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“A funcnonnhxcd h’ aryl azetidinane has been shawn m mm:livmc human leukmylc chmﬂv (HLE) und parcme panereatic efastase {[‘Ph) by W ‘
enzyme-mediated process. The {nuetivation is characterized by the lollawing Kinétie eonstints at pH 8.0 und 37°C) kipa =0835 374, Kiss 122 074
~ M for HLE, 0.08 s7' and 2.7 % 107* M for PPE, vespectively. Two pagent molecules devoid of the lutent leaving group fuiled 10 1m|uivme HLE
~ and PPE and behived as substrates of these enzymes, A suicide mechanism ix postulated invalving the formaiion of un geyl-eazyme and Ui simulta-
neous tmmnskmg of & |.uem qumﬁmmmumum methide jon which irreversibly reagts with an aetive site nugleophile. Marmver. the in ubilnr s
‘ , ‘ : - sl efTeetive at mmbumg elistase preabsarbed onta elastin,
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INTRODUCTION

_ Human leucoeyte elasmsc (I—ILE),
released by the azurophilic granules of human
polymorphonuclear leukocytes  (PMN), degrades
elastin and other connective tissue components [1). It

- has been implicated in the pathogenesis of pulmonary -
emphysema and other inflammatory diseases such as’

rheumatoid arthritis and cystic fibrosis {2,3]. Synthetic
inhibitors may have value in medicine for controlling
tissue  damage and various inflammatory or
L degenerative conditions mediated by clastase [4,5].

' Some A-lactams such as N-tertiobutyl benzoazetidin- -

‘one (6] or cephalotin [7] have been’ reportcd to be in-

hibitors  of : mammalian' serine proteases such as
- chymotrypsm Recently, series of neutral derivatives

of cephalosponns (8 9] and monocychc ﬂ-lactams [10]

Abbreviauans HLE human leul\ucyte clastase (EC 3 4 21.37); PFE -

" porcine pancreaiic elastase (EC 3.4.21.36); Suc-Alay-NA, siceltiyl-
~ alanyl-alanyl-alanine p-nitroanilide; MeO-Suc-Alaz-Pro-Val-Na,,
methonysuceinyl-alanyl-alanyl-prolyl-valyl p-nitroanilide; - Ac-Tyr-

NA, N-acetyl-L-tyrosme p-nitroanilide; Bz-Arg-NA, benzovl-arginyl.-
-D-valyl-L-leueyl-L-lysine . g-nitroanilide;
pnitroanilide;

p-nitroanilide; §-2251,-
§-2238, > phenylalamne-L -pipécolyl-L-arginine
'PNA, p-iitrophenyl acetate; NPGB,  p-nitiopheny! p-guanidino-

benzoate; Z-Ala-Ala:Pro-Aale-Ala-ONp, N-benzyloxycarbonyl-ala- ‘

nyl-alanyl- prolyl—azaalanyl-p mtlophcnyl L estery - DMSO,

dim#thy]sulfomde
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serine protease

have been developed as mechanism-based inhibitors of

HLE. Previously, we prepared a series of carboxy
substituted N-aryl azetidinones which behavéd as com-

petitive inhibitors of bacterial serine g-lactamases [11].
functionalized ~ N-aryl

We have now  designed y
azetidinones as mechanism-based inactivators of

" leukoeyte clastase. One member of ‘this new family,
“N-(2-¢hloromethylphenyl} - 3,3.difluoro-azetidin-2-one - -

(compound 3, Fig.1) was proven: ‘to ‘be efficient at
preventing the degradation of lung elastic fibers indues "
ed by elastase [12). We present here the biochemical ra-

tionale behind the design of this new series of inhibitors
~of leukocyte elastase and experiments which support a
~mechanism-based process involving. a powerful elec-

traphilic quinonimmonium methideion [13} (Fig. 1), In
comparison, the effect on elastase activity of the un-
functionalized ‘molecules devoid of the chloride leaving
group, - N-(2-methylphenyl) _
ones (compounds 1 and 2, Fig. 1), is analyzed. The effi-
ciency of the. inhibitor 3 towards elastase preabsorbed ‘

onto elastm is also emammed

2. MATER]ALS AND METHODS

2.1, Materials

PPE, HLE, bovine a-uhymotrypsm, bovme trypsin, human .
‘ plasmm.and hurnan thrombin were obtained from Serva, Elastin Pro-
ducts * Co.,. Cooper - Biochemicals, Sigma, . Kabi Vitrum and -

Bochiinger-Mannheim, respectively. The cominercidl sources of the
chromogenic substrates were Sigma (Sue-Alay-NA for PPE), Bachem

'(MeG-Suc-Alaz-Pro-Val-NA for HLE), Serva. {Ac- Tyr-NA - for

chymotrypsin), Boeliringer-Mannheim (Bz-Arg-NA _fm{ trypsin};-

377

3,3-difluoro-azetidin-2-' -
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an I Slmuurc ur wmpounds -3 (A) and posmt.\lcd mculmmsm far lhe lnhlbalmn (B)

Kabi. Vilrum (S-2251' for plasmin ‘and 52238 for thrombin)., PIA

and NPGRB were from Sigma; Z-Ala-Ala-Pro-Aala-Ala-ONp was o
kind gift from; Dr J. Bieth (Université Louis Pasteus, F-67400
INkirch), Active-site titrations were carried oul with Z-Ala-Ala-Pro-
‘Aala-Ala- -ONp for both elnstases (14}, PNA for chymotrypsm [i8)
and NPGE for trypsin, plasmin and thrombin. (18], N-(2-Meikiyl.

phenyl) ¥, 3.difluoro-azetidin-2-one 2' was abtained from 3-bromo-

2.2-difluoro-propanoyl chioride and o-toluidire according 1o the pro~
cédure desgribed for the preparation of M-(3- fer!bulyloxycarbcnyl-
G-methylphenyl) 3,3-difluoro-azetidin-2-one 1 [11], N-(2-chloro-
‘methylphenyl) 3,3-difluorc-azetidin-2-onc 3 was prepared in o similar
way starting from 2- (rer(butyldlmmhylsnlyloxymethyl) -aniline {17).
The amide thus obtained was cyclized to azetidin-2-one, the rertbutyl-
dimethylsilyloxy group of which was cleaved by aqueous HF in
CH,CN. Finally, ireaument of the resulting MN-(2-hydroxymethyl-

pheriyl) -3,3-difluoroazetidin-2-one by SOCI:/DMF provided the-

azetidin-2-one 3 (AA 231-1). Details of the synthesis will be reported

elsewhere, All Kinetic studies ware perforrsed wsing a Lambda 5

“Perkin Elmer spectrophotometer equipped with a thermostatted cell

holder. The pH was measured before and after each run using a pH- -

sta’l Radiomeler type TTlc equipped with a glass B electrode.

2.2, Enzynuc activity assayq

The amidolytic activities of PPE, HLE, chymoirypsm pla,mm
and thrombin were determined atr 37°C. towards the appropriate
chromogenic: subsirate. The total aessay velume was | ml in the
following buffers: 0.1 M Tris (pH 8.0) for PPE; 0.1 M Tris (pH 8.0),
0.01% Brij 35 for HLE; 0.025 M sodium phosphate {pH 7.5), 0.1 M

KCt for chiymotrypsin; 0.05 M Tris (pH 7.5), 0.01 M CaCl; for tryp. .

sin;” 0.1 M sodiumi phosphate (M 7.3), 25% (v/v) glycerol for
plasmin, and 0.05 M Tris (pH 8,0}, 0.04 M NaCl, 0.1% {v/v) PEG
6000 for thrombin. The concentration of the substrate was 100 zM
{80 #M for thrombin) and the enzyme concenirations were; 0,22 aM
(PPE), 27 nM (HLE), 0.2 »M (chymotrypsm. plasmin), 60 xM (tryp-
siny-and 0.03 ,uM (thrombiny, - ‘

3'78

2.3, Enzymic .‘udra.’ysis of aeotidinonas 1. m;d 2

PPE and HLE acivities towards ¢compounds ‘1 and 2 wure‘
mcnmmd speetraphotometrically at pH 8.0 dnd 37°C in 0.0 M. Trig
buffer ({PPE]o.= 3.1 and 3.63 4M, respectively) and 0.1 M Tris buf.

fer {pH 8.0), 0.01% (v/v) Brij 35 (HLE]s = 2,4and | #M, respective.

Iy). At least 7 different cencentrations of the azetidinones were used,

" within the following ranges; 15=100 xM (1, PPE), 20-73 #M {1,
E HLE), T~-471 1M (2, PPE).and 140~700 «M (2, HLE). The ratig
-~ kad Ky was defermined rrom least- -squares analysis of injuial raes

against initial substrate concentrations. The concentrations ¢f thiv
end products wcrc detcrmlncd using the molar absorplmn aneffi-
cients: 1600.M™' em=! at'320 nm for 1 and 920 M~ cm™" at' 300 am

‘for 2.- After 90 min incubation at pH 8.0 (0.1 M Tris) and 37°C, a_
,mixture containing 4% (v/v} DMSO, PPE (6 M) and 1 (500 M) or

2 (230 xM) was filtered on Centricon 10 mieroconcentrator. The pro-

duct of the ehzymic digestion was characterized by isocratic HPLC
“(Waters-madel 510) on a 5 um Cx Nucleosil celumn (SFCC, 250 x

20 mm} using 30-70% (v/v) isopropanol/watér as eluciit, The flow

" rate was (.75 ml/min‘and the effluent was monitored 61 260 nm, The
- starting azetidinones 1 and 2 were clu umographed under the same gx-

penmemal condmons

2.4, Elasmse inac!wanon pro.'.edure

Two different methods were used 1o study the action of reagem 3.
The first was the classical method of preincubating enzyme and in-
hibitor and after a fixed period, or al intervals of time, small aliquots

‘ (IO,uI) wareg wnhdrawn "HLE (1.35.4M) and PPE (3.6 uM) were

treated: al 37°C and pH 8.0 {0,1-M T1ls, 5% {v/v) DMSO and for
HLE, 0.01% Brij 35) with a molar excess of inhibitor over enzyme
ranging from 10 to 100 (MLE) and 2 to 10 (PPE). The feaction was
stopped ejther by dilution of ailquots (factor of 100) or by dilution
followed by filtration at 4°C o5 Centricon 10 microconceritrators
{Amicon) and washing with buffer. The samples . were assayed for
residual‘enzy_‘mlc activity by addition to 1 ml of the appropriate stan-

cdard assay mixture (see above), Enzyme -activity -was expressed
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relatively 1o an dlinitise Blank containing. 8% DMSO but withowut in-
hithor 1o carreet For the spesianeous inaetivaslen of the cnayme: Ta
" derermidne e revenibie o irreverdble charaier of the indiblde,
Fileeredd aliguots of U reveiion mixiuwres weee stored 4E4°C Tor 15 R
“pefore cheeking remuining sctivity, In ather experiments, wlter filira-
Wi, Hhe emaynien wire read for 10 min wilh |'M-NHOHar pH
E.6, 23°C, and Micrmd again bel’mr devarnslnation of setivity, Some
poguda-tirstorder canieants Kua For the Inwctivation &f PPE and
‘HEE by X werg obiained from beast-sqquares analyxisf vemilog plots

 aof the percemuge OF remaining aeuiviy Sgaing. dme, This incubatlon - a

method was als ed 10 evaluae the ¢ffeer of 1 snd 2 on both

ehastases (nilng a ratlo [Hef|ELs BE 200) and of X on The aetivity of .

wiher serine proteases v 1he Tollawing canditions: rypin (14 xM),
chymoirypsin (3.8 a0MJ, plasmin 82 M) and thrombin (94 aNI);
ot Ela = 100; pH 7.5 (&0 for thrombiny, 11*C, IS min incubation.

“The second method {progress curve analysis) was uied 16 determing -

mare decuralely the kinglie parameterd of the inaetivation of HLE

(27 AM) and PPE (220 nM) by the inhibitor X (22.3-223 oM and
11, zrlﬂ*‘}pﬁf. respectively) av 39°C, pH &0, 35 and 3% (wiv)

DMSO, respectively, in the presence of chramagenic wbstrae §. The

. 3genem1 reaction af a serine protesie with a mechanism:based inags
tivator it convidered 1o proceed aedording tacq. ¥ [18), where E isthe

enzyme, 1 the inhibitor, 1* the hydrolyzed mh»himr. E=T lhe del il
Eyine and E=~1 the inactivated enayme.

k‘ R

Bl e b Mg g u:qi;)‘

A:.; i) km
E‘Fl'

EI and E<1 are not observed mdnpendemly and &y and b may he
combined: to give the simplified expredsion shown in eq. 2 fline 1}

where E*1 i_s a steady state enzyme~inhibitor complex Tormed prier
to ka2 {in this simplified scheme, kg b5 neglected). Eq. 2 deseribes the
competition between 1 and 8. The rate of change in absorbance v at

" 408 nm due v the hydratysis of the appropriate substrate (100 4M) -

as comparad to. f CUVEHE CORIAINING the same amount of inhibitoer

and: substrate in dbuffér was -directly obtained from a computers -

assisied spec(rophommmcr and nnalyacd w.ordmg ta Hart ‘and
O'Brien [19].

: K
I'_‘l:‘

Allllil : :
e B

E . o S e 2)

8 = B e B P
“\ﬂl . AI ' .
A plul of In v versus time gave a strmr,hl line wuh a slope ~r. Accog-
ding 10 eq. 3,-a plot of /7 versus 1/[1). (=), wihh a =
{S1/¢Kn+ [S]), analyzed by statistical reatment ol Wilkinson [20]

gave slratght fine with an X intercept of L/K\ and y intercept of .

l-"Mnuu ’ .
I/FT = I\lfkhlhl [l] (1"{1‘) + lofu‘nmul - : B ‘ (Oq 3)

Standard grrors for K) and ki were. obtained as described by
Witkinson. The values of Ky (2.6.and 0.14 mM for PPE and HLE,

respectively) were determined under the following experimental con-

‘ dmons using the appropriate buffer: [FPE] =
Alay-NAly = 0,03-8 mM; [HLE] =
Pro-Val-NA] = 0 05~1 mM

P14 pM and {Suc-
13.5nM and [MeQ-Suc-Alas-

2.5, Determmanon of the parmion ratio
Experiments were. carried out. as descnbed above using the prem

. cubation method, with concem_rauons that would not totally inac-
livate enzyme. Afler 25 min incubation at 25°C, the mixtures were.
stin‘ed genﬂy at 4"C for 16~17 h before determining residual activity,

2. 6. ln/ubmon of [’Hjelasfm solubilization

[PH]Elastin was prepared as deseribed befote {1 2. Thr\.e series of

samples of 800 xg (4.44 kBq)  insoluble tritiated elastin were in-
cubated at 37°C with PPE (83 nM). At times 0, 20 and 60 min after

the beginuing of this reaction, each series of samples was treated with

.inhibitor at various final concenirations ranging from 5 to 48 zM

FEBS LETTERS
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toatat voliyme of 400 #t). One sample i cach serivs wias tkan howrly
mr wmril’ugmiaﬁ and tke supenatant was conntesd for edioactviy,

3 RE‘SULTS ANLD DiSCUSﬂlGN

3.1, Enzyorie hyrfmiym af azena‘mon#s l rmd 2
catalyzed by PPE and HLE
Azetidinones | and 2 are more efficiently hydrﬂlyzed -
in the presence of HLE (ken/Km = 1125 M~ s Hor 1
and 1100 M™~' 5~ for 23) than PPE (ks K=
40 M~ 57 fur Land 500 M~ s for 2). By seanning

the reaction mixtwre at regular intervals in the range

190400 nm, the spectra showed new absorbance peaks
at 319 (1) and 285 (2) nm characteristic of an aniline .
moiety. In ench case, isoératic reversed-phase HPLC of
the PPE reaction mixtures showed only the farmation
of one hydrolysis product having retention times of

11.6 min for Vand 9 min for 3 compared with 26.6 and.

12 min for the starting azendmones, respectwely;'
(Fig. 2) : .

3.2 Inac‘lwarmn of MLE and PPE hy azenclmone 3
 Exposure of PPE and HLE to reagent 3 resulted in
4 time- and concentration-dependent inhibition. For

- both enzymes, the inhibition was irreversible and no

significant recovery of enzymic activity was observed

- after elimination of the reagent, For example, the =
‘percentages of remaining activity for PPE treated dur--

ing 20 min by a 20-fold molar excess of reagent were
0.1% and 0.6% before and after filtration followed by

" incubation at 4°C. To analyze the kinetics of PPE and

HLE inactivation by 3, we {ollowed the progress curve
of substrate hydrolysis run in a competitive fashion in
the presence of o concentration of ‘inhibitor which:

- causes- first-order enzyme inactivation (Fig. 3A, B).

The apparent - dissociation. constant ' of = the

' enzyme—-mhxb:tor complex Ky and the first- order cons-

tant at infinite concentration of inhibitor Kinac: were ob--
tained by analysis of changing slopes of the progress -
curves with time as described in section 2 (Fig, 3C). The =

0,20 — — : — 0,20
E - ‘
[
2 0,15t 40,18
]
E a a'
8 0,10 . ‘ 40,10
= . .
I L ) :
el . ‘ : ‘
E 0,05 ¢ T R N L
<= : : -
0,00 |——eAmi : : | 0,00
o 10 20 .. 30 . 40
T!IT]S (mm)

Fig. 2. HPLC chromawgram of PPE hydrolysate of 1 (ses ser.tmn
.+ 2.4). Peak a = produet of hydrolysis of 1; peak a’ = 1.

379
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Fig. 3, lnaclwauon of HLE .mc! PPE with. reagent 3. (A and B) Tm:e course ar hydrolysis of Mco Sug- M‘h-Pm Val-NA (100 xM) by HLE

(27 nM) {A) and of Suc-Alay-NA (100 xM) by PPE (220 nM) (B) in the absence (a,a") and in the presence of various concentrations. tin uM} of

3: (b) 22.3; () 35.7; {d) 44.7; (D) '52.6; (B) 89.3; (W) 134;°¢)- 179, (5) 223; (b*) 17.2; (c*) 28; (d }33.6; (e')-34.5; (£)67.2; (g M8.4; (W'Y Ny

and (i) 149, at pH 8.0 and 37°C. (C) Determination of X, and &uuei: {0) HLE; (&) PPE. (D) Plot of the fraction of remmnlng activity
‘ (determmcd using the premcubahon mcthod) versus [l]/[E]n (o) HLE; (0) PPE ‘

values obtained for K, we're' (2.7 £0.5) x 10~* M (PPE)

and (1.2 = 0.1) x 10™* M (HLE), and for Ainact 0.08

0.01 5! (PPE) and. 0 035 + 0.002 s*" (HLE) at pH 8.0

and 37°C

33, Characterisﬁcs of the inactivation PFOCESS -

~The inhibitor competes with the substrate (see pro-

gress curves); increasing amounts of substrate at fixed
concentration - of inhibitor protect the enzyme in-

dicating that the inhibition occurs at the active site. In’

the presence of a large molar excess of azetidinones

over enzyme (300), compounds 1 and 2 failed to inac-
tivate both elastases, suggesting that the inactivation .
observed for their functionalized analogue 3 is not due

to the mere formation of a stable acyl-enzyme. This
was confirmed by the absence of reaction (<1%)
observed when the inhibited enzymes were treated by

buffered hydroxylamine, in agreement with an icrever-

sible chemical meodification of an enzyme amino acid

residue different from active serine. The partition ratio.

-which represents the average number of enzyme ‘turn-

overs per inactivation’ kcai/kinac: (€q. 4) was evaluated ‘

by the. tltrauon method [18] (Flg 3D)

380

: . .ﬁ( ._ ‘ .i . C )
Bl L pay Hwme g (eq. 4)
"_L'llilr'cm“ K
E+l'

: The linear plot of {E}/[E]o at mﬁmte time versus

{1Jo/[E]a is described by eq. 5 [21] and its intercept with
the x axis minus 1 [18] gives partition ratios of 11 and
18 for PPE and HLE, respectively.

Kinact+ kuu :

[110/[510 = (1~ [E]/[E]b)

(=q..5)

|nncl
A catalytic step prior to mactwatmn by 3 as proposed
in the postulated mechamsm (Fig. 1) is supported by
the  observed hydrolysis -of the . unfunctionalized
_ azetidinones 1 and 2 suggesting an attack of the &-
lactam carbonyl group by active serine. Several factors

”-‘conmbute to the high reactivity of azetidinone 3: the

ring sirain, the polarization of the &- lactam carbonyl by
the gem- 'clif'luo‘ro group which, through its inductive ef-
fect, should decrease the pX of the conjugated acid of
" the aniline leavmg group [11,22]. The formation of the
_ acyl-enzyme simultanecusly unmasks a benzyl halide
possessing a strong electron-releasing amino - substi-
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tuem in the ortho pmi:inn. A t’m ﬂliminmian ol }t"‘
‘should give a very electrophilic quinonimmonium

- methide ion [13]. Owing to the cyelic nature of the in-

‘hibitor, this ¢lectrophile is tethered by a covalent
linkage In the active site during the lifecime of the acyl
enzyme, Then, by reaction of the electrophile with
" another active site nucleophile, an inactivated doubly-
linked enzyme may resull us reported in other eases
(23). The [Cyo value (concentration of 3 that gives 50%
- inhibition 2 min after mixing enzyme and inhibitor)

wasg found equal 1o 0.01 mg/m! (a value of 0.0 ug/m! -

was found for other monocyelic g-lactams [10}). HLE -
is inhibited less efficiently (factor of 3.4) by 3-than by
o bromo enol lactone [24] but this reagent also inhibits
- ¢chymotrypsin, Intérestingly, the inhibitor-3 doées not
show  significant efficiency to inhibit chymotrypsin,
- trypsin, plasmin and thrombin ([I}o/[Ele = 100).

31-Elastiniysed (com}

. - 20000
=
[» %
C 2
L 10000 4
- X
@
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R o
‘C"J
.o.,.,..‘.,.,
3 4 .5 6
: E+ST
o -i-l
30000
' A ) Q
-
E 20000 ;
£ a L '
G BT
I+ 1 . ‘
"uj . .ICQOO —‘_/;/"' .
v . . e i
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<]
e} T T T T T
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E+S ‘t Time (hours) ‘
ol o :

Fig. 4. ['H]Elastin solubilization (800 xg) by'PP.E (83 nM) inthe
_absence (0) and in the presence of reagent 3: (X) 5 «M; (m) 16 M}
()48 xML Theinhibitor was added after various times of incubation .

of‘ PPE vuth elastin: (A) 0, (B) 20 and (C) 60 min.
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3 4. Inh:bumn af emxlm mmbﬂiz:mian . o
“The solubilization of [*H]elastin by PPE i3 inhibi:ed ‘

by 3 ax shown in Fig. 4. The values found for [Cen
determined from a plot of v/ve versus molar excess

[1)e/[E] (v and vo are ‘the lysis rates with and without in-
hibiter, respectively) were only decreased by a factor of
[.6and 2.3, respectively, ‘when elastase and elastin were

preincubared 20 and 60 min before treatment by the in-

hibitor. This mteremng feature may be ufthempeuncal
value

Acknmw{wgemeﬁ!;. W‘e mnnk ¢, Favieau for wehnical m:‘ilm_ﬂw. .
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