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ABSTRACT. A protease was purified some 700-fold from rat liver microsomes by a combination of
differential detergent solubilization, hydroxyapatite column chromatography, and gel filtration. The protease
exhibits substrate selectivity for stearoyl-CoA desaturase (SCD). The purified protease rapidly degraded
SCD while other microsomal proteins including cytochrobeand 113-hydroxysteroid dehydrogenase

were degraded slowly or not at all. The isolated form of the protease has an apparent molecular mass of
~90 kDa. Upon incubation, the 90 kDa form of the protease undergoes rapid conversion to a series of
smaller proteins. This conversion is associated with a marked increase in proteolytic activity. Diisopropyl
phosphofluoridate (DFP) at high concentration partially inhibited the protease activity 3HH2MP-

labeled protease was detected as three protein bands of approximately 66 kDa under nonreducing conditions
and a single 25 kDa band under reducing conditions. The purified protease was inhibited by dithiothreitol,
suggesting the presence of an essential disulfide bond. These results further define the mechanism by
which SCD is rapidly and selectively degraded in isolated liver microsomes.

The protein components of the endoplasmic reticulum (ER) utilizes G, and electrons from reduced cytochroimg(cyt
are in a constant state of renewal. The mean half-life of an bs) (3). The A° desaturase system is required for the
ER protein is approximately 2 days, but the degradation ratespiosynthesis of oleate and palmitoleate, the major mono-
of individual protein species of the ER are quite varialile (  ynsaturated fatty acids of membrane phospholipids, triglyc-
2). The protease(s) involved in the normal turnover of ER erides, and cholesterol ested).(When fatty acids are not

proteins and th_e mechanism by which certain proteins are 4y ailable from dietary sources, SCD mRNA, SCD activity,
selected for rapid degradation are unknown. To address thes%nd the concentration of SCD protein in the liver increase

questions, we are investigating the degradation of a short—up to 50-fold 6, 6). Induction is primarily due to increased

lived ER protein, stearoyl-CoA desaturase (SCD). -
SCD is the terminal component of the microsorad! transcription of the SCD gené&); Once unsaturated fatty

desaturase system and catalyzes the insertion of a doubl@cids are restored in the diet, the SCD protein content of

bond into palmityl-CoA and stearoyl-CoR); The reaction liver microsomes rapidly decreases to preinduction lels (
The half-life of hepatic SCD in vivo and in vitro is
T Supported by NIH Grant GM-26351 (J.0.). approximatet 4 h (5, 7). The combination of robust SCD
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SCD consists of a single polypeptide of 358 resid@s ( SCD 45-358, respectively. The downstream primer was P3
The A® desaturases contain two internal hydrophobic seg- (5-GTC GCG GCC GCT TTA GCT ACT CTT GTG GCT
ments separated by a 100-residue middle segment and ar€CC ATC-3). The resulting PCR products were digested
predicted to span the ER membrane four times with two short with EcoRI—Notl and inserted intdEcoRl—Notl-digested
hydrophilic loops in the ER lumen and three cytosolic pGEM-11Zf(t).
domains comprising the N-terminus, middle segment, and The cDNA encoding the full length of rat BAHSD
C-terminus 9, 10). There are eight catalytically essential preceded by a Kozak sequence andeagR| site at the 5
histidine residues arranged in three clusters in the middle end and extended at thé énd by aNotl site was amplified
segment and C-terminud@. These histidine residues are by polymerase chain reaction using the following oligo-
conserved in other oxygen-activating non-heme iron enzymesnucleotides: P4 (5SGAG CGA ATT CCC ACC ATG AAA
and probably act as ligands for the iron atom(s) contained AAA TAC CTC CTC CCC GTC CTG G-3 and P5 (5
in these enzymesdl(). The N-terminus of SCD contains an CAG CGG CCG CTA GTT GCT TAC AAA TAG GTC
extended sequence of hydroxylated amino acids and a clusteCC-3). The resulting PCR product was digested with

of lysyl residues §). EcaRI—Notl and inserted int&ccoRl—Not-digested pGEM-
In previous studies, we showed that SCD is rapidly and 11Zf(+). _ _ _
selectively degraded in isolated liver microsom@&s 1(1). The cDNA encoding human cys inserted in pT7T3D-

Microsomal SCD protease activity remains associated with Pac was obtained from the ATCC. Contrary to what was
the membrane fraction when cytosolic surface proteins andreported by the ATCC, this cDNA was incomplete. The
soluble lumenal proteins are selectively removad 1(1). sequencing of this insert revealed that the sequence segment
More recently, we showed that the N-terminus of SCD Metl—Thr26 was missing. The sequence was then completed
contains a sequence determinant for rapid protein degradatiorPy PCR using two long overlapping oligonucleotides, P6 (5
in CHO cells (12). Three lysyl residues are essential for the GCC GTG AAG TAC TAC ACC CTA GAG GAG ATT
function of the N-terminal degradation signab. CAG AAG CAC AAC CAC AGC AAG AGC ACC TGG

In this report we describe the purification and character- TG ATC CTG CAC CAC AAG-3) and P7 (5GAG CGA
ization of a microsomal protease that selectively degrades”TT CCC ACC ATG GCA GAG CAG TCG GAC GAG
SCD. The protease was purified 700-fold by a combination GCC GTG AAG TAC TAC ACC CTA-3), adding the
of differential detergent solubilization, hydroxyapatite chro- S€quences AVKYYTLEEIQKHNHSKST and MAEQSDE
matography, and gel filtration chromatography. The protease Preceded by a Kozak sequence andeanR site at the 5

was isolated as a 90 kDa protein that appears to be a®hd- The cDNA encoding full-length cybs was then
zymogen since incubation leads to increased proteolytic @MPplified by PCR using oligonucleotides P7 and P8 which

activity and conversion into smaller protein forms. contains aNot site (3-GTC GCG GCC GCT TCA GTC
CTC TGC CAT CTA TAG-3). The PCR product was
EXPERIMENTAL PROCEDURES digested withEcoRI—Notl and inserted intdecoRI—Notl-

_ _ digested pGEM-11Zff).

Materials. Chemicals and reagents were purchased from  Analysis of Protein DegradatiorSCD degradation was
Sigma unless otherwise noted. CHAPS was from ProChem,assayed by following the disappearance of tfS]Met-
Inc. L-[**S]Methionine was from AmershaniH]DFP was  |abeled SCD, cytbs, and 1B-HSD protein bands by
from New England Nuclear. Hydroxyapatite (Ultragel HA,  autoradiography after SOSPAGE. A stock of degradation
60—180um bead size) was from LKB. Human apolipopro-  substrate was prepared by dilutingAlDof the transcription/
tein B (apoB) and anti-apoB polyclonal antibody were translation reaction product containing labeled proteins with
obtained from Chemicon. The reverse-phase HPLC column 9o L of 20 mM sodium phosphate, pH 8.0. For each assay,
(C4,0.46x 15 cm) was from Vydac. Centricon-10 and -30 1-2 4L aliquots of the indicated fractions were added to 10
microconcentrators were from Amicon. Restriction and ,L of the diluted TNT reaction product and incubated at 37
modification enzymes were from Life Technologies. The °C for the indicated times. For apoB degradation, 2g5of
vector pGEM-11Zf{-) used for the coupled transcription/  apoB was incubated with/L of the protease fraction at 37
translation reactions and the coupled transcription/translation°C for 3 h. Control mixtures were frozen at20 °C.

system (TNT) was from Promega. The cDNA encoding cyt Degradation was terminated by the addition of SIPRAGE

bs inserted in pT7T3D-Pac was from the American Type sample buffer and boiling for 2 min.

Culture Collection (ATCC). The cDNA encoding for A1 Immunoblot Analysis.Preparation of antisera against

hydroxysteroid dehydrogenase (itiHSD) was a gift from  purified microsomal SCD and a synthetic peptide represent-

Dr. Anil K. Agarwal, University of Texas Southwestern ing the C-terminus of SCD was described previously7j.

Medical Center at Dallas. Apolipoprotein B (apoB) was detected with commercial
Construction of Plasmid3.he cDNA encoding the rat liver  polyclonal anti-apoB antibody from Chemicon. Proteins were

stearoyl-CoA desaturase (SCD) was obtained as describedseparated by 10% or 12% SBEAGE and transferred onto

previously (2). The cDNAs encoding the full length of rat PVDF membranes. The blots were blocked with 3% albumin.

liver SCD and SCD 45358 preceded by a Kozak sequence The blots were incubated with antibody overnight &tCl

and anEcaRl site at the 5end and extended at thé énd Bound antibody was detected with an anti-tg&@kaline

by aNotl site were amplified by polymerase chain reaction phosphatase conjugate (Sigma A-3687) and a phosphatase

using the following oligonucleotides: P1'{6AG CGA detection kit (Kirkegaard and Perry Laboratory, Gaithersburg,

ATT CCC ACC ATG CCG GCC CAC ATG CTC CAA-3 MD).

and P2 (5GAG CGA ATT CCC ACC ATG AGA GAA Preparation of Microsomes and Purification of the SCD

GAT ATC CAC GAC CCC-3) for the 3 end of SCD and Protease.Desaturase-induced rat liver microsomes were
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prepared as described)( All subsequent steps were done TX100 Insoluble Subfractions
at 4°C. Crude microsomes were washed twice with high- el | et e e
salt wash buffer [10 mM Trisacetate (pH 8.0), 20% olzlzlzsz =lls 21 2| 2
glycerol, 500 mM NaCl, 20 mM EDTA, 1 mM DTT] in zlg s (‘_-3; é e E § ;E § é g ;cé;

order to remove trapped cytosolic proteins and peripheral sak-f
membrane proteins. Microsomes were washed by suspending ask- «
the pellet in 2.5 mL of high-salt wash buffer/g of liver with _.sT = «SCD
a Potter-Elvehjem homogenizer at€ and centrifuged for 29k=
90 min at 40000 rpm (1250@Pat 4°C in a Beckman Ti45

rotor. After the second high-salt extraction, the microsomes

; -~ ; Ficure 1: Subcellular fractionation and solubilization of the
\g%re i’\cl)aojheld Wlthl I8vg Sall\sl bEug.le_;[Ssml\le J.F'.? c:;etatz (pH stearoyl-CoA desaturase (SCD) protea®&]BCD was synthesized
0), o glycerol, U. m_ » o _] 0 reduce by in vitro transcription and translation. Subcellular fractions were
the salt content of the microsomes. The microsomes werejncubated with ¥S]SCD for 15 h at 37C and analyzed by SDS

suspended in 2.5 mL of low-salt buffer/g of liver with a PAGE on a gel containing 10% acrylamide. A fluorogram of the
Potter-Elvehjem homogenizer at 4C and centrifuged for g€l is shown. Lane 1 shows th&$]SCD preparation kept at20

; o i ; °C. The control in lane 2 is®{S]SCD incubated with buffer. In
60 min at 36000 rpm (1000@pat 4°C in a Beckman Tids lanes 712, the Triton X-100 (TX-100) insoluble fraction of high-

rotor. The washed microsomes were suspended With agyit washed microsomes (HSWM) was extracted with 296 TX-100/
Potter-Elvehjem homogenizer in 1 mL of microsomal 200 mM NaCl (lanes 7 and 8) or 2% CHAPS 200 mM NaCl
solubilization buffer [MSB; 10 mM Tris-acetate (pH 8.0), (lanes 9-12). After salt and detergent were added as indicated,
20% glycerol] per gram of liver. High-salt-washed mi- Soluble and insoluble subfractions were prepared by ultracentrifu-
crosomes (HSWM) refer to microsomes that have been gation (125000 for 60 min at 4°C) and incubated with¥{S]SCD
. . . . at 37°C for 4 h.
washed twice with high-salt buffer and once with low-salt
buffer and suspended in MSB. The HSWM were solubilized Reaction of the Protease witFH]DFP. Radiolabeling of

by $|0W|3f/ agdingll'l'ritqnlx-loo (TX-1I§)O) toa ﬁ“‘?" colncglen— proteins was done by incubatingH]DFP (2 uCi, 8.4 Ci/
tration of 2% while stirring at £C. The TX-100 insoluble = 51 with 104L of the indicated fraction at 4C for 16 h.

fraction was collected by centrifugation for 60 min at 38000 The ®H-labeled preparation was analvzed by SEFAGE
rpm (110000) at 4°C in a Beckman Ti45 rotor. The TX- ¢, owed by autc?ragiogr;ph;.v yz y

100 insoluble fraction from 100 g of liver was suspended
with a Potter-Elvehjem homogenizerin 15 mL of MSBand RESULTS
solubilized by slowly adding 10% CHAPS @t M NacCl
sequentially to give final concentrations of 200 mM NaCl  Solubilization of a Microsomal Protease That Selelty
and 2% CHAPS while vortexing at 4C. The insoluble Degrades SCDWe previously identified a protease activity
material was removed by centrifugation for 60 min at 40000 in isolated liver microsomes with the ability to degrade native
rom (12500@) at 4 °C in a Beckman Ti45 rotor. The SCD (11). To further characterize the microsomal protease-
solubilized material was applied to an 80 mL column (2.5 (S) that degrade(s) SCD, we needed to develop a suitable
x 16 cm) of hydroxyapatite equilibrated in 10 mM NaP assay. Purified SCD preparations contain aggregated mol-
buffer [10 mM sodium phosphate (pH 7.5), 1% CHAPS, 5% ecules that are resistant to degradation and lead to a high
glycerol]. The column was developed with 200 mL of background signal in assays based on the disappearance of
equilibration buffer, 400 mL of 25 mM NaP buffer, and 200 intact SCD. We therefore investigated the degradation of
mL of 50 mM NaP buffer. Individual fractions of the 50 [**S]SCD prepared in vitro by coupled transcription/transla-
mM NaP eluate were concentrated by ultrafiltration using tion (TNT).
Centricon-10 or -30 devices. A 0.3 mL aliquot of the SDS-PAGE and autoradiography of th#$]SCD in vitro
concentrated HAP preparation was fractionated by gel translation product revealed a predominant 37 kDa band
filtration FPLC on a Superdex 200 HR 10/30 column consistent with the known molecular mass of native SCD
(Pharmacia) equilibrated with 10 mM Trisicetate (pH 8.0),  (Figure 1, lane 1). The3}S]SCD was not degraded when
1% CHAPS, and 200 mM NaCl at a flow rate of 0.3 mL/ the entire TNT reaction mixture was incubated for 15 h at
min. Protein concentrations were determined by the Coo- 37 °C in the absence of microsomal protein (Figure 1, lane
massie colorimetric method (Pierce). 2), indicating that the TNT system is free of significant
Selectie Reduction and Alkylatiomhe 50 mM NaP eluate ~ endogenous SCD protease activity.
from the hydroxyapatite column was concentrated 20-fold We next examined selected subcellular fractions for
by ultrafiltration. The concentrated preparation was alkylated protease activity.3fS]SCD was stable when incubated with
with 10 mM iodoacetamide for 30 min at 37C. The cytosol (Figure 1, lane 3)3JS]SCD was degraded when
alkylated preparation was desalted by ultrafiltration using incubated with desaturase-induced rat liver microsomes that
cold desalting buffer [LO0 mM Tris-HCI (pH 8.0), 25 mM  had been washed with 500 mM NaCl and 20 mM EDTA,
NaCl, 5% glycerol, 1% CHAPS] as the diluent. Aliquots of denoted and abbreviated hgh salt washedmicrosomes
the alkylated and desalted preparation were reduced with(HSWM) (Figure 1, lane 4). SCD protease activity was
0—500uM DTT for 2 h at 37°C. The reduced preparations recovered in the insoluble fraction when HSWM were
were realkylated with 2.25 mM{Cliodoacetamide (specific  solubilized with 2% Triton X-100 (TX-100) (Figure 1, lane
activity 55 mCi/mmol) fo 1 h at 25°C. Alkylation with 6). The TX-100 soluble fraction of HSWM did not signifi-
[*“Cliodoacetamide was terminated by addjfwnercapto- cantly degrade SCD (Figure 1, lane 5). The TX-100 insoluble
ethanol. The'“C-labeled preparations were analyzed by fraction degraded SCD much faster than HSWM, indicating
SDS-PAGE followed by autoradiography. that extraction of TX-100 soluble proteins enriched the

1 2 3 4 5 6 7 8 9 o 11 12
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SCD Cyt. b5 11-HSD Table 1: Purification of SCD Protease Activity from
+Tx100 Insol. | +Tx100 Insol. § +Tx100 Insal. High-SaIt-Washed Liver Microsomes (HSWM)
2l0 4 15|0 4 15| 0 4 15|Time(hr)
@ total specific
ig:" volume proteirt activity  activity
-& . ’ ’
o S0 fraction (mL) (mg) (units)  (units/mg)
20k-8 HSWM 100 1800 12500 7
P —— T )} solubilized TX-100 20 166 9000 54
insoluble HSWM
—— — «Cyt. b5 HAP column eluate 2.0 10.5 7000 666
(concd 26¢)
14k- Superdex 200 column 0.5 0.1 500 5000

i 2 3 4 5 6 7 8 9
eluaté

Ficure 2: SCD is selectively degraded by a protease in the TX- - - - — .
100 insoluble fraction of microsomes3*$]Methionine-labeled aThe protein concentration was determined with Pierce Coomassie

stearoyl-CoA desaturase (SCD), cytochraogécyt bs), and 18- protein assay reagerftOne unit of SCD protease activity is defined
hydroxysteroid dehydrogenase GEHSD) were synthesized by in @S that volume of enzyme solution that degrades 50966llet-
vitro transcription and translation. Radiolabeled proteins” were SCD presentin a 1oL aliquot containing LL of translation reaction
incubated with the Triton X-100 insoluble fraction of high-salt- Mixture and QL of assay buffer (20 mM NaP, pH 8.0) in 4 hA 0.3

washed microsomes at 3T for the indicated times. Protein ML concentrated sample was placed on the column.
degradation was analyzed by SBBAGE and fluorography.

protease activity. The protease that degrades native SCD ir@ssay i 4 h (Figure 2, lane 2) resulted in no significant
isolated liver microsomes also resists solubilization by TX- degradation of cybs even when the incubation was extended
100 (7). Thus, the results in Figure 1 indicate that the t0 15 h (Figure 2, lanes 5 and 6).
subcellular distribution and solubility of the microsomal ~ 115-HSD is bound to the ER membrane by a single
protease that degrade$$]SCD are similar to the protease transmembrane segment at the N-terminl4).(The bulk
that degrades native SCD. To provide further evidence thatof 115-HSD projects into the lumen of the ER4). Unlike
[35S]SCD synthesized in vitro is degraded by a mechanism ¢yt bs, 113-HSD lacks an extended intradomain region
similar to that of native SCD, we compared the rates of between the membrane-binding segment and the catalytic
degradation of native SCD ané$]SCD. When $S]SCD domain, and the entire molecule is resistant toward proteoly-
was incubated with desaturase-induced microsomes as théis (14). Incubation of $°S]-113-HSD with the TX-100
source of both protease and native SCD in the presence ofinsoluble fraction resulted in minimal degradation at 4 h
detergent, S]SCD was degraded at the same rate as native(Figure 2, lane 8) and slight degradation at 15 h (Figure 2,
SCD (data not shown). lane 9). Thus, the data in Figure 2 indicate that the TX-100
To identify conditions that solubilize the SCD protease insoluble fraction contains a protease that selectively de-
activity, we extracted the TX-100 insoluble fraction of grades SCD.
HSWM, varying the detergent and ionic strength parameters Purification of a 90 kDa Microsomal Protease from the
of the solubilization buffer (Figure 1, lanes-12). When Triton X-100 Insoluble Fraction of lker Microsomes.
the TX-100 insoluble fraction was extracted by 2% TX-100 Hydroxyapatite chromatography was investigated as the next
and 200 mM NacCl, both the insoluble and soluble fractions step in purification of the SCD protease because this
degraded SCD, indicating partial solubilization (Figure 1, adsorbentis functional in the presence of NaCl and CHAPS.
lanes 7 and 8). The SCD protease was also partially The 2% CHAPS/200 mM NaCl soluble fraction of the TX-
solubilized by 2% CHAPS at low ionic strength (Figure 1, 100 insoluble material was applied to a hydroxyapatite
lanes 9 and 10). The combination of 2% CHAPS and 200 column equilibrated with 10 mM sodium phosphate (NaP)
mM NaCl resulted in nearly complete solubilization of the in the presence of 1% CHAPS. The column was developed
SCD protease (Figure 1, lane 11), as indicated by the absencavith 25 mM NaP and 50 mM NaP buffers. SCD protease
of SCD protease activity in the insoluble fraction (Figure 1, activity was recovered in fractions eluted with 50 mM NaP
lane 12). (Figure 3A). SDS-PAGE of active fractions on the ascend-
The specificity of the SCD proteolytic activity in mi- ing side of the 50 mM NaP peak revealed a predominant 90
crosomes was characterized by incubating the TX-100 kDa protein and small amounts of 80, 60, and 45 kDa
insoluble fraction with other ER proteins synthesized in vitro. proteins (Figure 3B). Fractions (13216) eluting later with
Cytochromebs (cyt bs) and 1B-hydroxysteroid dehydroge- 50 mM NaP were less active and contained more of the 60
nase (1B-HSD) were selected as control proteins of the ER and 45 kDa proteins.
membrane. Cybs, a 20 kDa heme protein, is an essential To confirm the molecular mass of the protease, we
component of the liver microsomal stearoyl-CoA desaturase characterized the active HAP fractions by gel filtration
system and contains an N-terminal catalytic domain oriented (Figure 3C-E). Material from the ascending side of the 50
on the cytosolic side of the ER membrane joined to a mM NaP eluate was concentrated by ultrafiltration and
membrane-binding C-terminal hydrophobic segment by a subjected to gel filtration on a Superdex 200 FPLC column.
protease-sensitive hinge regioB, (13). Cyt bs is very The activity was recovered in fractions with an approximate
susceptible to limited proteolysis by a wide spectrum of molecular mass of 90 kDa (Figure 3C). The SCD protease
proteases. Cleavage of cigf in the hinge region yields a  activity of the active gel filtration fractions correlated with
soluble 12 kDa enzymatically active domait8). As shown the staining intensity of the 90 kDa protein band (Figure
in Figure 2, f°S]cyt bs translated in vitro was resistant to  3D,E). Compared with high-salt-washed microsomes, the
degradation by the TX-100 insoluble fraction. Incubation most active gel filtration fractions were enriched 700-fold
with sufficient enzyme to completely degrade SCD in the in protease activity (Table 1).
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Ficure 3: Purification of a 90 kDa microsomal protease from the Triton X-100 insoluble fraction of liver microsomes. The Triton X-100
insoluble fraction of high-salt-washed microsomes was extracted with 2% CHAPS/200 mM NaCl, and the soluble fraction was applied to
a hydroxyapatite (HAP) column equilibrated with 10 mM sodium phosphate (NaP) buffer containing 1% CHAPS. The column was developed
with a stepwise gradient of 10, 25, and 50 mM NaP. The column fractions were concentrated and desalted by ultrafiltration. (A) SCD
protease activity of HAP column fractions. (B) Coomassie blue-stained-FB&E gel of the HAP column fractions. (€E) Gel filtration
chromatography. A 30QL aliquot of the concentrated HAP fraction with the highest specific activity was subjected to gel filtration on a
Superdex 200 column. (C) Gel filtration chromatogram with absorbance at 280 nm. Asterisks indicate the positions of fractions with protease
activity. Arrows indicate the positions of molecular mass standards. (D) SCD protease activity of the Superdex 200 column fractions. (E)
Coomassie blue-stained SBBAGE gel of the Superdex 200 column fractions.

The protein compositions of the active fractions at various  In the course of developing solubilization and chroma-
stages of the purification procedure are shown in Figure 4A. tography procedures for the SCD protease, we noted that
Comparison of the protein profiles of the HAP column the degradation of SCD was inhibited by dithiothreitol
fraction and the Superdex column fraction (lanes 5 and 6 in (DTT). Therefore, DTT was eliminated from the solutions
Figure 4A) shows that several new bands appeared in theused to characterize the protease activity. High concentrations
gel filtration fraction, suggesting that proteolysis occurred of NaCl also inhibited the degradation of SCD, and therefore
after HAP chromatography. This was confirmed when the salt content of column fractions was adjusted to 10 mM
storage of the HAP fraction at 4C resulted in the  Tris-HCl and 25 mM NacCl by ultrafiltration before protease
disappearance of the 90 kDa band and the appearance oéctivity was assayed. To characterize the DTT inhibitory
protein bands around 80 and 66 kDa (Figure 4A, lane 7). effect, SCD was incubated with the active HAP column
To further characterize the stability of SCD Pr, the purified fractions in the presence of increasing concentrations of DTT
protease was incubated at 3Z for various lengths of time  (Figure 5B). Fifty micromolar DTT resulted in 50% inhibi-
and then assayed by brief incubation witP§|SCD. When tion of the protease activity, and some 75% inhibition was
the protease was incubated at %7, the staining intensity  observed with 1.0 mM DTT.
of the 90 kDa protein band rapidly decreased, and the staining Specific Radiolabeling of Essential Disulfide Bond).
intensity of protein bands around 80 and 66 kDa increaseddisulfide bond that is essential for protease activity would
slightly (Figure 4B). The proteolytic activity of the prepara- most readily explain inhibition by DTT. To further evaluate
tion increased dramatically when the protease was incubatedhe possible role of a disulfide bond in the SCD protease,
at 37°C (Figure 4C). we asked whether inhibition by DTT was reversible. When

The 90 kDa Protease Is Inhibited by Diisopropyl Phos- the DTT concentration of the reduced enzyme preparation
phofluoridate, Dithiothreitol, and LeupeptinTo further was decreased to 10M by ultrafiltration, most of the
characterize the SCD protease activity, the effect of various protease activity was recovered (Figure 6A, lane 4). This
protease inhibitors was investigated (Figure 5A). Degradation result is consistent with the proposal that the protease
of SCD was inhibited 60% by 10@M leupeptin, suggesting  contains a disulfide bond that is sensitive to reduction by
that SCD protease is a serine or thiol protease with Lys/Arg DTT and able to re-form when the DTT concentration is
specificity. High concentrations of DFP (5 mM) inhibited lowered, but it does not exclude effects unrelated to disulfide
activity by approximately 30%. The other protease inhibitors bond reduction. When the reduced protease preparation was
investigated did not show significant inhibition of SCD alkylated with iodoacetamide before ultrafiltration, the pro-
protease activity. tease activity was not recovered (Figure 6A, lane 5),



6934 Biochemistry, Vol. 42, No. 23, 2003 Heinemann et al.

>

100
80
60
40+
204

e

% Inhibition

==

DMSO (10%
MeOH (10%

E64

Leupeptin
ALLMN
ALLM

Lactacystin
DFP

Pepstatin

100
80
60+
401
204

Tx100 Insol. fraction of HSWMs

2% CHAPS/200 mM NaCl extract

HAP column fraction (50mM NaP eluate)
Superdex 200 column fraction

HAP column fraction (4°C, 16 hr.)

Std
HSWMs

™
L

111k=
80k=-

% Inhibition @

50k=

| I —N— |
34k~- DTT

28Kk= Ficure 5: Effect of protease inhibitors and dithiothreitol on SCD
protease activity. Aliquots of the active hydroxyapatite column
fraction were preincubated in the presence of various protease
Tt 2 3 4 5 6 7 inhibitors on ice for 15 min except for 5 mM DFP (*), which was
incubated at 4°C for 16 h. P°S]SCD prepared by coupled
transcription translation was added to the inhibitor/enzyme mixtures
B 37°Cscr;girﬁtubation and incubated at 37C for 4 h. After SDS-PAGE and autorad-
P iography, the data were quantified by scanning densitometry. The
o 1 2 4 8lhr inhibitor concentrations indicated are the final concentrations.
111k=— 8 DMSO and MeOH are inhibitor solvent controls. The data are
80k— b presented as percentage of inhibition.

I
'
L
A
g
1 uM
10 uM
50 uM
100 M
1mM
2mM

|

std

that the SCD protease contains one or more disulfide bonds
50k— B that can be reduced under nondenaturing conditions and are
essential for maximum protease activity. To test this hy-
34 k- e pothesis, a procedure was devised to selectively label the
essential disulfide bond(s) in the SCD protease. The protease
28k- 1. preparation was alkylated with iodoacetamide. The alkylated
2 3 4 5 6 preparation was desalted to remove unreacted iodoacetamide
and reduced with various concentrations of DTT as indicated
in Figure 6B. The alkylated/reduced protease preparations
— —_— +[358]SCD were then incubated WitH‘p]iQdoace_tamide to specifically
label the newly formed cysteine residues. SBFR\GE and
2 3 4 5 6 autoradiography of thé“{Cliodoacetamide-labeled protease
FIGURE 4: Conversion of the 90 kDa protease to lower molecular preparations are shown in Figure 6B. The radioactivity
mass forms and activation of SCD protease activity by incubation appeared in a single protein band of approximately 90 kDa.
at 37°C. (A) SDS—polyacrylamide gel analysis of the protease Radiolabeling of the Protease witRH]DFP. Since the

urification. The samples are as follows: lane 1, molecular mass L . s
ﬁwarkers; lane 2. highr-)salt-washed microsomes (HSWM)@6 protease activity was partially inhibited by 5 mM DFP

lane 3, TX-100 insoluble fraction of HSWM (TX Insol) (2&); (Figure 5A), radiolabeling with *H]DFP was attempted.
lane 4, 2% CHAPS/200 mM NacCl extract of TX Insol (1); Labeling of the protease required prolonged incubation with
lane 5, hydroxyapatite column fraction (50 mM sodium phosphate [3H]DFP at 4°C. As shown in Figure 4A, lane 7, fragmenta-
eluate) (3ug); lane 6, Superdex 200 column fractionu@); lane o of the protease occurs under these conditions.-SDS

7, hydroxyapatite column fraction after incubation atGlfor 16 .
h. All lanes were run in the presenceffercaptoethanol. (B and ~ PAGE analyses of théiff]DFP-labeled protease preparation,

C) SCD Pr was incubated at 3T for the times indicated. (B)  followed by autoradiography, showed a single radiolabeled
Five microliter aliquots of incubated SCD Pr analyzed by SDS  band at 25 kDa under reducing conditions and bands at 64
PAGE stained with Coomassie blue. (C) Five microliter aliquots angd 66 kDa under nonreducing conditions (Figure 6C). The
g;tt‘g S%T%gsrﬁﬁ]ogmnszﬁig g é”é;,bA""éeg ‘;‘ETE)]V%&D@ change in molecular mass caused by reduction indicates that
autoradiography. the DFP-labeled form of the protease contains at least two
polypeptide chains connected by a disulfide bridge.
suggesting that reoxidation of a labile disulfide bond is  Specificity of the 90 kDa Proteadaitial characterization
essential for recovery of protease activity. Incubation of the of the substrate specificity of the protease to establish the
protease preparation with iodoacetamide without prior reduc- validity of the F5S]SCD degradation assay was performed
tion did not inhibit SCD degradation (Figure 6A, lane 3). using the TX-100 insoluble fraction, which is a relatively
Taken together, the results depicted in Figure 6A suggestcrude protease preparation (Figure 4A, lane 3). To confirm
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FIGURE 7: Substrate specificity of the purified SCD protease. (A)
Stearoyl-CoA desaturase (SCD), cytochramgécyt bs), and 115-
14k — - hydroxysteroid dehydrogenase GHSD) and (B) SCD with 44
FiGURE 6: Selective reduction and alkylation of SCD protease and 'esidues truncated from the N-terminus (SCD-&58) were
specific radiolabeling of the protease WifiH[DFP. (A) Aliquots synthesized by in vitro transcription and translation in the presence

of the active hydroxyapatite column fraction were reduced (500 Of [**S]methionine. The radiolabeled proteins were incubated with
uM DTT for 30 min at 37°C) and/or alkylated (10 mM iodo- the active hydroxyapatite column fraction at 37 for the indicated
acetamide for 30 min at room temperature) under nondenaturing fimes. Protein degradation was analyzed by SP8GE and .
conditions. The reduced/alkylated samples were desalted by ultra-fluorography. (C) Rat liver microsomes in the presence of 1%
filtration, and their SCD protease activity was determined as in CHAPS were incubated at 37C for 3 h. Human apoB was
Figure 1. (B) Aliquots of the active hydroxyapatite column fraction incubated in the absenceJ or presence) of the purified HAP
were alkylated with nonradioactive iodoacetamide, reduced with column protease fraction. Initial material is denoted-b30 °C.

DTT at the indicated concentrations, and alkylated wittC[- Protein degradatlc_)n was analyzed _by Coomassie blue staining and
iodoacetamide as described in Experimental ProceduresiChe ~ immunoblotting with anti-apoB antibody.

labeled proteins were separated by SBPRAGE and visualized by

fluorography. (C) Aliquots of the HAP-column active fractions were apoB with the SCD protease indeed leads to the degradation
incubated with {H]DFP as described in Experimental Procedures. of apoB (Figure 7C, lane 5). These results suggest that the
The °H-labeled proteins were separated by SPRGE under . 0aq0 described in this report may be involved in the
nonreducing and reducing conditions and visualized by fluorogra- . . .
phy. degradation of apoB through a DTT-sensitive pathway in

HepG2 cells.

the selectivity of the protease after further purification, we DISCUSSION
carried out degradations using the preparation obtained by
hydroxyapatite (HAP) chromatography. The activity of the  Our results demonstrate the presence of a 90 kDa protease
concentrated HAP preparation is enriched approximately in liver microsomes that selectively degrades SCD. The SCD
200-fold relative to the TX-100 insoluble fraction. Under protease was isolated from the Triton X-100 insoluble
conditions in which SCD was completely degraded in 1 h, fraction of high-salt-washed liver microsomes. The enzyme
cyt bs was not degraded, andA-HSD was slightly degraded  was solubilized with 2% CHAPS in the presence of 200 mM
(Figure 7A). NaCl and purified by hydroxyapatite chromatography and
Previously, we reported that N-terminally truncated SCD gel filtration. The molecular mass estimates provided by gel
constructs expressed in CHO cells were degraded morefiltration and SDS-PAGE under reducing conditions are in
slowly than the full-length proteinl@). It was therefore of  agreement, indicating that the isolated form of the SCD
interest whether N-terminally truncated SCD constructs are protease is a single-chain protein of approximately 90 kDa.
susceptible to cleavage by the purified SCD protease. AsHowever, when the purified protease was stored 4€4
shown in Figure 7B, N-terminally truncated SCD constructs the SDS-PAGE profile changed dramatically, indicating
are degraded rapidly by the purified protease. conversion of the 90 kDa protease into several smaller
Ginsberg and co-workerdl®) reported that after apoli-  proteins, by either self-cleavage or cleavage by a contaminat-
poprotein B (apoB) is translocated into ER lumen, it is ing protease. Under reducing conditions, the predominant
degraded by a lumenal DTT-sensitive degradative system.conversion products of the protease are a pair of doublets
Therefore, it was of interest to determine if the DTT-sensitive around 66 and 80 kDa. Conversion of the 90 kDa protein
SCD protease is capable of cleaving apoB. Incubation of into these smaller forms is associated with a dramatic
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increase in proteolytic activity, suggesting that the 90 kDa protease. Some 90% of the protein in high-salt-washed
form is an inactive proenzyme or zymogen. microsomes was extracted with 2% TX-100. The SCD
The nature of SCD protease conversion was further protease was recovered with the insoluble membrane remnant
revealed by labeling witi®H]DFP. Labeling of the protease  and was enriched-510-fold in the process.
with [3H]DFP required prolonged incubation at 4, Insolubility of membrane proteins in nonionic detergents
conditions which led to conversion of the 90 kDa protein may result from association with large protein complexes
into smaller forms. As shown in Figure 6C, the form of the or specialized membrane domains and rarely from the
protease labeled by DFP is 66 kDa by nonreduced-SDS formation of large multimeric complexes through self-
PAGE. Under reducing conditions, the protease segmentassociation. The best example of the latter mechanism is the
labeled by DFP is 25 kDa. This indicates that the 66 kDa erythroid/nonerythroid membrane skeletal protein spectrin/
(nonreduced) form of the protease is composed of at leastfodrin (18). A number of microsomal proteins involved in
two peptides linked by disulfide bond(s). Thus, activation protein translocation across the ER membrane are insoluble
of the 90 kDa protease appears to involve an internal in nonionic detergent at low ionic strength due to association
cleavage and removal of protein fragment(s) from one or with membrane-bound ribosomet9]. For example, ribo-
both ends. The zymogen form of many serine proteases, suctphorins | and Il, protein subunits of oligosaccharyltransferase
as trypsin and chymotrypsin, contains an imperfectly devel- (17), were initially identified by their association with
oped active site. As such, DFP labeling of the zymogen form ribosomes and isolated in the insoluble membrane remnant
is not detected or is several orders of magnitude lower asof rough microsomes after extraction with nonionic detergent
compared to the active protease. In the case of trypsinogen(20). Plasma membrane proteins may be insoluble in
activation of the zymogen involves cleavage of one peptide nonionic detergents because of interaction with the cytosk-
bond, with consequent loss of a hexapeptide. Activation of eleton, membrane skeleton, or detergent-insoluble lipid
chymotrypsinogen involves cleavage of one to four peptide domains. Membrane proteins with covalent glycosylphos-
bonds with S-S bonds maintaining the polypeptide chains phatidylinositol (GPI) lipid tails are insoluble in TX-100 at
in a single complex. In contrast, the activation of prothrombin 4 °C because they associate with TX-100 insoluble lipid
involves the loss of a 30 kDa peptide from the N-terminus. domains 21). Of note, GPI-linked membrane proteins are
Frequently, however, when zymogen conversion involves solubilized by TX-100 at 37C or octyl f-glucoside 21),
internal bond cleavage, the resulting polypetide chains areand these conditions failed to solubilize the SCD protease
not released but remain connected by disulfide brid@8s (  (data not shown). The solubility of the SCD protease in
The proposed structure of the DFP binding form of the nonionic detergent was markedly increased by 200 mM
protease as a multichain disulfide-linked protein is supported NaCl. The most likely explanation for this observation is
by selective reduction and alkylation experiments. The SCD that the tight association of the SCD protease with microso-
protease activity in highly purified preparations was partially mal membranes is due in part to ionic interaction(s). The
inhibited by 50uM DTT. Inhibition by DTT was reversible,  component(s) of HSWM that the SCD protease interacts with
but alkylation of the reduced enzyme caused irreversible has (have) not been identified.
inhibition. On the basis of these results we propose that the The best characterized pathway for ER protein degradation
SCD protease contains an intramolecular disulfide bond thatinvolves retention in the ER through association with various
is essential for protease activity. The identification of an chaperones, retrograde translocation, and degradation by
essential disulfide in the SCD protease suggests that thecytosolic proteasome®38). The proteasome pathway has
enzyme is lumenally oriented since disulfide bonds are been implicated in the degradation of a variety of mutated
formed in the ER lumen and are localized predominantly in secretory proteins and transmembrane proteins as well as
the extracytosolic domain. This suggests that lumenally unpaired subunits of multimeric membrane protein com-
oriented segment(s) of SCD may be cleaved by the proteaseplexes R4—26). While it is now clear that the proteasome
Initial attempts to purify the microsomal protease respon- pathway is the primary mechanism for the degradation of
sible for SCD degradation were hampered by lack of a abnormal ER proteins, there is also evidence for proteasome-
suitable assay and difficulty in solubilizing the protease. independent ER protein degradation in mammalian cells as
Neither SCD nor the SCD protease was solubilized by well as yeastZ7—30). Of particular interest, two laboratories
extracting crude microsomes with nonionic detergent in low have demonstrated a DTT-sensitive nonproteasomal pathway
ionic strength buffer, and yet both SCD and the SCD proteasefor the degradation of apolipoprotein B (apoB) in HepG2
were solubilized by the ionic detergent deoxycholate (DOC) cells (16, 31). The DTT-sensitive pathway for apoB degrada-
or by nonionic detergent in high ionic strength buff&). ( tion occurs in the ER lumerlg) and is active in permeabi-
These observations suggest that the SCD protease is bountized HepG2 cells ¥1). Our finding that the purified SCD
to microsomal membranes in part by ionic interactions. Since protease degrades apoB raises the intriguing possibility that
DOC interferes with ion-exchange chromatography, we two structurally unrelated proteins involved in the assembly
investigated the solubility of the SCD protease in high-salt- of very low density lipoprotein may be regulated by a DTT-
washed microsomes. High-salt washing of microsomes sensitive ER protease.
increases the solubility in nonionic detergent of many  Our results suggest that SCD may be degraded more
microsomal proteins apparently by disrupting ionic inter- rapidly than most ER proteins because it is particularly
actions (5). We reasoned that salt washing might have the susceptible to cleavage by a 90 kDa serine protease. A recent
same effect on the SCD protease. In fact, the SCD proteaseprotease database, MEROPS version 5.7, listed 227 proteases
was recovered predominantly in the TX-100 insoluble in the rat genome with some 80 serine proteases comprising
fraction even after high-salt washing. These observations ledthe largest group 32). Although the majority of serine
to a highly effective step in the purification of the SCD proteases are synthesized with signal peptides that direct their
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secretion outside of the cell, some of the serine proteases 13
recently reported may also be associated with cell membranes 14
(33, 34). 15

Proteolytic activities that are associated with liver ER
include the endopeptidase that cleaves signal peptides upon
translocation of nascent polypeptide chains, a group of some 17
eight immunologically related proteases of-6I2 kDa that
degrade protein disulfideisomerase and calreticulir3g),
a 69 kDa endopeptidase with substrate specificity toward 19
paired Arg-Arg residues3g), and hepsing7). Hepsin is a
45 kDa serine protease originally cloned from human liver
and is implicated in mammalian cell growth and morphology 21
(38). All of these peptidases are smaller than SCD protease ,
(M; 90000) and/or display substrate specificity unrelated to
SCD protease. The size of the SCD protease, however, is 23
similar to that of furin, a subtilisin-like membrane-bound
serine endopeptidase &, 90000. Furin is activated by a
multistep process involving excision, internal cleavage, and
degradation of the propeptide9). In contrast to SCD
protease, however, furin activation requires calcium, and its
activity is completely inhibited by DFP30). Furin cleaves
substrates at the motif Arg-X-Lys/Arg-Akg Further enzy-
matic and molecular characterization of the SCD protease
remains to be done in future studies.
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