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ABSTRACT: The caspase-1 (interleukin 1â-converting enzyme; ICE) titrant 3-[2-(2-benzyloxycarbonylamino-
3-methylbutyrylamino)propionylamino]-4-oxo-5-(2-oxo-2H-chromen-7-yloxy)pentanoic acid (1 (Dang, L.
C., et al. (1996)Biochemistry 35, 14910-14916)) inhibits caspase-1 activity rapidly, while release of the
7-hydroxycoumarin fluorophore is much slower. Progress curve analysis of1 and of the related
acyloxymethyl ketone 3-[2-(2-benzyloxycarbonylamino-3-methylbutyrylamino)propionylamino]-4-oxo-
5-(1-oxo-3-phenylpropoxy)pentanoic acid (2) identifies 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.

Cysteine proteases serve critical roles in diverse pathologi-
cal processes and therefore represent attractive targets for
pharmaceutical intervention (2, 3). The cysteine protease
caspase-1 is essential for proper processing of the inflam-
matory cytokine interleukin-1â and of interferon-γ-inducing
factor (4-6), and is likely to play important roles in septic
shock (7, 8) and leukemias (9, 10).
An important advance in the field of cysteine protease

inhibition was made with the discovery that certain weak
electrophiles remain essentially nonreactive until oriented in
the active site of target cysteine proteases (11-13). These
“quiescent nucleofuge” inhibitors were then capable of
reaction rates in excess of 106M-1 s-1. 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-1 (18, 19).
Many of the acyloxymethyl- and aryloxymethyl ketone

inhibitors are time-dependent inhibitors of cysteine proteases.
In some cases, second-order plots ofkobs vs [I] demonstrate
saturation of the observed rate of inactivation (12, 19, 20),
supporting the model shown in Scheme 1. We have reported
the synthesis and use of an active-site titrant (1, Table 1)
for caspase-1 which utilizes a fluorigenic hydroxycoumarin
as the quiescent nucleofuge (1). 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 AND METHODS

Materials. Ac-L-Tyr-L-Val-L-Ala-(D,L)Asp-CHO (com-
pound 4, Table 1) and Ac-L-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). Compounds1 and7 (Table 1)
were prepared as described previously (1). Compounds2
and3 were prepared by methods described by Mjalli et al.
(21, 22). Compounds5 and6 were prepared as described
by Dolle (14, 23).
Enzyme Preparation.Preparation of the autolytically

stable caspase-1 variant used in these studies has been
described previously (1). Briefly, the variant contains a
mutation (D381E) which renders it resistant to autolytic
inactivation but has no detectable effect on enzyme activity
as compared to the naturally occurring enzyme (24). The
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enzyme variant was expressed inEscherichia coli, purified
first by immobilized metal chromatography via the N-
terminal N-His tag, treated with excess oxidized glutathione
to stabilize the reactive thiolate, and then repurified by size-
exclusion chromatography. The enzyme is rapidly activated
upon exposure to DTT (1).

Progress CurVe 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,
v/v; and 0.5 mM EDTA), followed by seven serial 2-fold
dilutions into HGE + 12.5% DMSO, thus maintaining
constant DMSO through the dilution series. Ten microliters
of diluted stocks or of vehicle (HGE+ 12.5% DMSO) was
placed in triplicate onto a 96-well microtiter plate, allowing
four compounds to be tested on each plate. The plate was
covered to minimize evaporation, and the plate was pre-
warmed to 30°C for 20 min. Enzyme was diluted into 10.0
mL of assay buffer (HGE and 5 mM DTT, plus Ac-YVAD-
Amc at 15 or 150µM, as specified; 0.5 nM final enzyme
concentration, prewarmed to 30°C), and this activated
reaction mixture was added to the plate at 90µL/well.
Progress of substrate hydrolysis was monitored for 5400 s
in a LabSystems (Needham, MA) Fluoroskan Ascent fluo-
rescent plate reader using 385- and 460-nm excitation and
emission filters, respectively, and a photomultiplier gain
setting of 10. Triplicate curves were averaged and fit by
nonlinear regression to eq 1 describing reversible slow-
binding inhibition (25) or to eq 2 describing irreversible
inactivation:

Parameter F0 was routinely fixed to zero, since fluores-
cence values were always adjusted to an origin of 0.
Second-order plots (kobs vs [I]) which demonstrated

saturation were analyzed using eq 3 (26):

koff Measurements.One microliter of compound stock
(500µM in DMSO) and 89µL of reaction buffer (HGE, 5
mM DTT, and 0.1% BSA, w/v) were combined and warmed
to 30 °C, and then 10µL of NHis(D381E) caspase-1 (1.1
µM in HGE) was added. Reaction mixtures were incubated
at 30 °C for 120, 1200, or 2400 s and then applied to
Biospin-6 columns (Bio-Rad) which had been preequilibrated
with HGE buffer and chilled to 4°C. The loaded columns
were spun for 90 s at moderate speed in a chilled tabletop
clinical centrifuge, and eluates were placed on ice. Within
60 s, 10µL of eluates ws added to 390µL of reactivation
assay buffer (HGE, 5 mM DTT, 500µM Ac-YVAD-Amc,
and 0.1% BSA, w/v), and reactivation assays were observed
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-
sion to eq 1, and final velocities were expressed as a
percentage of the activity recovered after treatment with the
fully reversible inhibitor3. Plots of recovered activity vs
reaction time were then modeled as a first-order inactivation
of the saturated E-I complex:

Simulations. Reaction Scheme 1 was simulated in the
context of enzymatic hydrolysis of substrate (Scheme 2).
Estimation of kinetic parameters for hydrolysis of AcTyr-
ValAlaAsp-Amc was based on (a) the knownKM of 15 µM
andkcatof approximately 0.7 s-1 (27, 28) and (b) observations
that the truncated substrate analogue AcTyrValAla-NH-
(CH2)2COOH inhibits caspase-1-catalyzed hydrolysis of
AcTyrValAlaAsp-Amc with aKi of approximately 200µM
(unpublished observations). The ratiok-1/k1 of 50 µM
seemed reasonable since the aminomethylcoumarin group
probably enhances binding in the Michaelis complex relative
to the truncated peptide (21). The absolute values ofk1 and
k-1 are unknown, but the simulation was found not to be
significantly affected by the absolute values of these rates
for k1 > 104, and use of these values (which are probably
lower than the actual values) permitted use of a larger delta-
time during the simulations. The hydration equilibrium is
known to occur on the NMR time scale (see Table 3), though
neither the absolute rates nor the equilibrium constant is
presently known. The rates chosen (Table 4) are probably
somewhat slower than the actual rates, but using lower rates
stabilized the simulation, and the outcome was found to be

Table 1: Selected Caspase-1 Inhibitors
F(t) ) F0 + Vsst +

(Vi - Vss)(1- e-kobst)

kobs
(1)

F(t) ) F0 +
Vi(1- e-kobst)

kobs
(2)

kobs)
k5[I]

ki,app+ [I]
where Ki ) Ki,app/(1+ [S]/KM)

(3)

A(t) ) A0e
-kt (4)
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independent of the absolute rates provided thatk-h . [E]k-4.
The kh/k-h ratios of 10- or 20-fold excess hydrate are only
guesses which serve to illustrate the effects of the hydration
equilibrium on the inhibition kinetics.
Simulations were run using Tutsim (Tutsim Products, Palo

Alto, CA). Time increments of 1 ms provided stable
simulations, and outcomes were not affected by further
reductions in the time increment. In the progress curve
experiments, substrate hydrolysis was initiated prior to
addition of inhibitor. Progress curve simulations were
therefore preinitialized by allowing the substrate hydrolysis
simulation to reach a steady state (e.g., 8 s ofsimulation in
the absence of inhibitor). This became the starting point
for simulations which included inhibitor. For simulations
of the recovery curves, substrate concentrations were set to
0, the total inhibitor concentration was set to 5µM, and the
simulation was run for 120, 1200, or 2400 s. These
simulations became the starting point for the recovery curve
after adjusting the free inhibitor concentrations to 0 and the
substrate concentration to 500µM. Simulated curves were
analyzed exactly as described for the analogous experimental
data.

RESULTS

Kinetics of InactiVation of Caspase-1 by1. As demon-
strated previously (1), irreversible reaction of1 (Table 1)
with caspase-1 can be monitored by observing fluorimetri-
cally the release of 7-hydroxycoumarin. The rate of 7-hy-
droxycoumarin release is independent of enzyme concen-
tration, and in accord with Scheme 1 under conditions where
the thiohemiketal E-I is saturated, the progress of 7-hy-

droxycoumarin release is accurately modeled as a single first-
order process (eq 2) with a mean rate of (9.0( 0.3)× 10-4

s-1.
Kinetics of Inhibition of Caspase-1 by1. The kinetics of

inhibition of caspase-1 by1 are complex (Figure 1, top).
Notably, early in the assay, when only small amounts of
7-hydroxycoumarin have been released, potent inhibition of
substrate hydrolysis is already observed. The fit of the
irreversible model (eq 2) to the progress curves appears quite
good, though examination of the residuals (Figure 1A, inset)
demonstrates that the model consistently predicts greater
inhibition at early times than is actually observed. The
acyloxymethyl ketone2 generates a similar pattern of
inhibition (Figure 1, middle), i.e., rapid inhibition followed
by slow downward curvature in the assays, and a residual
pattern which indicates that eq 2 inadequately describes the
kinetics at early time points. In contrast, the reversible, slow-
binding inhibitor4 assayed under identical conditions shows
a nearly featureless residual (Figure 1, bottom). The flatness
of the residuals observed for compound4 is not due the
greater adaptability of the reversible model (eq 1), since the
progress curves of the both compounds1 and 2 show
distinctive residual patterns when fitted against either model
(data not shown).
Caspase-1 is not an especially efficient enzyme (27, 28),

so that the minimal practical enzyme concentration for these

Scheme 2

Table 2: Progress Curve Analysis of Selected Caspase-1 Inhibitors

compd [S] (µM) Ki (nM)a k5 (s-1× 103)a kon (M-1 s-1)b

1 15 17( 8 2.9( 0.3
1 150 13( 2 2.5( 0.2
2 15 1.9( 0.6 0.41( 0.03
2 150 2.1( 1.3 0.27( 0.06
5 150 685 000( 13 000
6 150 582 000( 17 000
a Ki,k andk5 were obtained by fitting the data of Figure 2 (top and

middle) to eq 3. Errors represent standard error of the nonlinear
regression.b Slopes were obtained from Figure 2 (bottom) by linear
regression, and errors represent the standard deviation of the regression
slope.

Table 3: Proton NMR Chemical Shifts and Peak Widths of2 and7
in DMSO-d6 or DMSO-d6/D2O

DMSO-d6 D2O

compd proton shift width shift width

7 -COOH 12.52 sharp absent
7 -CH2-COOH 2.50-2.83a sharp 2.6-2.9 broad
2 -COOH 11.9-12.6 broad absent
2 -CH2-COOH 2.6-2.7b broad 2.6-2.7 broad
aQuartet of doublets.bOnly half of the quartet is visible, being partly

obscured by the ethylene protons.

Table 4: Simulation of Bimodal Inhibition (Schemes 1 and 2):
Input Kinetic Constants,a Analysis of Simulated Progress Curve and
Reactivation Experiments, and Comparison to Experimental
Observations

compd k4 (M-1 s-1) k-4 (s-1) Ki (nM)c k5 (s-1× 103)

Simulation Inputb

1 2 230 000 0.0026 11.7 0.0010
2 20 000 000 0.0028 2.8 0.00040

Simulation Outputd

1 200 000e 0.0035f 17g 1.3g

1.0h

2 1 720 000e 0.0031f 1.8g 0.44g

0.40h

Experimental Observationsi

1 160 000e 0.0035f 17( 5g 0.9( 0.03j

2.9( 0.3g

1.0h

2 1 600 000e 0.0031f 1.9( 0.6g 0.41( 0.03g

0.43h

aMichaelis-Menton constants for Scheme 2 werek1 ) 500 000 M-1

s-1, k-1 ) 25 s-1, k2 ) 2.33 s-1, andk3 ) 1.0 s-1. Hydration/cyclization
rate constants werekh ) 100 (1) or 200 s-1 (2) andk-h ) 10 s-1 (both
compounds). As discussed in the text, thekh and k-h values used for
the simulations are probably slower than the actual values, andkh/k-h
ratios are only guesses which illustrate their effects on the inhibition
kinetics.bConstants were selected by trial and error to generate
simulations which closely match experimental observations in both the
progress curve and the reactivation assays.c Ki is defined as the quantity
which would be measurable assuming no knowledge of the ketone
hydration equilibrium, i.e.,Ki ) khk-4/k-hk4. d Simulated data was
analyzed in the same manner as the experimental data shown in Figures
1-3. e k4 was calculated ask4 ) k-4/Ki. f Derived from application of
eq 1 to the reactivation curves.g Progress curves were analyzed using
eq 2, andKi is the inhibitor concentration at which the inactivation
rate is half-maximal (eq 3).k5 is the maximal inactivation rate found
from the second-order plots.h k5 was evaluated from the time-
dependent extent of simulated reactivation following incubations with
inhibitors, as described for the data of Figure 3.i Summarized from
Table 2 and Figures 1-3. j Rate of 7-hydroxycoumarin release upon
reaction of caspase-1 with compound1 (1).
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assays is just below 1 nM, and reaction conditions at the
lowest inhibitor concentration (3.9 nM) cannot be considered
“pseudo-first-order”. To alleviate this possible problem,
these assays were repeated using 150µM substrate, thereby
reducing by 10-fold the amount of free enzyme present at
any time during the assay. While the overall inhibitory
reaction rates were markedly reduced, a qualitatively similar
departure from the model (eq 2) was observed in the residuals
(data not shown). Furthermore, the departure from the model
observed for both compounds1 and2 is clearly observed at
inhibitor concentrations as high as 62.5 nM (Figure 1), a
concentration which easily meets the criterion for pseudo-
first order conditions.
Noting that the aldehyde inhibitor4 is “slow-binding”, we

expected that the complex kinetics of1 and2 might arise
from a superimposition of slow, reversible inhibition and
slower inactivation, i.e.,k4[I] ∼ k5 (Scheme 1). We therefore
sought to measure the rate and equilibrium constants involved
in each step of Scheme 1.
Second-Order Plots of Compounds 1, 2, 5, and 6.Second-

order plots (kobs vs [I]) for the bimodal inhibitors1 and2
and, for comparison, the inactivators5 and6 are shown in
Figure 2. Kinetic constants derived from these plots are

summarized in Table 2. Both compounds1 and2 clearly
demonstrate saturation kinetics. Compound1 inhibited
caspase-1 at a maximal rate ofk5 ) 2.9× 10-3 s-1 (or 2.5
× 10-3 s-1 when measured at 150µM substrate), and
inactivation was half-saturated atKi ) 17 nM (or 13 nM
when measured at 150µM substrate; allKi values are
corrected by 1/(1+ [S]/KM) since these inhibitors are known
to be competitive with substrate). In contrast,2was a slower
inactivator (k5 ) 4.1× 10-4 or 2.7× 10-4 s-1 at 15 or 150
µM substrate, respectively) but saturated the enzyme more
potently (Ki ) 1.9 or 2.1 nM at 15 or 150µM substrate,
respectively).
The inactivators5 and 6 were assayed using 150µM

substrate, since this condition retards the inactivation reaction
and improves accuracy in the measurements. The second-
order plots of both compounds failed to saturate at inhibitor
concentrations as high as 250 nM, as would be expected
whenk5 . k4[I]. We observe inactivation rates of 685 000
and 582 000 M-1 s-1 for 5 and 6, respectively, which
compare reasonably tokobs/[I] values reported previously (14,
23), though these measurements were obtained under sig-
nificantly different conditions and protocols than ours.
ReactiVation of Caspase-1 after Inhibition by Selected

Inhibitors. To demonstrate directly that the early phase of
inhibition by the ketones1 and2 is reversible, and to measure
directly the rate constantsk-4 andk5 (Scheme 1), enzyme
was treated with inhibitor (500µM) for 120, 1200, or 2400
s; chilled and passed by centrifugation through a miniature
size-exclusion column to remove free inhibitor; and then

FIGURE 1: Kinetics of inhibition of caspase-1 by1, 2, and4. These
series of progress curves were obtained using a substrate concentra-
tion of 15 µM and inhibitor concentrations of 0, 3.9, 7.8, 15.6,
31.3, 62.5, 125, and 250 nM. The solid circles represent data points
(only every fifth point is shown for clarity), and solid lines represent
best fits to eq 2 (compounds1 and 2) or eq 1 (compound4).
Insets: Residuals from the curve-fitting analyses show that at early
times, enzyme is consistently more inhibited by compounds1 and
2 than is predicted by the model function, while residuals for the
reversible, slow-binding inhibitor4 are featureless.

FIGURE 2: Second-order plots of bimodal (1, 2) and irreversible
(5, 6) inhibitors. Top and middle:kobsderived from progress curve
assays (Figure 1 and data not shown) at low ([Ac-YVAD-Amc])
15µM, open circles) and high ([Ac-YVAD-Amc])150µM, closed
circles) substrate concentrations are plotted as a function of inhibitor
concentration. Data shown were accumulated from 2-4 independent
experiments for each inhibitor, and curves were rejected from the
analysis when the signal was too weak to yield meaningful data
(e.g., at the highest inhibitor concentrations). Data were fit to eq 3,
and best parameters are described in the text and Table 2. Bottom:
Progress curve assays were run in the presence of 150µM Ac-
YVAD-Amc. kon values for5 (O) and6 (b) were determined from
the slopes as evaluated by linear regression and are summarized in
Table 2.
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assayed in the presence of excess substrate to observe
recovery of activity. The recovery curves of compounds1,
2, 3, and6 after 120-s reactions are shown in Figure 3, and
the inset shows the percentage of activity recovered relative
to the fully reversible control inhibitor3 (21) after each
reaction time. Transient upward curvature was observed in
the recovery from inhibition by3, but the rate was too fast
to be reliably measured by this technique.
Caspase-1 could be partially reactivated after treatment

with either of the bimodal inhibitors1 or 2 (Figure 2), and
reactivation rates were approximately 3-3.5× 10-3 s-1 for
both compounds, a value interpreted ask-4 in Scheme 1.
After longer reaction intervals, enzyme activity was still
recoverable, though at lower levels than after the short
reaction. This was entirely expected for1, since the titration
data clearly demonstrate that the 7-hydroxycoumarin group
leaves with a rate constant of (9.0( 0.3)× 10-4 s-1 (t1/2 )
770 s). A compound very closely related to compound2
has been described as reversible (22), but the current
experiment, as well as the second-order plot (Figure 2),
indicates clearly that compound2 is a bimodal inhibitor,
capable of irreversible inactivation of the enzyme, although
at a rather slower rate. Analysis of the percentage recovery
vs time using a model for first-order inactivation of the
enzyme-inhibitor complex (eq 4) provides estimates ofk5
which are quite close to values from the titration experiments
(1) and the second-order plots of progress curve assays
(Figure 2). Notably, the total recoverable activity extrapo-
lated tot ) 0 (A0) is only about 50%. This results, in part,
from the bimodal nature of these inhibitors, sincethe
inactiVation of the E-I complex continues throughout the
assay. Since the reactivation rate (k-4) is only slightly faster
than the inactivation rate (k5), this causes an apparent
decrease in the total recoverable activity, especially after
short reaction times. This problem is more severe for
compound1 (A0 ) 45%) than for compound2 (A0 ) 57%)
since the inactivation rate of1 (k5 ) 0.0010) is only slightly
smaller than the reactivation rate (k4 ) 0.0031 s-1). Equation

1, which is more properly applied to reactivation curves of
fully reversible complexes, can only approximate the reac-
tivation after treatment with these bimodal inhibitors.
Simulations confirm that the results of these analyses are at
least reasonable but that the apparentk-4 derived using eq 1
slightly overestimates the true value, especially for compound
1 (see below).
Activity was never recovered after treatment with the

potent inactivator5 (data not shown), but low levels of
activity were recovered after brief treatment with the (1-
phenyl-3-(trifluoromethyl)pyrazol-5-yl)oxy ketone6 (14),
suggesting that this class of inhibitor may act via Scheme 1
with very fast progression to the irreversible adduct (e.g.,k5
≈ 0.036 s-1, based on the single observable time point in
Figure 3).
The Role of Ketone Hydration and Intramolecular Cy-

clization Equilibria. Ketone analogues of aspartic acid are
capable of hydrating to a hemiketal or of cyclizing to form
a stable 5-membered ring as depicted in the left section of
Scheme 1. The degree to which the cyclic adduct and
hydrate form is a function of the ketone carbonyl’s electro-
philic character and of the nature of the solvent in which
the inhibitor is dissolved. In our assay system, we have
intentionally allowed the inhibitors (normally stored in
DMSO stock solutions) to incubate in assay buffer so that
equilibrium is attained prior to addition of enzyme and
substrate. In1H and 13C NMR spectra of7 dissolved in
DMSO-d6, resonances of both the COOH proton and the
methylene protons attached to the aspartic acidâ-carbon are
relatively sharp, and the ketone carbonyl is readily observed
in the13C spectrum (Table 3 and data not shown). Addition
of 0.2 vol of D2O causes complete disappearance of the
carboxylate proton and13C ketone resonances, as well as
broadening of theâ-methylene protons. In contrast, even
in pure DMSO, compound2 shows broadenedâ-methylene
proton resonances, a greatly broadened COOH resonance,
and an absent13C ketone resonance (data not shown).
Addition of D2O to the DMSO solution of2 had no further
effect. Thus, in aqueous assay buffer, both ketones1 and
(especially)2 are expected to be in equilibrium which favors
cyclized and/or hydrated forms, and this equilibrium is
established at a time scale on the order of milliseconds, as
evidenced by the broadening observed over the NMR time
scale.
To test whether equilibria established during mixing might

affect the kinetic profile, we ran assays using a slightly
modified protocol such that the inhibitor remained in DMSO
solvent until addition of the activated enzyme. Since DMSO
favors the free ketone form of the inhibitor, we expected
that the initial lag in inhibition might be reduced or abolished
in these assays. However, no significant differences were
observed between assays using DMSO solvent and those
using a preequilibration in the aqueous assay buffer (data
not shown). Thus, these reversible equilibria involving the
ketone functionality are unlikely to play a significant role
in the observed kinetic profiles other than causing a reduction
in the observablek4 (Scheme 1) by reducing the amount of
reactive ketone present.
Simulations of Scheme 1.The models generally used to

describe the progress curve assays (eqs 1 and 2) do not
entirely describe the kinetics of inhibition by potent, bimodal
inhibitors, as these inhibitors display combined properties

FIGURE 3: Recovery from inhibition after treatment with bimodal
inhibitors. Caspase-1 treated with inhibitor (5µM) in HGDE buffer
for 120 s was chilled and separated from excess inhibitor by rapid
size-exclusion chromatography and then assayed in HGDE contain-
ing 500 µM Ac-YVAD-Amc. Reactivation curves following the
1200- and 2400-s reactions are not shown. Curves were analyzed
using eq 1, yielding reactivation rates of (3.1( 0.4)× 10-3 and
(3.5( 1.5)× 10-3 s-1 for 1 and2, respectively. Inset: Maximal
reactivation expressed as a percentage of the control reaction is
plotted as a function of reaction time. Error bars represent the
standard deviation of triplicate (120 s only) or duplicate measure-
ments. The solid curves are the best fits to eq 4, giving the
parametersk ) 1.0× 10-3 s-1 andA0 ) 45% for1 andk ) 0.43
× 10-3 s-1 andA0 ) 57% for2.
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of slow-binding reversible and slow-inactivating inhibitors.
Similarly, eqs 1 and 4 do not accurately model the recovery
from inhibition by1 or2 (Figure 3) since enzyme inactivation
continues at a rate proportional to the remaining E-I
complex throughout the reactivation time course. To gauge
the validity of the kinetic constants derived from application
of these models (Tables 2 and 3), we have used the
simulation tool Tutsim to generate simulated data which
closely resemble our experimental data. We have then
analyzed these data in the same manner as the experimental
data and compared the outcome of this analysis with the
parameters which were applied to the simulation. The results
of this exercise are shown in Figure 4 and Table 4.
Reasonably good agreement is observed between the kinetic
constants entered into the simulation and the constants
derived analytically from the simulated progress curves and
reactivation curves. However, systematic errors are identi-
fied in both the progress curve and the reactivation experi-
ments.
In the simulated second-order plots (Figure 4, top and

middle),kobs slightly overshootsk5. This overshoot occurs
because at low to intermediate inhibitor concentrations the

“reversible slow-binding” phenomenon (observable in Fig-
ures 1 and 4 as a positive deviation from the model)
influences the nonlinear regression analysis. If it were
possible to separate completely this portion of the curves
from the subsequent inactivation process,kobs values would
reflect the reversible process (i.e.,kobs ) k4[I] for a fully
reversible inhibitor). The overshoot occurs in the experi-
mental range wherek4[I] . k5 andk4[I] is sufficiently small
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 measuredKi is affected by this overshoot. The

second-order plot for compound1 is affected by the
overshoot at concentrations as high as 130 nM, so that both
Ki andk5 are overestimated by as much as 50%. In contrast,
the overshoot for compound2 completes early in the plot,
so that a large portion of the data occurs in a range where
kobs approachesk5 asymptotically and generates a more
accurate estimate of bothKi and k5. Fortunately, the
reactivation time course (Figure 3) provides an alternative
experimental technique which does provide an accurate
estimate ofk5 which is applicable to most compounds of
this mechanistic class.
Finally, k-4 derived from the reactivation curves overes-

timates the actual value by 35% (compound1) or 10%
(compound2). The severity of the overestimation thus
appears to be related to the closeness of the truek-4 to the
inactivation rate,k5, so that eq 1, which accurately describes
slow recovery from fully reversible inhibition, no longer
approximates recovery from bimodal inhibition.

DISCUSSION

Preliminary progress curve analyses of the action of these
bimodal inhibitors using a single-cuvette fluorimeter often
provided data which seemed to indicate overshoot in the
second-order plots (unpublished observations), but the signal/
noise ratio of the fluorescence vs time traces was usually
too poor to discern the cause of this overshoot. Implementa-
tion of progress curve assays in a microtiter plate format
has generated high-quality fluorescence data from multiple
wells, and signal averaging has reduced the noise level
sufficiently to observe the complex kinetic pattern by residual
analysis (Figure 1). Use of a stabilized preparation of
caspase-1 (1) was also essential, since enzyme stability
imposes a limit on the lowest detectable inactivation rate.
For example, application of eq 2 to the vehicle control
progress curves yields akobs on the order of 2× 10-5 s-1,
which likely reflects the rate of inactivation of enzyme by
nonspecific processes. The saturation kinetic profile of
relatively slow compounds such as2 is thereby readily
observable (Figure 2), and maximal inactivation rates (k5)
as low as 2× 10-4 s-1 can be reproducibly measured
(unpublished observations).
This study has detailed the actions of two caspase-1

inhibitors and suggests that their kinetic profiles result from
the superimposition of reversible slow-binding inhibition
followed by slower inactivation. Simulations have then
demonstrated that Scheme 1 is able to generate kinetic

FIGURE 4: Simulation of bimodal inhibition. Parameters used for
simulations are summarized in Table 4. Top: Simulated progress
curves for compound1. Symbols represent simulated data at evenly
distributed inhibitor concentrations between 1 and 250 nM, and
solid curves are the best fits to eq 2. Top, inset: Residuals from
the best fit to eq 2 demonstrating similarity to experimental residuals
(Figure 1). Middle: Second-order plots of simulated progress curves
for compounds1 and2. The best fit to eq 3 provides the values in
Table 4. Bottom: Simulated reactivation experiments for compound
1 after 120- and 1200-s reactions. Bottom, inset: Plot of percent
reactivation vs reaction time for compounds1 and2. Smooth curves
represent best fits to eq 4, providing the reactivation rates (k-4) in
Table 4.

Bimodal Inhibition of Caspase-1 Biochemistry, Vol. 37, No. 23, 19988513



profiles which closely match the experimental observations.
Scheme 1 assumes that attack by the sulfur upon the nearby
methylene carbon occurs directly from the thiohemiketal
complex, forming a transient cyclic sulfonium intermediate
(12). An alternative mechanism wherein a noncovalent
enzyme/inhibitor complex partitions between reversible thio-
hemiketal formation and irreversible thioether formation
cannot yet be discounted. However, several attempts to
simulate this mechanism have thus far failed to mimic the
experimental observations (unpublished observations). It is
also possible that another catalytic residue, such as His 237,
might participate in the inactivation reaction, as was dem-
onstrated for the inhibition of the serine protease chymo-
trypsin by anR-chloroketone inhibitor (29). However,
crystallographic observation of caspase-1 after treatment with
bimodal inhibitors such as1 clearly shows the enzyme
covalently linked via Cys 285 to theR-methylene carbon
(30; N. P. Walker, personal communication).
Working with a series of acyloxymethyl ketone inhibitors

of cathepsin B, Krantz et al. were able to demonstrate a
strong correlation between the leaving group pKa and the
inactivation rate, log(k5/Ki) (12). In contrast, Thornberry et
al. demonstrated that for a series of tripeptide benzoyloxy-
methyl ketone inhibitors of caspase-1, overall inactivation
rate (i.e.,k5/Ki) was not correlated with leaving group pKa

and that binding of these inhibitors to the enzyme was the
rate-limiting step in the inactivation (31). While this latter
study failed to account for counteracting effects of the leaving
group pKa on the degree of ketone hydration/cyclization
which might diminish or mask a correlation with the
inactivation rate, this study’s observation of slow-binding
kinetics for the reversible phase of inhibition by compounds
1 and2 does support their conclusion that an apparently slow
binding step precedes the inactivation of caspase-1 by this
class of inhibitors. However, it is not yet clear whether this
binding step is intrinsically slow, or whether it only appears
slow due to a high degree of hydration/cyclization of the
inhibitory ketone species. It furthermore remains to be
demonstrated whether “inactivators”, such as compounds5
and 6, might display saturation kinetics if techniques
appropriate for observing time constants> 0.030 s-1 were
applied.
The leaving groups of inhibitors1 and2 have pKa values

of approximately 8 (32) and 4.5, respectively. Nevertheless,
compound2 (k5 ) 0.4× 10-4 s-1) inactivates caspase-1 over
2-fold more slowly than1 (k5 ) 9 × 10-4 s-1). All other
factors being equal, theâ-oxygen of 2 should be more
susceptible to SN2 displacement than that of1. A likely
explanation for this anomaly is that geometric constraints
resulting from specific binding interactions of the leaving
group dominate the inactivation kinetics (k5) of these
inhibitors. Indeed, inspection of the crystallographic struc-
tures of caspase-1 complexed with reversible ketone inhibi-
tors bearing a variety of linkages to theR-methylene carbon
(e.g., aliphatic, alkyl- and arylthioether, aryl ether, and
acyloxy) reveals a common geometry and stereochemistry
for the thiohemiketal center with multiple geometries for the
attachment to theR-methylene carbon (N. P. Walker,
personal communication). The precise alignment between
the Cys 285 sulfur, theR-methylene carbon, and the charge-
bearing leaving group atom is expected to be a critical
determinant in the net rate of the displacement reaction.

CONCLUSIONS

Aryloxymethyl and acyloxymethyl ketones are promising
for their potential pharmaceutical applications as inhibitors
of caspase-1 and other cysteine proteases with key roles in
pathogenic processes. The dual electrophilic centers of these
inhibitors provide the potential to act in a combination of
reversible and/or irreversible modes and generate complex
kinetic profiles which are not fully described by the analytical
models. Careful observation of the quality of fit to these
models combined with direct measurements of time-depend-
ent reversal of inhibition has provided an accurate assessment
of the separate contributions of the reversible and irreversible
inhibitory modes to the action of these inhibitors. A more
complete understanding of the specific binding interactions
achieved by potential leaving groups can hopefully be applied
to the development of more specific inhibitors and safer
pharmaceutical compositions.
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