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Protein Disulfide Isomerase, Bombyx mori

A cDNA that encodes protein disulfide isomerase was isolated from Bombyx mori (bPDI),
in which an open reading frame of 494 amino acids contained two PDI-typical thioredoxin
active sites of WCGHCK and an ER retention signal of the KDEL motif at its C-terminal.
The bPDI protein shared less than 55% of the amino acid sequence homology with other
reported PDIs. bPDI is most genetically similar to the D. melanogaster PDI. The most serious
evolutional diversity was observed between the metazoa and nematoda through PDI evolu-
tional processing. Although bPDI shows a relatively low amino acid homology with other
PDIs, in which both sites of the two thioredoxin active sites and the endoplasmic reticulum
(ER) retention signal are completely conserved, it was successfully recognized by anti-rat
PDI antibodies. This suggests that bPDI may have the activity of a protein isomerase and

a chaperone.

Introduction

Protein disulfide bond formation is a rate-limit-
ing step in protein folding and is catalyzed by en-
zymes belonging to the protein disulfide oxidore-
ductase superfamily, including PDI in eukarya and
DsbA in bacteria (Noiva, 1994). PDI catalyzes di-
sulfide oxidation and isomerizes incorrect disul-
fides on newly synthesized polypeptides under-
going correct folding in the oxidizing ER
environments. It is now accepted that PDI is a
multifunctional protein that is involved in the fold-
ing, assembly, and posttranslational modification
of many proteins in addition to actin filament po-
lymerization, gene expression, cell-cell interaction
and the regulation of the receptor function (Frand
et al., 2000). PDIs are known to share a strong
DNA sequence homology and their expression is
found abundantly in many cell types. The typical
PDI structure has led to a five-domain model for
enzyme activity, in which two protein-thiol oxidor-
eductase active site sequences of WCGHCK are
shown in both the C-/N-terminal regions, and an
ER retention signal of KDEL in the C-terminal.
This is evidence that the PDI is located/retained in

the ER lumen and functions as an ER chaperone
(Ciaffi et al., 2001; Noiva, 1999; Warsame et al.,
2001).

The bPDI protein (a PDI homologue from
Bombyx mori) in this study also has two thiol oxi-
doreductase sites and a KDEL motif in the C-ter-
minal. The cDNAs encoding the PDI family have
been isolated from a number of organisms or tis-
sues. However, only one of the PDI cDNA se-
quences has been reported from Drosophila mela-
nogaster and limited information on the PDI in
insects is available (McKay et al., 1995). It has al-
ready demonstrated that bPDI expression de-
pends on ER stress and hormones in the Bm5 cell
line derived from Bombyx mori. While both the
thiol oxidoreductase sites and the ER retention
signal are very well conserved, a high sequence
variation was shown among the known PDIs. In
addition, most recent studies have demonstrated
that coexpressed or overexpressed PDI increased
the folding and secretion of heterologous proteins
from the cells used (Ailor and Betenbaugh, 1999;
Hsu et al., 1996; Ritchie et al., 1999). To establish
that the forced expression of PDI in a cell is effec-
tive in enhancing the folding and secretion of het-
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erologous proteins, it is essential that further un-
derstanding of the phylogenetic relationships of
bPDI among the PDIs be obtained. With this in
mind, results are reported of the evolutionary po-
sition among eukaryotic PDIs and a cDNA encod-
ing the Bombyx mori homologue PDI. The cloned
cDNA was successfully translated, and the ex-
pressed bPDI also recognized by anti-rat PDI anti-
bodies.

Materials and Methods
Experimental insects and cells

Silkworms, Bombyx mori (Jam 306), were
reared on an artificial diet at 24-27 °C with 70—
90% humidity. The culture cell line Bm5 derived
from B. mori ovary was cultured at 27 °C in a TC-
100 medium (Sigma Chemical, St. Louis, MO)
with 10% fetal bovine serum (GIBCO Life Tech-
nologies, Gland Island, NY) using the standard
method.

Differential screening for bPDI gene

We constructed a cDNA library from the Bm5
cells inhibited N-linking glycosylation of the pro-
tein for 5 h with tunicamycin (5 pg/ml) using an
Uni-ZAP XR vector kit (Stratagene, La Jolla,
CA), and 768 randomly selected cDNA fragments
were duplicated and fixed on the nitrocellulose
membranes, respectively. Other cDNA fragments
derived from both kinds of poly(A*) RNAs, nor-
mal and tunicamycin-treated were labeled with [a-
32P]dATP and used as molecular probes. Two
membrane sheets were hybridized in an Ex-
pressedHyb Hybridization Solution (Clontech,
Palo Alto, CA). The selected cDNA fragments
were cloned and amplified. The resulting positive
cDNA fragments were partially sequenced. One
of these sequences shares a high homology with
the PDI gene family, and was fully sequenced after
obtaining a full cDNA sample by the 3'-RACE
(Rapid Amplification of cDNA Ends) PCR
method.

DNA sequencing and sequence analysis

The selected cDNA clones were partially se-
quenced using T3 and T7 primers by an automatic
sequencer (Perkin Elmer, Watsonville, CA, ABI
377). The double-stranded DNA was prepared

using the Wizard Plus SV Miniprep DNA Purifica-
tion System (Promega, Madison, WI). Each DNA
sample (300-500 ng) was mixed with primer (3.2
pmole) and a Termination Reaction Mix (Perkin
Elmer), and sequenced following 25 cycles of PCR
conditions (96 °C for 30 sec, 50 °C for 15 sec, and
60 °C for 4 min). The resulting PCR products were
separated on a 4.5% denatured polyacryamide gel
and analyzed by DNA Sequencing Analysis Soft-
ware (Perkin Elmer). Both strands of the cDNA
clones were sequenced. The amino acid sequence
was deduced from the cDNA sequence, and the
homology with other species was analyzed through
a GenBank database search. The sequence iden-
tity and homology search was achieved using
BLAST (Basic Local Alignment Search Tool). The
multiple alignments of sequences was carried out
using the Clustal X program, and then modified
manually to correct for misalignments as deter-
mined by the results of pairwise alignments and by
a visual inspection. The phylogenetic analysis
based on the PDI amino acid sequences was car-
ried out using the maximum parsimony method of
the PAUP (Phylogenetic Analysis Using Parsi-
mony).

Construction of expression vector for bPDI
and Western blot analysis

The cDNA encoding bPDI was amplified using
a sense primer
(5'-CGGGATCCCGGAAATGCGTGTTTTAA-
TTTTCACG-3’; underline indicates the initial
codon) and an antisense primer (5'-GAA-
GGCCTTCTAACTCGTCTTTGGCAGGC-3';
underline indicates the stop codon that was modi-
fied from the original TAA). The PCR products
were ligated once to a TA cloning vector, pGEM-
T (Promega). The pGEM-bPDI was digested with
BamH 1/Stu 1 and subcloned into the baculovirus
vector, pPBAC1-bPDI. After incubation for 15 min,
a mixture pBACI1-bPDI/BacVector-3000 Triple
Cut Virus DNA (Novagen, Madison, WI) with Eu-
fectin (Novagen) was inoculated at 27 °C for 5 h
at the Sf-9 cell line. The infected cells were col-
lected after 3 days and digested with lysis buffer
(6.25mm Tris (hydroxymethyl)aminomethane-
HCIL, pH 6.8, 2% SDS, 10% glycerol, 5% DTT).
Electrophoresis was performed in 7.5% polyacryl-
amide gels. Protein transfer to a PVDF membrane
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was carried out in a semi-dry system from Bio-
Rad. The PVDF membrane was quenched for
30min in 150 mm NaCl, 10 mm Tris (hydroxy-
methyl) aminomethane-HCl, pH 7.5 containing
2% mnon-fat dry milk. Immunological detection
was done by first incubating the PVDF membrane
for 1 h at room temperature with the primary anti-
serum in TBS containing 0.05% Tween 20. Subse-
quently, the PVDF membrane was incubated for 1
h with peroxidase-conjugated secondary immuno-
globulins. The PVDF membrane was washed in-
tensively between each step in 150 mm NaCl,
10 mm Tris (hydroxymethyl) aminomethane-HCI,
pH 7.5, 2% non-fat dry milk.

Results and Discussion

A Bombyx mori PDI homologue (bPDI) was
isolated from the culture cell line BmS5, which was
treated with tunicamycin using a differential
screening method, and both strands sequenced the
cDNA clone (Hoog, 1991). The sequence data of
the bPDI was submitted to Genbank under the
accession number AF325211. Although a cDNA
encoding bPDI shows a high sequence variation
compared with known PDI cDNAs, the bPDI pro-
tein has two well conserved thiol oxidoreductase
sites and a KDEL motif in the C-terminal, which
is similar to the other PDIs. To confirm whether
or not the cDNA encoding bPDI translates cor-
rectly in vivo by bPDI, the recombinant baculovi-
rus (vAc-bPDI) was translated in the culture in-
sect Sf-9 cell line. As shown in Fig. 1, the cDNA
encoding the Bombyx mori PDI homologue was
successfully translated in bPDI (line 3 in panel A),
which was also recognized by anti-rat PDI anti-
bodies (line 3 in panel B). No band estimated PDI
appeared between the wild type cells and the cells
infected with the wild type baculovirus (line 1, 2).
The result suggests that although the bPDI-cDNA
isolated in this study shows a low DNA sequence
homology among the known PDIs, the pPDI pro-
tein shares the same antigen domains with another
PDI that is recognized by anti-rat PDI antibodies.
In addition, the bPDI-cDNA encodes a typical
PDI. Furthermore, bPDI has a similar 3-D struc-
ture to other known PDIs and may play a similar
functional role in the insect cells, although the ex-
act 3-D structure has not yet been determined.

Eukaryotic PDIs typically are composed of five
functional domains, a-b-b‘-a’-c. Both the a and a’

domains (approximately 110 amino acid residues
each), which are well conserved between species,
contain one of the thioredoxin active sites
(WCGHCK), respectively (Kemmink et al., 1997).
The b and b’ domains are comparatively less con-
served between species, but the domain b’ has a
similar binding property to other proteins (Kem-
mink et al., 1999; Klappa et al., 1998). The domain
¢ (about 30 amino acid residues) has a calcium-
binding site and ER retentonal motifs (KDEL)
(Darby et al., 1998; Koivunen et al., 1999). A
multiple sequence alignment was carried out with
the bPDI and PDIs reported, using the Clustal X
program (Thompson et al., 1997), the bPDI amino
acid sequence was compared with other eukaryo-
tic PDIs (Fig. 2). An overview of the multiple se-
quence alignment showed that while both domains
a and a’ including thioredoxin active sites share a
relatively high homology between the PDIs, the
other domains do not. Considering that the total
amino acid sequence homology is not conserved
between the PDIs, it is interesting that PDIs ap-
pear to be essential for cell survival and prolifera-
tion. This is strongly suggested based on the results
shown in Fig. 1, which indicates that the sequence
diversity between the PDIs should not prevent the
activation of both the disulfide isomerase and the
chaperone unless the active sites are different but
shares common antigen domains.

The pairwise matrix of the amino acid sequence
divergence was calculated by the neighbor-joining
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Fig. 1. Western blot analysis of bPDI. Sf-9 cells were in-
fected with a recombinant virus (vAc-bPDI) and har-
vested 72 h after infection (line 3). Lane 1; protein ex-
tracted from normal cells, Lane 2; protein extracted from
the cells infected with wild type baculovirus. Panel A
and B, are the results of SDS-PAGE stained with Coo-
massie Blue and Western blot analysis, respectively. An
arrow indicates the estimated PDI and the rabbit anti-
rat PDI antibodies that were was used as a second anti-
body in panel B.
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H. vulgare ———-MATSKVWISLLLALAVVLSAPAARAEEAAAAEEAAAP-EAVLTLHADNFDDAIGQHPF I LVEFYAPRCGHCKSLAPEYEKAAQLLSKHDPA 90
T. aestivum ———-MAISKVWISLLLALAVVLSAPAARAEEAAAAEEAAAAPEAVLTLHADNFDDAI AKHPF ILVEFYAPNCGHCKSLAPEYEKAAQLLSKHDPA ~ 91
Z. mays ——-MAIRSKAWISLLLALAVALSARAE-—-——EEPAAAAEGEAVLTLDVDSFDEAVAKHPFMVVEFYAPNCGHCKKLAPEYENAAKALSKHDPP 86
B.mori = —————————-MRVLIFTAIALLGLALGD----————-] EVPTEENVLVLSKANFETVISTTEYILVEFYAPWCGHCKSLAPEYAKAATKLAEEESP 76
D. melanogaster ———-EVKVEEGVLVATVDNFKQLIADNEFVLVEFYAPNCGHCKALAPEYAKAAQQLAEKESP 79
H. sapiens =~  -——————-MLRRALLCLAVAALVRADA-----—-———- PEEEDHVLVLRKSNFAEALAAHKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSE - 76
B. taurus ~ ———————-MLRRALLCLALTALFRAGAG————————- -APDEEDHVLVLHKGNFDEALAAHKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSE 78
R.norvegicus  ———————-MLSRALLCLALAWAARVGAD————————-, -ALEEEDNVLVLKKSNFAEP-AAHNYLLVEFYAPRCGHCKALAPEYAKAAAKLKAEGSE 77
M. musculus ———ALEEEDNVLVLKKSNFEEALAAHKYLLVEFYAPRCGHCKALAPEYAKAAAKLKAEGSE 78
0.cuniculus  -——————-MLRRAVLCLALAVTAGWAWA-————————- AEEEDNVLVLKSSNFAEELAMMLVEFYAPWKALAPEYAKAAGKLKAEGSD 77
G.gallus PLEEEDGVLVLRAANFEQALAAHRHLLVEFYAPWCGHCKALAPEYAKAAAQLKAEGSE 59
0.volvulus ——— ME‘RLVVVLSLSLQFVLYSAAQDA ————————— S 1EEDDGVLVLTKNNFDDAVAAHEF ILVEFYAPWCGHCKALAPEYAKAAHVLKKEDSP 81
C. elegans ——-VVADSENVLVLTESNFEET INGNEFVLVKFYAPRCVHCKSLAPKYDEAADLLKEEGSD 75
S. mansoni —EVTEEDDVLVLNKKNFDDVIKTNKFVLVEFYAPWCGHCKALAPEYSEAAKKLKEKGSL 75
A. niger ———-TESDVISLDQDTFESFMNEHGLVLAEFFAPRCGHCKALAPKYEEAATELKAKN—— 75
H. insolens ——-TASDVVQLKKDTFDDFIKTNDLVLAEFFAPWCGHCKALAPEYEEAATTLKEKN— 71
S. cerevisiae —-EDSLSLSWPPTLSMNTFSRTTWWLAEFFAPWCGHCKNMAPEYVKAAETLVEKN— 82
P. falciparum —————MNRKYFSSLFLFLISFVFESFVRSHG——————- DLFNQFVTDIHDGELDKFITKNDIVLVMFYAPWNCGHCKRLIPEYNEAANMLNEKKSE ~ 83
C. parvum ————MIGIRSLVSAAFLGFSCI.SKVVLGGDE————AI-[FISEHITSLTSSNFEDFIKSKH-!VIVTFFAPWALEPEFKATCAEISKISPP 85
XIXEXEX X% [ X!
a >
H. vulgare IVLAKVDANDEKNKPLAGKYEVQGFPTLKIFRNGGK-SIQEYKGPREAEGI VEYLKKQVGPASKEIKAPEDATYLEDGK-IHIVGVFTEFSGPEF 183
T. aestivum IVLAKVDANDEKNKPLAGKYEVQGFPTLKIFRSGGK-NIQEYKGPREAEGI VEYLKKQVGPASKEIKAPEDATYLEDGK-IHIVGVFTEFSGTEF 184
Z. mays IVLAKVDANEEKNRPLATKYEIQGFPTIKIFRDRGK-NIQEYKGPREADGI VDYLKKQVGPASKEIKSPEDATALIDDKKIYIVGIFAEFSGTEF 180
B. mori IKLAKVDATQEQD--LAESYGVRGYPTLKFFRNGS-—-PIDYSGGRQADDI ISWLKKKTGPPAVEVTSAEQAKELIDANTVIVFGFFSDQSSTRA 166
D. melanogaster IKLAKVDATVEGE--LAEQYAVRGYPTLKFFRSGS-—-PVEYSGGRQAADIIAWVTKKTGPPAKDLTSVADAEQFLKDNEIAIIGFFKDLESEEA 169
H. sapiens IRLAKVDATEESD--LAQQYGVRGYPT IKFFRNGDTASPKEYTAGREADDI VNWLKKRTGPAATTLRDGAAAESLVESSEVAVIGFFKDVESDSA 169
B. taurus IRLAKVDATEESD--LAQQYGVRGYPTIKFFKNGDTASPKEYTAGREADDI VNWLKKRTGPAASTLSDGAAAEALVESSEVAVIGFFKDMESDSA 171
R. norvegicus IRLAKVDATEESD--LAQQYGVRGYPT IKFFKNGDTASPKEYTAGREADDI VNWLKKRTGPAATTLSDTAAAESLVDSSEVTVIGFFKDAGSDSA 170
M. musculus IRLAKVDATEESD--LAQQYGVRGYPTIKFFKNGDTASPKEYTAGREADDI VNWLKKRTGPAATTLSDTAAAESLVDSSEVTVIGFFKDVESDSA 171
0. cuniculus IRLAKVDATEESD--LAQQYGVRGYPTIKFFKNGDTASPKEYTAGREADDI VNWLKKRTGPAATTLADSAAAESLVESSEVAVIGFFKDVESDAA 170
G.gallus IRLAKVDATEEAE--LAQQFGVRGYPTIKFFRNGDKAAPREYTAGREADDI VSWLKKRTGPAATTLTDAAAAETLVDSSEVVVIGFFKDVTSDAA 152
0. volvulus IKLGKCDATVHGE--LASKYEVRGYPTLKLFRSGK-——PQEYGGGRDAASIVAWLKKKTGPAAKTMLSADDVKDFQENNEVCVIGYFKDTESADA 171
C. elegans IKLAKVDATENQA--LASKFEVRGYPTILYFKSGK---PTKYTGGRATAQI VDWVKKKSGPTVTTVESVEQLEELKGKTRVVVLGYFKDAKSDAA 165
S. mansoni IKLAKVDATVEEE--LALKHGEKGYPTLKFFRNEQ-—-PIDFLGERDSDAI VNWCLRKSKPSVEY I DSLDSCKQFIDKANIAILGFIKDTDSLDL 165
A. niger IPLVKVDCTAEED--LCRSQGVEGYPTLKIFRG——VDSSKPYQGARQTESIVSYMIKQSLPAVSSVNE-ENLEEIKTMDKIVVIGYIPSDDQETY 165
H. insolens IKLAKVDCTEETD--LCQQHGVEGYPTLKVFRG--LDNVSPYKGQRKAAAI TSYMIKQSLPAVSEVTK-DNLEEFKKADKAVLVAYVDASDKASS 161
S. cerevisiae ITLAQIDCTENQD--LCMEHNIPGFPSLKIFKNSDVNNSIDYEGPRTAEAIVQFMIKQSQPAVAVVAD-LPAYLANETFVTPVIVQSGKIDADFN 174
P, falciparum IKLVSIDATSENA--LAQEYGVTGYPTLILFNKKN-—-KINYGGGRTAQSIVDWLLQMTGPVFSHVEGNIEDVLKEKKINVAFYLEYTSEDNDLY 173
C. parvum VHCGSVDATENME—-LAQQYGVSGYPTIKFFSGIDS——VQNYSGARSKDAFIKYIK](LTGPAVQVAESEEAIKTIFASSSSAFVGRFTSKDSAEY 176
H x x X% x H x H H x
< b
H. vulgare TNFLEVAEKLRSYYDFGHTVHANHLPRGDAAVERPVVRLFKPFD————- ELVVDSKDFDVSALEKFIDASSTPKVVIFDKNPDNHPYLLKFFQSN 273
T. aestivum TNFLELAEKLRSDYDFGHTVHANHLPRGDAAVERPLVRLFKPFD--—--ELVVDSKDFDVSALEKFIDASSTPKVVTFDKNPDNHPYLLKYFQSN 274
Z. mays TNFMEVAEKLRSDYDFGHTLHANHLPRGDAAVERPLVRLLKPFD————- ELVVDSKDFDVAALMKF IDASTIPRVVTFDKNPDNHPYLMKFFQSS 270
B.mori KTFLSTAQVVD-DQVFAIVSDEKVIKELEAEDE--DVVLFKNFE-—-EKRVKYEDEEI TEDLLNAWVFVQSMPTIVEFS—---HETASKIFGGKI 251
D. melanogaster KTFTKVANALD-SFVFGVSSNADVIAKYEAKDN--GVVLFKPFD---DKKSVFEG-ELNEENLKKFAQVQSLPLIVDFN----HESASKIFGGSI 253
H. sapiens KQFLQAAEAID-DIPFGITSNSDVFSKYQLDKD--GVVLFKKFD---EGRNNFEG-EVTKENLLDF IKHNQLPLV IEFT-———EQTAPKIFGGEI 253
B. taurus KQFFLAAEV ID-DIPFGI TSNSDVFSKYQLDKD--GVVLFKKFD---EGRNNFEG-EVTKEKLLDF IKHNQLPLVIEFT-—--EQTAPKIFGGEI 255
R. norvegicus KQFLLAAEAVD-DIPFGI TSNSDVFSKYQLDKD--GVVLFKKFD---EGRNNFEG-EI TKEKLLDF IKHNQLPLVIEFT-—--EQTAPKIFGGEI 254
M. musculus KQFLLAAEAID-DIPFGITSNSGVFSKYQLDKD--GVVLFKKFD---EGRNNFEG-EITKEKLLDFIKHNQLPLVIEFT----EQTAPKIFGGEI 255
0. cuniculus KQFLLAAEATD-DIPFGLTASSDVFSRYQVHQD--GVVLFKKFD---EGRNNFEG-EVTKEKLLDFIKHNQLPLVIEFT----EQTAPKIFGGEI 254
G.gallus KEFLLAAESVD-DIPFGISSSADVFSKYQLSQD--GVVLFKKFD---EGRNNFEG-DLTKDNLLNF IKSNQLPLVIEFT--——EQTAPKIFGGEI = 236
0. volvulus KVFLEVAGGFD-DIPFGITTEIDAAKQLGLEND--GIVLLKKFD---EGRAEFGE-KLVADALRSWVQVERLPLVSEFT----QDTAPIIFGGDI 255
C. elegans TIYNEVADSVD-DAFFAVAGSAEVAAAASLNED--GVALIRTDGDDSETSTIAEAEI TNTIALKQWLHAYKLSAVTEFT----HESAQEIVGGDL 253
S. mansoni ADFEKVADELD-DAGFAIANSSEILTEYGITQTP-KIVLFKNFD-—-ENRVEYTG--GTLENLKHF IQVESVPLVSEFS——--QKTAGVVFGSPI 249
A. niger QAFEKYAESQRDNYLFAATDDAAI AKSEGVEQP--SIVLYKDFD----EKKAVYDGEIEQEATHSWVKSASTPLVGEIG-—--PETYSGYIGAGY 250
H. insolens EVFTQVAEKLRDNYPFGSSSDAALAEAEGVKAP--AIVLYKDFD----EGKAVFSEKFEVEAIEKFAKTGATPLIGEIG-——-PETYSDYMSAGI 246
S. cerevisiae ATFYSMANKHFNDYDFVSAENAEDDFKLSI YLP--SAMDEPVVY—----NG--KKADIADADVFEKWLQVEALPYFGEID-———GSVFAQYVESGL 257
P. falciparum KKFNEVGDKNREIAKYFVKKNDKHNKLFCFRTD—————————==—m——m—— EKKVEYDEKTPLEEFVTSESFPLFGEIN-——-——-TENYRFYAE 243
C. parvum 253

AVFEKVASGHREHNYAFIAFFQEGEQKLEVLHK-——-———- D-————-] EEPVSLPMPKTVEELEAKISIMNVPLFSAIS----AENYSLYMSREG

method with the results shown in Table I (Saitou
and Nei, 1987). The sequence divergences of the
PDIs ranged from 22% to 55% within the PDIs
compared in this study, while among of them, the
bPDI sequence of bPDI shares the lowest diver-
gence, 55%, with Drosophila melanogaster PDI.
On the other hand, the sequence divergences be-
tween plants, vertebral animals and bPDI ranged

from 27%-29% and 48%-49%, respectively. Based
on the results shown in Table I, and the pairwise
matrix of amino acid sequence divergence, the
maximum parsimonious tree constructed with
1000 bootstrap replicates is shown in Fig. 3. bPDI
was most closely related to D. melanogaster PDI
with a low genetic distance value of 920 and
branched independently off in the early stages of
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H.vulgare APKAMLFLNFSTGPFESFKSAYYGAVEEFSGKDVKFLIG-DIESSQGAFQYFGLKVDQAP-—-LILIQDGDSKKFLKEH-———————=——- VEAG 352
T. aestivum APKAMLFLNFSTGPFESFKSAYYGAVEEFSGKDVKFLIG-DIEASQGAFQYNGLKEDQAP-—-LILIQDSDSKKFLKEQ-————— --VEAG 353
Z. mays APKAMLFLNFSTGPFDSFKSAYSAAAEEFKDKEIKFLIG-DIEASQGAFQYFGLKEDQTP-—-LILIQDGDSKKFLKVH-———— —-VEAD 349
B.mori KYHLLIFLSKKNGDFEKYLEDLKPVAKTYRDRIMTVAIDADEDEHQRI LEFFGMKKDEVPSARLIALEQDMAKYKPSSNE-——— —-LSPN 335
D. melanogaster KSHLLFFVSREGGHIEKYVDPLKEIAKKYRDDILFVTISSDEEDHTRIFEFFGMNKEEVPTIRLIKLEEDMAKYKPESDD-——- —-LSAE 337
H. sapiens KTHILLFLPKSVSDYDGKLSNFKTAAESFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESEE-—— —-LTAE 337
B. taurus KTHILLFLPKSVSDYEGKLSNFKKAAESFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESDE-— —--LTAE 339
R. norvegicus KTHILLFLPKSVSDYDGKLSNFKKAAEGFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRLI TLEEEMITKYKPESDE—— —-LTAE 338
M. musculus KTHILLFLPKSVSDYDGKLSSFKRAAEGFKGKILFIFIDSDHTDNQRI LEFFGLKKEECPAVRLITLEEEMIKYKPESDE-~ —-LTAE 339
0. cuniculus KTHILLFLPRSAADHDGKLSGFKQAAEGFKGKILFIFIDSDHADNQRI LEFFGLKKEECPAVRLITLEEEMTKYKPESDE- ——LTAE 338
G.gallus KTHILLFLPKSVSDYEGKLDNFKTAAGNFKGKILFIFIDSDHSDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESDD-~ —-LTAD 320
0. volvulus KSHNLLFISKESSEFEKLEKEFRAAAKKFKGKVFFVIIDTDVEDNARI LEFFGLKKEDLAALRLISLEEDMTKYKPDFKE-— ———-IIAE 339
C. elegans KKFHFLIIRKSDSSFDET I AKFTEVAKKFRAKIVFVLLDVDVEENARI LEFLGVDAKNTPANRIVSLADQVEKFKPQE———— -———G—-E 332
S. mansoni QKHIVFFLSKS-TDHSDLVDKLTEVARQFKGKLHVIYVDVDVENNLRVLEFFGLSKNDAPTYRI IELGEETTKYKPDTND-- ———-YSVS 332
A. niger PLAYIFAETKE--EREKYTEDFKPIAQKHKGAINIATID——AKMFGAHAGNLNLDSQKFPAFAIQDPAKNAKYPYDQAKE-— --—-LNAD 330
H. insolens PLAYIFAETAE--ERKELSDKLKPIAEAQRGVINFGTID--AKAFGAHAGNLNLKTDKFPAFAIQEVAKNQKFPFDQEKE——————————— ITFE 326
S. cerevisiae PLGYLFYNDEE--ELEEYKPLFTELAKKNRGLMNFVSID--ARKFGRHAGNLNMK-EQFPLFATHDMTEDLKYGLPQLSEEAFDELSDKIVLESK 347
P. falciparum SPKELVWVCATYEQYNEIKEHVRLAAQELRKKTHFVLLN-—-1PEYAEHAKASLGLTEFPGLAFQSNEGRYLLKNPKES——————————— LLNHN 324
C. parvum YTPGSVVLTRTSPSMLQTLERLQLITEKSMPLFSLDTEQFG—————- -SHATQHLLIEKFPGLVIQSVNVPSIRYMYGPAK-————————- FDSVE 332
> < a
H. vulgare QIVAWLKDYFDGKLTPFRKSEPIPEANNE-PVKVVVADNVHDVVFKSGKNVLIEFYAPRCGHCKKLAPILDEAAATLQSE--—-EDVVIAKMDAT 442
T. aestivum QIVAWLKDYFDGKLTPFRKSEPTPEANNE-PVKVVVADN IHDVVFKSAKNVLIEFYAPHCGHCKKLAPTLDEAAATLQSE----EDVVIAKIDAT 443
Z. mays QIVAWLKEYFDGKLTPFRNSEPIPEVNNE-PVKVVVADNVHDFVFKSGKNVLIEFYAPHCGHCKKLAPILDEAATTLQSD----EEVVIAKMDAT = 439
B. mori ATEEFVQSFFDGTLKQHLLSEDLPADWAAKPVKVLVAANFDEVVFDTTKKVLVEFYAPRCGHCKQLVPIYDKLGEHFEND--—-DDVIIAKIDAT 426
D. melanogaster TIEAFLKKFLDGKLKQHLLSQELPEDWDKNPVKVLVSSNFESVALDKSKSVLVEFYAPWCGHCKQLAPIYDQLAEKYKDN-——EDIVIAKMDST 428
H. sapiens RITEFCHRFLEGKIKPHLMSQERAGDWDKQPVKVPVGKNFEDVAFDEKKNVFVEFYAPRCGHCKQLAPIWDKLGETYKDH--——ENIVIAKMDST 428
B. taurus KITEFCHRFLEGKIKPHLMSQELPDDWDKQPVKVLVGKNFEEVAFDEKKNVEVEFYAPRCGHCKQLAPIWDKLGETYKDH--——ENIVIAKMDST 430
R. norvegicus KITQFCHHFLEGKIKPHLMSQELPEDWDKQPVKVLVGKNFEEVAFDEKKNVFVEFYAPRCGHCKQLAPIWDKLGETYKDH-——ENIVIAKMDST 429
M. musculus KITEFCHRFLEGKIKPHLMSQEVPEDWDKQPVKVLVGANFEEVAFDEKKNVFVEFYAPRCGHCKQLAPIWDKLGETYKDH-———ENIITAKMDST 430
0. cuniculus GITEFCQRFLEGKIKPHLMSQELPEDWDRQPVKVLVGKNFEEVAFDEKKNVFVEFYAPRCGHCKQLAPIWDKLGETYKEH--—-QDIVIAKMDST 429
G.gallus KIKEFCNKFLEGKIKPHLMSQDLPEDWDKQPVKVLVGKNFEEVAFDENKNVFVEFYAPWCGHCKQLAPIWDKLGETYRDH-———ENIVIAKMDST 411
0. volvulus NIVQFTEMYLAGKLKPHLMTQDIPSDWDKNPVKILVGKNFEDVAKNAKKDVLVLFYAPWCGHCKQLMPTWDKLGEKYKDH-———DTILIAKMDAT 430
C. elegans DFEAFTNSYLEGKSAQDLKAQDLPEDWNALPVKVLVASNFNEIALDETKTVEVKFYAPRCGHCKQLVPVWDELAEKYESN-——-PNVVIAKLDAT 427
S. mansoni AMSDFVQRT IDGKVKPFLMSEEIPSDQTG-AVKVLVGKNYNDVVKDKSKDVEVKLYAPNCGHCKALAPVWDELGETFK-N--—-SDTVIAKMDAT 424
A. niger EVEKFIQDVLDGKVEPSIKSEPVPESQEG-PVTVVVAHSYKDLVIDNDKDVLLEFYAPRCGHCKALAPKYDELAALYADHPDLAAKVTIAKIDAT 427
H. insolens AIKAFVDDFVAGKIEPSIKSEPIPEKQEG-PVTVVVAKNYNEIVLDDTKDVLIEFYAPRCGHCKALAPKYEELGALYAKS-EFKDRVVIAKVDAT = 422
S. cerevisiae AIEPLVKDFLKGDASPIVKSQEIFENQDS-SVFQLVGKNHDEIVNDPKKDVLVLYYAPRCGHCKRLAPTYQELADTYANA--TS-DVLIAKLDHT 441
P, falciparum AIINFFKDVEAGKIEKSLKSEPIPEDDKNAPVKIVVGNSFVDVVLKSGKDVLIEIYAPRCGHCKKLEPVYEDLGRKLKKY--—-DSIIVAKMVGT 418
C. parvum PLKEFMKQVSEG]G{ELSIKSEPIPAEQSG—PVTVVVGKTFEEIVFRSDKDVLLEIYAQm'EKNLEPIYNQLGEEYKDN-———DKVVIAKINGP 425
x x x x x:: H Lxx]
> < c >
H. vulgare ENDVPG-EFDVQGYPTLYFVTPSGKK—-VSYEGGRTADEIVDYIRKNKETAG-——————— ——QA--—--AAATEKAAEPAATEPLKDEL——— 513
T, aestivum ANDVPG-EFDVQGYPTLYFVTPSGKK--VSYEGGRTADEIVDYIKKNKETAGQ--————---AA-——--AAATEKAAEPAATEPLKDEL-———— 515
Z. mays ANDVPS-EFDVQGYPTLYFVTPSGKV--TSYDSGRTADDIVDFIKKSKETAAPHH-—— HPGATGIREGSRAEPVKDEL———- 513
B. mori ANELE--HTKITSFSTIKLYSK-DNQ-VHDYNGERTLAGLTKFVETDGEGAEPVPS——--———————-———-~ VTEFEEEEDVPAKDEL-———— 494
D. melanogaster ~ANELE--SIKISSFPTIKYFRKEDNK-VIDFNLDRTLDDFVKFLDANGEVADSEP—————————-———————-! VEETEEEEEAPKKDEL-——- 496
H. sapiens ANEVE--AVKVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDDDDLEDLEEA-———- EEPDMEE—DDDQKAVKDEL———- 508
B. taurus ANEVE--AVKVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDDDDLEDLEEA--——-EEPDLEE--DDDQKAVKDEL-—— 510
R.norvegicus ~ ANEVE--AVKVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDND-DLDLEEA-—---LEPDMEE--DDDQKAVKDEL-———- 508
M. nusculus ANEVE--AVKVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDDE-DLDLEEA————-LEPDMEE--DDDQKAVKDEL-—-—- 509
0.cuniculus ~ ANEVE--AVKVHSFPTLKFFPAGPGRTVIDYNGERTLDGFKKFLESGGQDGAGDEDGLEDLEEA----~EEPDLEE--DDDQKAVRDEL-——— 509
6. gallus ANEVE--AVKIHSFPTLKFFPAGSGRNVIDYNGERTLEGFKKFLESGGQDGAAADDDLEDLETD--——-EETDLEEGDDDEQKIQKDEL———— 493
0. volvulus ANEVE--NVKVQSFPTIKFFPASSNK-VIDFTGERTLEGLTKFLESGGKDGAGLSD-———-—-———~-—————-] EEKAKEERKVKKN—- 496
C. elegans LNELA--DVKVNSFPTLKLWPAGSST-PVDYDGDRNLEKFEEFVNKYAGSASESE: TASQDHEEL- 485
S. mansoni VNEVE--DLKVTSFPTLKFYPKNSEE-VIDYTGDRSFEALKKFVESGGKSSEATK QEDQIKDEL-——— 482
A. niger ANDVP---DPITGFPTLRLYPAGAKDSPIEYSGSRTVEDLANFVKENGKHNVDALNVASEETQEGGDVTEAAPSATEAETPAATDDEKAEHDEL 515
H. insolens ANDVP-——DEIQGFPTIKLYPAGAKGQPVTYSGSRTVEDLIKFIAENGKYKAAISEDAEETSSATETTTETATKSEEAAKETATEHDEL-——- 505
S. cerevisiae ENDVR--GVVIEGYPTIVFYPGGKKSESVVYQGSRSLDSLFDFIKENGHFDVDGKALYEEAQEK-——-AAEEADADAELADEEDAIHDEL~ 522
P. falciparum LNETPIKDFEWSGFPTIFFVKAGSKIP-LPYEGERSLKGFVDFLNKHATNTPISIDG VPEFEDGTSEEL-——— 483
C. parvum EKESRBKL 481

QNDIPYEGFSPRAFPTILFVKAGTRTP-IPYDGKRTVEAFKEFISEHSSFPQ

Fig. 2. Multiple sequence alignment of bPDI. Each amino acid sequence is represented by the standard single letter code. The
two thioredoxin active sites (WCGHCK) as well as the ER retention signal (KDEL) are shaded. The arrows above the
sequences indicate the five typical PDI domains a-b-b‘-a’-c. Identical residues (*), conserved substitutions (:) and semi-con-
served substitutions (.) between 19 sequences are indicated below the sequences. Hordeum vulgare (133250; Chen and Hayes,
1994), Triticum aestivum (U11496; Shimoni et al., 1995), Zea mays (L39014; Li and Larkins, 1996), Bombyx mori (AF325211),
Drosophila melanogaster (U18973; McKay et al., 1995), Homo sapiens (J02783; Cheng et al., 1987), Bos taurus (M17596;
Yamauchi et al., 1987), Rattus norvegicus (X02918; Edman et al., 1985), Mus musculus (J05185; Mazzarella et al., 1990), Orycto-
lagus cuniculus (J05602; Fliegel et al., 1990), Gallus gallus (X13110; Parkkonen et al., 1988), Onchocerca volvulus (U12440;
Wilson et al., 1994), Caenorhabditis elegans (U95074; Veijola et al., 1996), Schistosoma mansoni (Z22933; Finken et al., 1994),
Aspergillus niger (X98797; Ngiam et al., 1997), Humicola insolens (S74296; Kajino et al., 1994), Saccharomyces cerevisiae

(M62815; LaMantia et al., 1991), Plasmodium falciparum (AJ250363; Florent et al., 2000), Cryptosparldlum parvum (U48261;
Blunt et al., 1996).
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Table I. Comparison of pairwise identities of B. mori protein disulfide isomerase (bPDI) gene and the known
eukaryotic PDI genes. Sequences were adjusted to optimize the alignment of the conserved residues and the percen-

tage of aligned identities determined.

Organism Gene sequence similarity of protein disulfide isomerase (PDI)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
H. vulgare -
T. aestivum 95 -
Z. mays 77 78 -
B. mori 29 28 27 -
D. melanogaster 31 30 31 55 -
H. sapiens 28 28 29 48 51 -
B.taurus 28 28 28 49 52 94 -
R. norvegicus 28 28 28 49 51 91 91 -
M. musculus 28 29 28 49 51 92 93 96 -
O. cuniculus 28 28 28 48 51 89 87 88 88 -
G. gallus 20 29 28 48 52 84 84 83 83 8 -
O. volvulus 29 29 28 46 51 56 26 55 55 54 55 -
C. elegans 25 25 25 40 40 39 39 41 40 41 40 42 -
S. mansoni 27 26 26 40 40 41 41 41 41 42 41 45 36 -
A. niger 26 29 25 28 28 26 26 27 28 27 28 26 26 28 -
H. insolens 29 30 28 29 29 29 30 29 29 29 30 27 26 30 58 -
S. cerevisiae 24 24 21 22 23 24 25 25 25 26 25 23 22 24 33 35 -
P. falciparum 24 24 23 25 27 26 27 25 25 26 25 28 26 26 24 27 17 -
C. parvum 22 23 23 23 24 26 25 25 25 26 25 24 23 24 27 28 18 28 -
H. sapiens
9".0[959'0 [ B. taurus
[ M. musculus
1000.0 100000 & orvegicus
1000.0 0. cuniculus
920'0|— G. gallus
903.0 0. volvulus
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4630 9200 C g pori
992-0|; C. elegans
S. mansoni
%67.0 1000.0C H. vulgtare
1000.0 T. aestivum
976.0 l Z mays
999 C. parvum
999 [ - 9020 E P. falciparum
.0 ..
S. cerevisiae
‘- A. niger
H. insolens

Fig. 3. Fig. 3. Phylogenetic status of bPDI. The evolutional tree was obtained by the neighbor-joining method based
on the amino acid alignments. The numbers on each branch indicate the percentage of the most parsimonious trees
which were found in 1000 bootstrap replications performed with PAUP.

PDI evolution, separating from nematoda, C. eleg-
ans PDI (Veijola et al., 1996). It may be suggested
that the evolutional critical point of the PDIs oc-
curred between metazoa (S. mansoni) and nema-
toda (C. elegans) since a rapid genetic distance
value of 464 appears, which is the lowest among
the PDIs.

In summary, bPDI isolated from a silkworm,
Bombyx mori, shared an amino acid sequence ho-
mology of less than 55% with the reported PDIs.
However the protein that was overexpressed by
the baculovirus was recognized with anti-rat PDI
antibodies. Although bPDI shows a comparatively
low amino acid homology, in which the two redox
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active sites (WCGHCK) are completely con-
served, it was recognized by the anti-rat PDI anti-
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