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Background: The inflammatory caspase-1 shows positive cooperativity not seen for the apoptotic caspase-3.

Results: Substrate binding increases the dimerization affinity and activity of caspase-1 but not for caspase-3.

Conclusion: Caspase-1 is regulated by concentration with substrates, whereas caspase-3 is not.

Significance: Subcellular co-localization of caspase-1 with substrates in inflammosomes may explain its more restricted family

of substrates observed.

Caspases are intracellular cysteine-class proteases with aspar-
tate specificity that is critical for driving processes as diverse as
the innate immune response and apoptosis, exemplified by
caspase-1 and caspase-3, respectively. Interestingly, caspase-1
cleaves far fewer cellular substrates than caspase-3 and also
shows strong positive cooperativity between the two active sites
of the homodimer, unlike caspase-3. Biophysical and kinetic
studies here present a molecular basis for this difference. Ana-
lytical ultracentrifugation experiments show that mature
caspase-1 exists predominantly as a monomer under physiolog-
ical concentrations that undergoes dimerization in the presence
of substrate; specifically, substrate binding shifts the K}, for
dimerization by 20-fold. We have created a hemi-active site-
labeled dimer of caspase-1, where one site is blocked with the
covalent active site inhibitor, benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone. This hemi-labeled enzyme is about 9-fold
more active than the apo-dimer of caspase-1. These studies sug-
gest that substrate not only drives dimerization but also, once
bound to onessite in the dimer, promotes an active conformation
in the other monomer. Steady-state kinetic analysis and model-
ing independently support this model, where binding of one
substrate molecule not only increases substrate binding in
preformed dimers but also drives the formation of het-
erodimers. Thus, the cooperativity in caspase-1 is driven both
by substrate-induced dimerization as well as substrate-in-
duced activation. Substrate-induced dimerization and activation
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seen in caspase-1 and not in caspase-3 may reflect their biological
roles. Whereas caspase-1 cleaves a dramatically smaller number of
cellular substrates that need to be concentrated near inflam-
masomes, caspase-3 is a constitutively active dimer that cleaves
many more substrates located diffusely throughout the cell.

Many oligomeric enzymes show positive cooperativity where
substrate binding induces a transition from a less active to a
more active state (for recent reviews, see Refs. 1-3). The struc-
tural basis for this phenomenon can derive from the substrate
inducing oligomerization or an allosteric change in the oli-
gomer or both. For example, B-Raf, a kinase important in cell
proliferation, has recently been shown to undergo a substrate-
induced monomer-to-dimer transition that leads to a highly
active form of the enzyme (4). By contrast, glycogen phos-
phorylase shows positive cooperativity through binding of sub-
strate, leading to a conformational switch that induces a more
active dimer (5).

Caspases, a family of aspartate-specific dimeric cysteine pro-
teases important in inflammation and apoptosis, are also known to
undergo allosteric transitions (for reviews, see Refs. 6 and 7). The
most dramatic is caspase-1, which shows a Hill coefficient of 1.4
for substrate activation (8). Caspase-1 was first discovered as the
enzyme that processes IL-13 (9, 10) and was later isolated, cloned,
and identified as a heterodimeric cysteine protease (11, 12). Inter-
estingly, upon dilution it was found to lose activity, leading to spec-
ulation that the tetramer may dissociate into catalytically inactive
subunits at low concentrations (12).

The first x-ray structure confirmed that it is a dimeric cys-
teine-class protease (13). Crystal structures have been solved of
caspase-1 in the presence (10) and absence (11) of active site
inhibitors that show dimeric structures in these crystals with
substantial differences in the active site region (Fig. 1). The
apo-like structure has also been trapped with allosteric inhibi-
tors (9) at the dimer interface ~15 A from either active site,
showing that the apo-state can be trapped in an inactive form.
These studies suggest that dimeric caspase-1 is capable of sub-
strate-induced activation through an allosteric transition
within the dimer. However, pro-caspase-1 exists as an inactive
and monomeric precursor and thus is subject to dimerization
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FIGURE 1. Structures of caspase-1 with the active site inhibitor z-VAD-fmk (PDB coordinates 2HBQ; Ref. 10) (panel A), with no ligand (PDB coordinates
1SC1; Ref. 11) (Panel B), or with the allosteric inhibitor (PDB coordinates 2FQQ; ref. 9) (Panel C). Ligands are shown as space-filled models. The large
subunits (p20) are colored blue and orange, and the small subunits (p10) are colored green and red. As shown, the blue and green chains comprise the left half
of the caspase-1 dimer, whereas the red and orange chains form the right half. The loops near the active sites (top left and bottom right of structures) undergo

marked changes between conformations.

after proteolytic maturation. Also, cross-linking studies suggest
that mature caspase-1 atlow concentration can exist in a mono-
meric form (14). We wished to quantify the dimerization con-
stant of the mature enzyme in the presence and absence of
substrate or active site inhibitors to understand how binding
influences dimerization and to determine the relative impor-
tance of these processes to substrate activation and cooperativ-
ity that we observe (8).

Here, biophysical and kinetic measurements show that bind-
ing of either inhibitor or substrate to the active site of caspase-1
shifts the monomer-dimer equilibrium constant in caspase-1
by greater than 20-fold. We also show that binding at one site
enhances by 10-fold the catalytic efficiency at the second site.
An integrated kinetic model predicts that at physiological con-
centrations caspase-1 exists predominantly as a monomer that
undergoes both substrate-induced dimerization as well as sub-
strate- or inhibitor-induced activation that can account for the
significant positive cooperativity observed. In contrast, we find
that caspase-3, which is a constitutive dimer at physiologic con-
ditions, lacks positive cooperativity and shows a very weak sub-
strate or inhibitor-induced activation. These data suggest that
the changes in oligomer state upon substrate binding in
caspase-1 but not caspase-3 can account for the differences in
positive cooperativity and have important implications for dif-
ferent biological functions of these two enzymes.

EXPERIMENTAL PROCEDURES

Expression and Purification of Caspase-1—Recombinant
caspase-1 was prepared by expression in Escherichia coli (E.
coli) as insoluble inclusion bodies followed by refolding (15, 16).
The p20 (residues 120-297) and p10 (residues 317—404) sub-
units of wild-type human caspase-1 were cloned into Ndel and
EcoRI restriction endonuclease sites of the pRSET plasmid
(Invitrogen). Site-directed mutagenesis was performed to con-
struct the C285A active site null mutant.

Caspase-1 subunits were expressed separately in E. coli
BL21(DE3) Star cells (Invitrogen). Cells were harvested after
induction of a log phase culture with 1 mm isopropyl B-p-1-
thiogalactopyranoside for 4 h at 37 °C and then disrupted with
a microfluidizer. The inclusion body pellets were isolated by
centrifugation of lysate for 20 min at 4 °C. Pellets were washed
once with 50 mm HEPES (pH 8.0), 300 mMm NaCl, 1 M guanidine-
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HCl, 5mmDTT, and 1% Triton X-100 and washed 2 more times
with the same buffer without the detergent. The washed inclu-
sion body pellets were solubilized in 6 M guanidine-HCl and 20
mMm DTT and stored frozen at —80 °C.

Refolding of caspase-1 was performed by combining guani-
dine-HCl-solubilized large and small subunits (10 mg of large
subunit and 20 mg of small subunit) in a 250-ml beaker followed
by rapid dilution with 100 ml of 50 mm HEPES (pH 8.0), 100 mm
NaCl, 10% sucrose, 1 m nondetergent sulfobetaine 201 (NDSB-
201), and 10 mMm DTT. Renaturation proceeded at room tem-
perature for 6 h. Samples were centrifuged at 16,000 X g for 10
min to remove precipitate and then dialyzed overnight at 4 °C
against 50 mm sodium acetate (pH 5.9), 25 mm NaCl, 5% glyc-
erol, and 4 mm DTT. Dialyzed protein was purified by cation
exchange chromatography using a prepacked 5-ml HiTrap SP
HP column (GE Healthcare). Protein was eluted using a linear
gradient of 0—1.0 M NaCl over 20 min in a buffer containing 50
mM sodium acetate (pH 5.9) and 5% glycerol. Peak fractions
were pooled, and 2-mercaptoethanol was added to a concentra-
tion of 1 mm before samples were stored frozen at —80 °C.

For the kinetic analyses at varying enzyme and substrate con-
centrations for wild-type caspase-1, the cation exchange peak
fractions were concentrated using Millipore Ultrafree-15
devices with a molecular weight cutoff of 10,000 Da and further
purified using size exclusion chromatography using a Superdex
200 16/60 column in 25 mMm Tris (pH 8.0), 50 mm NaCl, 5%
glycerol, and 1 mm DTT. For the analytical ultracentrifugation
(AUC)® experiments, cation exchange peak fractions were con-
centrated and further purified using size exclusion chromatog-
raphy using a Superdex 200 16/60 column in a buffer containing
50 mm HEPES (pH 8.0), 50 mm KCl, and 200 mm NaCl and then
frozen at —80 °C.

Analytical Ultracentifrugation—Sedimentation equilibrium
experiments were performed on a Beckman XL-I analytical
ultracentrifuge at 20 °C at rotor speeds of 10,000, 14,000, and
20,000 rpm. For the C285A active site null construct, samples
were centrifuged at 90,000 rpm for 10 min to remove the
remaining aggregate before measurement. To obtain initial

® The abbreviations used are: AUC, analytical ultracentrifugation; z-VAD-fmk,
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone; Ac-WEHD-AFC, Ac-Trp-
Glu-His-Asp-7-amino-4-trifluoromethylcoumarin.
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absorbance values of between 0.2 and 0.8 absorbance units,
loading concentrations were 16, 12, and 8 um for C285A
caspase-1 and 19.5 uM for double-labeled wild-type caspase-1.
The lower equilibrium concentrations observed in the AUC
experiment was chosen to avoid some aggregates that formed
and were subsequently spun to the bottom of the cell. Data
analysis was performed using SEDFIT (17) and SEDPHAT (18).
For global fitting, a monomer-dimer equilibrium model was
chosen, mass conservation was employed, and the meniscus,
bottom, local concentrations, and log association constant were
floated as parameters.

Active Site Titrations—Functional protein concentration for
enzyme kinetic analysis was determined by active site titration
(19); caspase was incubated in assay buffer for 2 h at room
temperature with a titration from a 0- to 2-fold stoichiometric
ratio using the irreversible active site inhibitor z-VAD-fmk.
The protein was diluted to an enzyme concentration of 50 nm,
and activity was determined using fluorogenic tetrapeptide
substrate (Enzo Life Sciences) at 25 uMm for caspase-1 or 50 um
for caspase-3. The substrates used were Ac-WEHD-AFC for
caspase-1 constructs and Ac-DEVD-AFC for caspase-3 con-
structs (20-22).

Expression and Purification of Half-labeled Caspase
Constructs—The expression of hybrid caspase-1 and caspase-3
constructs follows the protocol described above. Caspase-1
(residues 120-297) and caspase-3 (residues 29 —175) large sub-
units containing an N-terminal His, or Strep affinity tags were
generated by designing 5'-primers with the appropriate
sequence for the affinity tag and using polymerase chain reac-
tion to generate dsDNA inserts. The affinity-tag amino acid
sequences were MRGSHHHHHHSAG- for the His,-tagged
construct and MWSHPQFEKSAG- for the Strep-tagged con-
struct. The Strep tag is an eight-amino acid peptide that binds
with high selectivity to the streptavidin variant Strep-Tactin
(IBA GmbH, Germany). These inserts were subcloned into
Ndel and EcoRI restriction endonuclease sites of the pRSET
plasmid (Invitrogen). The p10 small subunit of caspase-1 (res-
idues 317-404) and the p17 small subunit of caspase-3 (resi-
dues 176 —277) were also cloned into the pRSET plasmid. These
constructs were then expressed and purified as inclusion body
pellets as described above. In addition, full-length caspase-3
constructs (residues 1-277) containing N-terminal affinity tags
were generated using the above 5'-primer and then subcloned
into Ndel and EcoRI restriction endonuclease sites of the pET-
23b plasmid (Novagen). This construct was used for soluble
expression of caspase-3.

Expression and Purification of Half-labeled Caspase-1—To
generate the hemi-labeled caspase-1 construct, active
caspase-1 was first generated by refolding a Hiss- or Strep-
tagged large subunit with the small subunit to generate the
active caspase dimer as described above. After refolding, sam-
ples were centrifuged at 16,000 X g for 10 min to remove pre-
cipitate, diluted 2-fold into 50 mm sodium acetate (pH 5.9)
buffer, and then centrifuged once more at 16,000 X g for 10
min. Samples were filtered and purified by cation exchange
chromatography.

The tagged caspase-1 construct was then labeled with the
irreversible active site inhibitor z-VAD-fmk in labeling buffer
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containing 50 mm HEPES (pH 7.4), 50 mm KCl, 200 mm NaCl,
and 10 mm DTT overnight at 4 °C. Complete labeling of the
tagged p20 subunit was verified by liquid chromatography-
mass spectrometry (LC-MS; Waters, Milford, MA) and com-
plete inhibition of catalytic activity. Excess inhibitor was
removed using a Superdex 200 10/300 gel filtration column (GE
Healthcare) in buffer containing 25 mm Tris (pH 8.0), 50 mm
NaCl, 5% glycerol, and 1 mMm DTT. The VAD-fmk-labeled
tagged caspase-1 was then concentrated using Millipore Ultra-
free-15 devices with a molecular weight cutoff of 10,000 Da and
then denatured in 6 M guanidine. This sample was then refolded
in the presence of the other tagged p20 subunit and excess p10
subunit. Refolding and purification by cation exchange chro-
matography were performed as described above. The three
affinity-tagged dimeric caspase-1 species were then separated
using sequential 1-ml HisTrap and 1-ml StrepTrap columns for
affinity purification (GE Healthcare). The final half-labeled
caspase-1 construct was purified by size exclusion chromatog-
raphy using a Superdex 200 16/60 column in 25 mm Tris (pH
8.0), 50 mm NaCl, 5% glycerol, and 1 mm DTT. Final verification
of sample purity as being properly half-labeled was performed
by LC-MS.

The control heterodimer caspase-1 with His, or Strep affin-
ity tags, but no labeling with the active site inhibitor z-VAD-
fmk was generated in a similar fashion as above. Three
caspase-1 constructs, the Hisc-tagged p20, Strep-tagged p20,
and p10 subunits from inclusion bodies were refolded together,
then purified as above using cation exchange chromatography,
sequential His, and Strep tag affinity-based purification, and
finally size exclusion chromatography.

Expression and Purification of Half-labeled Caspase-3—To
generate the half-labeled caspase-3 construct, active caspase-3
was first generated by soluble expression in E. coli
BL21(DE3)pLysS cells (Stratagene). Cells were grown in 2xYT
media containing 200 ug/ml ampicillin and 50 ug/ml chloram-
phenicol at 37 °C to an Ay, nm of 0.8 —1.0. Overexpression of
caspase-3 was induced with 200 uMm isopropyl B-p-1-thiogalac-
topyranoside at 37 °C for 3 h. Cells were harvested and resus-
pended in 100 mm Tris (pH 8.0) and 100 mm NacCl for lysis by
microfluidization (Microfluidics). The cell lysate was spun at
45,000 X g for 30 min at 4 °C. Caspase-3 with an N-terminal
His,-affinity tag was isolated using a 1-ml HisTrap HP Ni-NTA
affinity column (GE Healthcare) eluted with buffer containing
200 mm imidazole. The eluted protein was diluted 2-fold with
buffer containing 20 mm Tris, pH 8.0, and then purified by
anion-exchange chromatography (HiTrap Q HP, GE Health-
care) with a 30-column volume gradient from 0 to 0.5 M NaClL

The His,-affinity tagged caspase-3 construct was then
labeled and purified with the irreversible active site inhibitor
z-VAD-fmk as described above for caspase-1. After refolding
with Strep affinity-tagged p17 large subunit and p12 small sub-
unit, samples were dialyzed overnight at 4 °C against 20 mm
Tris (pH 5.9), 1 mm DTT. Dialyzed protein was purified by
anion-exchange chromatography as described above. The three
affinity-tagged caspase-3 species were then separated using
sequential 1-ml HisTrap and 1-ml StrepTrap affinity purifica-
tion (GE Healthcare), and the final half-labeled caspase-3 con-
struct was purified using a Superdex 200 16/60 gel filtration in
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20 mm Tris (pH 8.0), 50 mm NaCl, and half-labeling was verified
by LC-MS.

The control heterodimer caspase-3 with His, or Strep affin-
ity tags but no labeling with the active site inhibitor z-VAD-fmk
was generated in a similar fashion as above. Three caspase-3
constructs, the Hiss-tagged pl7, Strep-tagged pl7, and pl2
subunits from inclusion bodies were refolded together and then
purified as above using anion exchange chromatography,
sequential Hiss- and Strep-tag affinity-based purification, and
finally size exclusion chromatography.

Enzyme Kinetic Analysis—Kinetic analysis of caspase-1 was
performed in a buffer containing 50 mm HEPES (pH 8.0), 50 mm
KCl, 200 mm NaCl, 10 mm DTT, 0.1% CHAPS, and NaOH was
added dropwise to correct the pH to 8.0. Kinetic analysis of
caspase-3 was performed in buffer containing 50 mm HEPES
(pH 7.4), 50 mm KCI, 0.1 mm EDTA, 1 mm DTT, and 0.1%
CHAPS. Steady-state kinetic analysis was done by titrating
enzyme with fluorogenic tetrapeptide substrate (Ac-WEHD-
AFC for caspase-1 constructs and Ac-DEVD-AFC for
caspase-3 constructs, Enzo Life Sciences). Kinetic data were
collected for a 10-min time course using a Spectramax M5
microplate reader (Molecular Devices, Sunnyvale, CA) with
excitation, emission, and cutoff filters set to 365, 495, and 435
nm, respectively.

For the tagged caspase-1 and caspase-3 constructs, the V, .,
K, and the Hill coefficient (n;y;,) were calculated using
GraphPad prism. The initial velocity (v), measured in relative
fluorescence units per unit time, was plotted versus the loga-
rithm of substrate concentration. The model used to fit the data
is a sigmoidal does-response curve with variable slope, and
from this model all three kinetic constants were derived. The
general equation of this model is Y = Bottom + (Top — Bot-
tom)/(1 + 10(UegECs =X > Hill Slope)y " ywhare ¥ is the initial
velocity, X is the logarithm of the substrate concentration, and
Top, Bottom, EC,, (K,,,), and Hill Slope are free parameters fit
to the data. A standard curve using pure AFC product was used
to convert relative fluorescence units to units of concentration
(uMm). In determining kinetic constants for caspases, we
observed that at saturating substrate concentrations, the
enzyme exhibited decreasing activity as substrate concentra-
tion increased, most likely due to product inhibition. To cor-
rectly fit our data using nonlinear regression, data points exhib-
iting product inhibition were excluded.

To test our proposed kinetic model for wild-type caspase-1,
enzyme and substrate were both varied using the above assay
buffer of 50 mm HEPES (pH 8.0), 50 mm KCl, 200 mm NaCl, 10
mM DTT, 0.1% CHAPS. Caspase-1 was varied from 500 to 8.5
nM in serial 1.5-fold dilution steps, and substrate peptide Ac-
WEHD-AFC (in 20% DMSO) was varied from 0.34 to 53.2 um
in a 1.4-fold dilution steps in 96-well format so that the final
concentration of DMSO was <2% by volume. A linear region of
the data within the first 2 min was selected for the steady-state
activity measurement. Enzyme concentrations of 333 and 500
nM and substrate concentrations below 1.31 uMm were excluded
from analysis due to the fact that they consumed substrate too
rapidly. To convert between relative fluorescence units and
product concentration, a steady-state a curve was constructed
using the relative fluorescence units at the highest enzyme con-
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centration after substrate was fully consumed to internally cor-
rect for the effects of caspase-1 on the relative fluorescence.

Steady-state Kinetic Modeling—Chemical kinetic equations
were derived from the scheme in Fig. 3C. These equations were
solved assuming quasi-steady-state conditions (please see
“steady-state kinetic model derivations” in the supplemental
information for more details). The derivatives with respect to
time of the concentration of species A, B, D, and E were set to 0.
It was assumed that substrate concentrations at steady state
were equal to their initial values; this common approximation
was deemed appropriate as the data points used for fitting were
under a linear product production per unit time phase. Enzyme
mass conservation was used. To solve the equations, we made
temporary approximations that were then updated over 10 iter-
ations; these approximations used in our iterative analytic
method gave results that were consistent with fully numerical
solutions for the parameters reported here. Parameters were fit
using the Matlab optimization toolkit using an objective func-
tion consisting of steady-state rates from the assay data and
restraints for ratios of dimerization rates based on the AUC
data, assuming the hemi-labeled dimerization affinity is close to
the double-labeled dimerization affinity. Parameter optimiza-
tion was performed in two stages. An initial unconstrained
minimization (“fminsearch” function) was performed and then
followed by a constrained nonlinear regression (“Isqnonlin”)
with physically reasonable constraints; for example, to keep on-
rates less than 1 X 10° s~ . The fitted parameters are given in
Table 1.

RESULTS

To examine how binding at the active site influences the
monomer-dimer equilibrium constant in caspase-1, we
employed AUC to determine the dimerization constant in the
absence of substrate or inhibitor (Fig. 2). To prevent any auto-
proteolysis during the overnight AUC run, we made the active
site C285A mutant. We also used the standard caspase-1 con-
struct, which lacks the CARD domain; full-length capsase-1 is
poorly expressed in E. coli and largely insoluble. The CARD
domain is used to allow pro-caspase-1 to engage the inflam-
masome but is not believed to mediate dimerization because
the CARD domain is topologically very far from the dimer
interface (23). As shown in Fig. 24, the dissociation constant
(Kp) calculated for the active site mutant of the CARD-less
apo-caspase-1 (C285A) is 110 £ 1 uM. In sharp contrast,
caspase-1 that is fully inhibited with the covalent inhibitor
(z-VAD-fmk) forms a 20-fold tighter dimer complex, with a
calculated K, of 5 = 2 um (Fig. 2B). These data show that active
site occupancy dramatically increases the dimer affinity.

To examine the dependence of enzyme activity on enzyme
concentration and obtain data to fit a kinetic model, we evalu-
ated the initial rates for hydrolysis of the Ac-WEHD-AFC sub-
strate by changing both enzyme and substrate concentrations.
We varied the enzyme concentration from 10 to 500 nm.
Kinetic studies at enzyme concentrations >150 nM were chal-
lenging to interpret in the low range of substrate concentra-
tions because the high enzyme concentrations depleted the
substrate too quickly for accurate steady-state rates to be deter-
mined. Thus, data in this range were excluded from further
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FIGURE 2. Solution measurements of the dimerization constants by AUC for caspase-1 yielded a K, of 109 um for apocaspase-1 (90% confidence
interval of 92-134 um) and a K, of 5 um for active site inhibitor-bound caspase-1 (90% confidence interval of 2.4 -10 um). Data points are shown as small
colored squares, and fitted absorbance values are shown as colored lines. A, shown is analytical ultracentrifugation results of catalytically inactive C285A
caspase-1 in the absence of ligands at 10,000, 14,000, and 20,000 rpm at three different final protein concentrations: 9.8, 8.9, and 3.5 um. The curves are best fit
to a monomer-dimer equilibrium having a K, value of 110 um. AU, absorbance units. B, shown are analytical ultracentrifugation results of caspase-1 fully
inhibited with the covalent active site inhibitor z-VAD-fmk at 10,000, 14,000, and 20,000 rpm at a final concentration of 1 um.

analysis. As seen in Fig. 34, the activity per enzyme subunit
undergoes a dramatic rise as the enzyme concentration is
increased. These data can be fit to the minimal kinetic model
that describes two conformational on- and off-states and the
monomer-to-dimer transitions (Fig. 3B). The model includes
the possibilities that substrate can be hydrolyzed from the mon-
omer or dimer states either when one site is occupied or when
both sites are occupied. Using the dimerization affinities deter-
mined from AUC studies above, the kinetic constants were fit-
ted to the experimentally determined steady-state activity per
enzyme molecule (Table 1). This used a quasi-steady-state solu-
tion of the chemical kinetics equations (see “Experimental Pro-
cedures” and “steady-state kinetic model derivations” in the
supplemental information for details). The model assumes that
substrate (Ac-WEHD-AFC) provides the same enhancement in
dimerization affinity as inhibitor (z-VAD-fmk) and that the
dimerization affinity with one molecule of z-VAD-fmk bound is
close to that with two molecules of z-VAD-fmk bound. Under
these assumptions, we obtained an excellent fit to the measured
steady-state activities. The measured dimerization constants
(Fig. 2) are reasonably consistent with those calculated from the
fit to the steady-state kinetic data in Fig. 3B (i.e. calculated K,
values of 5 uM for caspase-1 with 2 Ac-WEHD-AFC bound, 5.6
uM for caspase-1 with 1 Ac-WEHD-AFC bound, and 100 pum
with no Ac-WEHD-AFC bound).

We next wished to directly measure how binding at only one
site affected the catalytic activity of caspase-1. To study this, we
created a homogeneous preparation of hemi-labeled caspase-1

APRIL 5,2013+VOLUME 288-NUMBER 14

in which only one of the two active sites in the caspase-1 dimer
was labeled with the covalent inhibitor, z-VAD-fmk. This was
achieved by creating two tagged versions of caspase-1 in which
the p20 subunit, containing the active site cysteine, was fused to
either an N-terminal Strep tag or His, tag (Fig. 4). We refolded
each p20 in the presence of the p10 subunit and purified each.
Control experiments showed that the tagged enzymes had vir-
tually the same kinetic properties as the wild-type enzyme (sup-
plemental Table 1). The His,-tagged caspase-1 was then fully
labeled with the covalent active site inhibitor z-VAD-fmk.
Complete labeling was confirmed by mass spectrometry and
full inactivation of enzyme activity (supplemental Fig. 1). The
labeled His,-tagged caspase-1 was denatured with guanidine-
HClin the presence of an excess of Strep-tagged caspase-1. The
mixture was dialyzed and refolded, allowing scrambling of the
p20 subunits and generation of hemi-labeled caspase-1 marked
by the presence of both the His, tag and Strep tag. The hemi-
labeled dual-tagged enzyme could be purified away from the
homo-tagged enzymes by a dual affinity column; first, a nickel
column to recover any His,-tagged enzymes and then an avidin
column to recover the His,/Strep-tagged enzyme. Mass spec-
trometry confirmed the dual-tagged caspase-1 contained a sin-
gle z-VAD-fmk label on the His,-tagged p20 subunit (supple-
mental Fig. 1).

The kinetic constants for the labeled tagged variants were
determined by Michaelis-Menten analysis and are shown in
Table 2. When corrected for having only one active site avail-
able per dimer, the hemi-labeled enzyme shows roughly an
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FIGURE 3. Steady-state kinetics for cleavage of WEHD-AFC by caspase-1. A, experimentally determined steady-state substrate cleavage kinetics show
concentrations of caspase-1from 8.7 to 150 nm and Ac-WEHD-fmk from 1.3 to 530 um. RFU, relative fluorescence units. B, fitted steady-state cleavage rates from
our kinetic model with parameters are shown below. C, shown is the steady-state kinetic model describing on- and off-states for caspase-1 (open and closed
shapes, respectively) undergoing monomer to dimer transitions in the presence and absence of substrate (shown as a wedge) or product (cleaved wedge).

TABLE 1

Parameters for caspase-1 kinetic steady-state model fit to assay data
Parameter Value Units
ki, 2.30 X 107° s
Koost 5.22 st
ks 226 X 107" st
Kyoge 2.43 X 10! s7!
ki 2.60 X 10° M st
Koon 5.22 X 10* MT'sT
Kyon 4.35 X 10° M5!
Koot 5.34 X 10 st
Koo 1.06 X 107 M lsT
Ky, 1.91 s~
K, 1.60 st
Koy 1.53 X 10? M lsT
ke, 2.44 X 10 s !
K, 1.74 st
Ky 1.24 X 10° M ls”

18-fold increase in k_,,, a 2-fold increase in K, and a resulting
9-fold increase in the catalytic efficiency (k_,/K,,) compared
with the unlabeled control. Thus, inhibitor binding at one site
enhances catalysis both by stabilizing the dimer and propagat-
ing a conformational change in the unoccupied monomer that
leads to enhanced catalytic efficiency. To compare the hemi-
labeled experiments to our previous kinetic model on wild-type
caspase-1, we solved a simplified kinetic model shown in Fig.
4B. For the parameters, we assumed a value of 5 um for the

dimerization K, in the presence of z-VAD-fmk based on the
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AUC data, and the maximal k_,, calculated from parameter k. in
Fig. 3 and Table 1. Fixing these and fitting for K, from the
steady-state kinetic data produced a K, value of 44 nm, which is
in close agreement with the 30 nm value from the wild-type
kinetic model (K;,, = (kq, + k)/kgp). Note this value is different
from the “effective” K, in Table 2, which does not account for
the monomer-dimer equilibrium.

If binding of inhibitor at one site enhances activity at the
other site, it is possible that a direct titration of wild-type
caspase-1 with z-VAD-fmk could activate at substoichiometric
equivalents of inhibitor if hemi-labeled intermediates were
generated. Indeed, titration of wild-type caspase-1 leads to sys-
tematic activation (up to 1.4-fold) that plateaus between 0.2 and
0.4 eq of inhibitor per active site. Further titration leads to a
steep decline in activity, reaching O at about 1 eq of inhibitor per
active site. The greater activity for the pure hemi-labeled over
that obtained by substoichiometric titration (9-fold versus 1.4-
fold) likely results from biased homo-labeling in the titration.
That is, when one monomer gets labeled with z-VAD-fmk, this
promotes dimerization and rapid labeling of the second site
leading to a biased two-site labeling. We can calculate at any
point in the titration the ratio of two-site versus hemi-labeled
enzyme using a modified version of our kinetic model (Fig. 3)
and assuming all inhibitor is irreversibly bound (Fig. 5B).
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FIGURE 4. A, the scheme show the preparation of the hemi-labeled caspase-1.
Two separate p20 subunits were fused with either a His, or Strep affinity tag
and refolded with the p10 to generate the pure homodimers. The refolded
His, tag caspase-1 was fully inhibited with z-VAD-fmk, and complete labeling
was confirmed by mass spectrometry. After gel filtration to remove the active
site inhibitor, the enzyme was mixed in excess amounts of unlabeled Strep-
tagged caspase-1. The proteins were denatured and refolded, allowing for
scrambling of the subunits. The hemi-labeled species was isolated by affinity
purification of the protein that bound to both the nickel and avidin column
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TABLE 2

Hemi-labeling of caspase-1 dimer leads to enzyme activation

Kinetic constants for hybrid-tagged caspase-1 either with or without a single
z-VAD-fmk on the His-tagged p20 subunit (see Fig. 4) are shown. The simple
Michaelis-Menten fit here does not take into account the monomer-dimer equilib-
rium and thus yields a higher effective K, (eff) than in our more detailed model in
Fig. 4, which provides the K, of the dimeric hemi-labeled enzyme. Standard errors
are within 10% of reported values based on data collected in triplicate.

Construct K, (eff) k. k. /K, Ratio
M 57! m s Keat/ K,y
Unlabeled caspase-1 control 1.9 0.11 56X 10* 1
Hemi-labeled caspase-1 3.8 193 51x10° 9.1

Assuming the activities for apo- and hemi-labeled caspase-1 are
those calculated in Table 1, we can predict the relative activity
of inhibited wild-type caspase-1 compared with that of the
uninhibited wild-type caspase-1. Using this simplified model,
we obtained good quantitative agreement with the experimen-
tal data and are able to reproduce the “roller-coaster” curve that
shows activation followed by inhibition at increasing inhibitor
concentrations (Fig. 5). As a control, we examined the active
site titration of the hemi-labeled enzyme and found virtually no
increase in activity upon the addition of inhibitor (Fig. 54). The
fact that we observed such excellent agreement without adjust-
ing parameters lends further support to these kinetic models
and the parameter values shown in Table 1.

In contrast to caspase-1, caspase-3 is a constitutive dimer
and has a Hill coefficient of 1.0 (Table 3). We wished to test how
hemi-labeling or spontaneous labeling of caspase-3 affected its
kinetics. We generated the hemi-labeled construct for
caspase-3 as we did for caspase-1 and determined the Michae-
lis-Menten constants (Table 3). As shown, once corrected for
half of the active sites available in the dimer, the hemi-labeled
caspase-3 shows only a 2.5-fold enhancement in k_, and a
2-fold increase in K, resulting in only a 1.2-fold enhancement
in k_,/K,,. Next we evaluated how spontaneous titration of
caspase-3 with z-VAD-fmk affects its kinetics (Fig. 6). As
shown, titration with z-VAD-fmk caused a linear decrease in
activity for both the wild-type caspase-3 as well as the hemi-
labeled caspase-3. Thus, in sharp contrast to caspase-1,
caspase-3 shows dramatically lower propensity for substrate-
or inhibitor-induced activation. This correlates with caspase-3
existing as a constitutive dimer that exhibits little positive
cooperativity.

DISCUSSION

The biophysical and enzymologic data presented strongly
suggest that substrate and inhibitor binding drives dimeriza-
tion of caspase-1. The hemi-label experiments show that bind-
ing at only one site is sufficient to promote dimer formation.
Substoichiometric amounts of inhibitor can activate caspase-1
but not to the same level as the pure hemi-dimer. Together
these data suggest that once substrate is bound at one site in the

and confirmed by mass spectrometry (see supplemental Fig. 1). B, shown is a
simplified kinetic scheme for the hemi-labeled enzyme assuming all activity
comes from the dimer. C, shown is the fit of K, to the simplified kinetic
scheme in panel B. The value K,,, is fit to the activity as a function of Ac-WEHD-
AFC concentration at an enzyme concentration of 50 nm given the dimeriza-
tion affinity from the AUC data and the chemical rate k..., from the wild-type
model (k). RU, relative units.
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FIGURE 5. Active site titration of wild-type caspase-1 (blue labels) or hemi-
labeled hybrid caspase-1 (red labels). Each enzyme was titrated with
increasing amounts of the active site-inhibitor z-VAD-fmk in substoichiomet-
ric increments up to 1.4 eq per active site. These were allowed to react to
completion for 2 h at room temperature, and enzyme activity was meas-
ured as described under “Experimental Procedures.” A, shown is measured
relative activity of wild-type and hemi-labeled caspase-1 and predicted
relative activity of wild-type caspase-1 from the steady-state model.
B, shown is a simplified steady-state model of inhibitor-assisted dimeriza-
tion (assuming complete labeling with inhibitor), taking parameters from
Table 1. C, shown is the predicted amount of hemi-labeled caspase-1 spe-
cies formed during the active site titration using a quasi-steady-state solu-
tion to the model in Panel B.

dimer, the active site of the other monomer is poised to bind
and catalyze hydrolysis of a second substrate or react more
rapidly with an active site inhibitor. Thus, caspase-1 appears
cooperative in how substrate binding drives dimer formation
and favors the active conformation at the other site in the
dimer.
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TABLE 3

Hemi-labeling of the caspase-3 dimer results in minor enzyme
activation

Standard errors within 10% of reported values based on data collected in triplicate.

Construct K, (eff) Kk ko /K, Ratio
M st M ls™t keat/K,p
Unlabeled caspase-3 control 13 1.4 1.1 X 10° 1
Hemi-labeled caspase-3 28 3.7 1.3X10° 1.2
1.2
1
2
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]
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E
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FIGURE 6. Active site titration of caspase-3 constructs under similar con-
ditions as described in Fig. 5 for caspase-1.

Does dimerization promote better catalytic activity or better
substrate binding? The kinetic parameters derived from the
steady-state data suggest that the apo dimer binds substrate
slowly (k=153 M 's ™', k,, = 1.957 '), whereas the dimer with
one substrate bound (“hemi-labeled”) binds substrate much
more rapidly (kg = 1.2 X 108 M~ 's ™', kg, = 24.4s~ ). This large
difference in rate constants suggests there is low flux from state
C (apo dimer) to state D (dimer with substrate bound to one
site). We note that our enzyme assay data do not provide much
information about the on-rate for substrate binding to the apo
dimer (k,), as state C was lowly populated; a more accurate
determination of this on-rate (k,) would have required prohib-
itively large enzyme concentrations. Nonetheless, the data are
consistent with binding of substrate to one site increasing the
affinity for substrate at the second site on the dimer. In contrast,
the catalytic rate for dimeric caspase-1 does not significantly
depend on whether one or both sites are bound (k; = 1.6 s *
versus k, = 1.74 s~ '), indicating that cooperativity lies in sub-
strate binding rather than in catalysis. These rates are roughly
similar to k., values for caspase-1 in the literature, albeit at
lower enzyme concentrations (0.77 s~ ! for Ac-WEHD-AFC at
10 nm caspase-1 (24) and 0.89 s~ * for Ac-YVAD-AMC at 1 nm
caspase-1), from THP-1 cells, prepared using a column conju-
gated with reversible active site inhibitor, which according to
our results would activate the enzyme and increase the popula-
tion of the dimeric form (25). Thus, we suggest that in the
absence of substrate or inhibitor, caspase-1 is in an inactive
conformation whether in monomeric or dimeric form. This is
consistent with the x-ray structure of apo-caspase-1 (11), which
shows a dimeric enzyme in an inactive form that is close to the
structure of dimeric pro-caspase-7 inactive zymogen. However,
when substrate or inhibitor is bound to one subunit, the other
subunit is more likely to be in the active conformation. Previous
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work on caspase-1 used mutational and structural studies to
uncover a linear circuit of functional residues running between
the two active sites through the allosteric site (8). Enzymatic
activity is strongly affected by perturbations of this circuit, sug-
gesting that the interactions are important for stabilizing the
active conformation of caspase-1.

Caspase-1 and caspase-3 provide an interesting contrast in
enzymatic properties, as they are respectively prototypical
members of the inflammatory and executioner caspase fami-
lies. Previous work demonstrated that whereas caspase-1 evi-
denced positive cooperativity, caspase-3 did not (8). In addi-
tion, a comparison of base-line enzymatic activity of wild-type
enzyme shows that caspase-3 is a more active protease than
caspase-1 (almost an order of magnitude greater k_,,). We have
now demonstrated that caspase-1 can be strongly activated by
using the hemi-labeling technique to nearly the same catalytic
efficiency as caspase-3. In contrast, caspase-3 shows only a
slight degree of activation in the analogous hemi-labeled con-
struct, likely because it exists predominantly as active dimer
even in the apo-form.

Our measured dimerization affinities of 110 uMm for apoc-
aspase-1 (C285A) and 5 um for inhibitor-bound caspase-1 are
surprisingly similar to those of the initiator caspase-8. AUC
measurements on caspase-8 showed that inhibitor-bound
caspase-8 has a K, of 5 uMm, whereas apocaspase-8 has a K, of 50
1M (26). In contrast, procaspase-3 (27) and caspase-6 (28) are
constitutively dimmers in AUC experiments at micromolar
concentrations of enzyme, whereas initiator caspase-9 (29)
remains a monomer in solution in AUC experiments. Although
caspase-6 monomer/dimer equilibrium is much tighter and,
therefore, does not appear to be functionally regulated by ligand
binding as in caspases-1 and -8, substrate binding changes the
conformation of the caspase-6 dimer to that of canonical active
caspases (30).

Taken together, these data suggest a model of caspase con-
formational states shown in Fig. 7. The free caspases transition
from monomer to homodimer and equilibrate between an inac-
tive and active conformation. The observations of lower intrin-
sic catalytic turnover, positive cooperativity, and hybrid activa-
tion all point to caspase-1 residing primarily in the inactive
monomeric conformation. In addition, these data are consis-
tent with previous studies using conformationally specific anti-
bodies raised to the on- and off-forms of caspase-1, which also
suggested that apocaspase-1 is in the off-state (31). In contrast,
the higher intrinsic activity of caspase-3, lack of positive coop-
erativity, and inability to be activated by half-labeling all suggest
that in the absence of ligand, caspase-3 is in a predominantly
active conformation.

Recent work by Denault et al. (40) produced engineered het-
erodimers of the executioner caspase-7, where only one of the
subunits was rendered catalytically inactive by mutagenesis.
Much like our result with caspase-3, they show that the result-
ing caspase-7 heterodimer had about half the activity of wild
type. This suggests that the unaltered catalytic site maintained
full activity and that the two catalytic domains in the caspase-7
dimer are equal and independent. Indeed, the structure of apo-
caspase-7 looks very much like the inhibitor-bound structure
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FIGURE 7. Model of caspase conformational states. Caspases existin a con-
formational equilibrium between active and inactive states. The inflamma-
tory caspase-1 resides primarily in the inactive conformation (“off” state), and
binding to the active site selects for the active conformation (“on” state),
which can serve as a template for another monomer to bind and form an
active dimer. The executioner caspase, caspase-3, resides primarily in the
active conformation; binding in the active site has little additional effect on
this equilibrium and enzyme activity.

“on” state

(32), suggesting that very little active site reorganization occurs
in response to substrate binding.

Previous reports have described a dominant-negative effect
of a mutated caspase-1 construct. Friedlander et al. (33) created
an active site caspase-1 mutant by knocking out the catalytic
cysteine with a C285G mutation. This variant was then
expressed in a transgenic mouse model under the control of a
neuron-specific promoter. They were able to show that expres-
sion of this caspase-1 variant protected neurons from apoptosis
after trophic factor withdrawal and reduced brain injury after
ischemic events. A subsequent study showed that expression of
the same caspase-1 dominant-negative mutant in a mouse
model of Huntington disease delayed symptoms and prolonged
survival (34). The molecular mechanism by which this
caspase-1 mutant is able to exert a dominant-negative effect has
not been elucidated but is consistent with our model, suggest-
ing that caspase-1 is most active when both active sites are
occupied by substrate.

We estimate the dimerization constant (K,) of caspase-1 in
the presence of inhibitor or substrate to be ~5 um. Caspase
concentrations vary in cells depending on the type but are gen-
erally in the range of 100 nm, which is well below the substrate-
induced dimerization constant we measure for caspase-1. Pro-
caspase-1 binds to inflammasomes using its CARD domain
where it is both activated and concentrated to levels we propose
that are well above the 5 um dimerization constant. Thus, we
suggest that both the concentration on inflammasomes and
binding of substrate are regulatory events that drive dimeriza-
tion and activation.

Although the structures of activated caspase-1 and -3 share
much similarity, the biology they drive is quite different.
Caspase-1 is primarily involved in processing of proinflamma-
tory cytokines associated with the innate immune response,
whereas caspase-3 is a major executioner for apoptosis. Recent
proteomics studies show that there are large differences in the
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number and types of substrates cleaved by caspases 1 and 3 (35,
36). For example, the number of observed caspase-1 substrates
cleaved during inflammatory signaling is on the order of about
30 (36), whereas there are 100s cleaved by caspase-3 in apopto-
sis (18, 19). The observation that the apocaspase-1 catalytic
domain resides in an inactive conformation suggests that posi-
tive cooperativity may provide an additional selectivity filter for
cleaving proinflammatory substrates only when they are con-
centrated in cells. It has been recently suggested that pro-IL-1f3
is concentrated at membranes in inflammasomes or in vesicles
where it is cleaved by caspase-1 (37-39). These studies suggest
that substrates may be sequestered with enzyme. Our observa-
tion of substrate-assisted dimerization suggests that the
enzyme activity in vivo might be regulated by its concentration
in the inflammasome. The inflammatory pathway, with few
substrates cleaved in a specific cytokine signaling event,
requires a protease under much tighter regulation. By contrast,
in apoptotic signaling events, the number of reported caspase
substrates is now >1000 (35). It is thus not surprising that
caspase-3 is substantially more active than caspase-1 given the
much larger number of substrates cleaved in apoptosis. Thus,
the dimerization model provides an additional level of regula-
tion through substrate activation.
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