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Purification and Characterization of Wheat Protein Disulfide 
Isomerase Expressed in Escherichia coli 
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1-1-1 Sakuragaoka, Setagaya-ku, Tokyo 156-8502 

* 2 Food Processing Centel; Faculty of Applied Bioscience, Tokyo University of Agriculture, 

1-/-1 Sakuragaoka, Setagaya-ku, Tokyo /56-8502 

A protein disulfide isomerase (PDI) coding sequence was cloned from wheat (Triticum aestivllIll cv 
'Haruyutaka'). The cDNA contained 3 distinct sequences; 2 of them, wPDI 1 and wPDI 3, were 1548 
bp in length, and the other, wPDI 2, was 1539 bp in length. Sequences wPDI 1 and wPDI 2 shared 
98.6% identity, wPDI 1 and wPDI 3 shared 99.2% identity, and wPDI 2 and wPDI 3 shared 99.0% 
identity. The total PDI activity of recombinant (r) PDI was 114 U, and the specific activity was 336 
U / mg. The rPDI catalyzed the formation of disulfide bonds in disulfide reduced and denatured 
ovalbumin. The optimal temperature for the 2 PDIs (rPDI and native PDI) was 35°C, and PDI activity 
was highest at pH 8.5. Furthermore, the rPDI was superior to the native PDI with respect to heat 
and pH stability; however, the rPDI and native PDI had similar optimum conditions. This study is 
the first to demonstrate recombinant expression of wheat PDI. 

(Received Jan. 23, 2011 ; Accepted May 30, 2011) 
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Protein disulfide isomerase (PDI 5. 3. 4. 1) is an 

essential protein for the formation, reduction, or 

isomerization of protein disulfide bonds, depending 

on the conditions in the lumen of the endoplasmic 

reticulum (ER). PDI is a member of the thioredoxin 

superfamily and it contains 2 thioredoxin-like active 

sites (CGHC), which act as the catalytic sites for 

isomerase activity!). This family contains thioredoxin, 

thioredoxin- 2 2), DsbA'), etc. Thioredoxin, thioredoxin-

2 ,and DsbA contain only thioredoxin active sites. 

Thioredoxin- 2 is a mitochondria-type thioredoxin'), 

whereas DsbA is localized to the periplasm of 

prokaryotes. The characteristics of plant PDI, the 

regulation of its expression during plant 

development, and its physiological role are not well 

known. Studies on plant PDI expression and 

intracellular localization in wheat and maize')·5) have 

indicated that the enzyme may play an important 

role in the folding of plant secretory proteins, 

particularly in the formation of endosperm protein 

bodies. Plant PDI or PDI-like cDNA sequences have 

been cloned and sequenced from species such as 

§ Corresponding author, E-mail: tomo@nodai.ac.jp 

alfalfa6
l.7), barleyS), common wheat"', maizes;, and 

castor bean'O ). Wheat PDI cDNA has been isolated 

from root tip, but this protein has not been 

recombinantly expressed or characterized. In this 

paper, we report the isolation and characterization 

of a cDNA encoding PDI from wheat and the 

expression of wheat PDI. Subsequently, we analyze 

the characteristics of the expressed recombinant 

PDI. 

Materials and methods 

1. Primers for peR amplification 

Primers for the amplification of PDI were 

synthesized based on the common wheat cv Chinese 

SpringllJand cv Wyuna cDNA sequences"). Primers 

wPDI-F (5' -TGCTCCCCAGTYCCTTCCGCC-3'; bases 

5 - 25 of AF 262979) and wPDI -R (5' - CTGGC

GTTGGAAGCTGCCTTGCCA-3'; bases 1623 - 1646 

of AF 262979) were used for the amplification of 

PDI cDNA including the full-length open reading 

frame (ORF). To express precursor PDI (prePDI) 

cDNA using pET-21 a (Novagen, USA) in Escherichia 
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coli, the forward primer wPDI - Nde I - F (5'

A TGCCAT A TGGCGATCTSCAAGG - YCTGGA TC -

TCGCT-3' ; bases 26-54 of AF 262979), containing an 

NdeI site and the reverse primer wPDI-Xho I-R (5' -

GCATCTCGAGGCAGAGCTCGTCCTTCAGAGGCTC-

3'; bases 1549-1573 of AF 262979), containing an 

X/wI site were used. 

2. Preparation of T. aestivum cv Hruyutaka cONA 

Dormant seeds were soaked in water for 15 min 

at room temperature. Young roots were harvested 

after cultivation for 2 days at 28°C. Harvested roots 

were immediately frozen in liquid nitrogen and used 

for the preparation of total RNA using the RNeasy 

plant mini kit (Qiagen, USA) according to the 

manufacturer's instructions. RNA concentrations 

were determined by measuring the absorbance at 

260 nm. The isolated RNA was transcribed into 

cDNA using the PrimeST AR RT-PCR Kit (TaKaRa, 

Japan), with thermal modification. 

3. Cloning and Sequence analysis of POI (T. 

aestivum cv Hruyutaka) and phylogenetic 

analysis of Poaceae 

Amplification of PDI from cDNA was performed 

by PCR using PrimeST AR HS DNA Polymerase 

(TaKaRa, Japan). The PCR was performed as 

follows: 35 cycles of 10 s at 98°C, 5 s at 60°C, and 

120 s at 72°C. The amplified fragment was inserted 

into pUC ll8 (TaKaRa, Japan), and was sequenced 

by the dideoxy chain-termination method):l)using a 

BigDyeTerminator v 3. 1 Cycle Sequencing Kit 

(Applied Biosystems, USA). The PDI sequences of 

T. aestivltlll and neighbor related taxa were obtained 

from DDBJ, and the distances were calculated 

according to the method of JUKES and CANTOR)". A 

phylogenic tree was constructed by the neighbor

joining method)5l using the CLUST AL X program 
(version 1. 8 ;)0)). 

pET-21a (+) Ipr-wPDI/NheI/XhoI 

A'LHACAT A TGGCGA TCTGCAAGGTCTGGATC 
MAICKVWI 

The 3 - dimensional protein structure of each 

recombinant PDI was predicted based on the amino 

acid sequence using 3 D-JIGSA W (http://www.bmm. 

icnet.uk/ servers/3djigsaw /) and Chimera software I7J
·)R). 

4. Overexpression and purification of recombinant 

POI from E.coli. 

MEADOWS and ROBINSON)9l previously reported that 

wheat protein precursors are expressed in E. coli, 

and that mature protein is produced in these cells. 

Therefore, for effective expression of wheat PDI in 

E. coli, the presence and location of signal peptide 

cleavage sites in prePDI were predicted using the 

gram -negative prokaryote database in the Sign alP 

3.0 server (http://www.cbs.dtu.dk/services/SignaIP 

/) 20) before expressing recombinant PDI. The result 

showed that the location of the signal peptide 

cleavage site corresponds to that of wheat, and 

computational analysis showed that this site was 

probably cleaved (99.9% probability) in E. coli (data 

not show). Therefore, we predicted that the 

recombinant PDI expressed from DNA encoding 

PDI, including the wheat PDI signal peptide 

(prePDI) would be nearly identical to native PDI. 

For intracellular recombinant expression, the 

prePDI cDNA was inserted into the expression 

vector, pET 21 a (Fig. 1). The resulting expression 

plasmid, pET 21 a/prePDI. was used to transform E. 

coli BL 21 (DE 3) (Stratagene, USA). E. coli BL 21 

(DE 3) + pET 21 a/prePDI was cultured in 100me 

of LB broth containing ampicillin Cloo,ug/me) at 37°C, 

until the optical density at 600 nm was O. 6 . 

Expression of rPDI was induced by incubation with 

IPTG (0.2 mM) for 16 hr at 20°C. 

The cells were harvested by centrifugation at 

5,000 x g for 20 min at 4 °c. The cell pellets were 

resuspended in lOme of 20 mM Tris-HCI (pH 8.0) 

containing 100 mM NaC!, and were disrupted by an 

fl origin 
rlllJllIIlII II 

Xhol 

Ndel 

GAGCCTCTGAAGGACGAGCTCTGCCTCGAGCACCAC 
EPLKDELCLEHH 

ori 

Fig. 1 Expression plasmid for wheat PDI 

pET -211 prePDI: a plasmid containing the wheat prePDI cDNA including signal 
peptide inserted between the NdeI and XhoI sites 
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ultrasonic oscillator (US 150; Nihon Seiki Seisakusho. 

Japan). The cell debris was removed by 

centrifugation (140,000 x g. 60 min. 4 °C). Then. the 

clear supernatant was used for protein purification. 

A TALON metal affinity resin column (TaKaRa. 

Japan) was first equilibrated with 10 column volumes 

of start buffer (20 mM Tris-HCl. 300 mM NaCl. pH 

8.0). Then the clarified sample was applied to the 

column. The column was washed with 10 column 

volumes of start buffer. and the protein was 

subsequently eluted with elution buffer (start buffer 

containing 40 mM imidazole). The protein content 

was determined by the Bradford method21
' using 

BSA as a standard. 

5. Assay for POI activity 

The activity of PDI was measured using the 

method of Lundstrom and Holmgren"), 23; • The 

incubation mixture contained 0.5 mg / m{! insulin 

(TaKaRa. Japan). 0.1 M potassium phosphate (pH 

8. 0). 2 mM EDT A. and PDI protein extract (20 

f1.{! ). The reaction was initiated by the addition of 

132 f1.{! of 5 mM DTT in a final volume of 2 me. 

after incubation for 40 min at 25°C. The increasing 

turbidity of insulin peptide chains was measured at 

650 nm. 

6. Amino acid sequence analysis and research on 

the cubic structure of proteins 

The eluted fractions. cleared lysate. and total cell 

extract were analyzed using SDS -PAGE by the 

method of Li\EM:VIUzll on a 10% (v/v) acrylamide gel. 

The gels were stained with Coomassie Brilliant Blue 

R-250 and G-250. The purified recombinant PDI. 

which was designated rPDI. was stored at 4°C until 

analysis. 

The N -terminal amino acid sequence of the 2 

kinds of recombinant PDI were determined by 

automated Edman degradation using a protein 

sequencer (PPSQ-21; SHIMADZU. Japan)"). 

7. Assay for POI folding activity (rPOI) 

The PDI folding activity was measured by the 

method of KA W AMURA Z61. The reaction mixture 

contained 0.5mg/me disulfide reduced and denatured 

ovalbumin. 50 mM Tris-HCI (pH 8.2). 1 mM EDT A. 
and either 0.5 llM rPDI or no PDI (negative 

control). The prepared ovalbumin was refolded by 

PDI at 25°C and samples were taken from the 

reaction after O. 5. 10. and 15 hr of incubation. 

These reaction samples were diluted 10-fold with 50 

mM Tris-HCI (pH 8.2) and 1 mM EDT A. then the 

far-UV CD spectrum of ovalbumin was recorded at 

25°C with a spectropolarimeter 0-720 WI: JASCO. 

Japan). The CD data were expressed as mean 

residue ellipticity (degrees' em . dmol- I
) using 111 as 

the mean residue weight of ovalbumin. 

8 . Two - dimensional gel electrophoresis and 

Western blot native POI comparison with rPOI 

Separation of proteins by first -dimensional IEF 

electrophoresis was performed using agar-GEL (pH 

3-10. ATTO. Japan) according to the manufacturer's 

instructions271
• Partially purified native PDI and 

purified rPDI samples dissolved in sample solvent 

buffer were loaded using a sample cup. IEF 

electrophoresis was performed at 300 V for 210 min. 

Before carrying out the second-dimensional SDS

P AGE. the agar - GEL was entrenched and 

equilibrated. The equilibrated agar - GEL was 

transferred onto the SDS-PAGE. and then. SDS

PAGE was performed using the method of 
LAEM:VluZl! . 

The rPDI was electrophoresed and the gel was 

stained with CBB R-250 and G-250. Meanwhile. the 

electrophoresed gel of the partially purified native 

PDI was electro blotted onto a PVDF membrane and 

incubated with anti - wPDI antibody. which was 

detected with horseradish peroxidase-conjugated anti 

- mouse IgG (GE Healthcare. Japan r". Bound 

antibodies were visualized using an ECL - Plus 

chemiluminescence system (GE Healthcare). Gel 

images were obtained using a gel image analyzer 

(Gel-Doc: Bio-Rad. USA). Antiserum was obtained 

by immunizing a mouse with rPDI antigen. 

9. Influence and stability of pH and temperature 

on native POI and rPOI 

The relative activity was determined at various 

pH and temperatures. Experiments were carried out 

with the purified rPDI and the partially purified 

native PDI from wheat seed"}. The influence of pH 

on PDI activity was determined at 25°C by using 

the assay protocol described above. To test pH 

stability. rPDI was diluted to 1 llM (about 34 U). 

while the native PDI was diluted 2 - fold using 

respective buffers with pHs ranging from 4 to 10. 

and then the rPDI and native PDI were incubated 

at 4 °C for 8 hr and 4 hr. respectively. The residual 

activity was determined using these enzymes. 

To determine the effect of temperature on 

enzymatic activity, standard assay reaction mixtures 

were incubated at temperatures ranging from 20 to 

45°C. In order to assess stability. rPDI was diluted 

to 1 llM while undiluted native PDI was used. The 
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rPDI and native PDI were incubated at 

temperatures from 10 to 70°C for 3 hr and 1 hr 

respectively. The residual activity was measured 

following the procedure described above. 

-F-S) (Fig. 2). The wPDIs contained 5 domains: a, 

b, b', a', and c. The a and a' domains had a 

thioredoxin -like catalytic site. The c domain was 

alanine rich, and alanine was 9 of 32, 7 of 29, and 9 

of 32 amino acids in wPDI 1, wPDI 2, and wPDI 3, 

respectively. This feature appears to be conserved 

in wheat and barley. These results were nearly 

identical to those of M. ClAFFl2
). The shared identity 

between wPDI 1 and wPDI 2 was 98.6% and that 

of wPDI 1 and wPDI 3 was 99.2%. while the 

shared identity between wPDI 2 and wPDI 3 was 

99.0%. Ciaffi reported the sequences of 3 wheat 

protein disulfide isomerases (wheat PDI 1. 2. and 3), 

and wPDI 1 and wPDI 3 shared 99.6% identity 

with wheat PDI 3'), while wPDI 2 shared 99.8% 

identity with wheat PDI 22
). However. we did not 

obtain any wPDI that was highly homologous to 

wheat PDI l. The reason for this was that the 1 

cultivar had numerous isotypes. at least 3. In the 

future we will try again to obtain the cDNA of 

wheat PDI 1. 

Results and discussion 

1. Cloning of full-length POI eDNA 

The cDNA fragments were amplified by RT-PCR 

using RNA isolated from wheat roots. To isolate a 

full-length cDNA, we screened 3 wheat cDNA 

libraries using 1. 5 kb cDNA fragments. The isolated 

cDNAs containing the PDI genes were sequenced. 

Three distinct sequences were identified; 2 of them 

(wPDI 1 and wPDI 3) were 1548 bp in length, and 

the other (wPDI 2) was 1539 bp in length. The 3 

sequences, wPDI 1, wPDI 2. and wPDI 3 encode 515, 

512, and 515 amino acid polypeptides, respectively. 

Each of these sequences had an encoded 

polypeptide with a putative signal sequence at the 

N-terminus and the ER retention signal KDEL at 

the C-terminus, as well as 2 thioredoxin-like catalytic 

sites (CGHC) and a putative N-glycosylation site (N Using phylogenic analysis based on deduced PDI 

A 

B 

a b b' a' c 
25 148 153 250 252 381 383 482484 511 

wPDI2 

wPDI2 

wPDIl 
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wPD12 
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Sianai se uence q 
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Fig. 2 Primary structure of wPDI 

D Active s' It (thioredoxin motif) 

'j 

L ,i ER-retention signal 

Domain organization of wPDI2 (A) and alignment of the 3 wPDI sequences (B). (A) The CGHC motifs 
(thioredoxin motifs) indicate the location of the active sites. (B) Active-site residues in the a and a' 
domains are shown as solid boxes. The dashed line box represents a putative N-glycosylation site (NFS). 
The double line box indicates the endoplasmic retention signal (I\:DEL) , 
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,------------------------- Sweet potato<Q6IYl7> 
,.--------------------------- Ethiopian mustard<Q38HW3> 

Cotton < A4L9HO > 
Cotton < ML913 > 

Cotton < A4L9G4 > 
,.-----------------Balm of Gilead<A9PJ12> 
'-----------------Castor bean<Q43116> 

L __ -[==============~=<DurangO root<Q9XF61> 
Grape < A7NVFO> 

L _____ -[===========:-:= Soy beanl<AB300660> 
Alfalfa < P29828 > 

wPDI3 

wPDIl 
wPDI2 
Wheat PDI2<AF262980> 

Wheat PDIl < AF262979 > 
Barly< P80284 > 

'--------Rice<Q52P]0> 
L _____ -{=====-==~ MaizeZ<Q5EUEO> 

Maizel < Q5EUEl > 

Fig.3 The phylogenetic relationships of the ammo acid sequences of the isolated wPDls and some 
plant PDIs 

The branching pattern was generated by the neighbor-joining method. The bar represents 0.02 nucleotide 
substitution per site. The sequence data were obtained from DDBJ. 

a' 

a 

b 

177 

ammo acid sequences from wheat and related taxa. 

Z potentially independent clusters were constructed 

(Fig. 3). One cluster contained the Poaceae family, 

including maize, and was located on an outer group 

in the cluster. All wheat PDls were in a single 

subcluster in the family Poaceae, neighboring barley. 

Wheat PDI 1 reported by Ciaffi is somewhat far 

from the other wheat PDIs. However, the distances 

among PDI isotypes from maize and cotton were 

long compared with the distances among wheat 

PDIs. Therefore, this result may be attributed to 

species variety. The homology of PDI sequences of 

neighboring organisms in this group to wPDI was 

in the range from 96. 3~96. 7% (barley) to 79. 8~ 

81. 0% (maize Z). In addition, the phylogenic tree 

based on PDI sequences had a shape similar to that 

of the taxonomic tree based on the DUF 64Z-domain 

gene family30). The 3-dimensional protein structure is 

shown in Fig. 4. The Z thioredoxin-like catalytic sites 

face each other. Furthermore, analysis of the amino 

acid sequence of Poaceae PDI was carried out to 

investigate their 3-dimensional protein structure, and 

the results showed that the structure of Poaceae 

PDI was similar to that of the Poacese family 

(data not show). Hence, we propose that the PDI 

gene evolved naturally, similar to the above 

phylogenetic data31). 

Fig. 4 Surface representation of PDI with the a, b, b'. 
and a'domains in hot pink, blue, aquamarine, and pink, 
respectively, and the C-terminal extension in yellow 

2. Expression and purification of Recombinant PDI 

In this study, we obtained 3 PDI gene cDNAs 

The side chains of the active site cysteines in the a and a' 
domains are shown in red. 

from wheat. On the basis of phylogenic analyses, 

wPDI Z was positioned at the center of the wheat 

PDI branch. In addition, this isotype did not diverge 

m cultivars, because the sequence was highly 

homologous to that of wheat PDI Z reported by 

CrAFFI'); therefore, we chose to express wPDI Z. 
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Then, the presence and the location of the signal 

peptide cleavage sites of prePDI were determined 

using the Gram-negative prokaryote database in the 

SignalP 3.0 server20). The signal peptide of wheat 

PDI had a peptidase recognition site with high 

homology to the Gram - negative signal peptide 

(maximum cleavage site probability 99.9%). 

Therefore, we expressed rPDI with the wheat PDI 

signal peptide. The target protein was expressed in 

E. coli BL 21 (DE 3) and induced by IPTG. Next, 

rPDI was extracted from E. coli. SDS-PAGE showed 

that rPDI purified from the cell extracts using a 

TALON metal affinity resin column had a MW of 

approximately 63 kDa (Fig. 5) (Table 1). We 

confirmed removal of the rPDI signal peptide using 

N -terminal amino acid sequencing, which showed 

that rPDI did not have any signal peptide (data not 

show). The amount of purified recombinant PDI 

protein was O. 34 mg, and its total activity was 

114.13 U. Further, 1 ).1M rPDI exhibited a specific 

M 2 3 
(kDa) 

250 
160 

105 

75 

50 

37 

25 

[T-lO% Me(+)] 

Fig. 5 Overexpression of rPDI from a pET21 a 
derivative in E. coli 

SDS-PAGE analysis of the expressed and purified rPDI from 
E. coli harboring pET21 a/prePDI. Lane M. molecular weight 
markers (Precision Plus Protein Standards: Bio-Rad. USA) : 
lane 1. cleared lysate: lane 2. inclusion bodies; lane 3, after 
TALON column chromatography. 

activity of 332. 74 U / mg. In addition, we tried to 

express PDI without a signal peptide under the 

same conditions. However, the resultant activity was 

20% of the activity of PDI with the signal peptide 

(data not show). This may be due to the transport 

system of E. coli. 

Purified rPDI had an apparent MW of 

approximately 63 kDa as observed by SDS-PAGE. 

and a pI of 5.3 on a 2-dimensional gel, and the 

partially purified native PDI had a MW of 

approximately 63 kDa and a pI of 5.3 as observed 

by 2 -dimensional gel electrophoresis and western 

blotting (data not show); thus, the molecular weight 

(MW) and pI values of rPDI and native PDI 

correspond to each other. Therefore, the 

carbohydrate moiety bound to N-F-S was found to 

be small, and it did not affect the MW or pI. 

Soybean, alfalfa, cattle, and yeast PDIs had MW s of 

63 kDa, 60 kDa, 57 kDa, and 70 kDa, 

respectively:l2H3J as determined by SDS - PAGE. 

Therefore, the molecular weight of wheat PDI was 

nearly identical to that of other plant PDls. 

Meanwhile. the isoelectric point of wheat PDI was 

similar to those of cattle, yeast, and alfalfa, which 
were 4.2, 4.02. and 4.65, respectively31)l.:J3).31l. 

However, it differed from that of soybean PDI at 

7.653" (Table 2). The pI of wheat PDI was acidic, 

which is the case for most PDIs. 

3. Analysis of folding activity of POI (rPOJ) 

Protein disulfide isomerase (PDI) is an essential 

protein for the formation, reduction, or isomerization 

of protein disulfide bonds, thereby facilitating 

protein folding. This mechanism has been analyzed 

using several techniques. We employed a technique 

using disulfide reduced and denatured ovalbumin as 

a substrate, then CD spectrum was measured to 

detect conformational change. 

We examined the capability of rPDI to catalyze 

the formation of disulfide bonds. In Fig. 6, protein 

folding for different times in the presence of rPDI 

is shown. At 5 hr, the refolded proteins from the 

rPDI reaction exhibited an intermediate CD 

spectrum at 212 nm, with about 50% of the 

Table 1 Expression and purification of rPDI in E.coli 

Purification step 

Crude extract" 

TALON metal affinity 

Total protein (rug) 

265.86 

0,34 

Total Activity (U) 

639.58 

114.13 

"The starting material was crude extract from 100me of induced E. coli culture. 

Specific activity (U/rug) 

2.41 

335.67 

Yield (%) 

100 

17,85 



( 29 ) (Article] Wheat PDI Expressed in E. coli 179 

Table 2 Characteristics of various PDIs 

molecular weight 
pI Optimum pH 

Optimum Temp. 
Stability pH 

Stability Temp. 
(kDa) CC) CC) 

Wheat (pr·PDI·His) 63 kDa 5.30 8.5 35 6 ~10 40 
Wheat (native) 63 kDa 5.30 8.5 35 7~9 30 
Soy bean 63 kDa 7.65 8.0 9 ~10 50 
Yeast 70 kDa 4.02 8.5 <55* 

Cattle 57 kDa 4.20 7.5 

Alfalfa 60 kDa 4.65 

Chlamydomonas reinhardtii 60 kDa 7.6 30 

*Yeast PDI was significantly inactivated when incubatedat 55"C for 15 min. 
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I 
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Fig. 6 The far UV CD spectra of ovalbumin in various states were recorded at 
25"C after 0, 5, and 15 hr 

(A) in the absence of rPDI. (B) with the addition of rPDI (0.5 Il!VIl. (A) and (B) heavy 
line. native ovalbumin: dotted line. after 0 hr: double line, after 5 hr: solid line. after 
15 hr 

absolute ellipticity of the native form. The absolute 

ellipticity increased with increased folding time; and 

the CD spectra of proteins that were refolded for 

15 hr were nearly identical to that of the native 

protein (Fig. 6 B), These results were similar to 

those of soybean PDP", In contrast, reactions 

without prePDI did not show an intermediate CD 

spectrum, and did not change over time (Fig. 6 A), 

This shows that the rPDI catalyzed disulfide bond 

formation in the disulfide reduced and denatured 

ovalbumin, Ovalbumin was almost completely folded 

by rPDI in 15 hr, while soybean PDI took 20 hr"), 

However, the reaction conditions reported for 

soybean PDI were not clear. 

4. Enzyme characteristics of Native PDI and rPDI 

The activities of PDls from various organisms 

(mammal, plant, fungi, yeast, and thermophiles) have 

been reported. However, few characteristics of PDIs 

have been reported (for example, soybean, and 

cattle), because the assay for PDI activity is 

complicated and the activity is generally very low. 

Therefore. data on PDI characteristics are very 

important for PDI research. In this study. we 

observed enzyme activity at various pHs and 
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temperatures. 

The effect of temperature on PDI activity is 

shown in Fig. 7 a, and the results indicate that the 

optimal temperature for the 2 PDIs (rPDI and 

native) is 35'C. The 2 PDIs had similar activity 

versus temperature curves. The activity of the 2 

PDIs was highest at pH 8.5. However, at alkaline 

pHs, the partially purified native PDI had higher 

activity than rPDI. In fact, at pH 10 the partially 

purified native PDI maintained 30% of the activity 

at optimal pH; however, no rPDI activity was 

detected at pH 10 (Fig. 7 - b ). The optimal 

temperature of the 2 wheat PDIs (35'C) was very 

similar to that of Chlamydomonas reinhardtii (30'C) 31l. 

The optimal pH of the 2 wheat PDIs at pH 8. 5, 

was essentially the same as that of cattle PDI (pH 

7.5)311, Soybean PDI (pH 8.0)321 and yeast PDI (pH 

8.5) 321 (Table. 2). Regarding the enzyme stability at 

various temperatures and pHs, the 

more than 80% activity over 

conditions. The thermostability 
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maintained up to 40°C, while the partially purified 

native PDI was maintained up to 30°C (Fig. 7-c). At 

50°C, the activity of rPDI and partially purified 

native PDI was 50% and less than 10% of that at 

the optimum temperature, respectively. Enzyme 

stability of rPDI was maintained between pH 6 and 

pH 9; while, the stability of partially purified native 

PDI was maintained between pH 7 and pH 9 

(Fig. 7-d). Therefore, rPDI was superior to native 

PDI with respect to heat and pH stability. KISHI and 

WATAZU
381 reported that recombinant cholesterol 

dehydrogenase (CDB) was superior to native CDB, 

and they supposed that the reason for this was a 

difference in primary protein structure; hence, 1'

CDH had a higher order protein structure. 

Therefore, rPDI is thought to be superior to native 

PDI because of a difference in structure or the 

presence of the histidine tag. The pH-stability profile 

of wheat PDI was broad compared with the 

soybean PDI. In addition, wheat PDI was stable 

between neutral and alkaline pHs; while, soybean 
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Fig. 7 Enzyme characterization of native PDI and rPDI 

(Al Temperature dependency of rPDI and partially purified native PDI. 
(El pH dependency of rPDI and partially purified native PDI. 
(el Effect of temperature on the stability of rPDI and partially purified native PDI. 
(D) Effect of pH on the stability of rPDI and partially purified native PDI. 



( 31 ) (Article) Wheat PDI Expressed in E. coli 181 

PDI was stable only at alkaline pHs (9 ~ 10) (Table 

2) "". Further. the native PDI was stable at 30°C 

during a 1 hr incubation. while rPDI was stable at 

40°C during a 3 hr incubation. Heat treatment at 

55°C for 15 min significantly inactivated yeast PDI; 

however. the PDIs of cattle'". thermophilic fungus"». 

soybean:'Z). and wheat retained activity. In particular. 

rPDI was shown to be more stable than yeast PDI 

at high temperature. although it was less stable 

than soybean PDI at 50°C')2>. 

Conclusions 

We obtained 3 distinct PDIs(wPDI 1. wPDI 2. and 

wPDI 3). and their amino acid sequences were 

similar to that of the previously reported wheat 

PDI'). wPDI 2 was positioned in the center of the 

wheat PDI branch in the phylogenic tree based on 

the amino acid sequences. In addition. this isotype 

did not diverge among cultivars. because it was 

highly homologous to the wheat PDI 2 reported by 

CIFFI". Therefore. we chose to express wPDI 2 as 

rPDI with a signal peptide. The rPDI catalyzed the 

formation of disulfide bonds in disulfide reduced and 

denatured ovalbumin. The rPDI was superior to 

native PDI with respect to heat and pH stability. 

although the rPDI and native PDI were similar 

under optimum conditions. Recently. strong PDI 

activity has been reported in hard flour. semi-hard 

flour. and soft flour29l
• and PDI is the only redox 

enzyme that is positively correlated with the 

ascorbic acid improver effect on bread qualitylO). 

Therefore. rPDI can be regarded as a bread 

improver. Future studies should be aimed at 

investigating the role of PDI in baking quality and 

the improver effect of rPDI. 
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