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The design and preparation of specific inhibitors of various 
classes of lipases, especially of phospholipase A,, is a topic of 
intense biochemical as well as medicinal interest.' For other 
hydrolytic enzymes such as peptidases and urease, an effective 
strategy for inhibitor design has been to replace the enzyme- 
susceptible amide bond with various phosphorus-containing groups 
such as phosphonates, phosphonamidates, and phosphinates.2 It 
has been proposed that the phosphoruscontaining species functions 
to mimic the high-energy tetrahedral intermediates that form in 
amide bond ~leavage .~  We have recently found that phospholipid 
analogues that contain a fluorinated ketone as a replacement for 
the ester are potent phospholipase A, inhibitors provided that the 
fluorinated ketone is hydrated when present in the micelle phase.4 
These results suggested that compounds containing enforced 
tetrahedral groups would be even better inhibitors of phospholipase 
AZ. We now describe the preparation of a class of phospholipid 
analogues la-c which contain a phosphonate group in place of 

1 c  

the ester a t  the 2-position of the glycerol backbone and show that 
these compounds are very tight binding inhibitors of phospholipase 
A2 from cobra venom. We also demonstrate the effectiveness of 
a mixed micelle assay for the evaluation of inhibitors of lipolytic 
enzymes. 

As an initial evaluation of this approach, the synthetically more 
accessible single-chain analogues la,b were prepared as described 
in Scheme I. A more general approach was developed for the 
preparation of IC and is outlined in Scheme II.5 

Inhibition studies with lipolytic enzymes are not straightforward 
to carry out since the assay systems are necessarily heterogeneous 
due to the water insolubility of the substrates and often the in- 
hibitors. Further complexities arise because the rate of the reaction 
is a function of not only the chemical structure of the phospholipid 
substrate but also of the physical structure of the substrate ag- 
gregate.6 Inhibition studies are plagued by the possibility that 
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"(a)  S0Cl2,  reflux, 5 h; (b) C6H50H, Et,N, CHCI3, 45 OC, 12 h; 
(c) t-BuNH2, reflux, 15 h; (d) iodoethanol, Et3N, CHCI,, 12 h; (e) 
AgOPO(OCH2Ph),, C&, reflux, 12 h; (f) H2. Pd-C, C H 3 0 H ,  3 h; 
(g) Ph3CNHCH2CH20H,  1,4,6-triisopropylbenzenesulfonyl chloride, 
40 OC, 5 h; (h) CF3COOH, 0.3 h; ( i )  Hz, PtO,, CH,OH, 3 h; 6 )  same 
as (g) except with choline tetraphenylborate. 

Scheme 11' 

"(a) Dihydropyran, pyridinium tosylate, CH2CIz, 2 h; (b) Na,  t -  
BuOH, reflux, 15 h; (c) C , ~ H J ~ P O ( O M ~ ) C I ,  Et3N, 4-(dimethyl- 
amino)pyridine, CHCI,, 50 OC, 12 h; (d) toluenesulfonic acid, C H 3 0 -  
H,  3 h; (e) C1PO(OC6H5),, pyridine, 12 h; (f) H2, PtO,, C H 3 0 H ,  12 
h; (g) same as  (g) in Scheme I; (h) same as (h) in Scheme 11; 
C6H5SH, Et3N, dioxane, 65 OC, 3 h. 
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Figure 1. Inhibition of phospholipase A, by IC (see text for details). The 
initial reaction velocity is expressed as  a percentage of the velocity 
measured in the absence of inhibitor. 

the observed inhibition is not the result of a direct enzyme-inhibitor 
interaction but rather an effect of the inhibitor on the physical 
structure of the substrate aggregate.' Some known inhibitors 
of lipolytic enzymes are thought to function by interacting with 
the substrate rather than with the enzyme.8 For these reasons, 
we have carried out our inhibition studies with la-c by using mixed 
detergent/phospholipid micelles9 in which small amounts of 
substrate and inhibitor are 'dissolved" in the detergent aggregate. 
Triton X-100 is the preferred detergent since it forms micelles 
and mixed micelles of well-defined sizea9 Furthermore, it has been 
shown that the phospholipid molecules are monodispersed by the 
detergent in the surface of the mixed micelle provided that a low 
mole fraction of phospholipid relative to detergent is used.'O Cobra 
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venom phospholipase A2 binds to the phospholipid substrate in 
the mixed micelle where the enzymatic reaction 0ccurs.II In the 
present work we show that the mixed micelle system is ideally 
suited for inhibition studies with phospholipase A2 since both the 
inhibitor and substrate can compete for the binding to the active 
site of the enzyme in the surface of the mixed micelle and is free 
from the complexities that arise from lipid-lipid interactions. 
Although the mixed-micelle system is perhaps a poor model of 
a biological membrane, it provides a reliable method for ranking 
inhibitors according to their relative free energies of interaction 
with the enzyme. 

Mixed micelles for inhibition studies were prepared by soni- 
cating fixed amounts of Triton X-100 (40 mM) and substrate 
(dipalmitoyl phosphatidylcholine, 5 mM) with variable amounts 
of inhibitor in water-containing CaC12 (10 mM).I2 Enzyme was 
added, and the reaction velocity was determined in a pH-stat a t  
pH 8.0 and 40 T9 The initial enzymatic velocity as a function 
of the concentration of inhibitor IC is shown in Figure 1. 
Two-chain analogue IC is seen to produce 50% inhibition (ICso 
value) a t  a concentration of 5 pM. This compound is the most 
potent phospholipase A2 inhibitor reported to date, being sig- 
nificantly more effective than amide analogues13 and fluorinated 
ketone ana l~gues .~  The ICs0 of methyl phosphonate 2 was found 
to be 1.25 mM, some 250-fold higher than for IC, demonstrating 
the critical role of the phosphonate anion in the interaction with 
the enzyme. The ICs0 values measured for single-chain phos- 
phonates l a  and l b  were 0.75 mM and 2.3 mM, respectively, 
showing that the upper alkyl chain of l e  plays a significant role 
in the binding to the enzyme.14 

Since mixed micelles were used and the fact that the inhibition 
is seen with levels of IC some 1000-fold lower than the amount 
of substrate make it highly unlikely that the inhibition is due to 
an inhibitor-induced change in the structure of the substrate 
aggregate. Rather it appears that these phosphonate-containing 
phospholipid analogues are interacting tightly with the catalytic 
site on the enzyme.ls The phosphonate group may be coordinating 
to the active-site calcium. Perhaps the most important contribution 
of this work is the demonstration that the potency of inhibition 
correlates in a reasonable way with the chemical structure of the 
inhibitors provided that a mixed micelle assay is used.' The 
possibility of using phosphonates such as IC together with sul- 
fur-substituted compounds such as thiophosphonates to probe the 
role of the calcium ion in the catalysis is particularly intriguing 
and is under active investigation. 
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Some years ago Roth and Konig' reported a surprisingly large 
value (5.1 a t  473 K) for the primary deuterium kinetic isotope 
effect (KIE) in the 1,54gmatropic rearrangement of 1,3-penta- 
diene (1 F? 2). Extrapolation to room temperature, using the 

1 2 

3 4 

observed activation parameters, led moreover to a value (12.2) 
which seemed unreasonably large. M I N D 0 / 3 2  calculations 
predicted a value (2.5) similar to those reported for analogous 
processes. The reaction therefore seems unlikely to involve a 
normal thermal rearrangement, and normal ground-state tun- 
nelling seems ruled out by the necessarily large change in geom- 
etry. Dewar et al.2 suggested that the discrepancy might be due 
to tunnelling from vibrationally excited states (vibrationally as- 
sisted tunnelling; VAT), a suggestion supported by an approximate 
calculation of the VAT rate. The activation energy calculated 
by M I N D 0 / 3  was moreover higher than that observed by 10 
kcal/mol, and the KIE corrected for VAT agreed with experiment. 

While subsequent ab initio calculations by Dormans and Buck3 
have supported these conclusions, they have recently been chal- 
lenged by Jensen and Houk4 on the basis of further a b  initio 
calculations allowing for correlation by Mdler-Plesset (MP) 
perturbation t h e ~ r y . ~  The fact that the calculated activation 
energy agreed with experiment was taken as evidence that VAT 
plays a negligible role. The KIE6 (2.52) calculated by using the 
3-21G basis set, but without allowance for correlation, agreed with 
the MIND0/3  value and was likewise far less than that observed. 
Jensen and Houk dismissed this discrepancy on the grounds that 
better agreement with experiment might be expected if correlation 
were included. They implied that such a calculation would have 
been impracticable. 

The difference between the M I N D 0 / 3  and M P  activation 
energies is, however, too small for reliable conclusions to be drawn. 
It is, for example, the same as the error (10 kcal/mol) in the 
activation energy calculated by Breulet and Schaefer' for a simpler 
reaction (ring opening of cyclobutene) by using a better a b  initio 
procedure than that of Jensen and Houk. On the other hand, 
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Note that an incorrect geometry was used for the transition state. 
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