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ABSTRACT. Although originally discovered as inhibitors of pencillin-binding proteffxactams have more
recently found utility as serine protease inhibitors. Indeed through their ability to react irreversibly with
nucleophilic serine residues they have proved extraordinarily successful as enzyme inhibitors. Consequently
there has been much speculation as to the reason for the general effectivediesstais as antibacterials

or inhibitors of hydrolytic enzymes. The interaction of analog@uandy-lactams with a serine protease

was investigated. Three seriesyelactams based upon monocyghdactam inhibitors of elastase [Firestone,

R. A. et al. (1990)Tetrahedron 462255-2262.] but with an extra methylene group inserted between
three of the bonds in the ring were synthesized. Their interaction with porcine pancreatic elastase and
their efficacy as inhibitors were evaluated through the use of kinetic, NMR, mass spectrometric, and
X-ray crystallographic analyses. The first series, with the methylene group inserted between C-3 and C-4
of the -lactam template, were readily hydrolyzed but were inactive or very weakly active as inhibitors.
The second series, with the methylene group between C-4 and the nitrogen Afatiam template,

were inhibitory and reacted reversibly with PPE to form acyl-enzyme complexes, which were stable with
respect to hydrolysis. The third series, with the methylene group inserted between C-2 and C-3, were not
hydrolyzed and were not inhibitors consistent with lack of binding to PPE. Comparison of the crystal
structure of the acyl-enzyme complex formed between PPE and a second/ded&sm and that formed
between PPE and a peptide [Wilmouth, R. C., et al. (19¢a) Struct. Biol. 4456-462.] reveals why

the complexes formed with this series were resistant to hydrolysis and suggests ways in which stable
acyl-enzyme complexes might be obtained from monocyeliactam-based inhibitors.

The g-lactam antibiotics are among the most successful RCONH RCONH S
. ) > ! S

therapeutic agents yet discovered. They exert their biological
activity by acylation of the nucleophilic serinyl residue at NJ< j;@\
the active site of enzymes involved in bacterial cell wall o] : o] X
biosynthesis (penicillin-binding proteins, PBP$1). Fol- O2H COLH
lowing from pioneering studies by the Merck group, they penicillins cephalosporins
have also shown utility as inhibitors of serine proteases, most
notably human elastas@,(3). Like the penicillins, which RCONH OH
were the firsiB-lactam antibiotics to be discovered, almost
all medicinally usedg-lactams are based upon naturally N
occurring core structures, the subfamilies of which exhibit 0 H
significant structural diversity and include the bicyclic COH

p-lactams, such as the penicillins, cephalosporins, car- norcardicins
bapenems, clavams, and monocygditactams such as the  Ficure 1

oW
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! Abbreviations: BCM?7,8-casomorphin-7; ESIMS, electrospray  effectiveness off-lactams as antibacterials or as inhibitors

ionization mass spectrometry; HLE, human leukocyte elastase; PBP, ~f scarina” . .
penicillin-binding protein; PNBSpara-nitrobenzenesulphonyl; PPE, of *serine” (trans)peptidases/hydrolases [for a review, see

porcine pancreatic elastase; PTFMBSyatrifluoromethylbenzene-  'ef 5]. The subject remains somewhat unclear, but it is clear
sulphonyl; Wat, water. that any “special” properties gi-lactams are not directly
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related to hydrolytic stability or to lack of resonance in the demonstrated to be inhibited by simple monocygitac-

pB-lactam amide§, 6). tams, in which the only covalent modification is acylation
In contrast to the range of naturally occurrifigactam of the active site seriig2, 3, 14).

antibiotics, relatively few larger ring lactam antibiotics The inhibition of elastases b§+lactams has been studied

binding to PBPs have been identified, from either naturally in detail. In the case of the monocycfidactam B), an initial

occurring or synthetic sources. While it may be argued that

the latter reflects a prejudice of the medicinal chemist in R, — pOR

favor of the four-membered ring, the lack of naturally

occurring y-, 0-, etc. antibiotics isolated is notable. The N

lactivicins (1), which are based upon a cycloserine nucleus,

o]
reaction occurs to form an acyl-enzyme ester complex, which
HN o] then partitions between a conformational change to form a
B ,L long-lived enzyme/inhibitor (E/l) complex or hydrolysis to
give a f-amino acid 15). Comparison of X-ray crystal-
lographic studies on the E/I complex formed from reaction
of 4 with the productive conformation adopted in peptidic

l\(’
o

4 HO.C

@

—, CO,H
are the only isolated naturally occurringlactams which
demonstrate their antibacterial activity by interaction with N
PBPs 7). It is also noteworthy that, rans-5,5-substituted o \SOZC6H4CH3
y-lactone @) has been isolated recently from the plant 4)

acyl-enzyme complex (albeit at pH 5) has revealed the nature
of the conformational changéd4). It was proposed that the
S-lactam initially reacts to form a hydrolytically labile acyl-
enzyme complex mimicking that formed with a peptide, in
which the ester carbonyl is located within the oxyanion hole.
However, in the case of thg-lactam-derived complex,
rotation of the ester carbonyl out of the oxyanion hole and
displacement of the hydrolytic water gives rise to a hydro-
lytically stable complex (Scheme 1).
2 o To test the reversibility proposal we have synthesized
\ y-lactam analogues based upon fhactam inhibitor 8).

In a preliminary report we described the interaction between
PPE and they-lactam series in which a methylene was
‘inserted between the C-2 and C-3 carbons 3fto give,
for example,6 (16). In this series the positioning of the
additional methylene ensures the C-3 alkyl substituent was
adjacent to the lactam carbonyl, allowing interaction with
the S subsite in the PPE active site. Incubation in phosphate
buffer (pD 7.4) demonstrated th&twas hydrolyzed very
slowly in the absence of PPE, with5% reaction being
observed after 12 h (by 500 MH# NMR analysis). In the
presence of PPE, the rate of hydrolysis was increased with
complete conversion to the-amino acid occurring within
3.5 h. PPE was also shown to catalyze the cyclization of the
y-amino ester §) to 6, thereby indicating that reacts

Lantana camarawhich inhibits humano-thrombin via
acylation of the active site sering)(

Stimulated by the problem gi-lactamase-mediated bacte-
rial resistance t@-lactams, efforts have been directed toward
the preparation of compounds that inhibit PBPs, but which
do not contain g3-lactam ring [for a review, see red].
Although no clinically used compound has resulted from this
work, new antibacterials have been synthesized, including
y-lactam rings fused to unsaturated ring systefr—-(3).

The release of+25 kcal of ring strain energy during ring
opening of g3-lactam by an alcohol renders reformation of
the s-lactam energetically unfavorablé)( but in the case
of mosty-lactams the ring strain is small. Consequently, we _— H
speculated that the relative lack of activity pfactams as o
inhibitors of “serine” enzymes might be due partly to an
unfavorable equilibrium position between the freéactam OEt
and the acyl-enzyme (E/I) comple%6). We are interested 5)
in exploring the relative efficiency of analogo@isand larger
ring lactams as inhibitors of “serine” enzymes, with the reversibly with PPE. Further NMR experiments showed that
objectives of defining the special nature, if it exists, of the this reaction was mediated via an acyl-enzyme complex.
p-lactam and developing new antibacterials/inhibitors. We Kinetic studies demonstrated th&twas an inhibitor of
have chosen to work with the serine protease porcine
pancreatic elastase (PPE), since it has been well studied from  2the innibition of elastase by some othgdlactams involves a
a structural perspective, is readily available, and has been‘double-hit” mechanism3, 28).

CO,Et

NHS0,CgH{NO,
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neither PPE nor HLE (human leukocyte elastase) up to its ppm. The phosphate buffer was prepared by dissolving Na
solubility limit in the assay system (0.2 mM). This lack of DPQ, (1.107 g) and NakPO, (276 mg) in DO (100 mL).
inhibition Implled that the |n|t|a”y formed acyl-enzyme Enzyme AssayEnzyme assays were performed using a
complex does not undergo conformational conversion to a Shimadzu 1601PC spectrophotometer equipped with a ther-
hydrolytically stable complex as proposed for fi¢actam  mostated multicell transport system. The hydrolysis of the
inhibitors. para-nitroanilide substrate (Suc-AlaAlaProAla-pNa) was
To investigate the interaction of analogqgtisandy-lac- measured at 405 nm and at a constant temperature 4 25
tams with elastases, we synthesized two further series ofin 0.1 M Tris-HCI buffer (pH 7.5) {7). Duplicate to
y-lactam analogues in which a methylene was inserted quadruplicate measurements of the initial rate were taken at
between C-2 and the lactam nitrogen (series 2), and betweerfive or six substrate concentrations between approximately
C-1 and C-2 (series 3) df (Figure 2). Herein, we report  a third and six time¥,. Two or three inhibitor concentra-
NMR, ESIMS, kinetic, and crystallographic studies on the tions were used. Where solubility allowed, inhibitor con-
interaction with PPE of these compounds and further centrations below, at, and above thevere used. Data were
compounds in the first series. The results demonstrate whyanalyzed using standard kinetic equations programmed into
somey-lactams react reversibly with PPE, but also suggest Excel (Microsoft Corp.) and Grafit (Erithacus Inc.).
ways in which the efficie_nt inhibitior_1 of serine enzymes by Synthesis of/-Lactams Synthesis of the first series of
monocyclicy-lactams might be achieved. y-lactams was carried using previously reported protocols
(16). Details of the synthesis of the second and third series
EXPERIMENTAL PROCEDURES of y-lactams will be reported elsewherg6( 18, 19). The
Electrospray lonization Mass SpectrometBfectrospray ~ [Irst series ofy-lactams were synthesized as optically active
ionization mass spectra were recorded on a VG Bio-Q triple nantiomers, and the second and third series were synthesized
quadrupole atmospheric pressure mass spectrometer equippedf racemates.
with an electrospray interface. Samples (&Q) were Crystal Preparation and Soakin@he PPE crystals were
introduced into the electrospray source via a loop injector prepared as previously describ@fy They-lactam @1) (20
as a solution with a final protein concentration of typically mg mL™) was dissolved in a solution containing sodium
20 pmoluL =t in water/acetonitrile (1:1 v/v) containing 1% acetate buffer (pH 5.0, 50 mM), sodium sulfate (25 mM),
(v/v) formic acid. Mass spectra typically consisted of 15 10- PPE (25 mg mL?), and DMSO (10% v/v). The mother
second scans over the range 7d@00 M,. Mass spectra  liquor containing the crystals was exchanged with this
were acquired using a cone voltage of 50 V and a sourcesolution in a stepwise manner av& 2 hperiod. After 24 h
temperature of 50C. The instrument was calibrated with of soaking in the inhibitor solution, the crystals were placed
horse heart myoglobin or bovine ubiquitin. in a cryoprotectant solution containing 20% (v/v) glycerol
NMR Experimental ProcedureBIMR experiments were ~ and flash frozen in liquid nitrogen.
performed at 499.98 MHz on a Bruker AMX500 instrument ~ Data Collection and Processindata were collected at
equipped wih a 3 mmmicroprobe. Sample volumes were 100 K using a Rigaku rotating anode generator (Cu K
130-150uL, and the sample temperature was regulated at radiation) and 30 cm MAR Research imaging plate to a
303 K. All spectra were referenced to internal MeCN at 2.05 resolution limit of 1.7 A. The crystal belonged to the space
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group P2:2:2; with a = 50.22 A b = 57.63 A, andc =

74.48 A. Raw data were processed with the programs © COR ° CoR
DENZO and SCALEPACK Z1). Ryerge Was 3.6% for all OH  NHSO.R OH  NHSO.R
data. Data were 97.6% complete [95.2% complete for the
highest resolution shell (1.70L.75 A)] with 153 319 reflec- (11) R=Et, R' = p-CH;C¢Hs (14) R =Et, R = p-NO,CsHy
tions of which 23 759 were unique after reduction. (12) R=Bn, R'=p-NO,CHy
Structure RefinementThe 1.65 A native PPE structure (13) R=Bn,R'=p-CH;C¢H,4
obtained by Meyer et al2() was used as the starting model. (19) R=H,R'=p-CH;C¢Hs

The structure was refined using a combination of XPLOR  (20) R=H,R'=p-NO,CsH4
3.1 22) and REFMAC [CCP4 suite2@)]. A total of 4% of

the reflections in the entire dataset were randomly selected

in order to provide a test set for th&.. calculations 24). o
These reflections were not used during refinement, but were E‘

included in the electron density map calculations. Models o CO,Et

and electron density maps were displayed with the program |

O (25). At the stage in refinement when thg — F. map PNBS
showed clear and unambiguous density for gHactam, it

was included in the model and appropriate topology files as) (16)R=Et; 26)R=H
for REFMAC and XPLOR created. The ester bond was
simulated solely with bond length restraints. During the latter
stages of refinement, 159 water molecules were added alon
with the bound calcium and sulfate ior&), giving a final
R-factor of 18.4% and a frele-factor of 21.3%. The average
B-factor for the atoms in the-lactam inhibitor molecule
was 18.7 & The rms deviations of the bond lengths and
angles in the final structure were 0.015 A and °1.3

respectively. There were no unusual outliers in the Ram- ¢,nfirmed by ESIMS analysis. This demonstrated that the
achandran plot, and the fin&l, — F. difference map did ¢ _g5 egter functionality can also be modified and still allow
not o_lemonstrate any large areas of unexplained electronppg acylation by the-lactam ring to occur. Further, the
density. observed (partial) hydrolysis df5s demonstrated that a C-3
substituent is not essential for PPE-catalyzed hydrolysis of
RESULTS AND DISCUSSION they-lactam ring. However, when the C-3 diethyl-substituted
Solution ESIMS and NMR Studids was reported that  y-lactam (L6) was incubated with PPE, no hydrolysis was
incubation of they-lactam 6) in phosphate buffer (pD 7.4)  evident, suggesting that the increased steric interactions
in the presence of PPE resulted in complete hydrolysis within decreased the stability of the acyl-enzyme complex.
3.5 h (16). 'H NMR analysis of the overnight incubation of IH NMR analysis of the overnight incubations of the C-5
PPE with 7, 8, 9, and 10 demonstrated that resonances carboxylic acid containing-lactams 17, 18) with PPE in
relating to the corresponding ring-openethctams (1, 12, buffer demonstrated that hydrolysis to giui® and 20,
13, 14) appeared. These increased in intensity with incubation respectively, in the ratio of 1:10 (ring-opened/intadactam)
time, at the expense of those corresponding to the intacthad occurred. These results contrasted with those for the
monocyclicy-lactams. In addition, a dominant peak at 356 incubation of PPE with the C-5 ester containing compounds
Da was observed upon negative ion ESIMS analysis of the (6, 7, 10, and 15) in which the hydrolyzed products were
incubation of PPE with7 in water, corresponding to the observed in a much higher ratio (if not exclusively) compared
formation of11 (theoreticaM, = 357.43 Da). These results  with the starting y-lactam under the same conditions.
implied that thep-nitrobenzenesulfonyl activating group in  Negative ion ESIMS analysis of the incubation of the
6 may be replaced by p-toluenesulfonyl group with little  toluenesulfonyl compoundL?) with PPE in water failed to

effect on the ability of the nucleophilic serine residue of PPE
%o react with the monocyclic/-lactam ring. They also
indicated that PPE is able to react with and hydrolyze
y-lactams of this series in which the relative stereochemistry
of the C-3 and C-5 substituents was either cis, a6, ior
trans as in10. The hydrolysis of the benzyl estel®, Q) to

the corresponding ring-opened compoundg, (13) was
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provide evidence in support of the hydrolysislafby PPE

to give 19. This presumably resulted from the lowering in
pH of the incubation on addition of the carboxylic acid),
rendering the enzyme inactive. Repetition of the overnight
incubation in phosphate buffer in,HO instead of RO,
acidification of the incubation mixture with 1N HCI, and

Biochemistry, Vol. 38, No. 25, 1999993

product. Complete hydrolysis was observable after 24 h,
which was consistent with th#d NMR results. Analogous
results were obtained for tliens-ethyl ester compoun@g),
which demonstrated that the ester functionality was com-
pletely hydrolyzed within 1 h. Again, no evidence for ring
opening was observed. The trans aét) (MH~ peak at 310

extraction of the aqueous solution with ethyl acetate gave aDa remained at 100% for the 24, 48, and 96 h intervals.

mixture of compounds which on negative ion ESIMS
analysis demonstrated the formation of sintfy exchanged
19 (observed peak at 330 Da; theoretithl= 331.37 Da).
This indicates that the hydrolysis df7 was effectively
irreversible under the reaction conditions.

All of the compounds of the second series

O

Second series (+):

//;/\—§COZR
07" ™y

N

| |

R' R'
@21) R=H,R'=Ts (22) R=H,R'=Ts
(23) R=E4LR=Ts (25) R=Me,R'=Ts
(24) R=Me,R'=Ts (27) R=Me,R'=H
(28) R=Me,R'=H
(29) R=H,R'=PNBS
(30) R=H,R =PTFMBS
(31) R=H,R'=S0,Me

had an ethyl side chain at the C-3 posititd.NMR analysis

of the C-4 carboxylic acid containing-lactams P1, trans
and 22, cis] and the C-4 ethyl ester-lactam @3) demon-
strated that they were stable %% hydrolyzed) in phosphate
buffer in the absence of PPE over a period of a week.
Although similar experiments performed on the C-4 methyl
estery-lactams [trans24, and cis25] provided no evidence
for ring opening, some hydrolysis of the methyl ester was
observed. About 10% hydrolysis of thensmethyl ester
(24) was observed overnight with almost complete hydrolysis
observed after two weeks. Ttes-methyl ester Z5) was
hydrolyzed at a slower rate with a trace of methanol being
produced over a period of one month.

In contrast to the monocycljé-lactam @), where HPLC-
ESIMS analysis of tryptic digests of the enzymel/inhibitor
complex demonstrated acylation at Ser-195 of a peptide
fragement {4), no evidence for acylation was observable
in a similar experiment conducted with thelactams 9)
(unpublished data). Although suggestive of it, by itself this
observation does not mean that threactam 9/enzyme
complex is less stable than that of tRdactam, since it
would be anticipated that any simple ester formed from the
y-lactam might be less stable due to the possibility of more
favorable intermolecular nucleophilic attack. Thus, deacy-
lation may have occurred during peptide digestion or
purification.

Analogous NMR experiments on the third series com-

Third series (+):
R R
o/A/?‘cozR' O%COZR
Ts Ts

(32) R=EtR'= (33) R=Et,R'=H

(34) R=Et,R'=Et

(35) R=H,R'=H

(36) R=H,R'=Bn

pounds 82 and34) demonstrated that, like the second series,
no hydrolysis was observable after an overnight incubation
with PPE. In addition, in the case d4, no ethanol
production was demonstrated, indicating that the C-5 ester
functionality was not hydrolyzed.
Kinetic Studies Kinetic studies on the first series of

y-lactams showed that neither of the compounds with an
ethyl ester at the C-5 positiol,(7) were inhibitors of PPE

In contrast to the results obtained for the compounds of up to their solubility limits. However, the carboxylic acid
the first series, there was no change in the NMR spectrumtoluenesulfonyl-lactam (L7) was a very weak inhibitor (the

of the racemic trans and cis acid compoun2if @2) after

an overnight incubation with PPE, implying that hydrolysis
of the y-lactam ring had not occurred. Even after a 100 h
incubation, no lactam-derived peaks were visible in the

Ki was too high to be accurately measured). The diethyl-
substituted PNBS/-lactam @6) was found to be inactive
which further demonstrated that thegdactams, like their
monocyclics-lactam analogues, are not inhibitors of PPE.

ESIMS spectrum apart from the 310 Da signal, corresponding Kinetic analysis of the second seriesjefactams demon-

to the MH™ parent ion. NMR analyses of thens andcis-
methyl ester compound®4, 25) after an overnight incuba-
tion demonstrated the production of methanol from hydrol-
ysis of the ester functionality. The methanol signal was
significantly higher than that observed for the control
experiments, implying the involvement of enzyme-mediated
catalysis. Doping of the incubation mixture with methanol
and the respective carboxylic acid compoun@q, (22)

strated that thérans and ciss-methyl esters of the second
series ofy-lactams both withZ4, 25) and without 27, 28)

a toluenesulfonyl group on the nitrogen atom were inactive.
However, theérans-carboxylic acid toluenesulfonyl-lactam
(22) was found to be a weak inhibitoK({ = 1.32+ 0.13
mM), which indicated that hydrolysis of the ester side chain
was insignificant for the duration of the kinetic assay5(
min.). Thetrans-carboxylic acid compounds with PNBS and

confirmed that all of the observable peaks arose from esterPTFMBS N-substituent20, 30) were more potent inhibitors

hydrolysis and that no ring opening of thelactam had

(Ki = 0.204+ 0.09 and 0.60t 0.03 mM, respectively), but

occurred. Negative ion ESIMS analyses on the incubation the N-methanesulfonyl compoun®1) was inactive.
mixture at various time points (1, 2, 24, 48, and 96 h) showed All of the third seriesy-lactams synthesized had a
a gradual increase in the amount of the ester hydrolyzedtoluenesulfonyl substituent on the amide nitrogen. For the
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Table 1: ESIMS Studies on the Interactionjet.actams with PPE in support of the kin_etic and crystallographic (vide in_fra)
calcd lafive results. The observation of low levels of adducts consistent
compound  mass PPE BN it (P diff.c with E/I_z complexes in both_ series can .probably be attnbutgd
5 3701 258987 262665 2 3678 to relatively weak nonspecific binding in the ESIMS experi-
7 33901 258981 262393 19 aa12  Ments. In light of the crystallographic studies it is tempting
9 4011 25897.6 26299.8 31 4022 toascribe the differences in the ESIMS experiments between
21 311.1  25898.8  26210.2 13 311.4  the first and second series as arising from noncovalent and
% g%sl)i %gggg-é %ggg‘g-g 12 géég covalent binding, respectively. However, it is possible that
24 3951 258081 262246 13 265 @ Wgak covallent interaction (e.g., a tetrahedral complex or
25 3251 25897.7 26223.7 18 3260 readily reversible acyl-enzyme complex) is partly responsible
aThe incubations contained PBEActam in a 1:2 ratio for the first for the E/I addUCtis obser\_/ed in the analyses of the .ﬂrSt s_erles.
series (except for compourgwhich was in a 1:10 ratio) and in a 1:3 Crystallographic StudiesAs the C-4 carboxylic acid

ratio for the second series. The incubation times were 5 min except compound of the second serie21( was one of the
for compounds, 9, 22, and24 where it was 15 min, 17 h, 3min, and  monocyclic y-lactams to produce significant inhibition of
24 h, respectively? _Relative intensity_ _refers to the intensity o_f the PPE, it was chosen for crystallographic study. Native PPE
%dﬂﬂ%ggﬁzgoggghésg;?vgf i%nmgtgﬁieegﬁzgggss shiftrelative oy stals were soaked for 24 h in a high concentration (64
mM) of 21 since the ESIMS studies had suggested that this
. .. compound gave rise to the highest concentration of E/I
compounds with an ethyl group on the C-4 Carb_on, k!netlc adduct. The soaked crystals were isomorphous to native PPE
analyses showed that, although tt_nanscarboxyhc_ acid (20), and there was no significant change in unit cell
compound §2) was very weakly activek; was too highto  parameters. The resultant 1.7 A resolution structure (Figures
be accurately measured), ttis-compound 83) was inactive 3 and 4) shows well-defined electron density for all of the
(the ethyl ester34) was insoluble in the assay conditions).  atoms in they-lactam inhibitor except for the aromatic ring
Both of the compounds without a C-4 substituest, (36) of the N-toluenesulfonyl group. The position of the toluene-
were also found to be inactive. sulfonyl ring was modeled into the structure using the
Protein ESIMS Studiedositive ion ESIMS analyses of |ocation of the oxygen atoms of the sulfonamide and the
incubations of the first serieg-lactams ¢, 7, 9) with PPE  electron density visible for the carbon atom in the phenyl
gave rise to mass shifts corresponding to the formation of ring nearest the sulfur atom as a guide, but the occupancy
1:1 complexes between PPE and the respegti@ctams  of the atoms was set to zero. The absolute stereochemistry
(Table 1). The intensities of the signals for the complex were of the ring-opened-lactam bound to PPE isR34S. This
low, typically less than 20% of the peak intensity observed does not prove that only this enantiomer is active, but it is
for native PPE. It was observed that the intensities of the suggestive that theR84S isomer is more more potent than
observed PPEHactam complexes could be increased by the 354R y-lactam. Thus, theK; values for the3R4S
increasing the ratio of-lactam used in the incubations, enantiomer are likely to be lower than those reported above
consistent with the presence of an equilibrium between PPEfor the racemate.
and they-lactam. In one case, incubation of PPE witin Recently, using a mass spectrometric screening approach,
a ratio of 1:10 (PPE)/'laCtam), the relative intenSity of the we discovered that a natural heptapeptide, hummso_
observed PPE/complex compared to native PPE was65  morphin-7 (BCM7), forms an unusually stable acyl-enzyme
70%. A low-intensity peak (of less than 10%) corresponding complex with PPE. Comparison of the PPE/BCM?7 structure
to formation of a PPE/ 1:2 complex was also observed. (26) with the PPEy-lactam complex is interesting. The ring-
Increasing the cone voltage from 50 to 110 V resulted in gpenedy-lactam is located within the active site of PPE,
the observation of mass series for native PPE only. At a coneand the electron density is consistent with the presence of
voltage of 90 V, only the E/I complex was observed (not an ester linkage between, ©f Ser-195 and the C-2 atom of
the E/k complex) but at a significantly reduced intensity they-lactam. One of the three residues forming the catalytic
compared with the studies at a cone voltage of 50 V. triad, His-57, is partially disordered in this structure.
Positive ion electrospray studies on incubations of the Although a small amount of discontinuous electron density
second serieg-lactams 21, 22, 23, 24, 25) gave rise tomass s visible in the native location, the side chain of His-57 is
shifts corresponding to the formation of both 1:1 and 1:2 best fit by a conformation rotated about°9®way from its
complexes. EAlcomplexes were observed sometimes at low position in the PPE/BCM7 structure. In this new position,
levels (<5% relative intensity) after prolonged incubation the imidazole ring is positioned between Trp-45 and the
(24—100 h). In the case of compoun®2), when the cone  phenyl ring of the toluenesulfonyl group of thelactam,
voltage was raised to 70 V, the second adduct was no longerwith which it may be in position to form a—x interaction.
observed, suggesting that it was due to nonspecific (i.e., notHowever, this is dependent on the rotational angle of the
active site directed), weak, and probably noncovalent binding. phenyl ring which is unascertainable due to the absence of
In addition, the 96 h incubation @4 and the 24 h incubation  electron density for this group.
of 23 give rise to signals that were consistent with adducts  Unlike the structure for thg-lactam compound4j (Figure
between PPE and their respective C4-ester hydrolyzedsa), the serine-ester carbonyl of the PPEtomplex is
products. This correlated with the NMR experiments, which |ocated in the oxyanion hole in a conformation similar to
demonstrated the production of methanol and ethanol duethat observed for it in the PPE/BCM7 structure and is in
to hydrolysis of the C4 ester functionality. position to form hydrogen bonds with the amido-nitrogens
The ESIMS studies were consistent with tighter binding of Gly-193 (3.22 A) and Ser-195 (2.76 A). The ethyl group
of the second series compounds, compared to the first seriespn C-3 is located in the;Subsite. The C-4 carboxylate forms
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Ficure 3: A stereoview of the active site of PPE (in green) showing compd@in@in beige) covalently linked via an ester bond to
Ser-195. The phenyl ring of thetoluenesulfonyl group was not included in the refinement. The conformation of His-57 in native PPE is
shown in thin lines. The &, — F. electron density map was contoured at 1

Ficure 4: Two annotated views of the active site of PPE (in green) withytheetam inhibitor shown in beige. As before, the conformation
of His-57 in native PPE is shown in thin lines.

hydrogen bonds with the side chain of GIn-192 (2.88 A) and the crystal structures its lone pairs of electrons are probably
the amido-nitrogen of Val-216 (3.23 A). Both of the oxygen not correctly orientated for nucleophilic attack. It appears
atoms of the C-4 carboxylate also appear to form hydrogen that the bond angle between C-5 and the nitrogen atom needs
bonds with Wat-391 (2.93 and 2.71 A), which is within to rotate~50—60° to allow the toluenesulfonyl group to be
hydrogen-bonding distance of the amide oxygen of Val-216 correctly positioned for deacylation to occur.
(2.91 A). They-lactam adopts a similar conformation in the Since the sulfonamide displaces Wat-317 (the hydrolytic
active site as BCM7 in the PPE/BCM?7 structure up to the water in the PPE/BCM?7 structure), it may be considered the
point of the C-5 methylene group, which lies close to the only functional group capable of effecting nucleophilic attack
carbonyl of the proline amide in the PPE/BCM7 structure. on the ester linkage between the ring-opepddctam and
The nitrogen atom of the sulfonamide group lies close to Ser-195. This would lead to ring closure and reformation of
(1.01 A away) the position occupied by Wat-317 in the PPE/ the originaly-lactam structure, thus rationalizing the NMR
BCM?7 structure (Figure 5b) and is also positioned relatively experiments on the second seriegydictams in which no
close to the carbon atom of the ester carbonyl (2.99 A). It PPE-catalyzed ring opening was observed even under
may be readily envisaged that if His-57 rotates into its extended incubation conditions.
“productive” conformation, then the Natom would be very ConclusionsThe NMR experiments on the first series of
close (~2.4 A) to the sulfonamide NH. Further, the location monocyclicy-lactams demonstrated that they were readily
of the latter nitrogen atom, almost overlapping with the ring-opened by PPE. Despite the evidence for reversible
location of Wat-317 in the PPE/BCM?7 structure, suggests binding of this series to PPE, they were shown not to be
that it is in a good position to effect deacylation and recyclize inhibitors by the kinetic analyses. Thus the acyl-enzyme
the freey-lactam (Scheme 2). Although the sulfonamide complex formed must be unstable, and these compounds
nitrogen is in the correct plane for nucleophilic attack onto appear to act as substrates. These results contrast with those
the ester and the angle between the nitrogen atom and thdor the respective monocyclig-lactams which partition
ester carbonyl is 105vhich is close to the optimum<{100— between hydrolysis and a conformational change resulting
11C) for nucleophilic attack upon a carbonyl groly), in in a hydrolytically stable acyl-enzyme intermediatd)( The
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Ficure 5: A comparison of the location of the acyl enzyme complex for (a)sthectam @) and (b) the monocyclig-lactam @1) in the

active site of PPE compared to that of the natural pepjideasomorphin-7 (shown in purple). Only the three C-terminal residues of
p-casomorphin (Glu-Pro-lle) are shown. In both cases the inhibitor molecule is shown in beige and the PPE active site is shown in green.
Figures 3, 4, and 5 were produced using the programs Bobs@8pt Raster3D 80), ImageMagick, lllustrator 7.0 (Adobe Inc.), and
Photoshop 4.0 (Adobe Inc.).
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lack of inhibitory activity of these/-lactam compounds is  rather than any lack of reactivity toward acylation by PPE.
therefore probably due, in part, to the presence of the extraCrystallographic analysis of the binding of compourdvith
methylene group which prevents a conformational change PPE was attempted, but the resultant electron density map




Inhibition of Elastase by-Lactams Biochemistry, Vol. 38, No. 25, 1999997

only revealed a very low-occupancy intaetactam molecule  of the second series at the 5-position or by modification of

apparently noncovalently bound within the active site. the N-substituent); or (e) displacing the hydrolytic water.
y-Lactam compounds of the second series that demon-
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