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Abstract. Interaction of elastase with 7cz-methoxycephem sulfones has been investigated by a combination of 
HPLC and ‘H NMR methods. Products arising from enzymatic cleavage have been characterized; observed 
events were opening of the plactam ring, decarboxylation of the resulting acid, opening of the dihydrothiazine 
ring, and expulsion of the C3’ leaving group (if present). In the light of obtained results, putative structures 
responsible for inhibition and turnover are proposed and discussed. 

Human leukocyte elastase (HLE) is the therapeutic target of cephem sulfones as mechanism-based inhibitors, 

and current efforts in this area aim at selecting a structure with potent, long lasting inhibitory effect coupled 

to chemical stability? Our approach in this regard is to understand chemical events triggered by reaction with 

elastase or with chemical nucleophiles and then use this information in the design of new inhibitor structures. 

In the accompanying paper,’ the cleavage products of cephem sulfones by nucleophiles have been described and 

the underlying chemistry has been critically reviewed. Here we present a structural study on products deriving 

from enzymatic hydrolysis of selected 7a-methoxycephem sulfones (la-c), as obtained upon incubation with 

either HLE or PPE (porcine pancreatic elastase), and discuss (in light of the previously accumulated knowledge) 

possible paths leading to their generation, with particular emphasis on the nature of the covalent 

enzyme-inhibitor complexes. We anticipated a fruitful harvest from a comparison of results obtained with la 

and lb, lc, as the presence of a leaving group at C3’ position is a recognized structural element associated with 

potent and long lasting inhibition? 

The cleavage products of cephem sulfones were unstable in acidic solution and did not withstand most usual 

manipulations. We succeded in their characterization by a combination of HPLC analysis using ion-pairing 

conditions4 and ‘H NMR spectroscopy of the incubation mixtures in H,O so1utlon.r Some structural information 

was also obtained from the UV spectra of HPLC peaks. Compound la behaved as a poor substrate rather than 

as an inhibitor, since it was slowly but thoroughly converted into cleavage products upon incubation with HLE 

or PPE. During the fist hour of incubation at 37°C with PPE, a transient intermediate (4) was identified’ by 

NMR, which rapidly decomposed into 5 and 6 (see Figure 1 and Scheme 1). The Z-configuration of 4 was 

confiied by the coupling constant (J = 4.3 Hz). The structure of 5 was unambiguously determined by 

comparison with an authentic sample of methoxyacetaldehyde hydrak7 Product 6 (k,,,,.. = 290 nm) was 

sufficiently stable to be detected by HPLC; its structural assignment was based on NMR data6 and on 
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comparison with UV absorption properties of related compounds.* Significantly, by repeating the NMR 

investigation in D,O, deuterium was not incorporated into the olefinic skeleton of 4. Since the sulfinate salts 

characterized in chemical cleavage studies were prone to loss of SO,,’ the possible presence of bisulfite in the 

enzymatic cleavage solution of la was investigated by the use of Ellman’s reagent, 5,5’-dithiobis-2-nitobenzoic 

acid.g*‘O Quantitative HPLC analysis after calibration with sodium bisulfite revealed formation of 1.2 f 0.2 

moles of SO, adduct (Bunte salt: RS-SO,)” and, quite unexpectedly, 3.3 f 0.2 moles of free thiol (RSH) per 

mole of la processed.” Structural analysis with NMR monitoring6 revealed transient formation of imine (7), 

rapidly decomposing into methoxyacetaldehyde (5) and poorly identified compounds. These results were 

interpreted by assuming that the Bunte salt did not arise from free bisulfite, but from reaction with a sulfinate 

species (possibly 4), and that a redox process involving a second equivalent of Ellman’s disulfide followed. 

Reaction between disulfides and sulfinic acidsI (RS-SR + R’SO,H * RSH + R’SO,-SR) is reversible and 

shifted to the leftI (it constitutes a synthetic methodology for the preparation of dissymmetric disulfides). 

However, equilibrium might be displaced when the reactive species is enamine (4), owing to irreversible 

expulsion of the RS-SO, group to generate the conjugated imine (7). In turn, the RS-SO, fragment in the 

presence of Ellman’s reagent is expected to undergo rapid oxidation to the corresponding Bunte salt with release 

of two additional equivalents of the free thiol: RS-SO, + RS-SR + H,O + RS-SO; + 2RSH. 
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Figure 1. ‘H NMR spectra (600 MHz) of incubation mixtures (pH 7.4,37 “C) containing cephem sulfone (la) 
and PPE (ca. 1 mg each) in 2 mL of H,O/DMSO-d, (1O:l). Peak labels give attribution of resonances to the 
enzymatic hydrolysis products (Scheme 1). Peaks of an unidentified transient species are labeled with a question 
mark. The starred peak indicates a resonance due to acetate ion in the PPE preparation. 
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la: R= H 
lb: R= OAc 
lc: R= S-Pyr 

A: 2% 0-Ser-E; A’: Z= OH 

I 

C: Z= 0-Ser-E 

Meo:“cH~:<Me opN$ 
2 3 CO2CMe3 
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Scheme 1. Proposed chemical mechanisms for the inhibition and hydrolytic turnover of HLE by cephem 
sulfones. Characterized structures are drawn boldface. Compounds 2 and 3, representatives of structure C, were 
obtained by chemical cleavage. S-Pyr = 4-pyridylthio. 

Compound lb, a 3’-activated cephem sulfone, very efficiently inhibited HLE: only 2.7 equivalents were required 

to completely inactivate one equivalent of the enzyme. This efficience, however, resulted in low yields of 

cleavage products in solution and, disappointingly, structural studies were frustrating. More rewarding was the 

investigation of elastase cleavage products of lc, which was turned over by HLE at least 30 times before 
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durable inhibition. HPLC analysis of incubation mixtures of lc and HLE or PPE revealed formation of one 

major product (8) with a broad absorption band centered at 300 nm. The structure of 8, as elucidated by NMR, 

revealed expulsion of the 4-pyridylthio group and decarboxylation with formation of the same Z-olefiic moiety 

as compound 4. 

Scheme I, showing possible pathways by which the compounds characterized in the present study were 

generated by enzymatic turnover, can also be used to discuss possible modes of inhibition according to the 

available evidence. The p-lactam ring of sulfones (la-c) is initially cleaved by the active site Ser-195 

hydroxy13.‘5S’6 to generate the transient acyl-enzyme (A). Next, two distinct sets of possibilities exist according 

to whether the original molecule possesses a leaving group at C3’. If no leaving group is present, deacylation 

to regenerate the free enzyme may occur on the initial acyl-enzyme (A+ A’) or after dihydrothiazine opening 

according to path a (A+ B+ B’). Path b does not take place, since the B-aminoacrylic acid (3) anticipated from 

deacylation of C was observed in alkaline hydrolysis’ but not in the enzymatic reaction. Subsequently, 

decarboxylationr7 of either A’ or B’ yields the first observed product, bis-enamine (4). In turn this compound, 

not stabilized as acrylate analogs (2, 3) by the electron-withdrawing COZ group, undergoes hydrolytic 

fragmentation to methoxyacetaldehyde (5) and the sulfinic moiety (6). This sequence of events was monitored 

on the 3-methylcephem sulfone (la), which behaved as a substrate rather than as an inhibitor. However, other 

cephem s&ones devoid of leaving groups at C3’ can produce variable degrees of temporary inhibition.3v18 That 

might be due to a delay in the deacylation of the initial complex, which might promote generation of C (either 

from A via path b, or from B by tautomerism), by analogy with chemical cleavages observed in protic solvents 

(e.g., la+ 3, lc+ 2).’ The vinylogous urethane structure (C) is commonly associated with a reduced rate of 

enzyme turnover (temporary inhibition).lg If a leaving group is present at C3’ in the original cephem sulfone, 

possibilities exist for partitioning between prolonged inhibition and rapid turnover. The product of enzymatic 

turnover of the 3’-(4-pyridylthio)cephem (lc) was the decarboxylated enamine-imine (8), lacking the original 

thiopyridine group. On the other hand, the methanol-cleaved species was the bis-enamine (2), still retaining that 

group.’ The accompanying questions are on the origin of 8,‘” the nature of the inhibited species, and the 

common intermediate partitioning between turnover and inhibition. Expulsion of the leaving group is also proper 

of the inhibition branch, as shown on the Merck compounds L-658758 and L-659286,16 but must occur after 

partitioning, since lb and lc, differing only for the C3’ group, highly differed for the turnover number. Thus, 

the partitioning acyl-enzyme can be A or B, not D (which is common to lb and lc) or C (which is not a 

plausible precursor for decarboxylation to 8). The present study does not provide direct evidence on the structure 

of the inhibited acyl-enzyme; this can only be obtained after isolation and spectroscopic or crystallographic 

analysis. The structure of the acyl-enzyme resulting from porcine pancreatic elastase and the 7a-chloro analog 

of lb, solved at 1.84 A resolution,” showed elimination of the elements of hydrochloric acid across C6-C7 and 

covalent binding of the imidazole ring of His-57 to the ex-C3’ carbon atom (double-hit). Subsequent studies 

revealed that the C7 methoxy group is retained in the complex between HLE and 7a-methoxycephem sulfones, 

which led to the proposal of the alternative double-hit species (F) and (G).3*‘6 
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COsCMe, 

F G If 

Our observations on the chemical lability of diiydrothiazine sulfones make both structures unlikely, unless 

unpredictable extra-stabilizations are offered by the active site microenvironment. In fact, F is prone to breakage 

of the C6-S bond (cephem numbering), and G to imine-enamine tautomerism; both would rapidly yield I-I. Thus, 

the latter is a more plausible representation of permanent enzymatic inhibition by a double-hit process in 

‘la-methoxycephem sulfones. Yet, a word of caution is suggested by the fact that the enzyme-inhibitor 

complexes in this class of compounds undergo slow spontaneous reactivation.‘6~‘8 Proposal of species (E) for 

this type of durable but reversible inhibition is attractive. First, E is chemically congruent, resembling the 

product of enzymatic turnover (8). Second, it is a vinylogous urethane (with extended conjugation). Third, it 

lies on a reasonable pathway leading to a double-hit adduct (II). The acyl-enzyme (E) has possible precursors 

in B, C or D. Whatever the precursor, it is interesting to remark that the enzymatic process (either resulting in 

inhibition or turnover) entails expulsion of the C3’ leaving group, while methanolysis (and B-lactam cleavage 

by other chemical nucleophiles)’ does not. The possibility that the active site His-57 provides anchimeric 

assistance to expulsion of the C3’ moiety is one of the fascinating aspects of this chemistry. 

In conclusion, the products from enzymatic turnover of a cephem sulfone with no leaving group at C3’ (la) and 

of its C3’-thiopyridyl analogue (lc) have been characterized. Combined evidence from chemical and enzymatic 

reactions ruled out the stability of general structures proposed as representative of the acyl-enzyme complex (F, 

G), and allowed the formulation of new ones (E, II). Monitoring enzymatic turnover reactions and model 

chemical reactions in synergism is a valuable approach for elucidating the mechanism of action of @~~tam 

inhibitors. 
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