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ABSTRACT. ER-60 is a thiol oxidoreductase family protein of the endoplasmic reticulum that facilitates
the oxidative folding of glycoproteins via interaction with calnexin (CNX) and calreticulin (CRT). In this
study, we tried to identify the site of interaction with CNX and CRT in the ER-60 molecule. ER-60 was
shown to be composed of at least four domains, named §,dnda, by limited proteolysis. Recombinant
fragments of ER-60, a,’band &c, were each expressed klscherichia colias an individual soluble
folded protein that underwent a cooperative unfolding transition along a urea gradient. These fragments
each gave the circular dichroism (CD) spectrum of the folded protein. On the other hand, fragment b,
which did not undergo the cooperative unfolding transition along a urea gradient gel, did not show any
sign of the folded structure on the CD measurement. However, subtraction of the spectra showed that the
b domain was folded in wild-type ER-60 or dbBoth a and &, which have a catalytic center CGHC
motif, showed activity almost equivalent to half of that of wild-type ER-60. Extension from & d¢o ab

and abbor bdc had little effect on their isomerase activity, suggesting that the b addrbains hardly
contribute to the catalytic activity of ER-60. The contribution of both the b drtbimains to the binding

with CNX and CRT was revealed by surface plasmon resonance analysis and oxidative-refolding
experiments of monoglucosylated RNase B with addition of the luminal domain of CNX.

Secretory and membrane proteins become folded with thehas been shown to form mixed disulfides with ER-60
assistance of molecular chaperones and other folding factordERp57) depending on the monoglucosylated N-linked
in the endoplasmic reticulum (ER)n many cases, protein  glycan, which is the ligand of either CNX or CR24, 25).
folding in the ER is accompanied by N-glycosylation and Overall, ER-60 is thought of as an expert in the introduction
the formation of disulfide bonds. The formation of disulfide of disulfide bonds into glycoproteins through the interaction
bonds between correct pairs of cysteine residues in a nascenwith either CNX or CRT. CNX is an integral type-l ER
polypeptide chain is thought to be catalyzed by protein membrane protein comprising a C-terminal cytosolic domain
disulfide isomerase (PDI)1( 2) and other member of its  (485-573), a transmembrane domain (4684), and an
family, such as ER-60 (also known as ERp57, ERp60, N-terminal luminal domain (£462), exhibiting sequence
ERp61, GRP58, p58, HIP-70, or Q3+9), P5 (10), Erp72 similarity with CRT 26). The three-dimensional structure
(11), PDIp (12), PDIr (13), ERp44 (4), and ERp18 15), of the luminal domain of CNX (6%458) has been solved
etc. in the ER. Among them, ER-60 has been shown to be by X-ray crystal structure analysi&7, 28). It shows that an
a multifunctional protein, which exhibits disulfide bond extended hairpin fold arm, which is called the proline-rich
isomerase activityd, 16), endoproteinase activity3(17, 18), P domain, is inserted into a compact globular lectin domain.
and transglutaminase-like activity in vitrt9). The isomerase  The ternary structure of the CRT P domain (3:&88),
activity of the disulfide bond of ER-60 (ERp57), which may which has been solved by nuclear magnetic resonance
be low compared to that of PDI, has been shown to increase(NMR) spectroscopy in solution, shows an unusual extended
remarkably with addition of the luminal domain of calnexin hairpin fold similar to the P domain of CNX20, 30).
(CNX), a lectin-type molecular chaperorg), or calreticulin TROSY—NMR analysis and protein engineering studies have
(CRT), a soluble ER luminal paralog of CNX1). In the demonstrated that ER-60 interacts with the tip of the hairpin
ER, binding of ER-60 (ERp57) to newly synthesized structure of the P domain of CRB1, 32). On the other
glycoproteins has been demonstrated in combination with hand, the ternary structure of ER-60 is unclear and the site
either CNX or CRT 22, 23). Furthermore, the glycoprotein  of ER-60 responsible for interaction with CNX and CRT
has not been clarified. ER-60 is assumed to comprise four
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38-3757. Fax: 81-774-38-3758. E-mail: urade@soya.food kyoto-u.ac.jp. €Xtension, as judged on alignment with the primary structure

1 Abbreviations: AMS, #maleimidylstilbene-2,2disulphonic acid; of PDI (33—35). In particular, the homologous a and a

CD, circular dichroism; CNX, calnexin; CRT, calreticulilkTMC, domains of ER-60. which each contain a thioredoxin-like
recombinant luminal domain of calnexin; DTT, dithiothreitol; ER, ;

endoplasmic reticulum; GSH, glutathione; GSSG, glutathione disulfide; active-site mOFif’ show significant sequence identity to the
HEPES, [4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic acid; IPTG, @ and adomains of PDI. The recombinant fragment a of
isopropyl thiogalactoside; NMR, nuclear magnetic resonance; PAGE, human PDI has been shown to have a characteristic thiore-

polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; ; ; _
PDI, protein disulfide isomerase; PVDF, poly(vinylidene difluoride); doxin fold (Bafafofpo) by NMR analysis §6). Recom

RNase, ribonuclease; SPR, surface plasmon resonance; Tris, trisinant fragment gs_E‘TQZOf E_R'60 (ERp57), corresponding
(hydroxymethyl) aminomethane. to the putative 'adomain region, has also been shown to be
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folded into a thioredoxin-like formfoSaSpAa) similar to peptide was carried out with a Protein Sequencer Model 492
that of PDI @7), suggesting functional similarity between (Applied Biosystems), as described previous3y. (
the a and adomains of both PDI and ER-60. The high- Construction of Expression Vectors for Recombinant

resolution NMR structure of fragment b of PDI has shown Fragments of ER-60The amino acid sequence of each
that the b domain folds into a structure similar to that of the polypeptide construct used in this study is shown in Figure
a domain, despite the low degree of sequence similarity 2A. Appropriate DNA fragments were amplified by the
between these domain3g; 39). Judging from the similarity ~ polymerase chain reaction (PCR) from a cDNA clone of
between the a and @omains or the b and’ lwomains of human ER-6018). The primers of the DNA sequence for
PDI, all of these domains are thought to fold into a the N or C terminus of the recombinant a, b, b, ah, or
thioredoxin-like form. The results obtained in protein abb fragment contained &dd or Sag restriction site,
engineering studies indicate that tHelbmain of PDI carries  respectively. The PCR fragments produced were digested
the principle peptide-binding site of PDHUE, 41). The with Ndd and Sap and then cloned into the corresponding
sequences of the putative b anddomains and C-terminal  site of pTYB-1, which allowed the fusion of a self-cleavable
extension of ER-60 are hardly homologous to those of PDI. intein tag containing the chitin-binding domain to the C
Such differences between the primary structures of ER-60terminus of a target proteird®). For the construction of
and PDI are assumed to cause the differences in theirexpression vectors for the recombinaft and Bac frag-
functions. However, the details of the relationships between ments, which had &ldd restriction site in their sequences,
the sequences and functions of ER-60 and PDI are uncleara sequence TG, which becomes a part of an initiator ATG

Among the characteristic functions of ER-60, its coopera- methionine codon after cloning into pTYB-1, was added to
tion with CNX and CRT prompted us to investigate which the 3 termini of the PCR primers. The PCR fragments
domain of ER-60 is responsible for the interaction with these produced were digested witBag and then cloned into
molecular chaperones. In this study, we revealed the domainpTYB-1, which was digested withidd, blunt-ended with
boundaries of ER-60. With this structural information, we T4 DNA polymerase, and then digested wilag. The
employed recombinant fragments of ER-60 to localize the inserts in the expression vectors were sequenced by the
site of its CNX or CRT binding. fluorescence dideoxy chain termination method (Perkin

Elmer, Applied Biosystems).
EXPERIMENTAL PROCEDURES Expression and Purification of Recombinant Fragments

Materials. [a-3?P]JATP (110 TBg/mmol) was obtained of ER-60.The expression of ER-60 fragments was carried
from NEN Life Science Products Inc. UDPH] glucose (925 out in E. coli strain BL21(DE3). Gene expression was
GBg/mmol) and MonoQ, ConA Sepharose and DEAE induced by the addition of 0.4 mM isopropyl thiogalactoside
columns were purchased from Amersham Biosciences. AF-(IPTG) for 4 h. Cells fron 2 L of culture were resuspended
heparin Toyopearl 650M resin and a TSK gel G3000SW in 50 mL of a 20 mM [4-(2-hydroxyethyl)-1-piperazinyl]-
HPLC column were obtained from TOSOH (Tokyo, Japan). ethanesulfonic acid (HEPES) buffer at pH 8.0, containing
Escherichia coliexpression vector pET-30Xa/LIC and His- 0.5 M NaCl and 1 mM EDTA (buffer A) at 4C, and then
Bind quick cartridges were purchased from Novagen. The disrupted by sonication. The lysed cells were centrifuged at
pTYB-1 vector and chitin beads were from New England 1000@ for 30 min at 4°C. The clarified extract was loaded
BioLabs. Bovine PDI was obtained from TAKARA Shuzou onto a chitin column. The column was washed with 10 bed
(Kyoto, Japan) and repurified by hydroxyapatite column volumes of buffer A to remove unbourt coli proteins and
chromatography as described previoushg)( CRT was then equilibrated against 50 mM dithiothreitol (DTT) in
purified from rat liver as described previousIg)( Poly- buffer A. On-column cleavage of each recombinant fragment
(vinylidene difluoride) (PVDF) protein sequencing mem- of ER-60 from the intein tag was carried out at@ for
branes were obtained from Bio-Rad. CNX-N antiserum was ~16—40 h. The cleaved recombinant fragments were eluted
purchased from StressGen Biotechnologies Corp. Horseradfrom the column with buffer A, concentrated with a
ish peroxidase-conjugated rabbit Ig antiserum was obtainedCentriprep-10 (Millipore), and then dialyzed against a 20
from Promega. Trypsin, chymotrypsin, and V8 protease were mM Tris/HCI buffer at pH 7.4, containing 0.15 M NaCl and
purchased from Boehringer Mannheim. Ribonuclease (RNase)10% glycerol (buffer B), at £C overnight. The dialyzed
A, RNAse B, and Ponceau S were from SigmaMale- sample was subjected to gel-filtration chromatography on a
imidylstilbene-2,2-disulfonic acid (AMS) was purchased TSK gel G3000SW column equilibrated with buffer B.
from Molecular Probes (Leiden, The Netherlands). All other Corresponding fractions were combined, concentrated, and
chemicals were of reagent grade. stored at—80 °C.

Peptide Mapping of ER-6(Expression and purification Construction of an Expression Vector for the Recombinant
of recombinant wild-type ER-60 were carried out as de- Luminal Domain of Human CNX.he plasmids containing
scribed previously ¥8). The purified ER-60 (15@(g) was cDNA of human CNX kaia 4724) were obtained from the
digested with trypsin (&g) in a 50 mM tris(hydroxymethyl) ~ Japanese Collection of Research Bioresources Gene Bank
aminomethane (Tris)/HCI buffer at pH 8 and 25 for 60 (Tokyo, Japan)43). An expression vector for the recombi-
min, with V8 protease (1.5g) in a 125 mM Tris/HCI buffer nant luminal domain of CNXATMC), which corresponds
at pH 8.5 and 25C for 60 min, or with chymotrypsin (1.5 to residues +462 of mature CNX44), was constructed as
#g) in a 100 mM Tris/HCI buffer at pH 8.5, containing 10 described below. For cloning into an expression vector, DNA
mM CaCl at 25°C for 30 min. The peptides produced were fragments were amplified by PCR with the primers of the
separated by SDSpolyacrylamide gel electrophoresis (PAGE) DNA sequence encoding the N or C terminus/AfMC,
(15% gel), transferred to PVDF membranes, and then stainedcontaining aNdd or Xhd restriction site. The PCR fragments
with Ponceau S. N-terminal amino acid sequencing of each produced were digested witthdd and Xhd and then cloned
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into pET-30Xa/LIC, digested witiNdd and Xhd. This mixture comprised 200 mM HEPES at pH 7.5, 150 mM
expression vector, pET-3QTMC, allows for the fusion of NaCl, 2 mM CaC4, 0.5 mM GSSG, 2 mM glutathione
the histidine tag LEHHHHHH to the C terminus ATMC. (GSH), 72uM reduced RNase A, and 3:8M recombinant
Expression and Purification ATMC. BL21(DE3) cells fragment of ER-60. The reaction mixture was incubated at
were transformed with pET-3QTMC. The expression of 25 °C for 0 or 40 min. An aliquot (16:L) of the reaction
ATMC was induced by the addition of 0.4 mM IPTG for 4 mixture was removed, and RNase A activity was measured
h. ATMC was produced as a soluble proteirEncoli. The spectrophotometrically at 284 nm with cytidirie2-cyclic
cells fran 1 L of culture broth were collected by centrifuga- monophosphate as the substrat) (
tion, disrupted by sonication in 40 mL of a 20 mM Tris/ Preparation of Monoglucosylated RNaseMNase B was
HCI buffer at pH 7.9, containing 5 mM imidazole, 0.5 M monoglucosylated as described by Zapun et)). (RNase
NaCl, and 1 mM CaGl(binding buffer), and then centrifuged B was reduced and denatured by incubation in a 0.1 M Tris/
at 1000@ for 30 min at 4°C. The supernatant was applied HCI buffer at pH 8, containig 6 M guanidine chloride and
to a His-Bind quick cartridge. After the cartridge was washed 20 mM DTT for 2 h at 25°C. The unfolded RNase B was
with the binding buffer ATMC was eluted with the binding  desalted in 0.1% trifluoroacetic acid on a NAP-5 column
buffer containigp 1 M imidazole, concentrated with a and then freeze-dried. The unfolded RNase B (86Pwas
Centriprep-10, and then subjected to gel-filtration chroma- dissolved in 30QuL of a 30 mM Tris/HCI buffer at pH 8,
tography on a TSK gel G3000SW column equilibrated with containing 10 mM CaG) 300uM 1-deoxynojirimycin, 14
buffer B, containing 1 mM CaGIATMC was eluted in both  «M UDP-[*H] glucose (5.3 MBq), and 190g of UDP—
the void volume and the inside volume fractions correspond- glucose:glycoprotein glucosyltransferase, which was purified
ing to 180 kDa. The 180-kDa fractions were collected and from rat liver by sequential chromatographies on DEAE, Con
used for the following assayATMC was confirmed to have A Sepharose, and Mono Q columiisl), and then incubated
an initial methionine residue by N-terminal sequencing. at 37°C for 2.5 h. After the reaction, RNase B was incubated
ATP-Binding Assay cATMC. The ATP-binding assay was ina 0.1 M Tris/HCI buffer at pH 8, containiné M guanidine
performed as described by Ou et d5); Briefly, the purified chloride, 20 mM DTT, and 300 mM 1-deoxynojirimycin at
ATMA (5 ug/10 uL) was incubated in 2.%Ci/10 uL (25 25°C for 20 min, desalted in 0.1% trifluoroacetic acid on a
uM) [a-*?P]JATP in a 20 mM HEPES buffer at pH 7.5, NAP-5 column, and then freeze-dried.
containing 50 mM NaCl, 2 mM Cagland 10 mM MgC}, Oxidative Refolding of Monoglucosylated RNase(i-
in the presence or absence of 10 mM DTT at°@0for 15 dative refolding of unfolded®H]-monoglucosylated RNase
min and then exposed to UV radiation at 30 mJ fer51 B was carried out as described by Zapun et &0).(
min. Samples were subjected to SBIBAGE (10% acryla- Refolding was initiated by dissolving the freeze-dried RNase
mide gel) and then staining with Coomassie Brilliant Blue B (60uM) in a 20 mM Tris/HCI buffer at pH 7.5, containing
R-250 followed by autoradiography. 150 mM NacCl, 2 mM CaGl 0.5 mM GSSG, 2 mM GSH,
Urea-Gradient Gel ElectrophoresidUrea-gradient gel  300uM 1-deoxynojirimycin, and 0.7@M ER-60 or domain
electrophoresis was carried out as described by Creightonprotein with or without 12«M ATMC. The reaction mixture
(46). Briefly, a transverse urea gradient in a polyacrylamide was incubated at 25C for 0, 20, 40, or 80 min. An aliquot
slab gel containing a 0.375 M Tris/HCI buffer at pH 8.8, was removed, reacted with 0.25 volumes of 0.5 M iodo-
with a running buffer comprising a 25 mM Tris-glycine acetamide in a 1.5 M Tris/HCI buffer at pH 8.7 and 25
buffer at pH 8.3, was formed with a first solution comprising for 5 min and then subjected to low pH nondenaturing PAGE
15% acrylamide and no urea and a second solution compris{20, 52). [*H]-monoglucosylated RNase B in the gel was
ing 11% acrylamide ah8 M urea. A total of 10Qug of detected by fluorography with ENLIGHTING (NEN Life
protein was electrophoresed on the gel alCdor 4—6 h, Science Products, Inc.).
followed by staining with a silver-staining kit (Bio Rad). Analyses of ProteirnProtein Interactions with BIAcore.
Far-UV Circular Dichroism (CD) Spectra Analysi€D The BlIAcore 2000 machine, CM5 sensor chips, and analysis
spectra were measured with a Spectropolarimeter J-720program were all from Pharmacia Biosensor. The sensor chip
(JASCO Corporation, Tokyo, Japan) in a 1-mm path-length was activated with a 1:1 mixture &-hydroxysuccinimide/
cell at 23°C. The proteins were dissolved in a 20 mM N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hydro-
potassium phosphate buffer at pH 7.4. Wild-type ER-60 was chloride, following the instructions of the manufacturer. The
converted to the thiol (reduced) or disulfide (oxidized) form purified protein was immobilized in a 10 mM sodium acetate
of the catalytic CGHC motif by dialysis against a 20 mM buffer at pH 4.0, and the remaining binding sites were
potassium phosphate buffer at pH 7.4, containing 5 mM DTT blocked wih 1 M ethanolamine at pH 8.5. The control
or 0.1 mM glutathione disulfide (GSSG) overnight. The channel on the sensor chip was activated and blocked using
reduced or oxidized ER-60 was then dialyzed against a 20amine-coupling reagents, without immobilization of the
mM potassium phosphate buffer at pH 7.4. For the deter- protein. The binding of proteins to this control channel
mination of the oxidation state of ER-60, ER-60 or the was subtracted from the specific binding. The experiments
mutant ER-60 (C60A/C409AN({7) was incubated in an 80  were performed at 20C with a 10 mM HEPES buffer at
mM Tris/HCI buffer at pH 6.8, containing 2% SDS with or  pH 7.0, containing 150 mM NaCl, 2 mM Cagbhnd 0.05%
without 25 mM AMS at room temperature for 30 min and Tween 20 (running buffer) at the flow rate of 1Q/min.
at 37°C for 10 min. Samples were resolved by SEFFAGE The running buffer was also used for diluting the samples
(7% acrylamide gel) and then stained with Coomassie for injection.
Brilliant Blue R-250. Other ProceduresThe concentrations of proteins were
Oxidative Refolding of RNase /Reduced RNase A was measured by amino acid analysis of the protein samples
prepared as described by CreightotB)( Each reaction  supplemented withy-aminobutyric acid as an internal
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Ficure 1: Identification of proteolytic cleavage sites in ER-60. (A) Domain structure of ER-60 predicted by alignment with the primary
structure of PDI 83). (B) Recombinant human ER-60 (@) was digested with trypsin (1g), V8 protease (0.ag), or chymotrypsin (0.5

©g) in 100uL of a 0.1 M Tris/HCI buffer at pH 8 and 2%C. A total of 10uL was removed from the reaction mixture after incubation for

0, 10, 20, 30, 40, 50, or 60 min and then subjected to SBSGE (15% gel). The proteins were stained with CBB-R250. The N-terminal

amino acid sequences of numbered materials (closed arrowheads) were determined as described under the Experimental Procedures. Oper
arrowheads indicate the band of intact ER-60. (C) Cleavage sites (closed arrowheads) by digestion of ER-60 with trypsin, V8 protease, or
chymotrypsin. The N-terminal amino acids of the peptide fragments, which were produced on protease digestion, are each indicated as a
cleavage site. The number above each cleavage site is the number of the band in the panel (B).

standard. Western blotting was carried out with CNX-N recombinant ER-60 was subjected to limited proteolysis with
antiserum. Briefly, proteins separated by SEFSAGE were trypsin, V8 protease, or chymotrypsin for various incubation
blotted onto PVDF membranes and then immunostained withtimes to define the domain boundaries of ER-60. ER-60 was
horseradish peroxidase-conjugated rabbit Ig antiserum asgradually degraded depending the incubation time with each
second antibodies, using Renaissance Chemiluminescencgrotease, with smaller sized peptide fragments being gener-
Reagent (DuPont NEN). ated (Figure 1B). The sites of cleavage by the proteases were
determined by N-terminal sequencing of the peptide frag-
RESULTS ments blotted onto a PVDF membrane after SIPAGE.
Domain Structure of ER-6@he domain structure of ER-  The cleavage sites resided in three narrow regiod&-A
60 was predicted to be similar to that of PDI with a linear Q% K?3—N2 and S%-S%"3 (Figure 1C). These regions
sequence of four domains in an-b—b'—d pattern from overlap the putative boundary regions between the a and b,
the sequence homology between the two proteins (Figureb and b, and b and a domains, respectively. These results
1A). However, there was no direct information on the domain suggest that ER-60 has a linear sequence of four domains in
structure of ER-60. Hence, we started a study in which an a-b—b'—a pattern.
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Ficure 2: Expression of recombinant fragments of ER-60. (A)
Recombinant fragments of ER-60 used in this study. The nomen-
clature adopted is based upon the hypothesized domain structure
of ER-60. The N- or C-terminal amino acid residue of each domain
is given on the left or right side of the domain bar, respectively. M
donates an initial methionine residue. (B) Purified recombinant
fragments of ER-60. Recombinant fragments of ER-60 were E
expressed with IPTG for 4 h. Each fragment was self-cleaved from
an intein tag by treatment with DTT on a chitine column and then
subjected to TSK gel G3000 column chromatography as described
under the Experimental Procedures. The purified fragmemtg(3

of protein) was separated by SBBAGE, followed by staining
with CBB-R250.

Expression of Recombinant Fragments of ER-Bbe
polypeptide fragments of ER-60 used in this study are listed FIGURE 3: Urea-gradient analysis of recombinant fragments of ER-
in Figure 2A. Basically, the polypeptide fragments produced g?biﬁgﬂ])ffaﬁafge;gcﬁrg%Obréng(Lqu%)'u ?eg?&'r ;’éigﬁt(ggl(;g%/é%mbe d
were F:hosen to cont_aln all ,Of the residues of egch putat'veunder the’ExperimentaI Procedures. Proteins were stained with
domain plus the flanking residues. Each polypeptide fragmentsjjver.
was expressed as a fusion protein with an intein tag and then
purified as an intein-tagless polypeptide by the self-cleavagefolded protein (Figure 4A). On the other hand, fragment b
method, as described under the Experimental Proceduresiid not undergo the cooperative folding transition on urea-
(Figure 2B). All recombinant fragments were expressed as gradient gel electrophoresis (Figure 3B). In addition, frag-
a soluble form irE. coliand eluted as a single nonaggregated ment b gave a CD spectrum without substantial structural
form on gel-filtration column chromatography. The N- indications (Figure 4A). From these results, the unfolding
terminal amino acids of a, aband abbwere serine, which  of fragment b was assumed to be caused by misidentification
is the N-terminal residue of mature ER-60, after the of the boundary between the b ariclomains. Then, a new
processing of the signal sequence in the ER. The initial recombinant fragment, bwhich is fragment b elongated at
methionine residue of other recombinant proteins was notthe C terminus from GR¥’ to Lys®2 was designed and
removed from their N termini ir. coli. analyzed. The Ly&2 position was chosen as the last amino

To determine whether each recombinant fragment of ER- acid residue in the turn region behind &lhbased on the
60 is an autonomously folded unit of ER-60, urea-gradient prediction of the secondary structure by the Chou and
gel analysis and CD spectral analysis were carried out. ThreeFasman methodbR). Again, neither the cooperative folding
fragments, a, 'h and &c, exhibited the cooperative folding transition on urea-gradient gel electrophoresis (Figure 3C)
transition on urea-gradient gel electrophoresis (parts A, D, nor a CD spectrum with structural indications (Figure 4A)
and E of Figure 3), and gave a CD spectrum typical of a was obtained on analysis of .bExtension from b to ah
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Ficure 4: CD spectra of recombinant fragments of ER-60. (A) CD spectra of a (1), b (ZB)bb (4), dc (5), and the dithiol (6) and

disulfide (7) forms of wild-type ER-60 were obtained as described under the Experimental Procedures. (B) CD spectiy,dfab (2),

and abb (3) were obtained, and then subtraction spectra,-ata (4), abb — a — b’ (5), and wild-type ER-60- a — b'dc (6), were
calculated. (C) Expected redox states of ER-60 and C60A/C409A reduced or oxidized with DTT or GSSG. (D) ER-60-{{5rexsdl
C60A/C409A (lanes 58) were treated with DTT (lanes 1, 2, 5, and 6) and GSSG (lanes 3, 4, 7, and 8). Free protein thiols were modified
with AMS (lanes 2, 4, 6, and 8) or not modified with AMS (lanes 1, 3, 5, and 7) as described under the Experimental Procedures. Samples

were resolved by SDSPAGE.

had no effect on the unfolding of the b region. Subtraction difference between the structures of the reduced dithiol and
of the spectrum of fragment a from that of aborresponding  oxidized disulfide forms of ER-60, the purified ER-60 was
to the spectrum of the b region, showed no structural treated with DTT or GSSG. To confirm the redox states of
indications (Figure 4B). However, subtraction of the spectra the two CGHC motifs in ER-60, each sample was treated
of fragments a and'&c from that of wild-type ER-60 yielded  with the alkylating agent AMS and then the electrophoretic
a spectrum with structural indications (Figure 4B). In mobility of ER-60 was determined under nonreducing
addition, subtraction of the spectra of fragments a and b conditions (Figure 4D). ER-60 treated with DTT migrated
from that of abbalso yielded a spectrum characteristic of a more slowly after AMS modification. ER-60 treated with
folded protein (Figure 4B), suggesting that the b region has GSSG also showed a smaller but detectable mobility shift

a folded structure in ER-60.

after AMS modification. These results suggested that a

ER-60 contains two CGHC motifs, which are catalytic intramolecular disulfide bond(s) was formed in the ER-60
centers in the a and alomains. In the ER, an oxidized molecule with GSSG treatment. To confirm that the disulfide
disulfide form of ER-60 is thought to be the form exhibiting bonds were formed by oxidations of the two cysteine residues
oxidative-folding activity. To determine whether there is any in each CGHC motif, the mobility shift of an ER-60 cysteine-
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Table 1: Oxidative Refolding of Reduced RNase A Caused by A C. B. staining sg B void volume
Recombinant Fragments of ER-60 §5 Eis 0
o r=] cl.ar-
protein % activity protein % activity 58| 2 % 5 8 I 'fo kDa
S|l & |58 = w®1.0-
ER-60 variant PDI variant us E GE|[zE g || |
wild type 106G wild type (bovine) 431 kDa o= kDa 505- H
a 48 wild type (rat) 290 205— -205 3 |l
ah 67 a 12 130— 1m0 2 o \
abl 56 ab 19 00— | B - 80 10 26
ac pile ) abb(Xa’X) 116° 64— it S - 64 Elution volume {ml}
bac 56 d o 53- : N ¢ ATMC | BSA
- . b'dc 11?‘ . ~ s [DTr 'l+ _[+
a Oxidative refolding of RNase A was assayed as described under 33— -3 >
the Experimental Procedures. 100% corresponds to the activity of ER- red—l e | ’—fed
60 (0.1485 mol of RNase A mit mol of protein?). Values represent s ox— ’ o
the means of three experiment®ata from Xiao et al. §4). ¢ Data 1 2 a3 4 . 3’- 4
from Walker et al. $5). Xa'X represents an active site in which the
catalytic CGHC motif of the 'adomain has been inactivated by mutation D C. B. staining 32P-ATP labeling
to SGHS. [UV radiationtime (mim)] 0 [ 1 [ 3 [ 5 | o [ 1] 3]s
alanine replacement mutant with the CGHC motif, C60A/ +DTT - .
C409A, was analyzed. The mobility shifts of C60A/C409A
treated with DTT and GSSG after AMS modification are e —
the same, suggesting that disulfide bonds were formed DT - - " -
between the two cysteine residues in each CGHC motif of . s a4 s s 7 8

ER-60 on treatment with GSSG. The AMS-modified C60A/

. . Ficure 5: Expression and purification &TMC. (A) SDS-PAGE
C409A migrated more rapidly than the reduced and_A_MS- (10% gel) analysis of pooled fractions at various stages of
modified ER-60 but migrated more slowly than the oxidized pyrification of ATMC. Extract of E. coli in which ATMC was
and AMS-modified ER-60. These findings suggested that expressed (lane 1); pooled fractions obtained on His-tag-binding
both CGHC motifs of ER-60 were oxidized with GSSG treat- Cozucf;ngoggfsowatoﬂ[%phty (|<’=1neI 2); anr? fracttions Oﬁtaéllﬂed Og TSdK

e ; o e el-filtration column chromatogra anes 3 an

ment and that the _S_mal_l mobility shift of the OX!QIzed ER 91). Proteins we?e stained with CBB-R250 (Ian%éag o); immuno-
60 aﬁer AM_S modification was du_e to the mOd'f'Cat'On_ of stained with anti-CNX (lane 4) as described under the Experimental
cysteine residues other than those in the CGHC motif (Flgure Procedures. (B) Gelfiltration column chromatogram ATMC
4C). The CD spectrum of the reduced or oxidized ER-60 expressed irE. coli. The pooled fractions obtained on His-tag
was monitored. No difference was observed (Figure 4A). chromatography were subjected to TSK gel G3000SW gel-filtration

S . column chromatography as described under the Experimental
Oxidative Refolding of Reduced RNase A Caused bY prgcedures. The elution of proteins was followed as the UV

Recombinant Fragments of ER-60he activity of recom-  absorption at 280 nm. (C) Disulfide bonding&TMC. The purified
binant fragments of ER-60, i.e., the catalysis of oxidative 180 kD form ofATMC (2 ug of protein) or BSA (g of protein),
refolding of the reduced, denatured RNase A, was measured?@s a positive control, was separated by SPAGE (7% gel) under

: . e . nonreducing (lanes 1 and 3) or reducing (lanes 2 and 4) conditions,
The formation of native disulfide bonds in the RNase A was followed by staining with CBB-R250. A small difference in mobility

followed as the rate of hydrolysis of,2-cCMP. Activity was observed between the disulfide-bonded (ox) and reduced (red)
was detected for all of the constructs containing the & or a forms of ATMC. (D) Binding of ATP toATMC. The purified 180
domain. The activity of wild-type ER-60 was only 23 or 34% kD form of ATMC was incubated withd-32P]JATP in the presence
of that of bovine or rat PDI (Table 1). Fragments a afd a (upper panel) or absence (lower panel) of DTT and then exposed

- : to UV radiation for 1 min (lanes 2 and 6), 3 min (lanes 3 and 7),
showed activity almost equivalent to half (48 and 40%) of or 5 min (lanes 4 and 8) or not exposed (lanes 1 and 5), as described

that of wild-type ER-60, suggesting that the a ahdamains ~ under the Experimental Procedures. The proteins were separated
can independently catalyze the isomerization of disulfide by SDS-PAGE and then stained with CBB-R250 (lanes4),

bonds. The bdomain of PDI has been reported to function followed by autoradiography (lanes-8).

as the principal substrate-binding doma#0,(41). Hence,  pe present within the EF58). The Zr#*-independent-binding
the activity of fragment alllor bac of PDI was about 10-  sjte was shown to reside within the arm domains of CNX
fold that of fragment a or'af PDI. On the other hand, the  and CRT 82). These sites are thought to be used for the
contribution of the bdomain to the isomerase activity of interaction of ER-60 in the ER. Therefore, in this study, the
ER-60 was very small; thus, its isomerase activity was hardly zn?+-independent interactions of ER-60 with CNX and CRT

affected by extension from a ofcato abb or bac. The B were analyzed. For binding experiments, the recombinant
domain of ER-60 will not function as a substrate-binding |uminal domain of CNX,ATMC, was expressed i&. coli
site, at least not for refolding of unfolded RNase A. and then purified (Figure 5A). A total of 15% of the

Interaction of Recombinant Fragments of ER-60 with CNX expressed\TMC, which comprises a lectin domain and an
and CRT.There are two kinds of ER-60-binding sites on arm, was eluted in the inside volume fractions on the gel
CNX and CRT, i.e., ZA"-dependent and -independent ones filtration corresponding to the size of 180 kD (Figure 5B).
(30, 32, 56). The Zrt™-dependent-binding site was found in  The rest of theATMC soluble but aggregated form was
vitro in the presence of a high concentration ofZ(>100 eluted in the void volume from the gel-filtration column.
uM), which causes changes in the conformation of both CRT The nonaggregated 180 kD form AfTMC was confirmed
and ER-60 %6, 57). The physiological significance of this  to have an inner molecular disulfide bond, which is essential
interaction is unclear, although Znhas been reported to  for the native conformation of CNX and its ATP-binding
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ability (44) (parts C and D of Figure 5). Thus, we examined A ER-60 chip
the interactions of the nonaggregated 180 kD form\®MC -
with recombinant fragments of ER-60 by surface plasmon 2%0 ATMC (+A-I:P)

resonance (SPR) analysis. Initially, the bindingAfMC 2001 s f‘

to ER-60 immobilized on the surface of a chip was i N\

determined. WheATMC was passed over the chip, a time- @ 150 4 \ATMC (-ATP) o

dependent increase in the response was observed, indicating 5 |  f = 7OV TSSsel
that ATMC became associated with ER-60 (Figure 6A). & 100

Association and dissociation &#fTMC and ER-60 were not =Y

affected by the addition of ATP, which has been reportedto & %0

enhance the binding of CNX with an unfolded polypeptide
(59). Next, to identify the domain of ER-60 responsible for

the interaction with CNX, we carried out SPR analysis of EEE—

1 1 1
400 600 800

fragments of ER-60 with ATMC chip (Figure 6B). When Time (s)
wild-type ER-60 was passed over the chip, association was .
observed. There was no difference between the association B ATMC chip
of the dithiol and disulfide forms of ER-60 witATMC. 700~ WtER-60 (reduced)
No association of fragment a orcawith ATMC was 6001 WtER-60 (oxidized)
observed. A slight association dfdr b'ac with ATMC was
detected, and a substantial association of fragmenitveitib 500
ATMC was observed. Similar results were obtained on 2 400
analysis of the interaction of ER-60 fragments with a CRT - 3001
chip (Figure 6C). g
The oxidative refolding of monoglucosylated RNase B g 200-
caused by ER-60 in vitro has been shown to be accelerated ~ * 100 | 0 —~ TT--To~ )
through cooperation withATMC (20). The effect ofATMC o -
on the oxidative refolding of monoglucosylated RNase B Ny ac
caused by frggmentg of ER-60 containing 'Fhe a’miom_aln 0 200 . 400 600 800
was determined (Figure 7). The oxidative refolding of Time (s)

monoglucosylated RNase B was not observed in the absence C .
of ER-60 or an ER-60 fragment regardless of the addition CRT chip

of ATMC. Slight refolding of the monoglucosylated RNase 700 WtER-60 (reduced)

B was observed in the presence of wild-type ER-60 alone 600

in the absence AATMC. This activity was enhanced by the 500k o
addition of ATMC. The activities of fragments a ancgle, @ /WtER'6O (oxidized)
which hardly associated withTMC, shown with SPR S 400r

analysis, were not enhanced by the additiod\dMC. On 3 300

the other hand, the oxidative-refolding activity of ghishich § 200

did associate with thATMC, shown with SPR analysis, was 2 100

enhanced by the addition &fTMC (Figure 7). These results

suggest that both the b anddomains of ER-60 are essential 0 "2 \a’c

for the association with CNX or CRT. T a0 o
DISCUSSION Time (o)

. . . . . FiIGURE 6: Examination of binding of CNX or CRT and recom-
In the ER, inner- and interdisulfide bonds in nascent binant fragments of ER-60 by SPR analysis. (A) ER-60 (26 fmol/
polypeptides are thought to be formed by ER-resident PDI mn?) was immobilized on the surface of a SPR chip as described

- : - was added to the buffer solution that passed continuously over the
between different substrate po!ypeptlde_s IS not. well- chip. The experiments were performed in the presence or absence
understood. Among them, ER-60 is a protein for which the ot 1 mm ATP and 2 mM MgCl as described under the

means of recognizing substrates has been elucidated. ER-6@&xperimental Procedures. At the time the curve began to fall

has been shown to catalyze the oxidative folding of N- (arrow), _:‘hEATMC solution was repiﬁce% Ibykthﬁ' buffer. Tg%

alycosylated proteins by using CNX or CRT as a subunic [OTSPECHE eshorie T, 3 Mamner Wil Hierk o sxposed s

for subs_trate bIhdIﬂgZ(()_—25). However,.the details of the fmol/mm?) was immobilized or? the surface of a SAI(DBFDQAchEp, and

mechanism of interaction of ER-60 with these molecular then the on and off rates for the binding of recombinant fragments

chaperones remained unclear. In this study, we demonstrate@f ER-60 were recorded with the passage of @M protein. (C)

that the domain structure of ER-60 comprised two catalytic Rat CRT (20 fmol/mrf) was immobilized on the surface of a SPR

domains, a and’aand two noncatalytic domains, b and b chip, and the on rates and off rates for the binding of recomblnant
. - . fragments of ER-60 were recorded by the flow of QuA2 protein.

The sites of cleavage on limited proteolysis were mapped

to the three boundary regions between the putative d, b, b proteolysis, the b and ab domain proteins were expressed as

and a domains deduced by alignment with the primary unfolded proteins irE. coli. However, a portion of the b

structure of PDI. Although the predicted domain boundaries domain in the wild-type ER-60 protein or fragment ablas

of ER-60 coincided with the results obtained on limited shown to be folded. In addition, recombinant fragment b
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gﬁ { CTL WER-60
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.
N- ' Incubation time (min)
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Incubation time (min)
B
wt ER-60 abb'
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2 g
S 05 §05F
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0 20 40 80 0 20 40 80
Time (min) Time (min)

Ficure 7: Refolding of monoglucosylated RNase B catalyzed by recombinant fragments of ER-60 with or wiiid@. (A) Refolding

of monoglucosylated RNase B was carried out in the absence (C

TL) or presence of wild-type ER-60 (wt ER-60),0a, kb, with

(+ATMC) or without (—ATMC) ATMC, as described under the Experimental Procedures. The reaction was terminated after the indicated
times, and then the conformation of the monoglucosylated RNase B was examined by nondenaturing PAGE, followed by fluorography. U
and N indicate the unfolded and native forms of RNase B, respectively. (B) Native monoglucosylated RNase B folded in the presence of

wt ER-60 or abbwith (®) or without ©) ATMC was quantified by densitometry of the autoradiograms shown in A.

was expressed as a folded proteingncoli. These results
suggest that the b region is an independent domain and tha
the presence of'tis essential for folding and/or stabilization
of the b domain in the folded state under the experimental
conditions used. In contrast to the structural lability of
fragment b of ER-60, recombinant fragment b of PDI was
expressed irE. coli as a folded polypeptide38, 39, 60).
Whereas the a and domains of ER-60 show significant
sequence identity to the a and @mains of PDI, the
homology between the b and élomains of ER-60 and PDI

is low. Although the b and’'bdomains have no enzymatic
activity, they may play critical roles in diverse biological
functions. The bdomain of PDI has been indicated to be
required for its substrate binding(@), its chaperone activity
(40, 41), and its association with prolyl 4-hydroxylase as a
subunit of this enzymeg(l). On the other hand, the b antl b
domains of ER-60 are unlikely to be concerned with its
substrate binding. In this study, fragments a afdo ER-

60 expressed ii. coli showed activities almost equivalent
to half of the oxidative-refolding activity of wild-type ER-
60, and extension from a ofcato abb or b'dc had little
effect on their activities. Furthermore, it was shown that the
b' domain of ER-60 was unable to substitute for the b
domain of PDI in the association with prolyl 4-hydroxylase
(61). Rather, the b and lhlomains of ER-60 are likely to be
important as binding sites for CNX or CRT. Association of

wild-type ER-60 and fragment ablwith ATMC or CNX

tvas detected on SPR analysis, whereas no or very slight
association of fragments ajcald, and bac with ATMC

was observed.

Furthermore, the addition oATMC to the oxidative-
refolding assay system enhanced the activities of wild-type
ER-60 and fragment ablkbut did not enhance that of
fragment a and'B c. Hence, both the b and domains are
assumed to provide the binding site(s) for CNX and CRT.
However, the contribution of the a domain to the association
with CNX or CRT remains unclear. Unfortunately, fragment
bb' or bbac was not expressed . coli for an unknown
reason. Hence, whether the b arldlbmains are sufficient
for the association with CNX and CRT remains to be
elucidated. The association of ER-60 with these molecular
chaperones functions not only in the folding of a nascent
polypeptide, but also in the dynamic control of ER?Ca
homeostasis. ER-60 molecules recruited by CRT have been
indicated to modulate Ga oscillation through oxidation of
cysteine residues located in intraluminal loop 4 of sarco ER
calcium ATPaseq?2).

The affinity of PDI to a substrate has been reported to be
regulated by the redox state of its CGHC mot#B8); Thus,
in the reduced state, PDI binds to the A chain of cholera
toxin, and in the oxidized state, PDI releases it. On the other
hand, no difference was detected on SPR assaying in the
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reductase: Identification of its secretory form and inducible
expression by the oncogenic transformatigur. J. Biochem. 234
336—342.

Urade, R., and Kito, M. (1992) Inhibition by acidic phospholipids

affinity of ER-60 toATMC, with there being no dependence
on the reduced or oxidized form of ER-60. Though ER-60
and PDI are speculated to have evolved from a common 47

ancestor 34), the functions of the b and ldomains of ER-
60 are markedly different from those of the b andidmains
of PDI.
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