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We report the preparation and characterization of in-
terleukin-1g8 converting enzyme (ICE) refolded from its
p20 and pl0 protein fragments. Refolded ICE het-
erodimer (p20p10) was catalytically active but unstable,
and in size exclusion chromatography eluted at an ap-
parent molecular mass of 30 kDa. The mechanisms of the
observed instability were pH-dependent dissociation at
low enzyme concentrations, and autolytic degradation
of the p10 subunit at high concentrations. Binding and
subsequent removal of a high affinity peptidic inhibitor
increased the apparent molecular mass to 43 kDa (by
size exclusion chromatography), and significantly in-
creased its stability and specific activity. Chemical
cross-linking and SDS-polyacrylamide gel electrophore-
sis analysis of the 43-kDa size exclusion chromatogra-
phy conformer revealed a 60-kDa species, which was
absent in the 30-kDa conformer, suggesting that inhibi-
tor binding caused formation of a (p20p10), homodimer.
The observation of a reversible equilibrium between
ICE (p20p10) and (p20p10), suggests that analogous as-
sociations, possibly between ICE and ICE homologs, can
occur in vivo, resulting in novel oligomeric protease
species.

Interleukin-18 converting enzyme (ICE)! (1, 2) is an intra-
cellular cysteine protease that activates the proinflammatory
cytokine interleukin-18 (IL-18) by cleavage at Asp**®-Ala®'’
(3-5). Several lines of evidence suggest that ICE activity is
required for IL-18 activation and that this is a crucial step in
inflammation. IL-1 activation is effectively blocked by CrmaA,
a cowpox virus serpin that binds and inhibits ICE (6). The
tetrapeptide ICE inhibitor acetyl-Tyr-Val-Ala-Asp-CHO (Ac-
YVAD-CHO) (2) is also effective in blocking IL-1p activation (2,
7-9). Mice lacking functional copies of the murine ICE gene
(10, 11), and cells derived from those animals, are deficient in
IL-18 maturation. ICE-deficient mice are also resistant to en-
dotoxic shock (10). These results suggest that inhibition of
IL-1B activation by ICE is sufficient to block inflamation, and
encourage efforts to develop ICE inhibitors as antiinflamma-
tory drugs (12, 13).
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Several human genes encoding proteins homologous to ICE
have been discovered, and elucidation of the biological func-
tions of these proteins is currently an active area of research.
These include Ich-1 (14), TX/Ich-2/ICE, 11 (15-17), CPP32 (18),
ICE, 111 (17), Mch2 (19), and Mch3/ICE-LAP3/CMH-1 (20-22).
A clue to the function of ICE homologs, and possibly a second
function of ICE itself, is provided by ced-3, a Caenorhabditis
elegans protease that is highly homologous to ICE and is re-
quired for apoptosis (23, 24). The hypothesis that ICE or ICE
homologs participate in apoptosis is supported by the antiapop-
totic effects of CrmA and the baculovirus protein p35 (25, 26),
which is also an inhibitor of ICE and ICE homologs, and by the
observation that transient expression of antisense-ICE cDNA
blocks Fas-induced apoptosis (27). Overexpression of ICE or
many of its homologs in cultured cells causes apoptosis. Bio-
chemical evidence suggests that in at least one model system
CPP32 is required for apoptosis (28).

ICE is synthesized in vivo as an inactive 45-kDa proenzyme
which is cleaved at three sites to generate p20 and pl10 frag-
ments, that together constitute the active form of the enzyme
(2). The sequences at the cleavage sites correspond to the
substrate specificity of ICE itself (Asp in P1) (13). This unusual
specificity is shared only with ICE homologs and the serine
protease granzyme B (29, 30), suggesting that ICE maturation
is catalyzed by ICE itself or by related enzymes. Purified ICE
p45 precursor protein can autoprocess in vitro to the active
form of ICE (31), demonstrating that ICE processing can be
autocatalytic and does not necessarily require a second
protease.

Natural sources of active ICE provide insufficient material
for crystallization and x-ray structure determination (2). To
prepare material suitable for ICE crystallization we developed
a protocol for refolding ICE p20 and p10 fragments that were
separately expressed and purified from Escherichia coli. We
favored this approach because we found that proteolytic proc-
essing of an ICE precursor led to proteolytic heterogeneity.
Here we describe a method for refolding ICE, and the stability
and mechanisms of degradation of the resulting material. The
crystal structure of refolded ICE shows that it is a homodimer
of (p20/p10) heterodimers (32). We observe that both (p20/p10)
and homodimeric (p20/p10), ICE are catalytically active, and
that a simple equilibrium exists between these species, which
is influenced by pH and the presence of peptidic ligands.

EXPERIMENTAL PROCEDURES

Materials—a-Pyridoin was obtained from Aldrich. Bovine serum al-
bumin and bis-maleimidohexane were purchased from Sigma. Ac-Tyr-
Val-Ala-Asp-Amc and Ac-Tyr-Val-Ala-Asp-CHO were obtained from
Bachem Bioscience (Philadelphia, PA). Cell culture media were pur-
chased from Difco (Detroit, MI).

Expression of ICE Fragments—Recombinant DNA sequences encod-
ing ICE p20 and p10 were polymerase chain reaction subcloned into the
EcoRI-Spel site of a pBluescript 11 KS(+) (Strategene, La Jolla, CA)
derivative (pJAM4) containing the bacteriophage | promoter (33) cloned
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into its unique Xbal site. The following polymerase chain reaction
primers were used: P1 (p20 NH, terminus): 5'-GGG GAA TTC ATG
AAC CCG GCT ATG CCG ACC TCT TCT GGT TCT GAA GGT AAC
GTT AAA CTG TGC TCT CTG GAA GAA GC-3'; P2 (p20 COOH-
terminus): 5'-CCC CAC TAG TCC TCT ATT AAT CTT TAA ACC ACA
CCA CAC CAG GGC-3'; P3 (p10 NH, terminus): 5'-GGG GAA TTC
ATG GCT ATC AAA AAA GCT CAC ATC GAA AAA GAC TTC ATC
GCT TTC TGC-3'; P4 (p10 COOH terminus): 5'-CCC CAC TAG TCC
TCT ATT AAT GTC CTG GGA AGA GG-3'. The resulting plasmids,
pJAM4 ICE(120-297) and pJAM4 ICE(317-404) for p20 and p10, re-
spectively, contain the genes under the control of the inducible pL
promoter, with several altered amino-terminal codons that reflect E.
coli codon preferences.

Expression vectors for ICE p10 or p20 were transfected into E. coli
CAG597 cells (New England Biolabs, Beverly, MA) containing the tem-
perature-sensitive repressor c1%” constitutively expressed from a gene
inserted into the Bglll-Pstl site of the vector pACYC177 (34). Cells were
used to inoculate a 12.5-liter culture of EC3 medium at 29 °C in a
21-liter fermentor. EC3 medium contained the following in 12.5 liters:
225 g of tryptone, 75 g of yeast extract, 22 mm K,HPO,, 14 mm
(NH,),SO,, 8 mm NaH,PO,, 1.5 g of ampicillin, and 0.75 g of kanamy-
cin. The pH of the solution was maintained at 6.8 during the fermen-
tation by addition of 15% NH,OH as needed. 1.2 liters of EC3A medium
was added gradually throughout the fermentation and induction peri-
ods. EC3A medium contained the following in 1.2 liters: 127 mm MgSO,,,
20 mm citric acid, 4 mm Fe,(SO,);, 4.7 mm CacCl,, 2.6 mm Zn(NO,),, 1.1
mm MnCl,, 0.9 mm H;BO,, 0.57 mm CuCl,, 0.23 mm CoCl,, 0.23 mm
Na,Mo0O,, and 50% (v/v) glycerine USP. One hour prior to induction and
throughout the induction period, a solution of 1 liter of EC3B medium
was added gradually. EC3B medium contained the following in 1 liter:
100 g of tryptone, 50 g of yeast extract, and 85 mm NaCl. Cells were
grown at 29 °C to an ODg, value of 30, when the temperature was
raised to 42 °C to induce protein synthesis. The cells were harvested 4 h
after induction, and concentrated using a Pellicon filter unit (Millipore,
Bedford, MA) with a 0.2-um tangential filter, followed by centrifugation
at 12,000 X g for 30 min. The supernatant was removed, and the cell
pellets were stored at —80 °C.

Cells were lysed and homogenized by suspending in 4 liters of lysis
buffer (50 mm Tris and 2% (v/v) Triton X-100, at pH 8.0) at 4 °C, and
passing twice through a microfluidizer. The sample was diluted to 5.5
liters with lysis buffer, incubated at room temperature with stirring for
60 min, and centrifuged at 12,000 X g for 20 min at room temperature.
The pellet was then twice resuspended in 5.5 liters of fresh lysis buffer,
incubated, and centrifuged. This was repeated twice using a buffer that
contained 500 mm NaCl and 50 mm Tris at pH 8.0, and then once with
50 mm Tris at pH 8.0. Approximately 800 g (wet weight) each of
inclusion bodies were obtained for p10 and p20.

Purification and Refolding of ICE Fragments—Inclusion bodies were
dissolved in a solution of 6 m guanidine hydrochloride, 200 mm DTT, and
50 mm Tris, at pH 8.5, at approximately 1 mg ml~* (p10) or 2 mg ml—*
(p10). Samples were dialyzed versus 5% HOAc at room temperature,
centrifuged at 27,000 X g for 40 min, then filtered at 0.22 um. Samples
were purified by high performance liquid chromatography using a re-
verse phase Cq4 (p10) or C, (p20) column (Vydac) and a linear gradient
of CH;CN-H,O with 0.1% (v/v) trifluoroacetic acid. Final yield was
approximately 1.5 g of lyophilized protein. Electrospray ionization mass
spectrometry (M-Scan, West Chester, PA): p20, calculated (with initia-
tor methionine present), 19,974; found, 19,987; p10, calculated (with
initiator methionine absent), 10,243; found, 10,243.

ICE p20 and p10 fragment proteins were dissolved at approximately
2 mg ml~* in solutions containing 6 m guanidine hydrochloride and 200
mm DTT at pH 8.5, by overnight incubation at room temperature, and
the protein concentrations were measured by amino acid analysis.
Protein solutions were mixed at a 1:1 molar ratio and a final protein
concentration of 50—250 ug ml~* as indicated in a solution containing 6
M guanidine hydrochloride, 25 mm Tris, 5 mm DTT, 0.5 mm EDTA, at pH
9.0. The mixture was dialyzed (Spectra-Por 1, 6—8000 MWCO, 1 ml
cm™1) versus 2 changes of 100 volumes of a solution containing 25 mm
Tris, 5mm DTT, 0.5 mm EDTA, at pH 9.0, and 4 °C for a minimum of 3 h
each. The protein solution was then dialyzed versus 1 change of 100
volumes of a solution containing 100 mm HEPES, 20% (v/v) glycerol, 5
mm DTT, 0.5 mm EDTA, at pH 6.7, for a total of 3 h. The pH of the
resulting solution was adjusted to 7.0 by dropwise addition of 2 m
HEPES at pH 5.5, and the sample was centrifuged at 2,200 X g and
filtered at 0.22 pm.

The resulting catalytically active enzyme mixture was further puri-
fied by fast protein liquid chromatography using a MonoS HR16/10
cation exchange column (Pharmacia, Uppsala, Sweden) equilibrated in
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Buffer A (50 mm HEPES, 20% glycerol, and 0.5 mm EDTA, pH 6.7) at
4 °C, and eluted with a linear gradient of Buffer A/Buffer A plus 0.5 m
NaCl.

Determination of Protein Concentration—Protein concentrations
were determined by Coomassie Plus staining (Pierce) using bovine
serum albumin as a standard.

ICE Activity Assays—Refolded ICE was diluted to the indicated
concentrations into 400 ul of HGDE buffer (100 mm HEPES, pH 6.7, 5
mm DTT, 0.5 mm EDTA, 20% glycerol), plus 15 um acetyl-Tyr-Val-Ala-
Asp-Amc (Ac-YVAD-Amc) (35) in a 2 X 10-mm fluorescence cuvette at
37 °C. The change in fluorescence due to liberated Amc was monitored
at 460 nm using 380 nm excitation in a LS-50B Luminescence Spec-
trometer (Perkin-Elmer, Norwalk, CT). Standard curves were prepared
using solutions of Amc in assay buffer.

Assays at low enzyme concentrations demonstrated distinct biphasic
behavior, with a period of downward curvature followed by a linear
steady-state. Therefore, results were modeled by non-linear regression
an equation describing the transition to equilibrium:

F(t) = Fo+ Vit + (Vi — V(1 — e /k (Eq. 1)

where F, is the fluorescence at t = 0, V; and V; are initial and final
velocities, and k is the first-order rate constant describing decay of ICE
activity.

Size Exclusion Chromatography—Analytical size exclusion chroma-
tography (SEC) of ICE was performed using a SMART System (Phar-
macia, Uppsala, Sweden) with a Superdex-75 column (3.2 X 300 mm,
2.0-ml bed volume) at 6 °C with PBS buffer at 45 ul min~?. Injection
volumes were =50 ul. Absorbance of the column eluate was monitored
at 280 and 230 nm, and signals at these wavelengths were proportional.
Molecular weights of experimental peaks were evaluated from plots of
log(M,) versus elution time for comparable standard proteins (Pharma-
cia LKB Biotech). Peak areas were evaluated using non-linear regres-
sion analysis to fit chromatograms to an expression for two independent
Gaussian curves:

Tl () ] Seel ()] e
oy \En'cxp 4oy o, VErcxp 4o, (Ea-2)
pH-dependence of rfICE Stability—Buffers in the pH range 6.0-8.0
were prepared by adjusting a stock HGDE buffer to the given pH by
addition of 1 N HCI or NaOH. Aliquots of refolded ICE were thawed, and
enzyme was diluted to a final concentration of 1 nm into the buffers
containing 15 um Ac-YVAD-Amc. Fluorescence was monitored for
1000 s, or until steady-state was achieved. Data were fitted to Equation
1 by non-linear regression analysis.

Cross-linking of Refolded ICE—Refolded ICE (0.8 um) was thawed
and a 1-ml aliquot was treated either with 100 um Ac-YVAD-CHO
(Bachem Bioscience, Philadelphia, PA) for 30 min at 25 °C or with 200
um e-pyridoin for 1 h at 25 °C. Reactions were cooled to 4 °C, and solid
ammonium sulfate (J. T. Baker, Phillipsburg, NJ) was added to the
reactions to achieve 80% saturation. The samples were incubated on ice
for 2 h, then centrifuged at 13,000 X g for 20 min. Pellets were resus-
pended gently with 25 ul of HGE buffer (HGDE without DTT), then
centrifuged to remove aggregated protein. Concentrated inhibited en-
zyme samples were analyzed by size exclusion chromatography as de-
scribed above. The major fraction (22.5 ul) at 43 kDa (Ac-YVAD-CHO-
inhibited enzyme) or at 29 kDa (a-pyridoin-inhibited enzyme) was
collected and treated with 250 um bis-maleimidohexane (Pierce) at
25 °C for 45 min. The reactions were then rechromatographed on Su-
perdex-75. Small fractions were collected, chromatographed on 10—-20%
Tris-Tricine mini gel (Integrated Separation Systems, Natick MA), and
detected by silver staining.

Reactivation of Ac-YVAD-CHO-inhibited Refolded ICE—An aliquot
of frozen refolded ICE (25 mg ml~*) was thawed to 4 °C, and Ac-YVAD-
CHO was added to a final concentration of 200 um. The sample was
warmed to room temperature and incubated for 30 min. The mixture
was then dialyzed exhaustively at room temperature against 100 mm
HEPES, pH 6.7, 20% glycerol, 0.5 mm EDTA, 25 mm semicarbazide, 5
mwm glutathione disulfide, with three buffer changes over 12 h, and a
final 1 h dialysis at 4 °C into HGE. The enzyme was stored at —80 °C
until ready for use.

RESULTS

Preparation of Refolded ICE—The p20 and p10 subunits
corresponding to the active form of ICE (2) were expressed
separately in E. coli from pL-based vectors as insoluble inclu-
sion bodies. After inclusion body purification and reverse phase
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Fic. 1. SDS-PAGE analysis of purified ICE refolded from the
p20 and pl0 subunits. A sample containing approximately 5 ug of
rfICE was electrophoresed on a 10—-20% Tris-Tricine gradient gel, and
protein was detected using Coomassie Blue staining. Molecular weight
standards are as indicated.

high performance liquid chromatography, approximately 1.5 g
of lyophilized proteins at 80-90% purity were obtained from
14-liter fermentations. The purified proteins were dissolved in
a reducing and denaturing Tris buffer at pH 9.0, and mixed at
a 1:1 molar ratio at 250 ug ml~ 1. Catalytically active ICE
enzyme was prepared by refolding the p20 and p10 fragments
as described under “Experimental Procedures.” Refolding was
effected by exhaustive dialysis first against a similar buffer
lacking denaturant. To generate active enzyme, the material
was then dialyzed against a buffer containing HEPES at pH
6.7. Dialysis of denatured p20 and p10 directly into the HEPES
buffer resulted in catalytically inactive material.

Refolded ICE (rfICE) was purified by ion exchange chroma-
tography to >95% as judged by SDS-PAGE (Fig. 1), with a
single significant contaminant at about 7 kDa (p7). NH,-ter-
minal sequencing identified p7 as a degradation product of ICE
p10 arising from cleavage at Asp®81-Gly®®2, Complex formation
with the irreversible peptidic ligand acetyl-Tyr-Val-Ala-Asp-
CMK (32) altered the ion exchange mobility of rfICE, but the
observation that only half of the material displayed altered
mobility after incubation with saturating amounts of peptidic
ligand suggested that rfICE contained approximately 50% cat-
alytically inactive protein.

Stabilization of rfICE by Substrate—When rfICE catalytic
activity was assayed at a protein concentration of 3 nwm, the rate
of catalysis decreased for approximately 100 s to a constant
non-zero velocity (Fig. 2A). Equation 1 was used to derive
initial and final velocities and rate constants for this process as
a function of substrate concentration. Michaelis-Menton anal-
ysis of the initial velocities (Fig. 2B) gave K, and k.., values of
8 um and 0.05 s, respectively. The observed k., for rfICE is
about 10-fold less than that reported for ICE purified from
human THP.1 monocytes (2). The plot of final velocities (Fig.
2B) is sigmoidal, reflecting a substrate-induced decrease in the
rate of the rapid decay phase. This is further illustrated by the
effect of substrate concentration on the decay rate constant
(Fig. 2C). Since the ratio K,,,/(S+K_,,) provides a measure of the
total enzyme in the unbound state, the decay rate as a function
of substrate concentration can be modeled by:

k =~ kinact + kunbuunde(S + Km)(for kinact < kunbuund) (Eq 3)

where K;..: IS the rate of decay by some process that affects all
enzyme and K,nnoung 1S the rate of decay of enzyme with no
bound ligand. Fitting the data of Fig. 2C to Equation 3 yielded
Kunbound = 0-040 s %, K;1.e = 0.0021 571, and K,,, = 5.5 pm. By
this model, substrate binding decreases the decay rate of rfICE
20-fold. The initial slope (i.e. for [S] < 10 um) of the plot of final
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Fic. 2. Stabilization of rfICE by substrate. A, rfICE was assayed
at 15 or 125 um Ac-YVAD-Amc as described under “Experimental Pro-
cedures.” B, substrate concentration was varied up to 125 um, and
initial and final velocities were obtained by fitting the assay curves to
Equation 1. The solid curve describing initial velocities represents a fit
to the Michaelis-Menton equation with K, = 8 um and k,, = 0.05s™*.
C, rate constants from B are plotted as a function of substrate concen-
tration. The solid line represents a fit to Equation 3 with k., = 0.040
s71 K =0.0021 s, and K, = 5.5 pm.

bound

velocities is 65 m~* s~ *, while that of the final velocities is 6250
M1 s71 Thus, at low substrate concentrations, the specific
activity of rfICE falls to approximately 1% of its initial value.

Enzyme Concentration Dependence of rflICE Decay—At low
enzyme concentrations, decay of rfICE activity was monitored
by reaction progress curves (Fig. 3A). Below 10 nwm, activity fell
quickly (k = 0.02-0.04 s™%; tv. < 40 s) to a low steady-state
value (Fig. 3A, inset). As enzyme concentration was increased
toward 24 nwm, activity loss became slower, with time constants
approaching 0.0035 s~ 1. When refolded enzyme was preincu-
bated at 37 °C at four different concentrations in the range
50-2000 nm, velocities fell to a final non-zero value with a time
constant of 0.0023 + 0.0008 s~ (tv. = 5 min; Fig. 3B). There
was no observable dependence of decay rate on enzyme concen-
tration in this range. The combined plot of decay rates versus
enzyme concentration for both types of experiments (Fig. 3B,
inset) shows that the decay rate is concentration-dependent for
[E] < 30 nm, and concentration-independent up to 2 um.

The contribution of proteolysis to enzyme decay was tested
by incubating 2 um rfICE for various times followed by SDS-
PAGE analysis. Over 1 h, the intensity of the 10-kDa band
decreased, accompanied by the appearance of lower molecular
weight fragments (Fig. 3C). The disappearance of ICE pl0
correlated with activity loss (Fig. 3D). We conclude that auto-
lytic cleavage of the 10-kDa subunit is the primary process of
rfICE inactivation at high (=2 um) enzyme concentrations,
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Fic. 3. Enzyme concentration dependence of rfICE decay. A,
rfICE was diluted to nominal concentrations of 3.4 (inset), 7, 12, 18, or
24 nm as indicated, into HGDE buffer containing 15 um Ac-YVAD-Amc.
Substrate hydrolysis was followed for 2000 s (18 and 24 nm concentra-
tions), or until steady-state was achieved (3, 7, and 12 nwm; see inset).
Curves were fit to Equation 1 to estimate the decay rates (see inset to
B). B, rfICE was diluted into HGDE buffer (pH 7.5, 30 °C) to the indi-
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Fic. 4. pH dependence of rfICE stability. HGDE buffers were
prepared over the pH range 6.0—8.0 as described under “Experimental
Procedures.” Substrate Ac-YVAD-Amc was added to 15 um, and re-
folded ICE was added to 1 nm. Activity was monitored for 1000 s or until
a steady-state velocity was achieved. Progress curves were modeled to
Equation 1 using non-linear regression, and the initial (closed circles)
and final (open circles) velocities are plotted as a function of pH.

while dissociation is the primary process at low (<30 nwm)
concentrations.

pH Dependence of rfICE Inactivation—The pH dependence of
the rapid phase of rfICE decay at low rfICE concentration (1
nm) was examined using a series of HEPES buffers from pH 6.0
to 8.0. The enzyme was assayed using 15 um Ac-YVAD-Amc,
and the resulting curves were analyzed using Equation 1. At
the lower pH values, activity decayed rapidly to final, very low
values (Fig. 4). Between pH 6.8 and 6.9, a dramatic increase in
the stability of the enzyme was observed, and at pH values
>6.9, little or no rapid decay occurred. We conclude that ion-
izations with pK_, values <6.9 greatly affect the physical sta-
bility of rfICE. The steepness of the transition suggests that
several ionizations are involved.

Analytical Size Exclusion Chromatography of Refolded
ICE—Two distinct species within rfICE were resolved by ana-
lytical SEC, at apparent molecular masses of 43 and 29 kDa
(Fig. 5A). The areas under each peak were estimated to be 6
and 94%, respectively, using Equation 2. A disproportionately
high fraction of total catalytic activity coincided with the higher
molecular weight peak. Exposure of rfICE to 200 um of the
reversible peptidic inhibitor Ac-YVAD-CHO (2) for 150 sat 4 °C
changed the distribution of protein such that 43% of the protein
eluted at 43 kDa (Fig. 5A). A similar shift was also induced by
the irreversible inhibitor Ac-YVAD-CMK (32) (data not shown).
The mobility shift persisted when rfICE was treated with 200
um Ac-YVAD-CHO for 30 min, then dialyzed exhaustively
against HGE buffer containing 5 mm oxidized glutathione and
25 mm semicarbazide to remove the inhibitor. The resulting
material (Fig. 5B) migrated predominantly as the 43-kDa spe-
cies containing almost all of the enzyme activity. We conclude

cated nominal concentrations. Aliquots were withdrawn at the indi-
cated times and diluted into HGDE (pH 7.5) buffer containing 15 um
Ac-YVAD-Amc. Substrate hydrolysis was linear at pH 7.5, and reac-
tions were followed for 30 (control assay) or 60 s. Velocities were
obtained by linear regression analysis. All rates are reported as a
percentage of the control rate obtained 5 s after dilution. Activity
decayed to a final non-zero rate, so that rate constants were estimated
by fitting to the model A(t) = Agna + (100 — A )e ™™, where Ay, is
the velocity at large times, and k is the rate of decay. Inset B, decay rate
constants observed from reaction progress curves (solid circles) or pre-
incubation assays (open circles) are plotted as a function of enzyme
concentration. C, SDS-PAGE analysis of room temperature-incubated
rfICE. Lanes represent samples drawn at various times as indicated in
panel D. Molecular weight standards are as shown. D, band intensities
of rfICE p20 (closed circles) and p10 (open circles) from the gel of panel
C were quantitated by scanning, and are plotted against the catalytic
activity (closed squares) of the same samples in standard assays.
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FiG. 5. Size exclusion chromatography analysis of rfICE. rfICE
was analyzed by SEC as described under “Experimental Procedures.” A,
elution of uninhibited (solid line) or Ac-YVAD-CHO inhibited (dashed
line) rfICE. Fractions of untreated rfICE were collected and assayed in
HGDE as described under “Experimental Procedures” using 15 um
Ac-YVAD-Amc (solid circles). Elution of molecular weight standards
(Pharmacia LKB Biotechnology) bovine serum albumin (67 kDa),
ovalbumin (43 kDa), chymotrypsinogen A, (25 kDa), and ribonuclease A
(13 kDa) were as indicated. B, elution and activity assay of rfICE
inhibited with Ac-YVAD-CHO followed by inhibitor removal.

that binding of a peptidic inhibitor favors the formation of a
higher order oligomer of rfICE, which displays significantly
increased stability and specific activity.

Cross-linking and SDS-PAGE Reveal a 60-kDa ICE Spe-
cies—Refolded ICE in complex with Ac-YVAD-CMK (32) or
Ac-YVAD-CHO? crystallized as a 60-kDa tetramer, but mi-
grated at about 43 kDa in analytical SEC. Although anomalous
protein SEC mobility is common, cross-linking studies were
performed to resolve this discrepancy. rfICE was treated with
Ac-YVAD-CHO or a-pyridoin, a light-dependent ICE inhibitor
that fails to induce an SEC mobility shift. The samples were
concentrated by AmSO, precipitation, purified by SEC, and
cross-linked with bis-maleimidohexane. The material was then
repurified by SEC. SDS-PAGE analysis with silver staining
revealed a 60-kDa species in the 43-kDa SEC fractions result-
ing from Ac-YVAD-CHO treatment (Fig. 6A). The strong band
at about 43 kDa may represent a partially cross-linked species.
The 29-kDa SEC fraction from Ac-YVAD-CHO treated rfICE
contained among others a prominent 30-kDa species but no
60-kDa species. The 60-kDa band was similarly absent from all
fractions of ICE that had been treated with a-pyridoin prior to
cross-linking (Fig. 6B). We conclude that rfICE migrating by
SEC at an apparent molecular mass of 43 kDa is at least
partially composed of the expected (p20p10), 60-kDa tetramer,
which migrates on SEC at an anomalously low apparent mo-
lecular mass. Catalytically active material that migrates at
about 29 kDa contains the expected (p20p10) heterodimer.

DISCUSSION

Our data suggests that active rfICE exists in an equilibrium
between (p20p10) heterodimer and a (p20p10), homodimer of

2N. P. C. Walker, R. V. Talanian, L. C. Dang, C. R. Ferenz, M. C.
Hackett, J. A. Mankovich, J. P. Welch, W. W. Wong, and K. D. Brady,
unpublished results.
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Fic. 6. Identification of a 60-kDa ICE species in the 43-kDa
SEC peak. A, refolded ICE was treated with Ac-YVAD-CHO (100 um)
for 30 min at 25 °C, precipitated by addition of solid ammonium sulfate,
centrifuged, and redissolved in 25 ul of HGE, and separated by SEC as
described under “Experimental Procedures.” The major peak at 43 kDa
was treated with bis-maleimidohexane (250 um) for 45 min at room
temperature. The mixture was rechromatographed by SEC, and frac-
tions were collected and analyzed by SDS-PAGE. Lane 1, molecular
weight standards. Lane 2, ammonium sulfate-concentrated rfICE prior
to separation by SEC. Lanes 3-11, fractions of the 43-kDa SEC peak. B,
the same procedure was followed, except enzyme was inhibited using
a-pyridoin, and the dominant SEC peak at 29 kDa was collected for
cross-linking. Lane 1, molecular weight standards. Lane 2, rfICE con-
trol. Lanes 3-9, fractions of the 29-kDa SEC peak.

heterodimers. Enzyme decay occurs by at least two mecha-
nisms: at high concentration, by autolytic cleavage, and at low
concentration, by dissociation to heterodimers of low specific
activity or to individual, catalytically inactive p20 and p10
subunits. The reversibility of the equilibrium between (p20p10)
and (p20p10), is supported by several lines of evidence: (i) the
rapid decay of enzyme activity on dilution into assay mixtures
is inversely proportional to final enzyme concentration, (ii)
diluted enzyme activity reaches a stable non-zero level, and (iii)
the decay fits well to a model for a reversible equilibrium
(Equation 1). In addition, when rfICE binds a peptidic inhibitor
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such as Ac-YVAD-CHO, the equilibrium between heterodimer
and homodimer shifts toward homodimer (Fig. 5). The obser-
vation that high substrate concentrations stabilize and in-
crease the specific activity of rfICE suggests that substrates
also favor (p20p10), formation, but we were unable to demon-
strate formation of a 43-kDa species when rfICE was treated
with high concentrations (=1 mwm) of peptide substrate followed
by SEC analysis (not shown). We postulate that efficient for-
mation of (p20p10), occurs only when a long-lived enzyme-
ligand complex is formed, as expected for slowly reversible
(Ac-YVAD-CHO) or irreversible (Ac-YVAD-CMK) inhibitors.

In monocytes, ICE exists primarily as its p45 precursor form
(36), suggesting that the mature, active form, when it is pro-
duced, decays rapidly. We observe that treatment of ICE with
the peptide aldehyde inhibitor Ac-YVAD-CHO, followed by its
removal, confers to the enzyme significantly enhanced stabil-
ity. Purification of ICE from THP.1 cells using a peptide alde-
hyde affinity column (2) mimics our Ac-YVAD-CHO treatment.
The stability of Ac-YVAD-CHO-treated rfICE is similar to that
of THP.1 ICE (2). Thus the observed stability of isolated natu-
ral enzyme may be partly a result of the purification procedure.

The mechanism of ICE down-regulation in vivo is unknown.
ICE contains numerous sites in its primary sequence that
might be cleaved by ICE or ICE homologs. We find that Asp3®?,
within the p10 subunit, is the dominant site of autocleavage in
vitro. Cleavage at this site is sufficient to inactivate ICE, as
shown in Fig. 3D. We propose that D381 functions as a built in
“off switch” for down-regulation of ICE in vivo. We also observe
substantial substrate stabilization of ICE in vitro. It is tempt-
ing to speculate from this that ICE depends on IL-1f or other
substrates for stability in vivo as well. If so, this may ensure
that ICE remains active only when its substrate has been
induced, and does not accumulate, leading inappropriately to
apoptosis.

Our data shows that ICE (p20p10) heterodimer is in equilib-
rium with (p20p10), homodimer. If this occurs in vivo, it would
allow in principle the formation of pairs of (p20p10) het-
erodimers derived from two different gene products, most likely
ICE homologs. Gu et al. (37) report evidence for domain swap-
ping between ICE and the ICE homolog TX/Ich-2/ICE Il (15—
17), which results in each (p20p10) heterodimer containing p20
from one gene product and p10 from another. Similarly, Fer-
nandes-Alnemri et al. (20) present evidence for a complex of
Mch3 and CPP32. Together with our data, these observations
suggest that it is possible to form active ICE-like proteases
derived from two to four separate gene products. The crystal
structure of ICE shows that catalytic residues are part of p20,
while the residues that form the P1-P4 pockets derive from
both subunits. The many combinations of (p20p10), that could
be formed from ICE and its six known homologs may vary in
their substrate specificities, catalytic properties, and control
mechanisms. It is possible that different combinations of hete-
rooligomeric species are stabilized by different natural sub-
strates, offering further control of ICE-like enzyme formation
and stability. Such fine control may be necessary for proper
regulation of a family of enzymes responsible for both host
defense and cellular suicide.
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Page 21856, Fig. 3C: The molecular weight standards are
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the figure, should be 29, 20.4, 14, 6.1, and 3.5. The data of this
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