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ABSTRACT. Itis well established that the functional properties of proteins can be compromised by oxidative
damage and, in vivo, proteins modified by oxidants are rapidly degraded. It was hypothesized that oxidants
may also affect the ability of proteases to hydrolyze peptides and proteins. We therefore examined the
effect of oxidants on the endopeptidase activities of the 650 kDa 20S proteasome or multicatalytic
endopeptidase (MCP), which is thought to play a central role in nonlysosomal protein breakdown.
Treatment of the MCP with the oxidant system, FeSEDTA—ascorbate, stimulated the peptidase
activities of the MCP while KO, treatment showed little or no stimulation. However, treatment of the
MCP with FeSQ—EDTA—ascorbate or kD, stimulated proteinase activity by 480% and 730%,
respectively. An endogenous activator of the MCP, PA28, stimulated the acidic, basic, and hydrophobic
peptidase activities of the MCP, but had no effect on proteolytic activity. Treatment of PA28 with oxidants
in the presence of MCP or alone did not greatly affect PA28's ability to activate the peptidase activities
of the MCP. Using nondenaturing polyacrylamide gel electrophoresis, structural alterations in the enzyme
which may be responsible for the activation of peptidase and protease activities following exposure to
oxidants were investigated. Treatment of the MCP with reagents that activate proteolysis, inch@ing H

as well as the serine protease inhibitor 3,4-dichloroisocoumarin and the cysteine protease inhibitor
p-(chloromercuri)benzenesulfonic acid, all caused dissociation of the 650 kDa MCP. However, exposure
to FeSQ—EDTA—ascorbate resulted in little or no dissociation of the complex. The MCP complex
dissociated by-(chloromercuri)benzenesulfonic acid could be reassociated upon treatment with the reducing
agent dithiothreitol, but dithiothreitol failed to completely reassociate 3,4-dichloroisocoumarin©gr H
treated MCP. Therefore, chemical modification of the MCP can cause activation with varying degrees of
complex dissociation. These results suggest that metabolites, such as reactive oxygen species, in addition
to endogenous proteins, such as PA28, are capable of modulating MCP activity.

Proteins postsynthetically modified by oxidants are rapidly participates in catalysis. The mammalian MCP which is
broken down in cells (Fagan et al., 1986) and are degradedstructurally similar, hydrolyzes both proteins and peptides,
at a faster rate than the native forms of the proteins by variousand, by using a variety of peptide substrates, it has been
proteolytic enzyme vitro (Rivett, 1985a; Salo et al., 1988; shown to have five distinct peptidase active sites (Orlowski
Fagan & Waxman, 1991, 1992). One such enzyme is theetal., 1993). The three best characterized peptidase activities
multicatalytic endopeptidase (EC 3.4.99.46) (MCP) which are the acid, basic, and neutral activities which are defined
has been shown to degrade oxidatively damaged (Ox-)py their ability to hydrolyze benzyloxycarbonyl-Leu-Leu-
glutamine synthetase (Rivett, 1985b), Ox-hemoglobin (Paci- Glu-methoxynaphthylamine (Z-LLE-MNA), benzyloxycar-
fici, 1989; Fagan & Waxman, 1991), Ox-superoxide dismu- phonyl-Ala-Arg-Arg-aminomethylcoumarin (Z-ARR-AMC),
tase (Salo et al., 1988), and Ox-insulin B chain (Dick et al., gngd succinyl-Leu-Leu-Val-Tyr-aminomethylcoumarin (Suc-
1991). The MCP has also been reported to degrade| | yvy-AMC), respectively. The peptidase activity of the
oxidatively damaged proteins in liver cells in culture (Grune \cp s stimulated by two cellular proteins known as PA700
et al., 1995). (molecular mass=700 kDa) (Chu-Ping et al., 1994) and

The crystal structure of the MCP from archaebacterium pPA28 (molecular mass#180 kDa) (Chu-Ping et al., 1992)
has recently been solved, and it indicates that the complexwhich have been isolated from red blood cells. PA700
consists of 14 copies of 2 different subunits (Lowe et al., requires ATP to bind to the MCP in order to stimulate
1995). This enzyme may represent a new class of proteolyticpeptidase activity while PA28 does not. PA28 is composed
enzymes in Wh|Ch a threonine I’ather than a Serine residueof two nonidentical (mo'ecu|ar mass27.3 and 28.6 kDa)'
but homologous subunits (Mott et al., 1994). Using immu-
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the New Jersey State Commission on Cancer Research. This work Wasl\/l U ) . e .
done during the term of an Established Investigatorship to J.M.F. from MCP have been identified, no cellular proteins have been
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by dialysis against water (McGuire et al., 1989), by heat iron sulfate (FeS¢), 2 mM EDTA, and 25 mM ascorbic
treatment (Mykles, 1989), and by treatment with polyargi- acid (pH 7.2) (FeS@-EDTA—ascorbate) for 1 h at 37C
nine, protamine (Mellgren, 1990), ammonium sulfate (Fagan in a shaking water bath. After incubation, the samples
& Waxman, 1991), and magnesium ions (Pereira et al., (0.25-2.5 mL) were dialyzed using a membrane having a
1992b). The serine protease inhibitor 3,4-dichloroisocou- 12—14 kDa cutoff against two changes (125 mL) of 50 mM
marin (DCIC) (Strack et al., 1992; Cardozo et al., 1992; phosphate buffer (pH 7.4), 1 mM EDTA and then against
Pereira et al., 1992a) and the cysteine protease inhibitor50 mM phosphate buffer (pH 7.4).
p-(chloromercuri)benzoate (pCMB) (Figueiredo-Pereira et al., Assays. a-Casein was tritiated usingH]formaldehyde

1994) have alsq be_en found to stimulate casgin hydrolysis ong sodium cyanoborohydride (Jenthoft et al., 1983). The
by the MCP. F|gue|redo-Pere|ra et al. gstabl|shed that thedegradation of3H]casein was monitored by measuring the
MCP complex can be reversibly dissociated by pCMB but release of acid-soluble counts. Assays contained 50 mM

that only the native structure possesses catalytic activity .o b0 1 H74) 1mMDTT f :
(1994). We found that oxidants also activated the MCP and (p2 z;pofaPi]-L(i-g;s(epin aﬁ d) ’& grgf unl abélaer&xokt?ageﬁisiﬁlg

investigated the effect of oxidants and DCIC on the final volume of 200uL. The specific details of each assay
gzattﬁén:;?/diszt;u;tg;i Or;tge MCP as well as the effect of PA28 are provided in the figure and table legends. After 1 h at
yme. 37 °C, the assays were terminated by the addition ofiR5
of 10% bovine serum albumin (BSA) and 5#% of 12%
trichloroacetic acid (TCA). Samples were centrifuged at
Preparation of Chicken Red Blood Cell Extractsresh ~ 800g for 12 min, and acid-soluble material (40Q) was
erythrocytes (0.5 L) were collected in heparinized (20 USP removed, 4.0 mL of scintillant (Ecoscint A; National
units/mL) saline (0.5 L) from 4 month old male White Diagnostics, Atlanta, GA) was added, and the disintegrations
Leghorn chickens. Chicken erythrocyte cytoplasm was per minute (dpm) were measured in a liquid scintillation
isolated as described previously (Strack et al., 1991). Blood counter. Fluorogenic peptide hydrolysis was carried out as
was centrifuged at 8@Xor 10 min, and the plasma proteins described for the measurement of casein hydrolysis with the
and white blood cells were removed by aspiration. Packed exception that the assay mixture containedu¥ peptide
erythrocytes were washed 4 times by resuspending the pellessubstrate and the incubation time was 30 min. Assays were
in cold (4°C) saline (1:1) and again centrifuged. Cells were terminated by the addition of 0.1 mL of 1% sodium dodecyl
lysed in 2 volumes of cold water containing 1 mM dithio- sulfate (SDS) and 1.7 mL of 0.2 M sodium borate (pH 9.1).
threitol (DTT). Following centrifugation (135@) 1 h), the Hydrolytic activity was determined by measuring the increase
soluble fraction was decanted, glycerol was added to 20%in fluorescence due to release of the fluorophore from the
(v/v), and the pH was adjusted to 7.6 with 1 M Tris base. peptide at 380 nm excitation, 460 nm emission for MNA
The cytoplasm was then dialyzed against 20% glycerol, 20 substrates and 335 nm excitation, 410 nm emission for AMC
mM Tris-HCI (pH 7.6), 0.1 mM DTT, and 0.1 mM substrates. Protein was gquantitated by the dye binding
ethylenediaminetetraacetic acid (EDTA). method of Bradford (1976) with BSA as standard using a
Separation of PA28 from the MCPDialyzed erythrocyte kit from Bio-Rad. All assays were carried out in triplicate
cytoplasm (0.265 L, 14 500 mg of protein) was top-loaded or quadruplicate. The data were analyzed using ANOVA
(1.0 mL/min) onto a Q Sepharose Fast Flow (Fast Q, and a post-hoc Duncan’s Multiple Range Test. Significance
Pharmacia) column (2.5 19 cm) equilibrated with 20 mM  was set at the 5% level.

Tris-HCI (pH 7.6), 20% glycerol, 0.1 mM EDTA, 0.1 mM Gel Electrophoresis. One-dimension sodium dodecyl
ethylene glycol bigt-aminoethyl etherN,N,N',N'-tetraacetic  sulfate-polyacrylamide gel electrophoresis (1D-SBS
acid (EGTA), 1 mM MgC}, 20 mg/L sodium azide, and 0.5 pAGE) was carried out by the method of Laemmli (1970)
mM DTT (Fast Q buffer). The column was washed with with a 6% stacking gel and a 12.5% resolving gel using a
2.2 L of Fast Q buﬁer, and the bound material was eluted mini gel format (Hoefer)' Gels (8< 7 Cm) were run at

with @ 0.5 L NaCl gradient (0:60.5 M). Fractions were  ¢onstant current (20 mA/gel) until the dye front came within
assayed with the fluorogenic substrate Suc-LLVY-AMC 0 3 mm of the end of the gel. High and low molecular mass
detect the MCP. Fractions were then reassayed in theprestained protein standards were purchased from Bethesda
presence of 0.ag of partially purified MCP to identify the  Research Laboratories. Gels were silver-stained using a
elution position of the PA28 activator. The activator and  giin-11 Daiichi kit (Integrated Separation Systems). 2D-
the MCP were pooled separately. The major cytosolic form ghs pAGE was performed as described by O'Farrell
of the MCP was purified from chicken red blood cells as (1975). Nondenaturing gels were run at 50 V constant
described by Strack et al. (1992) and used in the experimentsvmtage in a Hoefer mini gel apparatus as described in the
described below. legend to Figure 7.

Treatment of Proteins with Oxidant3he MCP and PA28
were treated with oxidants by a procedure similar to that RESULTS
described by Amici et al. (1989). Proteins were dialyzed (4
°C) against two changes of 50 mM phosphate buffer (pH  Separation of PA28 and MCPSuc-LLVY-AMC is a
7.2), 90 mM potassium chloride, and 10 mM MgQbuffer sensitive substrate for monitoring the activation by PA28 of

MATERIALS AND METHODS

A). Prior to oxidant treatment, the Fast Q pooled material
(1 mg/mL) was pretreated with 0.25 mM sodium azide to
inhibit catalase. Fast Q pooled material (1 mg/mL) and
purified MCP (0.3 mg/mL) were incubated with either 20
mM H,0,, except where indicated, or a mixture of 2 mM

MCP (Chu-Ping et al., 1992), and it was used to detect both
PA28 and MCP when these proteins were fractionated by
chromatography on Q Sepharose Fast Flow (Fast Q). Inthe
absence of added MCP (see Materials and Methods), a single
peak of Suc-LLVY-AMC hydrolyzing activity was identified
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FiIGURe 1: Separation of a peptidase activator and MCP present in a 4r e
chicken red blood cell cytoplasm. The hydrolysis of Suc-LLVY- o 2 b
AMC over the Fast Q gradient was measured in assays containing £ a p
10 uL of selected fractions, 1 mM DTT, 50 mM Tris-HCI (pH 0 —ilrn |
8.0), 67uM Suc-LLVY-AMC, and, where indicated, 0.5g of McP MCP&PA28

purified MCP [480 pmol/h* (ug of Suc-LLVY-AMC hydrolyzing FIGURE 2: Effect of PA28 and the oxidants Fe$EEDTA—

activity) 7] in a final volume of 200uL. Assays were incubated  ascorbate and #, on the peptidase activities of the MCP. Protein
for 15 min and processed as described under Materials and Methodspools from the Fast Q column adjusted to 1.0 mg of protein/mL

were treated with oxidants as described under Materials and

in the fractions from the Fast Q column eluting at 0.35 M Methods. After dialysis to remove oxidants, protein concentrations
NaCl (Figure 1). When the assays were carried out in the "ere determined. Assays of PA28 and MCP alone contained 50

o ug of each protein specified. Assays containing MCP and PA28
presence of added purified MCP (240 pmol hydrolyzed/h), \yhich had been mixed together and then oxidized contained 0.1
a second peak of activity which eluted earlier in the gradient mg of protein. Assays were carried out, and hydrolysis of Suc-
at 0.25 M NaCl was also detected (Figure 1). The two peaks LLVY-AMC (panel A), Z-ARR-AMC (panel B), and Z-LLE-MNA
of activity were pooled separately, and the molecular massesg’szZ!scr)ewfessg“riatshuéeg]:;ﬁieg‘g :&’eo('; %‘Seg '\gﬁgevcﬂs ?j?f?e'\r/leer:th()d&
were dete.rmmed by gel filtration on a calibrated S-300 letters wefe significantly differenp(= 0.05)pfrom eachgother and
(Pharmacia) column (results not shown). The peak of fom untreated MCP.
activity which eluted first from Fast Q and required the
addition of MCP for activity had a molecular mass-e170 O Z-LLE-MNA
kDa. This activity corresponds to the 180 kDa activator = 3H-casein
previously described in red blood cells as PA28 (Chu-Ping 06
et al.,, 1992) and was used in several of the experiments
described in this study. The second peak of activity had a
molecular mass o700 kDa on gel filtration, and following
additional purification (Strack et al., 1992) showe8l bands
ranging from 23 to 32 kDa on 1D-SB$AGE. This protein
was identified as the MCP and was used in the experiments
below following further purification.

Effect of Oxidants and PA28 on the Peptidase and
Proteinase Actiities of the MCP. The MCP hydrolyzed
three fluorogenic peptides known to be substrates for the
MCP: Suc-LLVY-AMC (75 pmol bt ug™t), Z-ARR-AMC
(60 pmol it ug™1), and Z-LLE-MNA (17 pmol ht ug™?). 0.0 &
Treatment with FeS©-EDTA—ascorbate increased the
hydrolysis of all three peptides by approximately 280%, Ficure 3: H,O, concentration dependence on the peptidase and
180%, and 110%, rgspectlvely (Figure 2). Howevgr, treat- proteinase aéti\fities of MCP. Purifigd MCP was treatel?:i :Es described
ment of the MCP with the oxidant hydrogen peroxide (20 in Figure 5 with various concentrations o§®. Assays contained
mM) decreased the hydrolysis of Suc-LLVY-AMC by 57%, 50 mM Tris-HCI (pH 8.0), 1 mM DTT, and &g of [3H]casein
had no effect on Z-ARR-AMC cleavage, and slightly (78 100 dpmug). Z-LLE-MNA hydrolysis was carried out for 1 h
increased the hydrolysis of Z-LLE-MNA by 38% (Figure 2and PHlcasein for 2 h.

2). Lower concentrations of #, (0.2 and 2 mM) had little The effect of oxidants on the casein degrading activity of
effect on the rate of hydrolysis of the fluorogenic peptides, the MCP was also examined. The MCP hydrolyzéd]{
whereas higher concentrations (0.2 and 2 M) inhibited casein to acid-soluble fragments [26 h™* («g of MCP) 1],
hydrolysis (Figure 3; data not shown). and this activity was stimulated by treatment with FeSO

0.6

0.2 0.2

nmoles Z—LLE—MNA hydrolyzed/ h
yz /pazkjoipAy ujasod—Hg b7

0.0

0.0 0.2 2.0 200 200.0 2000.0
mM H,0,
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EDTA—ascorbate (480%) and 20 mM,B; (730%) (data
not shown). fH]Casein degradation was also stimulated by
lower concentrations (0.2 and 2 mM) o£®, while higher
concentrations either inhibited (0.2 M;&,) or resulted in

a complete loss of activity (2 M ¥D,) (Figure 3).

Since PA28 has been shown to stimulate the peptidase

activities of the MCP (Chu-Ping et al., 1992), we examined
the effect of oxidants on this process. The PA28 activator,
which was partially purified and separated from the MCP

on Fast Q Sepharose, had no detectable peptidase activity

(Figure 1), nor could any be detected after oxidant treatment
(data not shown). In the absence of oxidants, addition of
50ug of partially purified PA28 to 5@g of MCP was found

to maximally stimulate the hydrolysis of all three sub-
strates: Suc-LLVY-AMC by 1030%, Z-ARR-AMC by
1110%, and Z-LLE-MNA by 1980%. When the MCP and
PA28 were incubated together and then treated with EeSO
EDTA—ascorbate, the hydrolysis of Z-ARR-AMC and
Z-LLE-MNA was diminished by 18% and 43%, respectively,
while Suc-LLVY-AMC hydrolysis remained unchanged. The
effect of HO, on the stimulation of MCP peptidase activity
by PA28 was similar to that seen with FeSEDTA—
ascorbate: the hydrophobic peptidase activity was slightly
inhibited while the acidic and basic peptidase activities were
decreased by half (Figure 2).

The effect of oxidation of PA28 on peptide hydrolysis by
the MCP was also examined by incubation with MCP which
had either been oxidized or left untreated. Oxidant treatment
of either PA28, the MCP, or both decreased the level of
stimulation of Suc-LLVY-AMC hydrolysis by the activator
by only 6%. On the other hand, oxidant-treated PA28
stimulated MCP hydrolysis of Z-ARR-AMC and Z-LLE-
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FicurRe 4: One-dimensional polyacrylamide gel electrophoresis of
the MCP treated with oxidants. Lane 1, low molecular mass protein
standards (apparent molecular mass): ovalbumin, 44.4 kDa;
carbonic anhydrase, 29.2 kD&lactoglobulin, 18 kDa; lysozyme,

14 kDa; bovine trypsin inhibitor, 5.6 kDa; insulin A chain, 2.9 kDa.
Lane 2, 1ug of chicken red blood cell MCP. Lane 3uty of MCP
treated with FeS@-EDTA—ascorbate as described under Materials
and Methods. Lane 4,4g of MCP treated with KD, as described
under Materials and Methods. Lane 5, high molecular mass protein
standards (apparent molecular mass): myosin (H-chain), 224.3 kDa;
phosphorylasé, 109.1 kDa; bovine serum albumin, 71.8 kDa;
ovalbumin, 45.8 kDa; carbonic anhydrase, 28.8 kpdactoglo-
bulin, 18.3 kDa; lysozyme, 15.3 kDa. The proteins were stained
with silver.

al.,, 1994). This model was based on the observation that
the mercurial pCMB dissociated the MCP, resulting in loss
of activity, and following the addition of DTT, the complex

MNA about two-thirds as well as untreated PA28, while the reassembled and proteolytic activity was stimulated. This
stimulation of oxidized MCP by untreated PA28 was reduced was tested by comparing the effect of DTT on enzyme treated
by about 10%. The greatest reduction50%) in the with pCMBS, the oxidants D, and FeSQ-EDTA—

stimulation by PA28 of Z-ARR-AMC and Z-LLE-MNA  ascorbate, and DCIC, a serine protease inhibitor shown
hydrolysis was observed when both components had beerpreviously to stimulate casein hydrolysis by the MCP (Strack

oxidized, either in separate incubations or together.

Unlike its general stimulatory effect on peptidase activity,
PA28 had no effect on casein hydrolysis, in accord with prior
studies (Chu-Ping et al., 1992). Moreover, oxidant treatment
of the MCP in the presence of PA28 had no effect on the
stimulation of casein hydrolysis by either FeS&EDTA—
ascorbate or bD,, nor did addition of PA28 to MCP which
had been previously oxidized (data not shown).

Effect of Oxidants on Subunit Sizes of the MAe MCP
isolated from chicken red blood cytoplasm displayed the
characteristic pattern of8 bands ranging in size from 23
to 32 kDa on 1D-SDSPAGE (Figure 4, lane 2). Treatment
of the MCP with the oxidant generating system FgSO

et al., 1992; Pereira et al., 1992a). Treatment of MCP with
DTT had little effect on the Z-LLE-MNA and3H]casein
hydrolyzing activities (Table 1). Treatment of MCP with
50 uM pCMBS completely inhibited the Z-LLE-MNA
hydrolyzing activity, and the addition of 1 mM DTT restored
only 36% of this activity (Table 1). When examined over a
broad range of concentrations, it was found that:1\
pCMBS inhibited~90% of the Z-LLE-MNA hydrolyzing
activity (Figure 5). At the highest pCMBS concentration
tested (40QuM), DTT (1 mM) was unable to restore this
activity (Figure 5). pCMBS also inhibited{iJcasein
hydrolysis in the absence of DTT by 85% (Table 1 and
Figure 6). These results are in contrast to those of

EDTA—ascorbate (Figure 4, lane 3) had little effect on the Figueiredo-Pereira et al. (1994), who showed that pCMB
subunit banding pattern between 23 and 32 kDa. However,stimulated casein hydrolysis in the absence of DTT. This
a small amount of protein aggregation was detected betweendifference may be attributable to the incorporation of negative
40 and 68 kDa following treatment with this oxidant or when charges into the protein which would occur when cysteine
the MCP was treated with 4@, (Figure 4). When the residues react with pCMBS but not pCMB. However,
subunits of the MCP were separated by 2D-SIPAGE, addition of DTT to pCMBS-treated MCP resulted in a
the control and oxidant-treated enzyme showed the samestimulation (171%) of JH]casein degrading activity (Table
pattern of~28 spots determined previously (Strack et al., 1 and Figure 6). This stimulatory effect of DTT occurred
1992) (results not shown). at pPCMBS concentrations above M and maximally at

Effect of pPCMBS, DCIC, and Oxidants on the Peptide and 100 4M (Figure 6). This is in contrast to DCIC treatment,
Protein Hydrolyzing Actiity of the MCP. It has been which stimulated the 3H]casein hydrolyzing activity by
suggested that activation of the MCP requires a rearrange-238% independent of subsequent treatment with DTT (Table
ment of the subunits in the complex (Figueredo-Pereira et 1).
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Table 1: Effect of pPCMBS, DCIC, and Oxidants on the Peptide and
Protein Hydrolyzing Activity of the MCP

Z-LLE-MNA [ 3H]casein
nmol % ug %
addition hydrolyzed activity hydrolyzed activity
none
-DTT 0.93 100 0.34 100
+DTT 0.95 102 0.33 97
pCMBS
-DTT 0.01 1 0.05 15
+DTT 0.34 37 0.92 271
DCIC
—DTT 0.57 61 1.16 338
+DTT 0.87 94 1.15 338
FeSQ—EDTA—ascorbate
-DTT 2.03 218 0.59 174
+DTT 2.11 227 0.76 224
H.0,
—DTT 0.58 62 0.52 153
+DTT 0.57 61 0.59 174

a Assays were carried out as described under Materials and Methods

containing 1.5ug of purified MCP, 50 mM Tris-HCI (pH 8.0), and
preincubated at 28C for 10 min as indicated with either 30M DCIC,
50 uM pCMBS (solubilized in DMSO), or oxidants as described. All
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Ficure 6: Effect of pCMBS on the MCP proteinase activity. Assays

assays contained 0.63% DMSO. DTT (1 mM) was then added where Were carried out as described in Table 1.

indicated, and the mixtures were further incubated &@%or 30 min.
Z-LLE-MNA or [3H]casein (80000 dpmd) was added, and assays
were carried out as described under Materials and Methods.
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Ficure 5: Effect of pCMBS on the MCP’s peptidase activity.
Assays were carried out as described in Table 1.

H.O, treatment of the MCP decreased Z-LLE-MNA
hydrolysis (39%), and activity could not be restored by the
addition of DTT (Table 1). JH]Casein hydrolysis was
stimulated 53% by BD, treatment and 74% upon the
addition of DTT. These results are similar to what was
observed with DCIC and pCMBS. However, the degree of
stimulation of peptide and protein hydrolysis by MCP treated
with H,O,, DCIC, and pCMBS differed from that measured
with the oxidant system FeQOEDTA—ascorbate. FeSO
EDTA—ascorbate stimulated both Z-LLE-MNA (118%,
127%) and JH]casein (74%, 124%) in the absence and
presence of DTT, respectively.

Effect of Oxidants, pCMBS, and DCIC on the Structure
of the MCP Complex.Electrophoresis of the MCP under

A B

1 2 3 4 5 6 1 2 3 4 5 6
MCP-2—. T a kDa
MCP-1- - 669

e B, -
- 440
1 -232
. - 140

—_——— - 67

Ficure 7: Nondenaturing polyacrylamide gel electrophoresis of
MCP treated with oxidants, pCMBS, and DCIC. MCP (L&)

was treated either with oxidant (A) as described under Materials
and Methods or with protease inhibitors (B) for 10 min at°Z3

and for another 30 min with dithiothreitol (1 mM) where indicated.
Protease inhibitors were dissolved in dimethyl sulfoxide (DMSO),
and all samples contained 0.19% DMSO. Proteins were resolved
on 5% polyacrylamide gels run at 50 V,°€, using a Tris (25
mM)—glycine (192 mM) buffer. Molecular mass standards (Phar-
macia) (thyroglobulin, 669 kDa; ferritin, 440 kDa; catalase, 232
kDa; lactate dehydrogenase, 140 kDa; and bovine serum albumin,
67 kDa) were used only as a means of reference and not to
determine molecular mass since electrophoretic mobility is a
function of protein size and charge. The gels were stained with
silver.

nondenaturing conditions showed two distinct protein bands,
one having a mass of 650 kDa corresponding to the native
size of the MCP (MCP-1) and a second with an apparent
mass of~1300 kDa (Figure 7A, lane 1) (MCP-2). No
protein bands were present at masses below 650 kDa.
Although it is possible that the 1300 kDa band is a dimer of
the purified MCP, this species is not detected on gel filtration
(data not shown). Since nondenaturing gels separate proteins
based on size as well as charge, it is likely that MCP-2 is a
charge variant of MCP-1. This conclusion is supported by
SDS-PAGE of the material applied to the nondenaturing
gel which shows only the subunits which are characteristic
of the MCP (Figure 4). In addition, activity against Z-LLE-
MNA was found in the region of the gel containing MCP-1
and MCP-2, and polyclonal antibodies raised against the
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Table 2: Densitometric Scan of Nondenaturing Gels of MCP Treated with Oxidants, pCMBS, and DCIC
lane densities, area (AU mm)

lane: 1A 2A 3A 4A 5A 6A 1B 2B 3B 4B 58 6B
treatment: none none FeSQ-EDTA—ascorb FeSQ—EDTA—ascorb H.O, H:;O, none none pCMBS pCMBS DCIC DCIC

DTT: -+ - - T - + - +
MCP-2 028 0.44 0.37 0.39 000 000 049 061 000 023 000 0.00
MCP-1  1.00 1.69 2.15 1.90 064 074 173 18 000 221 032 065

2 The gels shown in Figure 7 were silver-stained, and density readings of the MCP bands in each lane were determined using an LKB densitometer.
Densitometer readings were linear up to &g of protein.

Table 3: Catalytic Activities of DCIC- and pCMBS-Treated MCP Subjected to Gel Filtration

[*H]casein degradation Z-LLE-MNA hydrolysis

protein ng ng degraded nmol nmol hydrolyzed

(u9) degraded/h (ug of proteiny* h* hydrolyzed/h (ug of proteiny*h™t
MCP+ DTT 30.2 5570 184 68.80 2.28
MCP + DCIC 16.8 7030 419 43.90 2.61
MCP + DCIC + DTT 21.1 6630 314 125.40 5.94

MCP + pCMBS 2.4 0 0

MCP + pCMBS (+DTT)? 2.4 3280 1367 0.16 0.07

a(+DTT) indicates 1 mM DTT added to assays after MCP was separated on gel filtrationg &IMCP was incubated 10 min at 28 with
either 50uM pCMBS or DCIC and for an additional 30 min in the absence or presence of 1 mM DTT where indicated. Approximaiglywa®
applied to a Superose 6 (Pharmacia) gel filtration column (1xc80 cm) equilibrated with 50 mM Tris-HCI (pH 7.4) containing 100 mM NacCl.
0.5 mL fractions were collected and assayed with Z-LLE-MNA aittldasein. The peak of activity in all cases eluted in fractions 23 which
were combined. The pooled fractions were then assayed for total prétdjoagein, and Z-LLE-MNA hydrolysis.

MCP from rat liver recognized both bands. The addition of active, MCP was treated with DCIC or with DCIC followed
DTT, which has been shown to cause reassociation of MCPby DTT and fractionated by gel filtration on Superose 6 in
subunits dissociated by treatment with mercurials (Figueiredo- order to resolve native MCP from any partially dissociated
Pereira et al., 1994), did not change the banding pattern butspecies. Column fractions were assayed for their ability to
caused a slight increase in the staining intensities of the hydrolyze casein and Z-LLE-MNA. lIrrespective of the
MCP-1 and MCP-2 bands (Table 2). Treatment of the MCP treatment, the only activity detected was in the elution
with the FeSQ-EDTA—ascorbate oxidant generating sys- position of native MCP with no evidence for any activity
tem increased the intensity of the 650 kDa band (Table 2) eluting at lower molecular weight (data not shown). The
and generated diffuse staining in the region below this band peak fraction was then combined with adjacent side fractions,
(Figure 7A). The addition of DTT to the FeSOEDTA—  anqg peptide and protein hydrolysis was measured. The
ascorbate-treated MCP did not alter the staining |nten3|t|esspeciﬁC activity of fH]casein degradation by the DCIC-
or change the banding pattern (Figure 7A, Table 2). Treat- aated MCP was more than 2-fold higher than the control
ment of the MCP with the oxidant 4, produced a very  (Taple 3). DCIC-treated enzyme which had been incubated
f:hff(re]rent banding pattern. The 'r\]AC,P'Z band \:cvas not prEsemwith DTT prior to gel filtration also had a specific activity

It? t de I—bOz-t(;eated MSP,F{:md t ?Ante_l?sl')tly 02t g 65|0 Da higher than the control enzyme (Table 3), in agreement with
ban W%Sth ectre_a_se . (t \gure. th7 avle b).lz H:s%OkD the results shown in Table 1. DCIC treatment resulted in a
e o bt o . ko256 ZLLEMNA hycroying acviy, simiar o e

. . 9 9p results shown in Table 1, although the specific activity of
intensities when the #D,-treated MCP was subsequently ) : ; :

; the enzyme against this substrate was slightly higher (Table
exposed to DTT (Figure 7A, Table 2). Treatment of the 3). However, when DCIC-treated MCP was exposed to DTT
MCP with the thiol reagent pCMBS (Figure 7B, Table 2) or 7. L o

prior to gel filtration, the enzyme after gel filtration had

the serine protease inhibitor DCIC (Figure 7B, Table 2) - . .
resulted in the disappearance of the MCP-2 band and Ioartialnearly twice the total activity and greater than 2.6-fold higher
specific activity against the peptide substrate. Since the

to almost complete loss of the MCP-1 band accompanied
by increased staining below 650 kDa. The addition of DTT €fféct of DTT on DCIC-treated MCP was to return Z-LLE-
to MCP treated with DCIC resulted in only a slight increase MNA hydrolyzing activity nearly to control levels (Table
in the MCP-1 band with no reassociation of the MCP-2 band 1), the enhanced rate of peptide hydrolysis after gel filtration
(Figure 7B, Table 2). DTT, on the other hand, appeared to SU99ests that this step removes an inhibitory component. To
restore both bands of the pCMBS-treated MCP (Figure 7B, obta|_n a direct comparison with the results_ of Figueiredo-
Table 2), which is in good agreement with the effect of DTT Pereira et al. (1994), MCP was treated with pCMBS and
on pCMB-treated MCP reported recently (Figueiredo-Pereira Subjected to gel filtration. Only 8% of the protein and no
et al., 1994). activity were recovered in the position of the native MCP
DCIC treatment resulted in a significant loss of the MCP-1 compared to the control, which is in good agreement with
and MCP-2 protein bands (Figure 7B, Table 2) but only a analysis of the same experiment on nondenaturing PAGE
40% decrease in peptidase activity and a 3-fold increase in(Figure 7). Although this material had no detectable
proteolytic activity (Table 1). To address whether the proteolytic activity, the specific activity of the casein-
residual full-sized enzyme is more active (i.e., has a higher degrading component following treatment with DTT was 7.5-
specific activity) or the dissociated subunits are catalytically fold higher than that of the control (Table 3). In contrast,
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DTT failed to regenerate Z-LLE-MNA hydrolyzing activity  reacting with catalytic threonine residues (Lowe et al., 1995),

(Table 3). this reagent can also modify protein sulfhydryl groups (L.
Waxman, unpublished results). Because of the large size
DISCUSSION of the MCP, identification of those key amino acids,

particularly the cysteine residues, which participate in the
activation process presents a formidable challenge.

It has been proposed that relaxation of the structure of
the MCP complex is essential for activating the MCP’s
proteolytic activity based on the finding that MCP exposed
to the mercurial pCMB dissociated into inactive subcom-
plexes which could be reassociated in the presence of DTT,
with recovery and activation of proteolytic activity (Figueiredo-
Pereira et al., 1994). Similarly, in the studies presented here,
pCMBS dissociated the complex and inhibited MCP’s
protease and peptidase activity. The complex reassembled
following addition of DTT concomitant with stimulation of
[®H]casein degrading activity and partial restoration of
peptidase activity. We have also shown that the serine
protease inhibitor, DCIC, causes partial dissociation of the

The finding that oxidants can stimulate the degradation
of proteins by the MCP may be physiologically relevant in
that the cell has a mechanism for the efficient removal of
postsynthetically modified proteins. Over the last decade,
numerous studies have shown that oxidatively damaged
proteins are more rapidly degraded than their native coun-
terparts and that these proteins are targeted for rapid
degradation by various intracellular proteases. In red blood
cells, it was found that the metalloinsulinase played a
significant role in the degradation of proteins damaged by
oxidants (Fagan & Waxman, 1991, 1992). We reported that
the MCP played a relatively minor role in this process since
red cell extracts (that had not been exposed to oxidant)
degraded oxidatively damaged hemoglobin equally well in

the presence or absence of the MCP (Fagan & Waxman,MCP and stimulation of casein hydrolysis. However, unlike

1992). Exposure of skeletal muscle extracts #®}both i i
increased the supply of substrates for the ATP—independentthe effect of DTT on pCMB- or pCMBS-treated MCP, the

X . addition of DTT to DCIC-treated MCP was unable to
degradatwg .SYS“'-“.“ and appegred to activate the pr.OteasefsaciIitate reassociation of the complex. Furthermore, no
\(/)V;g::ti\?;rtlccli%arlﬁlz '2 dthercf"[—(laﬁ ;n((jgpe)iﬂgerg ('jzzgraalr?atllc;rézta)f evidence could be obtained in our studies for catalytically

y ged p ) gan, - " active subcomplexes (unpublished observations). Thus, our
Proteolysis of cellular proteins, as well as oxidatively-

o ; . . results support the suggestion that structural integrity is
modified superoxide dismutase and hemoglobin, was greatly . : , . -
. ; . - 2 required for expression of the MCP’s enzymatic activities
increased in the lysate of cultured liver cells treated with

mild oxidants (Grune et al., 1995). Therefore, exposure of (Figueiredo-Pereira et al., 1994)' .

cells and tissues to active oxygen species not only may Treatment of the MCP with the _OX|dant system FeSO .
postsynthetically modify proteins and make them better EDTA—ascorbate stlmul_ated protein and pepnde hydrolysis,
substrates for degradation but also may modulate the activitybUt appeared to have little effect on the size of the MCP

of specific proteases, either directly or indirectly, by their complex based upon nondenaturin_g PAGE'. Hc_)weV(_—:'r,.treat-
effegt on er?dogenous activators oryinhibitors Y. by ment of MCP with HO, resulted in subunit dissociation

While oxidants stimulated the hydrolysis 8Fjcasein by which could not be reversed with DTT, little change in the
. - tid tivity, timulati f teolyti tivity.
the MCP, they had little effect on the ability of PA28, an peptidase activity, and a stimulation of proteolytic activity

d . f the MCP imul i Similar to the effect of DCIC, neither dissociation nor
endogenous activator of the , to stimulate peptidase .o ,qqqciation of the complex appear to be absolutely required
activity. In addition, while some stimulation of peptidase

L ; ) . for activating MCP’s proteolytic activity. On the basis of
activity foII(_)wmg treatment of the MCF with oxidants was observations, we propose that at least two pathways can
ok_)?]eg/;a\czjélt v&as much Iﬁss nge.cnve_]g&;%g% than s_zen lead to activation of proteolysis. In the first, modification
wit . HOWever, the addition 0 . to oxi ant— by oxidants can induce conformational changes in MCP
”e"?“?d MCP rgsulted in no greater stimulation of peF’t'd""sesubunits similar to the rearrangement of the subunits
activity than with untreated MCP. Therefore, the effects of promoted by a cycle of dissociatiemeassociation. Alter-
omdan; treatment and PA28 on pept_ldase activity are not natively, oxidants as well as other agents could exert their
synergistic. The qpseryatlon t_hat oxidant treatment failed gty by compromising the binding of inhibitory subunits.
to abolish the positive mfceractlon of PA28 with the_ MCP Both possibilities are open to experimental verification.
also suggests that the regions of the MCP and PA28 involved
in binding appear not to be susceptible to modification by AcKNOWLEDGMENT
oxidants.

Conformational changes brought about by oxidative We are'grateful to Ms. Marllyn Schwartz for her assistance
modification of specific amino acids on subunits of the MCP N Preparing the manuscript.
may result in activation of the enzyme. Although the
residues have not been identified, we suggest that cysteine?EFERE'\lCES
may play a key role.N-Ethylmaleimide and dithiobis(2-  Amici, A., Levine, R. L., Tsai, L., & Stadtman, R. L. (1989)
nitrobenzoic acid) (Tanaka et al., 1986), as well as pCMB  Biol. Chem. 2643341-3346.
(Figueiredo-Pereria et al., 1994), all thiol-specific reagents, Bradford, M. M. (1976)Anal. Biochem72, 248-254.
have been shown to activate the proteolytic activity of the Cardozo, C., Vinitsky, A., Hidalgo, M., Michaud, C., & Orlowski,
MCP. While the oxidants bD, and FeSQ-EDTA— M. (1992) Biochemistry 317373-7380. _
ascorbate are less specific than the first three reagents, thefhgh':':jg'zg?'l%?fg_hltggzg" & DeMartino, G. N. (1992)Biol.
can also oxidize thiol groups on proteins. However, unlike ' '

. ... Chu-Ping, M., Vu, J. H., Proske, R. J., Slaughter, C. A., &
PCMB, their effects cannot be reversed by treatment with — peMartino, G. N. (1994)). Biol. Chem 269, 3539-3547.

DTT. Fina”y, althOUgh the serine proteinase inhibitor DCIC Dahlmann, B., Rutschmann, M., Kuehn, L., & Reinauer, H. (1985)
is believed to inhibit the peptidase activities of the MCP by  Biochem. J. 228171-177.



Oxidants Activate the Multicatalytic Endopeptidase

Dick, L. R., Moomaw, C. R., DeMartino, G. N., & Slaughter, C.
A. (1991) Biochemistry 302725-2734.

Fagan, J. M., & Waxman, L. (199Biochem. J277, 779-786.

Fagan, J. M., & Waxman, L. (1992) Biol. Chem. 26,723015-
23022.

Fagan, J. M., Waxman, L., & Goldberg, A. L. (198B)Biol. Chem
261, 5705-5713.

Figueiredo-Pereira, M. E., Yu, B., & Wilk, S. (1994) Biol. Chem.
269 621-626.

Gecha, O. M., & Fagan, J. M. (1992) Nutr. 122 2087-2093.

Gray, C. W., Slaughter, C. A., & DeMartino, G. N. (1991)Mol.
Biol. 236, 7—15.

Grune, T., Reinheckel, T., Joshi, M., & Davies, K. J. A. (1995)
Biol. Chem. 2702344-2351.

Jenthoft, N., & Dearborn, D. G. (1988)ethods Enzymo91, 570—
579.

Laemmli, U. K. (1970)Nature 227 680—685.

Lowe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W., & Huber,
R. (1995)Science 268533-539.

McGuire, M. J., McCullogh, M. L., Croall, D. E., & DeMatrtino,
G. N. (1989)Biochim. Biophys. Acta 993.81-186.

Mellgren, R. L. (1990)Biochim. Biophys. Acta 104@8—34.

Mott, J. D., Pramanik, B. C., Moomaw, C. R., Afendis, S. J.,

Biochemistry, Vol. 35, No. 22, 1996149

DeMartino, G. N., & Slaughter, C. A. (1994) Biol. Chem. 269
31466-31471.

Mykles, D. L. (1989)Arch. Biochem. Biophys. 27216-228.

O'Farrell, P. H. (1975). Biol. Chem 250, 40074021.

Orlowski, M., Cardozo, C., & Michaud, C. (1998iochemistry
32, 1563-1572.

Pacifici, R. E., Salo, D. C., & Davies, K. J. A. (198Bj)ee Radicals
Biol. Med. 7 521-536.

Pereira, M. E., Nguyen, T., Wagner, B. J., Margolis, J. W., Yu, B.,
Wilk, S. (1992a)J. Biol. Chem. 26,77949-7955.

Pereira, M. E., Yu, B., & Wilk, S. (1992brch. Biochem. Biophys.
294, 1-8.

Rivett, A. J. (1985a). Biol. Chem. 260300-305.

Rivett, A. J. (1985b)J. Biol. Chem. 2601260G-12606.

Salo, D. C,, Lin, S. W., Pacifici, R. E., & Davies, K. J. A. (1988)
Free Radicals Biol. Med.,5335-339.

Strack, P. R., Wajnberg, E. F., Waxman, L., Fagan, J. M. (1991)
Biomed. Biochim. Acta 50179-481.

Strack, P. R., Waxman, L., & Fagan, J. M. (1992) J. Biochem.
24, 887—-895.

Tanaka, K., li, K., Ichihara, A., Waxman, L., & Goldberg, A. L.
(1986)J. Biol. Chem. 26115197 15203.

BI19518048



