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The human ER-60 protease cDNA was expressed in Escherichia coli BL21 (DE3) cells using
the pET-20b( +) T7 promoter. The recombinant ER-60 protease was obtained in a water-
soluble form and purified through four sequential chromatographies. The ER-60 protease
contains two CGHC motifs. When an alanine residue was substituted for the N-terminal
cysteine residue in both motifs, the protease activity was not lost. However, when the
C-terminal cysteine residue in both motifs was replaced by a serine residue, the cysteine
protease activity, which was inhibited by p-chloromercuribenzoic acid (pCMB) but not by
diisopropyl fluorophosphate (DFP), changed to serine protease activity, which was inhib-
ited by DFP but not by pCMB. These results indicate that the C-terminal cysteine residue(s)
of the CGHC motifs may constitute the active site(s) of ER-60 protease. The ER-60 protease
has a C-terminal QEDL sequence, which was proved to serve as an ER-retention signal by
deletion of the QEDL sequence. However, because QEDL could not serve as the ER-retention
signal for protein disulfide isomerase or ERp72, it is suggested that amino acid residue(s)
of ER-60 protease, other than the QEDL sequence itself, is complimentarily responsible for
the ER retention of this protein.

Key words: active site, cysteine protease, endoplasmic reticulum, retention signal, site-
directed mutagenesis.

A number of secretory and membrane proteins when newly
synthesized are properly folded and assembled into oligo-
mers in the lumen of the endoplasmic reticulum (ER) (2).
The folding is assisted by molecular chaperones (2, 3).
When polypeptides are folded or assembled improperly,
they are rapidly degraded in ER by ER-resident proteases
(4, 5). However, the protease(s) responsible for this ER
degradation has not been well studied.

ER-60 protease (6, 7), which is also known as ERp61 (8),
HIP70 (9), Q2 (20), GRP58 (22), and ERp57 (12, 13), was
first purified from rat liver ER and found to degrade ER-
resident proteins such as protein disulfide isomerase (PDI),
calreticulin, and lysozyme (14). ER-60 protease, a cysteine
protease, has characteristic CGHC and QEDL motifs in its
primary structure (15, 16). Another microsomal cysteine
protease, ER-72 protease (ERp72), is also known to contain
the CGHC motifs (17, 18). However, these cysteine
proteases do not contain the well-conserved amino acid
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Research, 07308068, 08660155, 08278213, and 09276212, from the
Ministry of Education, Science, Sports and Culture of Japan. The
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sequence found around the cysteine residue of the active
site of the papain family (16). Hence, it is assumed that
microsomal ER-60 and ER-72 proteases may be classified
into a new family of cysteine proteases with a novel active
site structure. ER-60 protease contains seven cysteine
residues, four of which constitute two copies of CGHC.
However, ER-72 protease contains no cysteine residue
other than the six constituting three CGHC motifs. This
suggests that the active site cysteine residue of ER-60
protease is located in the CGHC motif(s). On the other
hand, the mechanism underlying the retention of ER-60
protease in ER remains obscure. Generally, the C-terminal
KDEL sequence of the protein is known to be the retention
signal that keeps the protein in ER (19, 20). The C-termi-
nal QEDL sequence of ER-60 protease may be regarded as
a retention signal as well as KDEL (11). On the other hand,
QEDL was reported not to function as an ER-retention
signal (12). In addition, on substitution of QEDL for KDEL
and KEEL of PDI and ERp72, these proteins were not
retained in ER (21). It is necessary to examine the function
of the C-terminal QEDL of ER-60 protease.

In this study, by site-directed mutagenesis of the recom-
binant human and rat ER-60 proteases, we demonstrate
that the C-terminal cysteine residue of the CGHC motif
functions as the active site cysteine residue, and that the
C-terminal QEDL is required to keep the ER-60 protease in
ER.
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EXPERIMENTAL PROCEDURES

Materials—EXPLE 35S 35S protein labeling mix (37.0
TBq/mmol) and Enlightning were purchased from Du Pont,
NEN. [32P]ATP (>185 TBq/mmol) and Cy5-streptavidin
were obtained from Amersham. The ZAP-cDNA Synthesis
Kit and Gigapack II Gold Packaging Extract were obtained
from Stratagene. The Dye Termination Cycle Sequencing
Kit was from Perkin Elmer, Applied Biosystems Division.
Tli DNA polymerase was purchased from Promega Biotek.
Bovine liver PDI was obtained from Takara Shuzo (Kyoto)
and purified by hydroxyapatite column chromatography.
Bovine serum albumin was purchased from Miles Labora-
tories. Leupeptin was obtained from Peptide Institute
(Osaka). The DEAE Toyopearl 650 prepacked column,
AF-heparin Toyopearl 650M resin, TSK gel G3000SW
HPLC column, and TSK gel DEAE-5PW HPLC column
were obtained from TOSOH (Tokyo). The HTP cartridge
(hydroxyapatite), polyvinylidene difluoride (PVDF) pro-
tein sequencing membranes, and Bio-Lyte (3-10) were
obtained from Bio-Rad. Carboxypeptidase Y (103 units/
mg) was purchased from Oriental Yeast (Osaka). Anti-PDI
serum was obtained from Stressgen Biotechnologies.
Pansorbin was purchased from Calbiochem-Novabiochem.
The biotin-anti-rabbit IgG (H + L) goat polyclonal anti-
bodies were from Vector. Protein A-Sepharose CL-4B
(binding capacity, approx. 20 mg human IgG/ml) was
purchased from Sigma. All other chemicals were of reagent
grade.

Cloning of Human ER-60 Protease cDNA—Unless
otherwise stated, the DNA manipulations were performed
as described by Sambrook et al. (22). A cDNA library in
Uni-ZAP XR was prepared from poly(A)+ RNA of Chang
liver cells (human), according to the instruction manual
(Stratagene). A premade library, Hep G2 in Uni-ZAP XR,
was obtained from Stratagene. These libraries were
screened with two 5'-32P-labeled synthetic oligonucleotide
probes, 5'-TCAGACGTGTTGGAACTGACGGACGAAA-
AC-3' (corresponding to the coding sequence for an N-ter-
minal 10 amino acid sequence, SDVLELTDEN, of rat
ER-60 protease), and 5'-AGCATCAAGGAATGTCTTTG-
CCACCATCAT-3' (corresponding to the complementary
sequence of the coding sequence for the partial amino acid
sequence, MMVAKTFLD, of rat ER-60 protease) (6, 15).
Hybridization was carried out for 22 h at 42°C. The niters
were washed and exposed to Kodak XAR-5 X-ray film.
Among the 1 X105 plaques screened in the Chang liver
library, two positive clones were identified. From the
Hep-2 library, six clones were obtained. The EcoRl-Xhol
insert from the longest A. -phage screened from each library
was excised in vitro as a pBluescript SK( —) plasmid
according to the instruction manual provided by Strata-
gene. Plasmid DNAs were prepared by the alkali method
and purified with Magic™ Miniprep DNA Purification
Resin (Promega Biotek). The DNA sequences of both
strands were determined by the dideoxy chain termination
method of Sanger et al. (23) and the fluorescence dideoxy
chain termination method (Perkin Elmer, Applied Biosys-
tems).

Construction of Expression Plasmids for Human ER-60
Proteases in Escherichia coli—A plasmid was constructed
for expression in E. coli, designated as pET-hER60 for

human ER-60 protease. The recombinant plasmid encodes
481 amino acids of the human ER-60 protease, which
correspond to amino acid residues 25-505. pET-hER60 was
constructed by ligation of a nucleotide fragment, which was
prepared by PCR, into the Ndel site of pET-20b( + )
(Novagen). The PCR was carried out using a template,
pBluescript, including the full-length cDNA of human ER-
60 protease and the following two primers: 5' oligonucleo-
tide, 5'-TGTCCGACGTGCTAGAACTCACGGACGAC-3'
(corresponding to part of the recognition sequence for Ndel
and the sequence for human ER-60 protease), and 3' oligo-
nucleotide, 5'-GGCTAAAGCTTT AGAGATCCTCCTGTG-
CCTTCTTC-3' (corresponding to the recognition sequence
for HmdIII and part of the human ER-60 protease se-
quence). The amplified PCR product was digested with
Hindlll and inserted into pET-20b( + ), which was digested
with Ndel, blunt-ended, then digested with Hindlll.

The resultant expression plasmid was used as the tem-
plate for site-directed mutagenesis. To change Cys-57 or
Cys-406 to alanine (C57A or C406A), or Cys-60 and Cys-
409 to serine (C60S/C409S), PCRs were performed with
the following mutagenic primers by the method of Ito et al.
(24).

C57A: 5'-TGGGCTGGACACTGCAAGAGA-3'
C406A: 5'-CCCTTGGGCTGGTCATTGTAA-3'
C60S/C409S: 5' - GGTGTGGACACTCCAAGAGACTT-

GCA-3'
5'-GGTGTGGTCATTCTAAGAACCTG-

GAG-3'

The amplified PCR fragments were digested with Xbal and
Hindlll, then inserted into pET-20b( + ). A mutant in
which both Cys-57 and Cys-406 were changed to alanine
(C57A/C406A) was generated by ligating the Nhel-Xbal
N-terminal fragment of C57A into C406A, from which the
Nhel-Xbal fragment was removed. All mutants were
confirmed by sequence analysis.

Expression and Purification of the Recombinant Human
ER-60 Proteases—The expression plasmid, pET-hER60,
was transformed into the E. coli host strain, BL21(DE3)
(Novagen), grown as 800-ml cultures in the presence of 500
//g/ml ampicillin at 37°C, and induced with 0.5 mM iso-
propyl-l-thio-/J-D-galactopyranoside (IPTG) at 30°C for
2 h. The cells were collected by centrifugation, disrupted by
sonication in 40 ml of 20 mM HEPES buffer, pH 6.8,
containing 5 mM EDTA, 1 mM phenylmethylsulfonylfluo-
ride (PMSF), 50 mM KC1, and 10% glycerol (buffer A),
then centrifuged at 5,000 X g for 10 min at 4°C. Purification
was then carried out according to the procedure described
previously (6). The supernatant was subjected to AF-
heparin Toyopearl 650M column chromatography. From
the effluent obtained with 175 or 400 mM KC1 in buffer A,
the recombinant ER-60 protease was separately purified
through chromatographies on a TSK gel G3000SW HPLC
column, a TSK gel DEAE-5PW HPLC column, and a HTP-
cartridge. The HTP-cartridge chromatography was per-
formed with a 25-ml linear gradient of 10-200 mM potas-
sium phosphate buffer, pH 7.4, at the flow rate of 0.5 ml/
min. The purified recombinant ER-60 protease was stored
in multiple aliquots at — 80°C.

Amino Acid Sequencing—N-terminal amino acid se-
quencing was carried out with a Protein Sequencer Model
477A (Applied Biosystems), as described previously (6).
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For determination of the C-terminal amino acid, the
recombinant ER-60 protease (600 fig of protein) was
digested with 3 fig of carboxypeptidase Y in 50 fi\ of 0.1 M
pyridine/acetic acid buffer, pH 5.6, at 25°C for 1, 2, 5, 10,
20, 30, 60, and 120 min, and the released amino acids were
determined with an Amino Acid Analyzer Model 835
(Hitachi, Tokyo).

Preparation of Polyclonal Antibodies—The purified re-
combinant human ER-60 protease protein (100 fig) emul-
sified with complete Freund's adjuvant was injected in-
tradermally into a male rabbit weighing about 2 kg. First
and second booster injections (100 fxg each) were given with
the complete adjuvant 4 and 8 weeks after the initial
injection, respectively. The third booster (100 /ig) was
given with the incomplete adjuvant 4 weeks after the
second one. Serum was collected 7 days after the last
injection.

Immunoblot Analysis—Proteins separated by two-di-
mensional PAGE or SDS-PAGE were blotted onto a PVDF
membrane, then immunostained with anti-recombinant
human ER-60 protease rabbit serum or anti-PDI rabbit
serum, using a Proto Blot™ Immunoblotting System (Pro-
mega Biotec) or Renaissance Chemiluminescence Reagent
(DuPontNEN).

Assay of Proteolytic Degradation by Protein Disulfide
Isomerase—The stored recombinant ER-60 protease was
dialyzed overnight against 10 mM bis(2-hydroxyethyl)-
iminotris (hydroxymethy 1) methane (bis-Tris)/HCl buffer,
pH7.0, at 4°C. Then the ER-60 protease (2 fig) was in-
cubated for 3 h at 37°C with PDI (2 fig) as a substrate in 10
mM bis-Tris/HCl, pH 6.3, in a final volume of 10 fi\. The
reaction products were analyzed by SDS-PAGE. The
proteins were stained with Coomassie Brilliant Blue R-250
or immunostained with anti-PDI rabbit serum using a
chemiluminescence immunodetection kit.

Construction of Expression Plasmids for Rat ER-60
Proteases in COS Cells—Cloning of the cDNA of rat ER-60
protease (accession number, D63378) has been described
(15). The cDNA of rat ER-60 protease was isolated from
the plasmid, pBluescript-rER60, on a 5'-i?coRI and 3'-Xhol
restriction fragment, then cloned into the complementary
site in pcDNA3 (Invitrogen). The resultant expression
plasmid, pcDNA3-rER60, was used as the template for
site-directed mutagenesis by PCRs. For generation of a set
of ER-60 protease C-terminal mutants, PCRs were per-
formed with a forward primer, 5'-CTTTGCTGTAGCTAG-
CCGTAAAACC-3', corresponding to the ER-60 protease
sequence (967-991), and the following reverse primers,
which contain mutations and a Xhol site.

KDEL:5'-GTTTGGCTCTCGAGTTAGAGCTCATCTT-
TTGCCTTCTTCT-3'

AAGL: 5'-GTTTGGCTCTCGAGTTAGAGGGCCTGT-
GCTGCCTTCTTCT-3'

QEDL-deletion: 5'-GTTTGGCTCTCGAGTTATGCCT-
TCTTCT-3'

The PCR fragments were digested with Nhel and Xhol,
then ligated between the Nhel and Xhol restriction sites of
pcDNA3-rER60. All mutants were confirmed by sequence
analysis.

Expression of Recombinant Rat ER-60 Proteases in COS
Cells—COS cells were plated at a density of 9x 103 cells/
cm2 in Dulbecco's minimum essential medium (DMEM)

containing 10% fetal calf serum. After incubation for 24 h,
the cells were transfected with the wild-type and mutant
expression plasmids by the method of Chen and Okayama
(25, 26).

Metabolic Labeling and Immunoprecipitation—At 48 h
after transfection, the cells were washed with serum-free
DMEM, then preincubated in methionine- and cysteine-
free DMEM containing 5% dialyzed serum for 1 h. The
preincubated cells were metabolically labeled with 100 fid
[35S] methionine and cysteine/ml DMEM for 30 min, then
the radioactive medium was replaced with the complete
medium containing methionine and cysteine, and the
labeled cells were incubated for the indicated times. After
removal of the medium, the cells were washed three times
with ice-cold phosphate-buffered saline (PBS), then solu-
bilized in lysis buffer comprising 0.05% SDS, 1% Nonidate
P-40, 150 mM NaCl, 50 mM Tris/HCl buffer, pH 7.5, 2
mM PMSF, 0.2 mg/ml soybean trypsin inhibitor, and 0.2
mg/ml leupeptin (14). The lysate and medium were in-
cubated with 5 fi\ of a 10% suspension of Pansorbin for 30
min, then centrifuged at 14,000 rpm and 4°C for 10 min.
The precleared supernatant (0.2 ml) was incubated with 20
fi\ of anti-rat ER60F serum (6) and 15 ̂ 1 of 25% skimmed
milk for 16 h at 4°C. The immunocomplexes were collected
on 10 fi\ of Protein A-Sepharose (50% suspension in PBS)
by shaking for 1 h, and then washed four times with 0.05%
Tween 20 in PBS. The immunocomplexes were boiled in
Laemmli's sample buffer (27), then analyzed by SDS-
PAGE (10% acrylamide gel). The gels were fixed and
equilibrated in a mixture of Enlighting, ethanol, and
distilled water ( 5 : 2 : 3 ) before fluorography.

Laser Scanning Immunofluorescence Microscopy—COS
cells were grown on polylysine-coated cover glasses, then
transfected as described above. At 48 h after transfection,
the cells were fixed with 2% formaldehyde and 0.1%
glutalaldehyde, permeabilized with 1% Triton X-100 in
PBS, then treated with 1 mg/ml NaBH4. The cells were
then triple stained using anti-rat ER60F serum, biotin-
anti-rabbit IgG (H + L) goat polyclonal antibodies and Cy5-
streptavidin for rat ER-60 protease protein, tetramethyl-
rhodamine-conjugated wheat germ agglutinin for Golgi
apparatus, and fluorescein isothiocyanate-conjugated con-
canavalin A for ER.

The specimens were examined with a MRC-1024 laser
scanning confocal imaging system (Bio-Rad) attached to a
Nikon microscope.

Miscellaneous—SDS-PAGE was performed according to
the method of Laemmli (27). All SDS-PAGE analyses were
carried out under reducing conditions. Two-dimensional
PAGE was carried out by the method of O'Farrell (28).

Protein concentrations were determined using a protein
assay kit from Bio-Rad, with y-globulin as a standard.

RESULTS

cDNA Cloning of Human ER-60 Protease—The longest
clone obtained from the Chang liver cell cDNA library was
1,760 nucleotides in length, consisting of a 22-nucleotide
5' untranslated region, a 1,515-nucleotide open reading
frame, a 204-nucleotide 3'-untranslated region, and a 19-
nucleotide poly(A)+ tail (Fig. 1). The nucleotide sequence of
the open reading frame in the clone from the Hep G2 cDNA
library was identical to that of the Chang liver cell cDNA
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-22
GGCACGAGCCCACCTCGCCGCC

ATG CGC CTC CGC CGC CTA GCG CTG TTC CCG GGT GTG GCG CTG CTT CTT GCC GCG GGC CGT
M R L R R L A L F P G V A L L L A A G R
CTC GTC GCT GCC TCC GAC GTG CTA GAA CTC ACG GAC GAC AAC TTC GAG AGT CGC ATC TCC
L V A A S D V L E L T D D N F E S R I S
GAC ACG GGC TCT GCG GGC CTC ATG CTC GTC GAG TTC TTC GCC CCC TGG TGT GGA CAC TGC
D T G S A G L M L V E F F A P W [c^ G H C |
AAG AGA CTT GCA CCT GAG TAT GAA GCT GCA GCT ACC AGA TTA AAA GGA ATA GTC CCA TTA
K R L A P E Y E A A A T R L K G I V P L
GCA AAG GTT GAT TGC ACT GCC AAC ACT AAC ACC TGT AAT AAA TAT GGA GTC AGT GGA TAT
A K V D C T A N T N T C N K Y G V S G Y
CCA ACC CTG AAG ATA TTT AGA GAT GGT GAA GAA GCA GGT GCT TAT GAT GGA CCT AGG ACT
P T L K I F R D G E E A G A Y D G P R T
GCT GAT GGA ATT GTC AGC CAC TTG AAG AAG CAG GCA GGA CCA GCT TCA GTG CCT CTC AGG
A D G I V S H L K K Q A G P A S V P L R
ACT GAG GAA GAA TTT AAG AAA TTC ATT AGT GAT AAA GAT GCC TCT ATA GTA GGT TTT TTC
T E E E F K K F I S D K D A S I V G F F
GAT GAT TCA TTC AGT GAG GCT CAC TCC GAG TTC CTA AAA GCA GCC AGC AAC TTG AGG GAT
D D S F S E A H S E F L K A A S N L R D
AAC TAC CGA TTT GCA CAT ACG AAT GTT GAG TCT CTG GTG AAC GAG TAT GAT GAT AAT GGA
N Y R F A H T N V E S L V N E Y D D N G
GAG GGT ATC ATC TTA TTT CGT CCT TCA CAT CTC ACT AAC AAG TTT GAG GAC AAG ACT GTG
E G I I L F R P S H L T N K F E D K T V
GCA TAT ACA GAG CAA AAA ATG ACC AGT GGC AAA ATT AAA AAG TTT ATC CAG GAA AAC ATT
A Y T E Q K M T S G K I K K F I Q E N I
TTT GGT ATC TGC CCT CAC ATG ACA GAA GAC AAT AAA GAT TTG ATA CAG GGC AAG GAC TTA
F G I C P H M T E D N K D L I Q G K D L
CTT ATT GCT TAC TAT GAT GTG GAC TAT GAA AAG AAC GCT AAA GGT TCC AAC TAC TGG AGA
L I A Y Y D V D Y E K N A K G S N Y W R
AAC AGG GTA ATG ATG GTG GCA AAG AAA TTC CTG GAT GCT GGG CAC AAA CTC AAC TTT GCT
N R V M M V A K K F L D A G H K L N F A
GTA GCT AGC CGC AAA ACC TTT AGC CAT GAA CTT TCT GAT TTT GGC TTG GAG AGC ACT GCT
V A S R K T F S H E L S D F G L E S T A
GGA GAG ATT CCT GTT GTT GCT ATC AGA ACT GCT AAA GGA GAG AAG TTT GTC ATG CAG GAG 1020
G E I P V V A I R T A K G E K F V M Q E 340
GAG TTC TCG CGT GAT GGG AAG GCT CTG GAG AGG TTC CTG CAG GAT TAC TTT GAT GGC AAT 1080
E F S R D G K A L E R F L Q D Y F D G N 360
CTG AAG AGA TAC CTG AAG TCT GAA CCT ATC CCA GAG AGC AAT GAT GGG CCT GTG AAG GTA 1140
L K R Y L K S E P I P E S N D G P V K V 380
GTG GTA GCA GAG AAT TTT GAT GAA ATA GTG AAT AAT GAA AAT AAA GAT GTG CTG ATT GAA 1200
V V A E N F D E I V N N E N K D V L I E 400
TTT TAT GCC CCT TGG TGT GGT CAT TGT AAG AAC CTG GAG CCC AAG TAT AAA GAA CTT GGC 12 60
F Y A P W | C G H C | K N L E P K Y K E L G 420
GAG AAG CTC AGC AAA GAC CCA AAT ATC GTC ATA GCC AAG ATG GAT GCC ACA GCC AAT GAT 1320
E K L S K D P N I V I A K M D A T A N D 440
GTG CCT TCT CCA TAT GAA GTC AGA GGT TTT CCT ACC ATA TAC TTC TCT CCA GCC AAC AAG 1380
V P S P Y E V R G F P T I Y F S P A N K 460
AAG CTA AAT CCA AAG AAA TAT GAA GGT GGC CGT GAA TTA AGT GAT TTT ATT AGC TAT CTA 144 0
K L N P K K Y E G G R E L S D F I S Y L 480
CAA AGA GAA GCT ACA AAC CCC CCT GTA ATT CAA GAA GAA AAA CCC AAG AAG AAG AAG AAG 1500
Q R E A T N P P V I Q E E K P K K K K K 500
GCA CAG GAG GAT CTC TAA AGCAGTAGCCAAACACCACTTTGTAAAAGGACTCTTCCATCAGAGATGGGAAAAC 1573
A Q E D L * 505

-1
60
20

120
40
180
60

240
80

300
100
360
120
420
140
480
160
540
180
600
200
660
220
720
240
780
260
840
280
900
300
960
320

1 6 5 2
GTTAAATTTTCTCTAAACTGTTTCTTAGCTGCACTGTTTATGGAAATACCAGGACCAGTTTATGTTTAAAAAAAAAAAA 1 7 3 1
AAAAAAA 1 7 3 8

Fig. 1. Sequence of the cDNA and the deduced primary structure of human ER-60 protease. Amino acid residue 1 is the putative
initiator methionine. The putative signal peptide is underlined. The C-terminal QEDL sequence is double-underlined. The two CGHC motifs
are boxed. The star denotes the stop codon.

(data not shown). The ER-60 protease protein was com-
posed of 505 amino acid residues, as deduced from its
nucleotide sequence, with a signal sequence composed of 24
amino acid residues at its N-terminal, and a QEDL se-
quence at its C-terminal. Two CGHC motifs were present
in the protein. The homology between the human and rat
ER-60 proteases (DDBJ/EMBL/Genbank accession num-
ber, D63378) was 90% in the nucleotide sequence and 92%

sequences around the two CGHC motifs were well con-
served in the proteins. The cDNA sequence may be the
same as that of the human thiol-dependent reductase (12,
29, 30).

Expression of the Recombinant Human ER-60 Protease
in E. coli—Expression plasmid pET-hER60 was construct-
ed by linking the cDNA fragment encoding the human
ER-60 protease to the downstream site of the pET-20b( + )

in the amino acid sequence. However, the amino acid T7 promoter, then expressed in E. coli BL21 (DE3) cells
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(Fig. 2A). Coomassie Brilliant Blue (CBB)-staining of the
SDS gel indicated that the E. co/i-synthesized ER-60
protease protein comprised a few percent of the total
bacterial proteins even before EPTG induction (Fig. 2A,
lane 3). However, the human ER-60 protease protein,
which was expressed in a water-soluble form (Fig. 2A, lane
5), comprised about 17% of the total proteins 2 h after the
IPTG induction (Fig. 2A, lane 4). Under such conditions, a
part of the recombinant protein was found to be degraded
on Western blotting analysis (Fig. 2A, lane 7). The degra-
dation could not be prevented by replacement of the
expression vector with pKK 233-2 (Pharmacia) or pMAL-
p2 (New England BioLab), by the use of protease in-
hibitors, or by expression at lower temperatures (data not
shown). The soluble fraction of the E. coli extract contain-
ing the recombinant human ER-60 protease was applied to
a heparin column. Approximately three-fourths of the total
recombinant protein was eluted with 175 mM KCl, and the
rest with 400 mM KCl (Fig. 2B, lanes 3 and 4). The protein
obtained with 400 mM KCl, as in the case of the rat liver
ER-60 protease (6), was subjected to G3000 gel column

chromatography, and eluted at a position corresponding to
60 kDa. The protein was purified by DEAE-5PW column
chromatography with elution with 90-100 mM NaCl, fol-
lowed by hydroxyapatite column chromatography with
elution with 200 mM potassium phosphate buffer. The
effluent was stored at — 70°C. Under these conditions, the
enzyme remained stable. The purified preparation gave a
single band on SDS-PAGE with silver staining (Fig. 2B,
lane 7). On two-dimensional PAGE, a single spot with a pi
value of 6.1 was observed (Fig. 2C). The purified recom-
binant human ER-60 protease was confirmed to be intact by
analyzing its N-terminal and C-terminal amino acid se-
quences, which were found to be SDVLELTDDN and DL,
respectively (6, 15). Methionine derived from the initia-
tion codon was removed during expression in E. coli.

CGHC Motifs as the Active Sites of ER-60 Protease—
The wild-type recombinant human ER-60 protease purified
from the transformed E. coli BL21(DE3) degraded PDI
(Fig. 3A, lanes 3 and 7) like the rat liver ER-60 protease
(6). The proteolytic activity appeared to be low. This may
be due to the substrate, PDI, since true substrates have not

Plasmid

Fraction

IPTG

pET-2Ob

T
— +

pET-hER60

T
— +

S

+
P

+
T

+

4)
>

c

I
O

kDa

ER-60

Fig. 2. SDS-PAGE and Western blot-
ting analysis of the expressed human
ER-60 proteases. Panel A: Expression of
human cDNA was carried out as described
under "EXPERIMENTAL PROCE-
DURES." The proteins were electropho-
resed on a 10% gel, and then stained with
CBB (lanes 1-6), or immunostained with
anti-recombinant human ER-60 protease
serum (lanes 7 and 8), as described under
"EXPERIMENTAL PROCEDURES."
Lanes 1 and 2, total proteins (T) of BL21-
(DE3) cells carrying pET-20b( + ); lanes 3,
4, and 7, total proteins of BL21(DE3) cells
carrying pET-hER60; lanes 5 and 6, Triton
X-100 soluble (S) or insoluble proteins (P)
of BL21(DE3) cells carrying pET-hER60,
respectively; lane 8, total proteins of Chang
liver cells (2 // g of protein). Induction of the
recombinant proteins was carried out by
incubation with IPTG for 2 h as described
under "EXPERIMENTAL PROCEDURES"
(lanes 2, and 4-7). Panel B: Purification of
the recombinant human ER-60 protease was
carried out as described under "EXPERI-
MENTAL PROCEDURES." An extract of
BL21(DE3) cells carrying pET-hER60 (lane
1), the unabsorbed fraction (lane 2), frac-
tions eluted from a heparin column with 175
mM KCl (lane 3), and 400 mM KCl (lane 4), B
and fractions obtained on TSK gel G3000-
SW column chromatography (lane 5), kDa

D E A E - 5 P W column chromatography (lane
6) , and H T P column chromatography (lane
7) were electrophoresed on a 10% gel. The '"' —^— ^ _ ^ ^
prote ins were s ta ined with CBB (lanes 1-6) e—Wf ^™ ~ ~ ^ ^ " ^ ^ ^m ^ ^ ER-60
or a silver staining kit (Bio-Rad) (lane 7), as IM
described under "EXPERIMENTAL PRO- _ ^ » " " ' "
CEDURES." Panel C: Two-dimensional 41 flf ' "
PAGE of the recombinant human ER-60 3 4 ~ * *
protease obtained on HTP column chro-
matography was carried out, and the protein
was transferred to a PVDF membrane, then \ 2 3 4 5 6 7
immunostained with an anti-recombinant
human ER-60 protease serum as described under "EXPERIMENTAL PROCEDURES." First dimension, isoelectric focusing (IEF) on a 5%
polyacrylamide gel containing 2% Bio-Lyte 3-10; second dimension, SDS-PAGE (10% gel).
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yet been identified. The reaction product of 54 kDa stained
with CBB was identified as a PDI fragment on Western
blotting analysis with anti-PDI antiserum. Its N-terminal
amino acid sequence was determined to be APDEEVHV-
LV, which is the same as that of bovine PDI. The reaction
was inhibited by p-chloromercuribenzoic acid (pCMB)
(Fig. 3A, lanes 4 and 8). The recombinant enzyme was thus
reconfirmed to be a cysteine protease. ER-60 protease
contains seven cysteine residues, four of which constitute
two CGHC motifs. However, ER-72 protease contains no
cysteine residue other than the six constituting three
CGHC motifs (18). Therefore, the common CGHC motifs
of these two cysteine proteases were assumed to include an
active center cysteine residue(s) of the proteases (17).
Next, we prepared a recombinant human ER-60 protease
with site-directed mutations in the CGHC motifs. First, the
N-terminal cysteine residues of the CGHC motifs were
replaced by alanine residues. The double-mutated enzyme
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with Cys-57 and Cys-406 both modified to alanine (C57A/
C406A) showed similar activity to the wild-type enzyme
(Fig. 3B, lane 2). The single-mutated enzymes, C57A and
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Fig. 3. Proteolytic degradation of PDI by the recombinant hu-
man ER-60 proteases. Protease activity was assayed as described
under "EXPERIMENTAL PROCEDURES." Panel A: The recombi-
nant wild-type human ER-60 protease (ER-60) (1 /xg of protein)
(lanes 1 and 5), PDI (2 n% of protein) (lanes 2 and 6), or ER-60 and
PDI (lanes 3, 4, 7, and 8) were incubated at 37*C for 3 h with (lanes
4 and 8) or without pCMB (lanes 1-3 and 5-7). Samples were
subjected to SDS-PAGE (10% gel). Proteins were stained with CBB
(lanes 1-4) or by Western blotting with anti-PDI serum (lanes 5-8) as
described under "EXPERIMENTAL PROCEDURES." Panel B:
C57A/C406A or C60S/C409S and PDI were incubated at 37'C for 3
h with (lane 6) or without pCMB (lanes 2, 3, 5, and 7), and then
subjected to SDS-PAGE (10% gel). Proteins were stained with CBB.
Recombinant mutant ER-60 proteases were treated without (lanes 2,
5, and 6) or with (lanes 3 and 7)10 raM DFP in 250 mM phosphate
buffer, pH 7.4, at 20'C for 30 min, dialyzed against 10 mM bis-Tris/
HC1, pH 7, at 4"C overnight, then used for the proteolytic reactions.
Lanes 1 and 4 are 0 time controls.

Secretion of 35S-Rat ER-60 (%)

Fig. 4. Expression and secretion of the C-terminal tetrapep-
tide mutants by COS cells. COS cells were transfected with ex-
pression plasmids for the wild-type (QEDL) and C-terminal tetrapep-
tide mutants of rat ER-60 protease as described under "EXPERI-
MENTAL PROCEDURES." "deletion" refers to deletion of the C-
terminal tetrapeptide. Panel A: After transfection, the cells were
collected and subjected to Western blotting analysis with anti-rat
ER60F serum. Panel B: After transfection, the cells were labeled with
["SJmethionine and -cysteine for 30 min, and then chased as
described under "EXPERIMENTAL PROCEDURES." The cell lysate
(C) and medium (M) were immunoprecipitated with anti-rat ER-60F
serum, and then subjected to SDS-PAGE and fluorography. Panel C:
The secretion rates of the wild type and mutant rat ER-60 proteases
were calculated from the values obtained on scanning of the fluoro-
gram with a densitometer, AE-6920 (ATTO, Tokyo), as follows:
[ER-60 protease in medium at chase time 3 h (hatched column) or 5
h (solid column)/ER-60 protease in cells at 0 time] X100. Each point
represents the average value for at least two experiments.
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C406A, also exhibited activity (data not shown). These
results suggest the N-terminal cysteine residues of the
CGHC motifs are not responsible for the protease activity.
Next, the C-terminal cysteine residues of the CGHC motifs
were replaced by serine residues. The double-mutated
enzyme with Cys-60 and Cys-409 both modified to serine
(C60S/C409S) degraded more PDI than the wild-type
enzyme (Fig. 3B, lane 5). The replacement of Cys-60 and
Cys409 by serine residues may have changed the substrate
specificity. The amino acid sequence of the 54-kDa product
of the C60S/C409S enzyme was determined to be AP-
DEEVHVLV, which was the same as that of the wild-type
enzyme. Hence, the difference in the cleavage site(s) could
not be identified between the wild-type and C60S/C409S
enzymes. It is noted that the activity of the C6OS/C409S

enzyme was not inhibited by pCMB but was by diisopropyl
fluorophosphate (DFP) (Fig. 3B, lanes 6 and 7), indicating
that the cysteine protease was changed into a serine
protease. It was confirmed that the mutant enzyme, C57A/
C406A, was not inhibited by DFP (Fig. 3B, lane 3). Hence,
it seems likely that Cys-60 and Cys-409 are included in the
active site of the ER-60 protease. To determine whether
Cys-60, Cys-409, or both are responsible for the activity,
we mutated Cys-60 and Cys-409 separately to alanine.
However, neither intact mutant enzyme, C60A or C409A,
could be obtained from the expression system of E. coli.

C-Terminal QEDL Sequence as the Retention Signal in
ER—ER- 60 protease is localized in ER in a soluble form but
does not contain a C-terminal KDEL sequence, the well-
known retention signal in ER. However, ER-60 protease

Fig. 5. Immunofluorescence staining of the wild-type or C-ter-
minal tetrapeptide mutants of ER-60 protease expressed in COS
cells. COS cells transfected with rat ER-60 protease expression
plasmids were triple-stained with anti-rat ER60F serum (c, g, k),
concanavalin A (a, e, i), and wheat germ aggulutinin (b, f, j), as
described under "EXPERIMENTAL PROCEDURES." The wild-type

(a-d) and KDEL mutant (e-h) ER-60 proteases are retained in ER,
whereas the QEDL deletion mutant enzyme (i-1) is mostly colocalized
with the Golgi marker proteins (arrow), (d), (h), and (1) are merged
images of (b) and (c), (f) and (g), or (j) and (k), respectively. N,
nucleus. Bar, 10 ^m.
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has the unique tetrapeptide, QEDL, at its C-terminal
position (Fig. 1) (15). To determine the function of the
C-terminal QEDL sequence, we expressed the wild-type
and mutant rat ER-60 proteases in COS cells, and observed
the localization of the protease proteins in the cells by
immunostaining. Anti-rat ER60F serum (6), which speci-
fically crossreacts with the rat ER-60 protease, did not
crossreact with the COS-cell ER-60 protease, but did with
the wild-type and mutant rat ER-60 proteases expressed in
COS cells (Fig. 4A). On immunostaining with this anti-rat
ER-60F serum, untransfected COS cells were not stained
(data not shown), but the COS cells transiently expressing
the wild type rat ER-60 protease were stained, showing a
typical ER profile (Fig. 5c). The mutant ER-60 protease, of
which the QEDL sequence was deleted (Fig. 5k) or replaced
by a non-functional tetrapeptide, AAGL (data not shown),
were colocalized with the Golgi marker proteins, which
were stained with tetramethylrhodamine-conjugated
wheat germ agglutinin (Fig. 5, j and 1). The ER of cells
expressing the mutant ER-60 protease with KDEL sub-
stituted for QEDL was stained (Fig. 5g), as in the case of
the cells expressing the wild-type ER-60 protease. The
ER-60 proteases of the wild type and the KDEL-sub-
stituted mutant were not colocalized with the Golgi marker
proteins (Fig. 5, d and h).

The secretion into the medium of the rat recombinant
ER-60 protease pulse-labeled with [35S]methionine and
-cysteine in transient transfectants of COS cells was
determined by immunoprecipitation with the anti-rat
ER60F serum (Fig. 4B). The wild-type enzyme mostly
remained in cells after a 5-h chase. Only 13% of the total
enzyme was secreted into the medium (Fig. 4C). About 45%
of the total mutant enzyme, of which the QEDL sequence
was deleted or replaced by an AAGL sequence, was secret-
ed into the medium after a 5-h chase (Fig. 4C). The
radioactivity of QEDL-deleted or AAGL mutant protein
recovered as the immune precipitates from cell and
medium was scarcely decreased during a 5-h chase. This
suggests that these mutant proteins were not degraded and
distributed in the Golgi body and medium. It is likely that
the C-terminal QEDL sequence of ER-60 protease may
function as a retention signal in ER. The substitution of
KDEL for QEDL could also keep the ER-60 protease in ER.

DISCUSSION

The proteolytic activity of the highly purified recombinant
human ER-60 protease was inhibited by pCMB, like that of
the rat liver microsomal ER-60 protease (6). The sensitiv-
ity of the ER-60 protease to cysteine protease inhibitors
suggests that the active site includes a cysteine residue (s).
ER-60 protease has seven cysteine residues, four of which
constitute two CGHC motifs. The amino acid sequences
around these cysteine residues exhibit little homology to
the consensus sequence around the active center cysteine
residues of well-known cysteine proteases such as members
of the papain family (16). Therefore, ER-60 protease was
assumed to have a different active center from those of the
papain family. ER-72 protease, another microsomal cys-
teine protease, has no cysteine residue other than those
constituting three CGHC motifs (18). These facts suggest
that a cysteine residue(s) of the CGHC motifs functions as
the active site. Among the mutated ER-60 proteases, the

C60S/C409S enzyme, in which the C-terminal cysteine
residues of the two CGHC motifs are changed to serine
residues, showed proteolytic activity sensitive to serine
protease inhibitors, unlike the wild-type enzyme, which is
sensitive to cysteine protease inhibitors. Hence, it seems
likely that Cys-60 or Cys-409 is the active site cysteine
residue, which can be replaced by a serine residue to yield
serine protease activity. Replacement of the active center
cysteine of a cysteine protease with serine was reported to
change the cysteine protease into a serine protease in the
case of grapevine fanleaf nepovirus cysteine protease (31)
and picornavirus 3c proteinase (32, 33). Unfortunately, we
could not determine whether Cys-60, Cys-409, or both
residues of the CGHC motifs are responsible for the
proteolytic activity by determining the loss of activity after
changing a cysteine residue to an alanine residue, since
neither the C60A nor the C409A enzyme could be obtained.
Intact C60A or C409A ER-60 protease was not expressed in
E. coli, but small fragments immunoreactive to the anti-
ER-60 protease serum were obtained. The intact proteins
are probably unstable and rapidly degraded in this expres-
sion system. Preparation of an intact C60A or C409A
enzyme will be necessary to elucidate the reaction mecha-
nism.

The mouse ER-60 showed the proteolytic activity (34) as
well as the rat ER-60 protease, when PDI was used as the
substrate. However, the recombinant human ER-60 pro-
tein from a baculovirus expression system did not signifi-
cantly degrade PDI (29), unlike the recombinant enzyme,
from the E. coli expression system. The reason for this
discrepancy is unclear. However, the possibility cannot be
excluded that the activity from the baculovirus expression
system was modified or inactivated during the purification
procedures, where protease inhibitors were not included.

The CGHC motif appears to be multifunctional. It was
reported that cysteine residues in CGHC motifs are respon-
sible for a thiol-dependent reductase activity of ER-60
(12). This was shown by substituting serine residues for all
of the cysteine residues in both motifs. However, the role of
each cysteine residue (Cys57, 406, 60, and 409) remains
unknown.

There have been conflicting reports concerning the func-
tion of the C-terminal QEDL sequence (11, 12). Thus, it is
uncertain whether QEDL acts as an ER-retention signal for
ER-60 protease. This uncertainty may be due to the poor
kinetics of the secretion of ER-60 protease into the
medium. In this study, it was shown that the C-terminal
tetrapeptide of ER-60 protease, QEDL, functions as a
retention signal in ER. However, on replacing KDEL of PDI
and KEEL of ERp72, QEDL failed to act as a ER-retention
signal for these proteins (21). Thus, QEDL was assumed to
be a non-functional tetrapeptide for PDI and ERp72, but to
be functional for ER-60 protease. The possibility cannot be
excluded that the QEDL sequence changed protein molecu-
lar structures of PDI and ERp72, and thereby interfered
with the association of the QEDL sequence with the
retention machinery. Because QEDL could not act as an
ER-retention signal for PDI and ERp72, the complemen-
tary function of a region(s) other than the C-terminal
tetrapeptide may be responsible for the retention of ER-60
protease in ER. Hence, it seems likely that the QEDL
sequence serves as an ER-retention signal in cooperation
with other amino acid residue(s) in ER-60 protease.
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Finally, microsomal ER-60 protease was shown to be a
cysteine protease with characteristic functional CGHC and
QEDL motifs.
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