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ABSTRACT. The caspase-1 (interleukiponverting enzyme; ICE) titrant 3-[2-(2-benzyloxycarbonylamino-
3-methylbutyrylamino)propionylamino]-4-oxo-5-(2-oxétZhromen-7-yloxy)pentanoic acid (Dang, L.

C., etal. (1996Biochemistry 3514910-14916)) inhibits caspase-1 activity rapidly, while release of the
7-hydroxycoumarin fluorophore is much slower. Progress curve analysis aid of the related
acyloxymethyl ketone 3-[2-(2-benzyloxycarbonylamino-3-methylbutyrylamino)propionylamino]-4-oxo-
5-(1-oxo-3-phenylpropoxy)pentanoic ac) {dentifies distinctive residual patterns which are caused by

the superimposition of potent slow-binding reversible inhibition with slower, irreversible inactivation.
Standard kinetic models are not entirely adequate for analysis of these bimodal inhibitors, but by measuring
the kinetic properties of these inhibitors by several independent techniques and comparing these to
simulations which closely mimic the inhibitor actions, careful application of the standard models can
provide reasonably accurate kinetic constants.
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inhibition was made with the discovery that certain weak
electrophiles remain essentially nonreactive until oriented in
the active site of target cysteine proteasek«(13). These
“quiescent nucleofuge” inhibitors were then capable of
reaction rates in excess ofI s, Dolle and co-workers
have since applied this strategy to the inhibition of caspase-1
and developed alternative leaving groups including phos-
phinic acids, 5-hydroxypyrazols, and tetronic acid derivatives
(14—17). Aryloxymethyl ketones have also been described

as potent inhibitors of caspase-l8(19). MATERIALS AND METHODS
Many of the acyloxymethyl- and aryloxymethyl ketone
inhibitors are time-dependent inhibitors of cysteine proteases.
In some cases, second-order plotkgt vs [I] demonstrate
saturation of the observed rate of inactivatid,(19, 20),
supporting the model shown in Scheme 1. We have reported
the synthesis and use of an active-site titraiptTable 1)
for caspase-1 which utilizes a fluorigenic hydroxycoumarin
as the quiescent nucleofug&).( This inhibitor permits
observation in continuous assays both of the inhibitory effects
on enzyme activity and of the release of 7-hydroxycoumarin,
which corresponds to the irreversible step of Scheme 1. This
report examines the actions of this titrant plus a small set of
related compounds to demonstrate that these “bimodal”

inhibitors display two distinct modes of inhibition. Analysis
of the kinetic profiles of these inhibitors can be further
complicated by slow onset of the reversible mode, but
simulation studies demonstrate that the common kinetic
models, cautiously applied, do provide reasonably accurate
kinetic constants.

Materials. Ac-L-Tyr-L-Val-L-Ala-(p,L)Asp-CHO (com-
pound 4, Table 1) and Aa-Tyr-L-Val-L-Ala-L-Asp-Amc
were purchased from Bachem Biosciences (Philadelphia,
PA). 7-Amino-4-methyl coumarin (Amc) was purchased
from Aldrich Chemical Co. (St. Louis, MO). DTT was
purchased from Gibco BRL (Gathersville, MD). Caspase-1
inhibitors were a generous gift from Parke-Davis Pharma-
ceuticals (Ann Arbor, MI). Compoundsand7 (Table 1)
were prepared as described previoudly. (Compounds2
and 3 were prepared by methods described by Mjalli et al.
(21, 22). Compounds and 6 were prepared as described
by Dolle (14, 23).

Enzyme Preparation.Preparation of the autolytically
stable caspase-1 variant used in these studies has been

*Tel: 508-849-2621. Fax: 508-754-7784. E-mail:bradykd@basf.com. described previouslylj. Briefly, the variant contains a

" Abbreviations: Amc, 7-amino-4-methyl coumarin; BSA, bovine - iation (D381E) which renders it resistant to autolytic
serum albumin; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic . o -
acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; rfu, inactivation but has no detectable effect on enzyme activity
relative fluorescence units. as compared to the naturally occurring enzyr@éd).( The
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Table 1: Selected Caspase-1 Inhibitors
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Oﬁ, /¢ Parameter f~was routinely fixed to zero, since fluores-
A ML cence values were always adjusted to an origin of 0.
2 (jA ° \c)\ ° J\/\© Second-order plotskgs vs [I]) which demonstrated
o on saturation were analyzed using eqZB)
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4 "cj)("\g)j\“:(g/“\i)\« g kot Measurements.One microliter of compound stock
\©\ oot (500 4M in DMSO) and 89uL of reaction buffer (HGE, 5
o . mM DTT, and 0.1% BSA, w/v) were combined and warmed
JOH o o o o to 30 °C, and then 1QiL of NHis(D381E) caspase-1 (1.1
5 °J\"IEN\')\“/$°)5© uM in HGE) was added. Reaction mixtures were incubated
ﬂjA &, o at 30 °C for 120, 1200, or 2400 s and then applied to
e Biospin-6 columns (Bio-Rad) which had been preequilibrated
oot i o A with HGE buffer and chilled to 4C. The loaded columns
6 QiNj;(n\_)LN A were spun for 90 s at moderate speed in a chilled tabletop
()A o o ° @ clinical centrifuge, and eluates were placed on ice. Within
S 60 s, 10uL of eluates ws added to 324 of reactivation
o o ~ assay buffer (HGE, 5 mM DTT, 500M Ac-YVAD-Amc,
7 g m and 0.1% BSA, w/v), and reactivation assays were observed
©/\° T ° for 1800 s in an Aminco Bowman (Newington, NH) AB2
fluorimeter using 385-nm excitation and 460-nm emission.

Duplicate curves were averaged and fit by nonlinear regres-
enzyme variant was expressedlscherichia coli purified sion to eq 1, and final velocities were expressed as a
first by immobilized metal chromatography via the N- percentage of the activity recovered after treatment with the
terminal N-His tag, treated with excess oxidized glutathione fully reversible inhibitor3. Plots of recovered activity vs
to stabilize the reactive thiolate, and then repurified by size- reaction time were then modeled as a first-order inactivation
exclusion chromatography. The enzyme is rapidly activated Of the saturated £l complex:

upon exposure to DTT1J. §
Alt) = A 4)

Progress Cure Assays. Serial dilutions of each com-
pound were prepared using an initial 8-fold dilution of a . . . . .
DMSO stock into HGE (100 mM HEPES: 20% glycerol, Simulations. Reagnon Scher_ne 1 was simulated in the
. . context of enzymatic hydrolysis of substrate (Scheme 2).
v/v; and 0.5 mM EDTA), followed by seven serial 2-fold L f Kineti for hvdrolvsis of
dilutions into HGE + 12.5% DMSO, thus maintaining Estimation of kinetic parameters for hydrolysis of AcTyr-
tant DMSO th h tﬁ diluti - T icrolit ValAlaAsp-Amc was based on (a) the knowg of 15uM
constan rough the diiution Series. - 1en MICroliters andk.,: of approximately 0.7 (27, 28) and (b) observations
that the truncated substrate analogue AcTyrValAla-NH-

of diluted stocks or of vehicle (HGE 12.5% DMSO) was
placed in triplicate onto a 96-well microtiter plate, allowing (CH,),COOH inhibits caspase-1-catalyzed hydrolysis of
of approximately 20«M

four compounds to be tested on each plate. The plate WaSAcTyrvalAlaAsp-Amc with ak;
covered to minimize evgporation, and thg plateT Was pre- (ynpublished observations). The ratiou/k; of 50 uM
warmed to 30°C for 20 min. Enzyme was diluted into 10.0  geemed reasonable since the aminomethylcoumarin group
mL of assay buffer (HGE and 5 mM DTT, plus Ac-YVAD-  robably enhances binding in the Michaelis complex relative
Amc at 15 or 15QuM, as specified; 0.5 nM final enzyme {5 the truncated peptid®{). The absolute values & and
concentration, prewarmed to 3C), and this activated |, are unknown, but the simulation was found not to be
reaction mixture was added to the plate at @0well. significantly affected by the absolute values of these rates
Progress of substrate hydrolysis was monitored for 5400 sfor k; > 10¢ and use of these values (which are probably
in a LabSystems (Needham, MA) Fluoroskan Ascent fluo- Jower than the actual values) permitted use of a larger delta-
rescent plate reader using 385- and 460-nm excitation andtime during the simulations. The hydration equilibrium is
emission filters, respectively, and a photomultiplier gain known to occur on the NMR time scale (see Table 3), though
setting of 10. Triplicate curves were averaged and fit by neither the absolute rates nor the equilibrium constant is
nonlinear regression to eq 1 describing reversible slow- presently known. The rates chosen (Table 4) are probably
binding inhibition @5) or to eq 2 describing irreversible  somewhat slower than the actual rates, but using lower rates
inactivation: stabilized the simulation, and the outcome was found to be
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Scheme 2 Table 4 Simulation of Bimodal Inhibition (Schemes 1 and 2):

k k2 k Input Kinetic Constant3,Analysis of Simulated Progress Curve and
! 3 Reactivation Experiments, and Comparison to Experimental
— . '
E+S :|-. ES N > E-P N\ E Observations
-1
Amc peptide-COOH compd ki(M7ts?)  ka(sh Ki (nM)e ks (st x 10°)
Simulation Input
Table 2: Progress Curve Analysis of Selected Caspase-1 Inhibitors % 2(2) %gg 888 888%2 1%; 888%20
compd B M) K (M) ks(stx 1) ken(M~1s)P Simulation Outputt
1 15 17+ 8 2.9+0.3 1 200006  0.003% 1M 1.3
1 150 13+ 2 254+0.2 1.0
2 15 19+ 0.6 0.41+0.03 2 1720006  0.0031 1.8 82§
2 150 21+13 0.27+0.06 .
5 150 685 000t 13 000 Experimental Observatiohs
6 150 582 000Gt 17000 1 160006  0.003% 17+ 59 0.940.03
aK;, andks were obtained by fitting the data of Figure 2 (top and 29+0.3
middle) to eq 3. Errors represent standard error of the nonlinear 10

N

regression® Slopes were obtained from Figure 2 (bottom) by linear 1600000  0.0031 19+06 041+0.03
regression, and errors represent the standard deviation of the regression 0.43

slope. a Michaelis—-Menton constants for Scheme 2 wére= 500 000 M
s, k1=25s1 k=2.33 s, andks = 1.0 s'*. Hydration/cyclization
rate constants weig = 100 (1) or 200 s (2) andk-, = 10 s'* (both

Table 3: Proton NMR Chemical Shifts and Peak Width2aind7 compounds). As discussed in the text, ¥y@nd k., values used for
in DMSO-ds or DMSOdy/D-0 the simulations are probably slower than the actual valueskkd,
DMSO-ds D,O ratios are only guesses which illustrate their effects on the inhibition
- - - - kinetics.? Constants were selected by trial and error to generate
compd proton shift width shift width simulations which closely match experimental observations in both the
7 —COCH 12.52 sharp absent progress curve and the reactivation assaifsis defined as the quantity
7 —CH,—COOH  2.56-2.83 sharp 2.6-2.9 broad which would be measurable assuming no knowledge of the ketone
2 —COOH 11.9-12.6 broad absent hydration equilibrium, i.e.Ki = knk-4/k_nks. 4 Simulated data was
2 —CH,—COOH 2.6-2.7 broad 2.6-2.7 broad analyzed in the same manner as the experimental data shown in Figures

1-3. ¢k, was calculated aks = k-4/K;. f Derived from application of
eg 1 to the reactivation curve$Progress curves were analyzed using
eq 2, andK; is the inhibitor concentration at which the inactivation
) ) rate is half-maximal (eq 3%s is the maximal inactivation rate found
independent of the absolute rates provided khat> [E]k_.. from the secondorder plotshks was evaluated from the time
The ky/k-n ratios of 10- or 20-fold excess hydrate are only dependent extent of simulated reactivation following incubations with
guesses which serve to illustrate the effects of the hydration ?Qtl;?gozr Sén%sgeﬁféfﬁg ijFreatl?: Ocia;ahogS}?“gguﬂ’;‘:iwfgéeiérzmon
equilibrium on the inhibition kinetics. 9 ’ yoroxy P

. . . . . reaction of caspase-1 with compoubd1).
Simulations were run using Tutsim (Tutsim Products, Palo

Alto, CA). Time increments of 1 ms provided stable groxycoumarin release is accurately modeled as a single first-
simulations, and outcomes were not affected by further ey process (eq 2) with a mean rate of (2.0.3) x 104
reductions in the time increment. In the progress curve g-1
experiments, substrate hydrolysis was initiated prior t0  kinetics of Inhibition of Caspase-1 Hy The kinetics of
addition of inhibitor. Progress curve simulations were jnnibition of caspase-1 byt are complex (Figure 1, top).
therefore preinitialized by allowing the substrate hydrolysis Notably, early in the assay, when only small amounts of
simulation to reach a steady state (egys ofsimulation in - 7_pyqroxycoumarin have been released, potent inhibition of
the absence of inhibitor). This became the starting point g hstrate hydrolysis is already observed. The fit of the
for simulations which included inhibitor. Fo.r simulations  jrreversible model (eq 2) to the progress curves appears quite
of the recovery curves, substre_lte concentrations were set tqyq4¢, though examination of the residuals (Figure 1A, inset)
0, the total inhibitor concentration was set taM, and the  gqemonstrates that the model consistently predicts greater
simulation was run for 120, 1200, or 2400 s. These jynipition at early times than is actually observed. The
simulations became the starting point for the recovery curve acyloxymethyl ketone2 generates a similar pattern of
after adjusting the free inhibitor concentrations to 0 and the jnnipition (Figure 1, middle), i.e., rapid inhibition followed
substrate concentration to 5@81. Simulated curves were by slow downward curvature in the assays, and a residual
analyzed exactly as described for the analogous experimentalyatiern which indicates that eq 2 inadequately describes the
data. kinetics at early time points. In contrast, the reversible, slow-
RESULTS binding inhibitor4 assay_ed und(_er identical conditions shows
a nearly featureless residual (Figure 1, bottom). The flatness
Kinetics of Inactiation of Caspase-1 b§. As demon- of the residuals observed for compoudds not due the
strated previously1), irreversible reaction ol (Table 1) greater adaptability of the reversible model (eq 1), since the
with caspase-1 can be monitored by observing fluorimetri- progress curves of the both compountisand 2 show
cally the release of 7-hydroxycoumarin. The rate of 7-hy- distinctive residual patterns when fitted against either model
droxycoumarin release is independent of enzyme concen-(data not shown).
tration, and in accord with Scheme 1 under conditions where Caspase-1 is not an especially efficient enzy@ié 28),
the thiohemiketal El is saturated, the progress of 7-hy- so that the minimal practical enzyme concentration for these

aQuartet of doublets® Only half of the quartet is visible, being partly
obscured by the ethylene protons.
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i 1.5 : FIGURE 2: Second-order plots of bimodal,(2) and irreversible
MW (5, 6) inhibitors. Top and middleky,sderived from progress curve
1.0 3- assays (Figure 1 and data not shown) at low ([Ac-YVAD-Anrc]
e T ; 15uM, open circles) and high ([Ac-YVAD-AmcE150uM, closed
[ 1200 2400 3600 480 ] circles) substrate concentrations are plotted as a function of inhibitor
05 s M concentration. Data shown were accumulated frerd hdependent
b s resesees experiments for each inhibitor, and curves were rejected from the
0.0L analysis when the signal was too weak to yield meaningful data
"0 600 1200 1800 2400 3000 3600 4200 4800 5400 (e.g., at the highest inhibitor concentrations). Data were fit to eq 3,
d and best parameters are described in the text and Table 2. Bottom:
seconds Progress curve assays were run in the presence ofMb@c-

Ficure 1: Kinetics of inhibition of caspase-1 Hy 2, and4. These YVAD-Amc. kon values fors (O) and6 (®) were determined from

series of progress curves were obtained using a substrate concentrahe slopes as evaluated by linear regression and are summarized in

tion of 15uM and inhibitor concentrations of 0, 3.9, 7.8, 15.6, Table 2.

31.3, 62.5, 125, and 250 nM. The solid circles represent data points

E)Om%/ fei;/se%figh %Oi(f::toirsn Sf;(zlvr\llggoé r?(ljazri)tyg} agd ioggo”rgez Li%ese”t summarized in Table 2. Both compounti&nd 2 clearly

es i . S g

Insets: Residﬂals from [t:.)he curve-fitting ana?yses ShO\II)V that at early demonstrate satura_tlon Kinetics. Compoghch hibited

times, enzyme is consistently more inhibited by compounead caspase-1 at a maximal ratelgf= 2.9 x 10 s™ (or 2.5

2 than is predicted by the model function, while residuals for the x 102 s! when measured at 150M substrate), and

reversible, slow-binding inhibito# are featureless. inactivation was half-saturated Kt = 17 nM (or 13 nM

when measured at 150M substrate; allK; values are

assays is just below 1 nM, and reaction conditions at the corrected by 1/(}# [S]/Ku) since these inhibitors are known

lowest inhibitor concentration (3.9 nM) cannot be considered to be competitive with substrate). In contrabtyas a slower

“pseudo-first-order”. To alleviate this possible problem, inactivator ks = 4.1 x 104 or 2.7 x 104 s at 15 or 150

these assays were repeated usingA8Gsubstrate, thereby  4M substrate, respectively) but saturated the enzyme more

reducing by 10-fold the amount of free enzyme present at potently «; = 1.9 or 2.1 nM at 15 or 15@M substrate,

any time during the assay. While the overall inhibitory respectively).

reaction rates were markedly reduced, a qualitatively similar ~ The inactivators5 and 6 were assayed using 15M

departure from the model (eq 2) was observed in the residualssubstrate, since this condition retards the inactivation reaction

(data not shown). Furthermore, the departure from the modeland improves accuracy in the measurements. The second-

observed for both compoundsand2 is clearly observed at  order plots of both compounds failed to saturate at inhibitor

inhibitor concentrations as high as 62.5 nM (Figure 1), a concentrations as high as 250 nM, as would be expected

concentration which easily meets the criterion for pseudo- whenks > ki[I]. We observe inactivation rates of 685 000

first order conditions. and 582 000 M! st for 5 and 6, respectively, which
Noting that the aldehyde inhibitdris “slow-binding”, we compare reasonably tg,d[l] values reported previouslyié,

expected that the complex kinetics bfand 2 might arise 23), though these measurements were obtained under sig-

from a superimposition of slow, reversible inhibition and nificantly different conditions and protocols than ours.

slower inactivation, i.ek4[l] ~ ks (Scheme 1). We therefore Reactvation of Caspase-1 after Inhibition by Selected
sought to measure the rate and equilibrium constants involvedinhibitors. To demonstrate directly that the early phase of
in each step of Scheme 1. inhibition by the ketone& and2 is reversible, and to measure

Second-Order Plots of Compounds 1, 2, 5, andsécond- directly the rate constants , and ks (Scheme 1), enzyme
order plots Kops VS [I]) for the bimodal inhibitorsl and 2 was treated with inhibitor (500M) for 120, 1200, or 2400
and, for comparison, the inactivatdésand 6 are shown in s; chilled and passed by centrifugation through a miniature
Figure 2. Kinetic constants derived from these plots are size-exclusion column to remove free inhibitor; and then
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mENEREEE RAREN 1, which is more properly applied to reactivation curves of
12 \\ §§§ ] fully reversible complexes, can only approximate the reac-
o 10 fgﬁ ‘ ] tivation after treatment with these bimodal inhibitors.
e gf R?L;o 200 18002400 - 4 (Control) Simulations confirm that the results of these analyses are at
g o saction time (<) least reasonable but that the appatentderived using eq 1
s | 2 /‘ slightly overestimates the true value, especially for compound
= 4t T T 1 (see below).
2t T ] Activity was never recovered after treatment with the
o S potent inactivators (data not shown), but low levels of
0 300 600 900 1200 1500 activity were recovered after brief treatment with the (1-
seconds phenyl-3-(trifluoromethyl)pyrazol-5-yl)oxy ketoné (14),

FiGURe 3: Recovery from inhibition after treatment with bimodal ~ Suggesting that this class of inhibitor may act via Scheme 1
inhibitors. Caspase-1 treated with inhibitor/(®1) in HGDE buffer with very fast progression to the irreversible adduct (ég.,
for 120 s was chilled and separated from excess inhibitor by rapid 2 0.036 s, based on the single observable time point in
size-exclusion chromatography and then assayed in HGDE contain-Figure 3).

ing 500 uM Ac-YVAD-Amc. Reactivation curves following the .
1200- and 2400-s reactions are not shown. Curves were analyzed 1€ Role of Ketone Hydration and Intramolecular Cy-

using eq 1, yielding reactivation rates of (3:10.4) x 102 and clization Equilibria. Ketone analogues of aspartic acid are
(3.5+ 1.5) x 1073 s ! for 1 and2, respectively. Inset: Maximal ~ capable of hydrating to a hemiketal or of cyclizing to form
e o ncion o ot e s oo a2 Slable 5-membered ring as depicted in he el secton of
gtandard deviation of triplicate (120 s only) or duplicatg measure- Scheme 1. The degr_ee to which the cyclic a’dduct and
ments. The solid curves are the best fits to eq 4, giving the hydrate form is a function of the ketone carbonyl’s electro-
parameter& = 1.0 x 103 st andAy = 45% for1 andk = 0.43 philic character and of the nature of the solvent in which
x 103 st andA; = 57% for 2. the inhibitor is dissolved. In our assay system, we have
intentionally allowed the inhibitors (normally stored in
assayed in the presence of excess substrate to observBMSO stock solutions) to incubate in assay buffer so that
recovery of activity. The recovery curves of compoulds  equilibrium is attained prior to addition of enzyme and
2, 3, and6 after 120-s reactions are shown in Figure 3, and substrate. IntH and !3C NMR spectra of7 dissolved in
the inset shows the percentage of activity recovered relative DMSO-ds, resonances of both the C®COproton and the
to the fully reversible control inhibitoB (21) after each methylene protons attached to the aspartic Aetdrbon are
reaction time. Transient upward curvature was observed inrelatively sharp, and the ketone carbonyl is readily observed
the recovery from inhibition by, but the rate was too fast  in the3C spectrum (Table 3 and data not shown). Addition
to be reliably measured by this technique. of 0.2 vol of D;O causes complete disappearance of the
Caspase-1 could be partially reactivated after treatmentcarboxylate proton anéfC ketone resonances, as well as
with either of the bimodal inhibitorg or 2 (Figure 2), and broadening of thegg-methylene protons. In contrast, even
reactivation rates were approximately3.5 x 103 s for in pure DMSO, compoun# shows broadeneftmethylene
both compounds, a value interpretedlkag in Scheme 1. proton resonances, a greatly broadened EQ@sonance,
After longer reaction intervals, enzyme activity was still and an absent3C ketone resonance (data not shown).
recoverable, though at lower levels than after the short Addition of DO to the DMSO solution o had no further
reaction. This was entirely expected figrsince the titration ~ effect. Thus, in aqueous assay buffer, both ketdhasd
data clearly demonstrate that the 7-hydroxycoumarin group (especially)2 are expected to be in equilibrium which favors
leaves with a rate constant of (H00.3) x 1074 s (ty, = cyclized and/or hydrated forms, and this equilibrium is
770 s). A compound very closely related to compoind  established at a time scale on the order of milliseconds, as
has been described as reversib®?)( but the current  evidenced by the broadening observed over the NMR time
experiment, as well as the second-order plot (Figure 2), scale.
indicates clearly that compour2lis a bimodal inhibitor, To test whether equilibria established during mixing might
capable of irreversible inactivation of the enzyme, although affect the kinetic profile, we ran assays using a slightly
at a rather slower rate. Analysis of the percentage recoverymodified protocol such that the inhibitor remained in DMSO
vs time using a model for first-order inactivation of the solvent until addition of the activated enzyme. Since DMSO
enzyme-inhibitor complex (eq 4) provides estimateslgf favors the free ketone form of the inhibitor, we expected
which are quite close to values from the titration experiments that the initial lag in inhibition might be reduced or abolished
(1) and the second-order plots of progress curve assaysin these assays. However, no significant differences were
(Figure 2). Notably, the total recoverable activity extrapo- observed between assays using DMSO solvent and those
lated tot = 0 (A) is only about 50%. This results, in part, using a preequilibration in the aqueous assay buffer (data
from the bimodal nature of these inhibitors, sintee not shown). Thus, these reversible equilibria involving the
inactivation of the E-I1 complex continues throughout the ketone functionality are unlikely to play a significant role
assay Since the reactivation ratk () is only slightly faster in the observed kinetic profiles other than causing a reduction
than the inactivation ratekd), this causes an apparent in the observablé, (Scheme 1) by reducing the amount of
decrease in the total recoverable activity, especially after reactive ketone present.
short reaction times. This problem is more severe for Simulations of Scheme IThe models generally used to
compoundl (A, = 45%) than for compoung (A; = 57%) describe the progress curve assays (eqs 1 and 2) do not
since the inactivation rate df(ks = 0.0010) is only slightly entirely describe the kinetics of inhibition by potent, bimodal
smaller than the reactivation rate & 0.0031 s). Equation inhibitors, as these inhibitors display combined properties
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) PR M “reversible slow-binding” phenomenon (observable in Fig-
g 800 23 ] ures 1 and 4 as a positive deviation from the model)
o 0y influences the nonlinear regression analysis. If it were
g 600 | 2" possible to separate completely this portion of the curves
c p 1200 2400 3600 4800 from the subsequent inactivation procdgss values would

= 400 seconds . .

g . reflect the reversible process (i.&s = kd[l] for a fully

3 200 | reversible inhibitor). The overshoot occurs in the experi-
o -' mental range wherg|l] > ks andk[l] is sufficiently small

o, B

to be observable given the time scale of the experiment and
the sensitivity of the instrumentation. Overshoot is not
particularly noticeable in Figure 2, which is a composite of
multiple experiments, but in individual series of progress
curves, overshoot is frequently observed for these and related
compounds (unpublished observations).

The measured; is affected by this overshoot. The
second-order plot for compound is affected by the
overshoot at concentrations as high as 130 nM, so that both

0 600 1200 1800 2400 3000 3600 4200 4800 5400

e T BV B Ki andks are overestimated by as much as 50%. In contrast,
0 %0 100 150 200 250 the overshoot for compourlcompletes early in the plot,
[Inhibitor] (nM) so that a large portion of the data occurs in a range where
kobs @approachesks asymptotically and generates a more
? 3 q7s T T ] accurate estimate of botK; and ks. Fortunately, the
£ E 50% reactivation time course (Figure 3) provides an alternative
g 2| T —‘25% ] experimental technique which does provide an accurate
S [ 1200 2400 ° : estimate ofks which is applicable to most compounds of
S 1 reaction time (s), 3 . Do
e I M this mechanistic class.
a 0 fst et = S BOST o oca-auete Finally, k—, derived from the reactivation curves overes-
0 600 200 1800 timates the actual value by 35% (compoufidor 10%

1
seconds (compound?2). The severity of the overestimation thus

FIGURE 4: Simulation of bimodal inhibition. Parameters used for
simulations are summarized in Table 4. Top: Simulated progress appears to be related to the closeness of thekriyéo the

curves for compound. Symbols represent simulated data at evenly inactivation rateks, so that eq 1, which accurately describes
distributed inhibitor concentrations between 1 and 250 nM, and slow recovery from fully reversible inhibition, no longer

solid curves are the best fits to eq 2. Top, inset: Residuals from approximates recovery from bimodal inhibition.
the best fit to eq 2 demonstrating similarity to experimental residuals

(Figure 1). Middle: Second-order plots of simulated progress curves pscUSSION

for compoundsl and2. The best fit to eq 3 provides the values in

Table 4. Bottom: Simulated reactivation experiments for compound P ;
1 after 120- and 1200-s reactions. Bottom, inset: Plot of percent Preliminary progress curve analyses of the action of these

reactivation vs reaction time for compouridand2. Smooth curves ~ Pimodal inhibitors using a single-cuvette fluorimeter often
represent best fits to eq 4, providing the reactivation rateg (n provided data which seemed to indicate overshoot in the

Table 4. second-order plots (unpublished observations), but the signal/

of slow-binding reversible and slow-inactivating inhibitors. noise ratio of the fluorescence vs time traces was usually
Similarly, egs 1 and 4 do not accurately model the recovery t00 poor to discern the cause of this overshoot. Implementa-
from inhibition by1 or 2 (Figure 3) since enzyme inactivation tion of progress curve assays in a microtiter plate format
continues at a rate proportional to the remaining|E  has generated high-quality fluorescence data from multiple
complex throughout the reactivation time course. To gauge Wells, and signal averaging has reduced the noise level
the validity of the kinetic constants derived from application sufficiently to observe the complex kinetic pattern by residual
of these models (Tables 2 and 3), we have used theanalysis (Figure 1). Use of a stabilized preparation of
simulation tool Tutsim to generate simulated data which caspase-11j was also essential, since enzyme stability
closely resemble our experimental data. We have thenimposes a limit on the lowest detectable inactivation rate.
analyzed these data in the same manner as the experimentdfor example, application of eq 2 to the vehicle control
data and compared the outcome of this analysis with the progress curves yields kass on the order of 2< 107° s™,
parameters which were applied to the simulation. The resultswhich likely reflects the rate of inactivation of enzyme by
of this exercise are shown in Figure 4 and Table 4. nonspecific processes. The saturation kinetic profile of
Reasonably good agreement is observed between the kineti¢elatively slow compounds such a@is thereby readily
constants entered into the simulation and the constantsobservable (Figure 2), and maximal inactivation rate} (
derived analytically from the simulated progress curves and @S low as 2x 10™* s™* can be reproducibly measured
reactivation curves. However, systematic errors are identi- (unpublished observations).
fied in both the progress curve and the reactivation experi- This study has detailed the actions of two caspase-1
ments. inhibitors and suggests that their kinetic profiles result from
In the simulated second-order plots (Figure 4, top and the superimposition of reversible slow-binding inhibition
middle), kops Slightly overshoot&s. This overshoot occurs  followed by slower inactivation. Simulations have then
because at low to intermediate inhibitor concentrations the demonstrated that Scheme 1 is able to generate kinetic
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profiles which closely match the experimental observations. CONCLUSIONS

Scheme 1 assumes that attack by the sulfur upon the nearby o
methylene carbon occurs directly from the thiohemiketal  Aryloxymethyl and acyloxymethyl ketones are promising
complex, forming a transient cyclic sulfonium intermediate for their potential pharmaceut_lcal appllcatlons_ as |nh|b|tors_
(12. An alternative mechanism wherein a noncovalent Of caspase-1 and other cysteine proteases with key roles in
enzyme/inhibitor complex partitions between reversible thio- Pathogenic processes. The dual electrophilic centers of these
hemiketal formation and irreversible thioether formation inhibitors provide the potential to act in a combination of
cannot yet be discounted. However, several attempts torgversmle gnd/or_lrreversmle modes gnd generate complex
simulate this mechanism have thus far failed to mimic the Kinetic profiles which are not fully described by the analytical
experimental observations (unpublished observations). It ismodels. Careful observation of the quality of fit to these

also possible that another catalytic residue, such as His 237Mmodels combined with direct measurements of time-depend-
might participate in the inactivation reaction, as was dem- €Nt reversal of inhibition has provided an accurate assessment

onstrated for the inhibition of the serine protease chymo- pf the; separate contribution§ of the rever;ibl_e .and irreversible
trypsin by an a-chloroketone inhibitor Z9). However, inhibitory modes to the action of these inhibitors. A more

crystallographic observation of caspase-1 after treatment withCOMplete understanding of the specific binding interactions
bimodal inhibitors such ad clearly shows the enzyme &chieved by potential leaving groups can hopefully be applied
covalently linked via Cys 285 to the-methylene carbon 10 the development of more specific inhibitors and safer
(30; N. P. Walker, personal communication). pharmaceutical compositions.
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