanisms
of the various subfamilies of serine enzymes, it likely that
in all cases catalysis proceeds via acyl-enzyme complexes
and (probably) that activation of the cleaved peptide bond
and acyl-enzyme involves hydrogen bonding between the
oxygen of the ester carbonyl and the oxyanion hole.
Similarities between the catalytic machinery of enzymes of
the serine family with little or no overall sequence similarity
(e.g., chymotrypsin/subtilisin) are powerful arguments for
convergent processes during enzyme evolution (1-3).

Inhibitors that form stable acyl-enzyme complexes with
serine enzymes are of medicinal importance. Most promi-
nent among these compounds are theâ-lactams, e.g.,
penicillins and cephalosporins, which were first developed

as antibacterials (PBP inhibitors) but whose use has now been
extended to serine protease inhibition (4, 5). Bacterial
resistance toâ-lactams is an increasing clinical problem and
is primarily mediated via serineâ-lactamases, which hydro-
lyze â-lactam antibiotics to inactiveâ-amino acids.â-Lac-
tam inhibitors ofâ-lactamases have been developed (e.g.,
clavulanic acid), but even their use is threatened by the
development of resistance mechanisms, e.g.,â-lactamases
with altered selectivities (6). Common to the mechanisms
of all clinically usedâ-lactam inhibitors is the formation of
a hydrolytically stable acyl-enzyme complex.

Comparison of the structures of acyl-enzyme complexes
with varying degrees of hydrolytic liability may lead to a
better understanding of the factors required for both efficient
catalysis and inhibition (via acyl-enzyme complexes) of
serine enzymes. Such an understanding may assist in the
design of serine protease inhibitors and antibacterials resistant
to serineâ-lactamases. We are particularly interested in
developing non-â-lactam inhibitors that form stable acyl-
enzyme complexes as antibiotics/â-lactamase inhibitors (7).

The only structural technique that presently allows detailed
high-resolution studies on enzyme-substrate/inhibitor com-
plexes is X-ray crystallography. Commercially available
porcine pancreatic elastase (PPE) was chosen as a model
system since it crystallizes readily and its structure is similar
to that of human leukocyte elastase (HLE), a therapeutic
target (8, 9). Recently, we reported the structure (10) of an
acyl-enzyme complex, formed between a simple heptapep-
tide (â-casomorphin-7, BCM7), discovered by mass spec-
trometric screening, and PPE. This led to insights into the
stereoelectronics of the acyl-enzyme complex hydrolysis
during PPE-catalyzed peptide hydrolysis.
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Elastases have been shown to be inhibited by a variety of
mono- and bicyclicâ-lactams (11), some of which have been
shown to act via double hit (i.e., covalent cross-linking)
mechanisms (12). Initially, due to the stability of the acyl-
enzyme complex, simpleN-sulfonylarylâ-lactam inhibitors
of HLE (e.g.,1 and2; Chart 1) were believed to operate via
such a mechanism (5, 13), but a subsequent study demon-
strated they were not fragmented (14). Kinetic studies
indicating a bifurcating pathway (13) were consistent with
this and other mechanisms involving partitioning of an
intermediate between turnover and formation of a relatively
stable enzyme-inhibitor complex (Scheme 1). Studies on
â-lactams with a leaving group at the C-4 position demon-
strated that the mechanism of elastase inhibition by mono-
cyclic â-lactams is dependent upon both the substitution
pattern and stereochemistry of theâ-lactam template (15,
16). For our studies on the factors governing the stability
of acyl-enzyme complexes, we chose to examine the
interaction ofN-sulfonylaryl â-lactams, without a leaving
group at the C-4 position, with PPE since it seemed likely
that their mechanism of action is likely to be among the
simplest of knownâ-lactam protease inhibitors. Herein, we
report studies leading to the crystal structure of a stable acyl-
enzyme complex formed by reaction of one suchâ-lactam
with PPE and comparison of this structure with that formed
between PPE and BCM7.

MATERIALS AND METHODS

Electrospray Ionization Mass Spectrometry. Electrospray
ionization mass spectra were recorded on a VG Bio-Q triple-
quadrupole atmospheric pressure mass spectrometer equipped
with an electrospray interface. Samples (10µL) were
introduced into the electrospray source via a loop injector
as a solution with a final protein concentration of typically
20 pmolµL-1 in water/acetonitrile (1:1 v/v) containing 1%
(v/v) formic acid. Mass spectra typically consisted of 15
10-s scans over the range 700-1900Mr. Mass spectra were
acquired with a cone voltage of 50 V and a source
temperature of 50°C. The instrument was calibrated with
horse heart myoglobin or bovine ubiquitin. All ESI mass
spectra of modified PPE samples were calibrated relative to
PPE itself.

Inhibition, Reduction, and Alkylation of PPE. PPE (0.5
mg, 0.02µmol) was dissolved in Milli-Q water (100µL).
Theâ-lactam inhibitor (3 mM in acetonitrile) was added to
this solution to give either a 2:1 or 10:1 ratio of inhibitor:
PPE. After incubation at room temperature (20 min), an
aliquot was removed for ESIMS analysis and 0.1 M
ammonium acetate/acetonitrile (9:1 v/v) at pH 4 (200µL)
was added to the remainder. TCEP (100 mM), in the same
solvent system (50µL, 65-fold excess over disulfide groups),
was then added and the solution was heated, with stirring,
at 50 °C for 45 min. N-Phenylmaleimide (50 mM) in
n-propanol (150µL, 50-fold excess over thiol groups) was

then added and heating was continued for a further 45 min.
Nonprotein byproducts were removed by extraction with
dichloromethane (3× 500µL) and the resulting white solid
was removed by centrifugation and dissolved in Milli-Q
water (250µL).

Cyanogen Bromide Digests of Modified PPE. Modified
PPE (0.5 mg) from the above transformation was dissolved
in 50% (v/v) formic acid (500µL). A solution (100µL) of
cyanogen bromide (0.5 mg, 5µmol) in 50% (v/v) formic
acid was added to the PPE solution and incubated in the
dark at 20°C for 6 h. The cyanogen bromide used was
colorless and free from nonvolatile polymeric material. The
incubated mixture was diluted with 15 volumes (9 mL) of
Milli-Q water and freeze-dried. The resulting solid was
redissolved in a 1:1 (v/v) water/acetonitrile solution contain-
ing 1% (v/v) formic acid and analyzed by M-HPLC-ESIMS
using a Hypersil reversed-phase C4 column (5µm particle
size, 300 Å pore, 1.0× 250 m). A gradient of 25-76%
(v/v) aqueous acetonitrile containing 0.1% (v/v) TFA was
used. Peak fractions were monitored at 218 nm and collected
manually for sequence determination by Edman degradation.

NMR Experimental Procedures. NMR experiments were
performed at 499.98 MHz on a Bruker AMX500 instrument
equipped with a 3 mmmicroprobe. Sample volumes were
130-150 µL and the sample temperature was regulated at
303 K. All spectra were referenced to internal MeCN at
2.05 ppm. The phosphate buffer (0.1 M) was prepared by
dissolution of Na2DPO4 (1.107 g) and NaD2PO4 (276 mg)
in D2O (100 mL).

Experimental Procedures for Kinetic Studies. Enzyme
assays were performed with a Shimadzu 1601 spectropho-
tometer equipped with a thermostated multicell transport
system. The rate of hydrolysis of the MeOSuc-Ala-Ala-Pro-
Val-pNA substrate (4 mM concentration) was measured at
410 nm and at a constant temperature of 25°C. The kinetic
analyses were conducted at pH 7.5 in a solution containing
0.1 M HEPES buffer, 0.5 M NaCl, and 10% (v/v) DMSO.
Final concentration ranges for analysis of theâ-lactams1
and2 were 75-400 nM and 10-200 nM, respectively. The
rate of hydrolysis of thep-nitroanilide substrate was deter-
mined by using a curve-fitting algorithm, and from these
data an IC50 value was calculated.

Synthesis ofâ-Lactams. Synthesis of theâ-lactam inhibi-
tors and their derivatives was carried out by a modified
version of the reported protocols (5, 17). Details will be
reported elsewhere.

Crystal Preparation and Soaking. The PPE crystals were
prepared at pH 5 as previously described (8). Theâ-lactam
(3) (20 mg mL-1) was dissolved in a solution containing
sodium acetate buffer (pH 5.0, 50 mM), sodium sulfate (25
mM), PPE (25 mg mL-1), and DMSO (10% v/v). The
mother liquor containing the crystals was exchanged with
this solution in a stepwise manner over a 2 hperiod. After
24 h of soaking in the inhibitor solution, the crystals were
placed in a cryoprotectant solution containing 20% (v/v)
glycerol and flash-frozen in liquid nitrogen.

Data Collection and Processing. Data were collected at
beamline 9.6 of the Synchrotron Radiation Source (Dares-
bury, U.K.) tuned to a wavelength of 0.87 Å. Data collection
was performed at 100 K with a 30 cm imaging plate
(MarResearch) to a resolution limit of 1.6 Å. The data were
processed with the programs DENZO and SCALEPACK

Scheme 1
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(18). Rmerge was 5.7% for all data. Data were 98.7%
complete [96.9% complete for the highest resolution shell
(1.60-1.65 Å)] with 165 584 reflections, of which 29 200
were unique after reduction.

Structure Refinement. The 1.65 Å native PPE structure
obtained by Meyer et al. (8) was used as the starting model.
The structure was refined using a combination of XPLOR
3.1 (19) and REFMAC [CCP4 suite (20)]. A total of 4% of
the reflections in the entire data set were randomly selected
in order to provide a test set for theRfree calculations (21).
These reflections were not used during refinement but were
included in the electron density map calculations. Models
and electron density maps were displayed with the program
O (22). At the stage in refinement when theFo - Fc map
showed clear and unambiguous density for the ring-opened
â-lactam, it was included in the model and appropriate
topology files for REFMAC and XPLOR were created. The
ester bond was simulated solely with bond length restraints.
During the latter stages of refinement, 210 water molecules
were added along with the bound calcium and sulfate ions
(8), giving a finalR-factor of 19.2% and a freeR-factor of
22.0%. The averageB-factor for the atoms in theâ-lactam
inhibitor molecule was 14.7 Å2. The rms deviations of the
bond lengths and angles in the final structure were 0.021 Å
and 2.32°, respectively. There were no unusual outliers in
the Ramachandran plot and the finalFo - Fc difference map
did not demonstrate any large areas of unexplained electron
density.

RESULTS AND DISCUSSION

Detailed studies by the Merck group on the interaction of
various types of monocyclicâ-lactam with HLE (15, 16)
have demonstrated that the mechanism of inhibition is
dependent upon the structure and stereochemistry of the
â-lactam. Since we wished to investigate the factors
governing the stability of simple acyl enzyme complexes,
i.e., with the only covalent point of attachment being via an
ester link to the active-site serine, we initially used ESIMS
and NMR to investigate the interaction ofN-sulfonylaryl
â-lactams without a leaving group at C-4 with PPE. The
HLE inhibitor L-652117 is a racemic mixture of1 and 2
(Chart 1). Optically active forms of1 and2 were synthesized
via modification of precedented methodology from aspartic
acid (5, 17). Both enantiomers1 and2 were inhibitors of
PPE with IC50 values of 115 and 65 nM, repectively.

Solution ESIMS and NMR Studies. ESIMS analysis of
the reaction between theN-sulfonylarylâ-lactams and PPE
was carried out in order to provide evidence for the structure
of the enzyme-inhibitor complex. In particular, we wished
to demonstrate that there was no cleavage of the sulfonamide
bond during the inhibition process, as had been originally
proposed for inhibition of HLE by1 and2 before revision
of the mechanism (14). Incubation of C-3-ethylatedâ-lac-
tams (1-4) followed by ESIMS analysis led to the observa-
tion of mass increments of within 0.5 Da of the calculated
values for addition of intact inhibitor (Table 1). Similarly,
mass shifts corresponding to intact inhibitor were observed
for the benzyl esters (5 and6), but the degree of complex
formation was less (<10%), as anticipated for the larger ester.
No complex was observed upon incubation of7 with PPE.
Experiments on a ca. 1:1 mixture of native PPE and PPE

inhibited by 1 in which the cone voltage of the mass
spectrometer was varied between 50 and 90 V did not lead
to changes in the ratio of uninhibited:inhibited enzyme,
consistent with a covalent link being formed between enzyme
and inhibitor. These ESIMS results implied that the inhibi-
tors analyzed were not fragmented by PPE.

During the studies on the reaction of1, 2, and5 with PPE,
mass shifts corresponding to formation of PPE-inhibitor
complexes in a 1:2 ratio were observed at low intensities
(<15% compared to the 1:1 PPE-inhibitor complexes).
Since the intensities of the 1:2 adducts were reduced at higher
cone voltage, it seems likely that the second inhibitor
molecule was bound noncovalently to PPE. Attempts to
increase the intensity of the 1:2 signals by increasing the
inhibitor:PPE ratio to 10:1 were unsuccessful. The observed
binding of a second inhibitor molecule may result from the
ESI process itself (23) and/or from the relatively exposed
PPE active site being able to accommodate a second intact
inhibitor molecule, at least under ESIMS conditions. How-
ever, it would seem unlikely that binding of a second

Chart 1: Structures ofâ-Lactam Inhibitors and Products

Table 1

compound
averaged observed
mass shiftsa (Da)

theoretical mass shift for
acyl-enzyme complex (Da)

1 355.6 (26) 356.36
2 355.6 (26) 356.36
3 297.9 (4) 297.33
1 + 2b 359.6 (4) 356.36
5 384.3 (2) 387.46
6 418.0 (3) 418.43
4 275.7 (10) 275.31

a The number of ESIMS experiments over which the data were
averaged is shown in parentheses.b Racemic mixture prepared from1
and2.
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molecule of inhibitor is important under physiological
conditions.

Time course experiments involving ESIMS analysis in
which PPE was incubated with 2 equiv of1 or 2 for between
3 min and 16 h indicated that rapid reaction to form a 1:1
complex occurred with no uninhibited PPE being observed
after either 3 min or 1 h incubations. In the case of1, with
longer incubation times (5 and 16 h) re-formation of a small
amount of uninhibited PPE was observed, which increased
with time. In the case of2, uninhibited PPE was not
observed even after a 24 h incubation time. Compound4
behaved similarly to1, with which it shares the same absolute
stereochemistry. In parallel with the positive ion ESIMS
experiments, negative ion ESIMS analysis was used to
demonstrate the PPE-mediated production of ring-opened
â-lactams8, 9, and10 from â-lactams1, 2, and4, consistent
with the proposal that the final acyl-enzyme inhibitor
complex is hydrolyzed slowly (13). The negative ion ESIMS
results were difficult to quantify due to the lability of the
â-lactams under the incubation conditions and the low levels
of material. It is noteworthy that in the cases of1 and4 no
residual intact inhibitor was observed after 20 h but that in
the case of2 only ca. 50% hydrolysis of theâ-lactam was
observed. This is consistent with the kinetic analyses
indicating that2 is a better inhibitor than1 and with the
prior conclusion that the stability of the final enzyme-
inhibitor complex depends on the stereochemistry of the
â-lactam (4).

HPLC-ESIMS Studies. Evidence that reaction of the
â-lactam inhibitors1 and 2 with Ser-195 was the only
covalent modification to PPE came from HPLC-ESIMS
studies. In an optimized procedure, incubation of the
â-lactam1 with PPE was followed by lowering the pH to 4,
reduction of the disulfides, andS-alkylation withN-phenyl-
maleimide. ESIMS on the resultant protein indicated the
presence of a major species (27 660( 5 Da) compared to
native PPE (25 898 Da). The observed mass shift of 1762
Da is close to that predicted for PPE inhibited by1 in which
the four disulfide bonds of PPE have been reduced and
alkylated byN-phenylmaleimide (calc 1750 Da). Digestion
of the inhibited and alkylated PPE with CNBr in formic acid
followed by ESIMS analysis indicated that one of the
resultant fragments had a mass of 8102.1( 2.0 Da. This
corresponds to fullyS-alkylated PPE residues 181-245 (calc
7746.7 Da) plus inhibitor (355.4 Da). Purification of this
peptide by HPLC followed by Edman degradation gave the
sequence Val(residue181)-Cys(modified)-Ala-Gly-Gly-Asn-
Gly-Val-Arg-Ser-Gly-Cys(modified)-Gln-Gly-Asp-(no serine
found at position 195)-Gly-Gly-Pro-Leu. This demonstrated
that, apart from theS-alkylated cysteines, Ser-195 was the
only modified residue. Unmodified residues included an-
other serine (Ser-189), demonstrating that the absence of Ser-
195 was not artifactual. The CNBr digests also led to
isolation of an N-terminal peptide (residues 16-53) but not
to the isolation of the third predicted fragment corresponding
to residues 54-180. This may reflect the presence of a
threonine after Met-53 since this is known to hinder CNBr
cleavage (24). Similar results were obtained with2, except
that low levels of unmodified Ser-195 were observed. These
may reflect incomplete inhibition in the initial incubation or
the relative stabilities of the diastereomeric acyl-enzyme
complexes formed from enantiomericâ-lactams1 and2 at

some stage in the derivatization/purification processes. The
results are consistent with Ser-195 being the only covalently
modified residue during inhibition of PPE by1 or 2.

NMR Studies. 1H NMR analyses in phosphate buffer of
the incubations of1 or 2 (30-40 equiv) with PPE led to
confirmation of8 and9, respectively, as the major hydrolysis
products. Quantitative analysis of the results in buffer was
complicated by the fact that hydrolysis ofN-sulfonylaryl
â-lactams apparently proceeds, at least in part, via an acyl-
phosphate intermediate (e.g.,11 from 1) and that the half-
life of 1 or 2 in phosphate buffer is ca. 14 h, compared to
ca. 6 days in D2O/CD3CN (17). Indeed, resonances assigned
to the acyl-phosphate derivatives11 and12 of 1 and2 (see
Chart 2) were observed in incubations with PPE, although
at significantly reduced levels compared to incubations in
the absence of PPE. In the phosphate buffer incubations of
1 and 2 with PPE, analysis of the aromatic regions of the
spectra also revealed the presence of unassigned broad
resonances ca. 0.05 ppm upfield of both sites of AA′BB′
resonances of the sulfonylaryl group at ca. 20% of the
intensity of ring-openedâ-lactam.

For the structural work it was important to demonstrate
that these broad signals did not derive from byproducts of a
double-hit type mechanism. Thus, incubations were carried
out in D2O/CD3CN. Under these conditions the rates of
hydrolysis of 1 and 2 were slowed and only ca. 70%
hydrolysis of1 and ca. 50% hydrolysis of2 were observed
after overnight incubation, cf. complete hydrolysis in buffer.
The lower level of hydrolysis of2 is consistent with the
ESIMS results. The only signals present in the aromatic part
of the1H NMR spectrum came from1 or 2 and8 or 9. Thus
the broad signals observed in phosphate buffer are associated
with the use of this buffer, and in D2O/CD3CN only simple
hydrolysis occurs. Some preliminary experiments were
carried out in the hope of assigning the origin of the broad
signals observed in phosphate buffer. They were not present
in the absence of PPE nor in the presence of PMSF-inhibited
PPE but were still present after removal of the PPE,
demonstrating that their broad nature did not result from a
slow equilibrium with the enzyme. Doping experiments
ruled out the possibility that the broad resonances were due

Chart 2: Possible Structures of Unassigned Metabolites
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to acids13 or 14 resulting from ethyl ester hydrolysis. On
incubation of13 with PPE in buffer, different unassigned
broad resonances in the aromatic region were also observed,
demonstrating that an ester is not required for production of
the unknown compound(s). Incubation of thep-toluene-
sulfonyl â-lactam 3 also led to the observation of broad
resonances in the aromatic region, but shifted upfield relative
to those for thep-nitrobenzenesulfonyl inhibitors1, 2, and
13. A further broad signal corresponding to the methyl of
thep-toluenesulfonyl group was also observed. It is possible
that the unassigned compounds giving rise to the broad
resonances result from decomposition of an acyl enzyme
intermediate via a process other than hydrolysis, e.g.,
cleavage of the sulfonamide bond as in the originally
proposed mechanism of action for these compounds (5, 13).
However, doping experiments, using an incubation of (3)
with PPE, demonstrated that the broad resonances were not
due to the formation ofp-toluenesulfonate,p-toluenesulfinate,
or p-toluenesulfonamide. Since they were only observed in
the presence of phosphate buffer and PPE, it seems probable
that phosphate ions play a role in their generation. Since
the â-amino acids8, 9, 10, and 14 did not react with
phosphate, then such a process would probably have to
involve reaction of phosphate with an enzyme-bound com-
plex. To the extent of our knowledge, such a process is
unprecedented in serine protease chemistry. However,
phosphonate esters are known inhibitors of serine proteases,
leading to the phosphorylation of the active-site serine residue
and phosphonamides areâ-lactamase inhibitors (25, 26). A
speculative structure for the unknown compound giving rise
to the broad resonances in the NMR spectra is15, which
might arise via phosphate attack onto the acyl-enzyme
complex followed (or preceded) by intramolecular attack onto
the resultant intermediate. The broad nature of the NMR
resonances might be explained by hindered rotation about
the N-S bond.

Studies from the Merck group have shown that breakdown
of acyl-enzyme complexes formed from monocyclicâ-lac-
tams with leaving groups at the C-4 position can lead to
different products depending upon the conditions and inhibi-
tor structure (27). Although inconclusive in terms of the
identification of the unknown product, the present NMR
studies provide evidence that, in phosphate buffer, even in
the case ofâ-lactams without a C-4 leaving group, the results
of hydrolysis may be more complex than anticipated.
However, the lack of evidence for fragmentation of the
â-lactams by ESIMS and HPLC-ESIMS and the observation
of a single product in D2O was sufficient evidence for simple
acylation of the active-site serine for us to pursue crystal-
lographic studies.

Crystallographic Studies. The acid3 rather than the esters
1 or 2 was chosen for crystallographic studies in order to
reduce the possibility of complications arising from ester
hydrolysis of PPE via the C-4 group. After experimentation,
it was found that 10% DMSO had to be included in the
soaking solutions (pH 5) to permit dissolution of a suf-
ficiently high concentration of the inhibitor. The soaked
crystals were isomorphous with native PPE (8) and there
was no significant change in unit cell parameters. The
resultant 1.6 Å resolution structure shows well-defined
electron density for all the atoms in theâ-lactam inhibitor
(averageB-factor) 14.7 Å2). Comparison of this structure
with that of the stable acyl-enzyme complex formed
betweenâ-casomorphin-7 and PPE (also at pH 5) (10) is
interesting.

The ring-openedâ-lactam is clearly located in the active
site of PPE with well-defined electron density consistent with
the presence of an ester linkage between the Oγ atom of Ser-
195 and the C-2 atom of theâ-lactam (Figures 1 and 2).
Significantly, the carbonyl oxygen of the ester is not located
within the oxyanion hole, but instead is rotated by ca. 120°
away from the arrangement observed in the PPE-BCM7

FIGURE 1: Active site of PPE (in white) showing compound3 (in black) covalently linked via an ester bond to Ser-195. The bottom stereo
picture shows anFo - Fc electron density omit map contoured at 3σ.
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structure toward the active-site cleft. In this rotated con-
formation, the carbonyl oxygen of the ester does not appear
to be in position to form hydrogen bonds with the protein.
The ethyl side chain on C-3 is located in the S1 subsite as
anticipated, since in this aspect theâ-lactam inhibitors are
designed to mimic a peptidic substrate (4). One oxygen atom
of the C-4 carboxylate group is in position to form hydrogen
bonds with Nε2 of His-57 (2.68 Å) and Wat-486 (2.64 Å),
whereas the other carboxylate oxygen atom is in position to
make hydrogen bonds with Wat-316 (2.70 Å) and Wat-380
(3.23 Å). Wat-380 lies close to the oxyanion hole and is in
position to make hydrogen bonds with the amido nitrogens
of Gly-193 (2.91 Å) and Ser-195 (3.02 Å) and the carbonyl
group of Thr-41 (2.96 Å).

As Wat-380 is also the closest water molecule to the
carbon of the ester carbonyl (4.22 Å), it may represent the
hydrolytic water responsible for the slow hydrolysis of the
acyl-enzyme complex in solution. However, Wat-380 is
not in the plane of the ester carbonyl and there is no general
base proximate to it. Further, the angle subtended between
Wat-380 and the ester carbonyl is 128°, which is considerably
more than the optimum (ca. 100-110°) for nucleophilic
attack onto a carbonyl group (28). It is therefore likely that
a significant movement of Wat-380 and/or the ester carbonyl
would be required for it to be located in a suitable position
to effect hydrolysis. Hydrolysis of the stable acyl-enzyme
complex may occur via re-formation of the productive
conformer, or another conformer in which the ester carbonyl
is in the oxyanion hole.

The excellent definition of the electron density for every
atom derived from the inhibitor suggests that the degree of
conformational flexibility is low. However, apart from the
carboxylate group on C-4, the only other part of theâ-lactam
inhibitor readily able to form electrostatic interactions with
the protein are the oxygen atoms of the sulfonyl group, which

are in position to form hydrogen bonds with Wat-462 (2.92
Å) and the side chain of Gln-192 (3.38 Å). This suggests
that hydrophobic interactions contribute significantly to the
stability of the final inhibitor complex. It is noteworthy that
the phenyl ring of the tosyl group is situated slightly deeper
within the S2 subsite than the proline ring in the PPE-BCM7
complex. Two hydrophobic residues, Trp-94 and Val-99,
border thep-toluene ring and the isopropyl side chain of
Val-99 appears to have rotated slightly (relative to the PPE-
BCM7 structure) to accommodate the bulkier tosyl group.
The p-toluene ring also lies close to and parallel with the
imidazole ring of His-57, suggesting the possibility of aπ-π
interaction which could further add to the conformational
stability of the inhibitor.

Hydrolysis of theâ-lactam-derived acyl-enzyme complex
is disfavored as the ester carbonyl is rotated out of the
oxyanion hole, thus precluding any stabilization of the
tetrahedral intermediate. Second, as the location of the
closest water (Wat-380) is incompatible with a hydrogen
bond to His-57, this water molecule is unlikely to be
polarized to such a degree that its nucleophilicity would be
significantly enhanced. The kinetic studies of Knight et al.
(13) (Scheme 1) led to the proposal that two acyl-enzyme
complexes are formed with the first being the more easily
hydrolyzed. This leads to our proposal of the following
mechanism (Scheme 2). Initially theâ-lactam binds to the
PPE active site noncovalently in a productive conformation
with the PPE. For this to occur, the C-3 hydrophobic group
must be located in the S1 subsite, and the ester carbonyl must
be positioned in the oxyanion hole. Formation of an initial
acyl-enzyme complex, which acts as the bifurcation point
in the mechanism, would be expected to occur via a
tetrahedral intermediate. Water can then bind to the complex
and effect hydrolysis to give aâ-amino acid, which diffuses
away. Alternatively, a conformational change involving

FIGURE 2: Comparison of the location of the ester carbonyl in the case of the acyl-enzyme complex formed with the monocyclicâ-lactam
3 in the top stereo picture andâ-casomorphin-7 in the bottom stereo picture. In both cases the inhibitor molecule is shown in black and the
PPE active site in white. The figures were produced with the program BOBSCRIPT (31).
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rotation of the ester carbonyl out of the oxyanion hole occurs.
Although this would result in the breaking of two hydrogen
bonds between the carbonyl oxygen and the amido nitrogens
of Gly-193 and Ser-195, it must be assumed that a combina-
tion of other effects are sufficient to render the conforma-
tional change favorable. Possible important contributing
interactions include the formation of a hydrogen bond
between the carboxylate group on C-4 and His-57 and the
π-π interaction between the tosyl ring and His-57. Other
effects that could influence the relative stability of the two
conformational states are the level of strain present in the
openedâ-lactam or the relative levels of hydrophobicity in
the environment of the C-4 carboxylate group.

Comment should also be made on the observation that2,
with the opposite stereochemistry to1 and 3, is a PPE
inhibitor. The relative positions of the ester carbonyl and
the C-3 ethyl group are of interest in the PPE-2 complex.

The detailed mechanism of the inhibition by2 may well be
different from that of3, and modification of theâ-lactam
substituents for optimal inhibition is probably best carried
out on separate enantiomers.

The structure of the acyl-enzyme complex formed from
(3) and PPE suggests that the design of aâ-lactam inhibitor,
even one operating via an apparently simple acylation
process, must take into account a number of factors. These
should include the fit of the intactâ-lactam into the active
site and the structure of the initially formed acyl-enzyme
complex. It might be possible to design inhibitors that react
to form a hydroytically stable acyl-enzyme complex in
which the ester carbonyl is located in the oxyanion hole,
e.g., by displacing or perturbing the hydrolytic water. Work
directed to this objective has been reported in studies on the
â-lactamases (29). Naturally occurring 5,5-trans-lactone
inhibitors of humanR-thrombin, which are believed to form

Scheme 2
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stable acyl-enzyme complexes in which the hydrolytic water
has been displaced, have also been recently reported (30).
Alternatively, if a conformational change rotating the ester
carbonyl out of the oxyanion hole occurs, then the hydrolytic
stability of the complex should increase. To design the
propensity for such a change into an inhibitor of a protease
is an interesting challenge since it requires predictions of
the relative stabilities and rates of interconversion of the
initial noncovalent complex, productive acyl-enzyme com-
plex, and the conformationally changed stable acyl-enzyme
complex.
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