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A cDNA clone encoding a putative protein disulfide isomerase 
(PDI, EC 5.3.4.1) from alfalfa (Medicago sativa 1.) was expressed 
in Fscherichia coli cells, and an antiserum was raised against the 
expressed PDI-active protein. The antiserum recognized a protein 
of approximately 60 kD in extracts from alfalfa, soybean, and 
tobacco roots and stems. Levels of this protein remained relatively 
constant on exposure of alfalfa cell suspension cultures to the 
protein glycosylation inhibitor tunicamycin, whereas a slightly 
lower molecular mass form, also detected by the antiserum, was 
induced by this treatment. A lower molecular mass form of PDI 
was also observed in roots of alfalfa seedlings during the first 5 
weeks after germination. PDI levels increased in developing soy- 
bean seeds up to 17 d after fertilization and then declined. Tissue 
print immunoblots revealed highest levels of PDI protein in the 
cambial tissues of soybean stems and petioles and in epidermal, 
subepidermal, cortical, and pith tissues of stems of alfalfa and 
tobacco. lmmunogold electron microscopy confirmed the localiza- 
tion of PDI to the endoplasmic reticulum in soybean root nodules. 

PDI (EC 5.3.4.1) is a luminal endomembrane protein that 
catalyzes the thiol/disulfide exchange reactions leading to the 
formation of the disulfide bonds, which stabilize the tertiary 
and quarternary structures of many proteins that are proc- 
essed through the endomembrane system (Freedman, 1989; 
Noiva and Lennarz, 1992). Vertebrate PDI is a multifunc- 
tional protein: it is the P-subunit of prolyl 4-hydroxylase 
(Pihlajaniemi et al., 1987), exhibits dehydroascorbate reduc- 
tase activity (Wells et al., 1990), is a component necessary for 
maintaining the catalytic activity of the bovine microsomal 
triglyceride transfer protein complex (Wetterau et al., 1990, 
1991), and is a thyroid hormone-binding protein (Cheng et 
al., 1987). It has been suggested that PDI may also function 
as the glycosylation site-binding protein of the oligosaccharyl 
transferase complex (Geetha-Habib et al., 1988). However, 
recent studies have indicated that the enzyme binds severa1 
peptides in addition to those containing the N-glycosylation 
signal (Noiva et al., 1991b) and that, although depletion of 
PDI from microsomes results in defective co-translational 
formation of disulfide bonds (Bulleid and Freedman, 1988), 
it does not fully prevent oligosaccharyl transferase activity 
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(Noiva et al., 1991a). PDI is essential for cell viability in yeast 
(Farquhar et al., 1991; LaMantia et al., 1991). 

Genes encoding PDI have been cloned from vertebrates 
(Edman et al., 1985; Pihlajaniemi et al., 1987; Parkkonen et 
al., 1988) and from yeast (LaMantia et al., 1991). In contrast, 
little is known about plant PDI. Earlier studies have suggested 
that, as in animals, it may play a role in protein processing 
in the ER (Roden et al., 1982). We recently cloned a putative 
PDI (termed B2) from an alfalfa cell suspension cDNA library 
(Shorrosh and Dixon, 1991). The deduced amino acid se- 
quence of B2 contained the two thioredoxin-like active sites 
characteristic of vertebrate and yeast PDIs (Noiva and Len- 
narz, 1992) and the C-terminal KDEL ER retention signal 
(Pelham, 1990). B2 transcripts were strongly induced in al- 
falfa cell suspensions by the protein glycosylation inhibitor 
tunicamycin (Shorrosh and Dixon, 1991). In the present paper 
we describe the production of a monospecific polyclonal 
antiserum against the alfalfa B2 protein. We have used this 
antiserum to confirm that 8 2  codes for a PDI, to study the 
developmental expression of 82, and to determine the cellular 
and subcellular localization of plant PDI. 

MATERIALS A N D  METHODS 

Plant Material 

Plant tissues were collected from alfalfa (Medicago sativa 
L. cv Apollo), soybean (Glycine max L., U.S. Department of 
Agnculture germplasm PI 360965A), and tobacco (Nicotiana 
tabacum cv Xanthi) plants grown in a controlled environment 
chamber, the soybean plants being grown under high-irra- 
diance conditions (Cregan and Hartwig, 1984). Soybean nod- 
ules were isolated from roots of cv Williams 82 that had been 
inoculated with Bradyrhizobium japonicum strain U.S. De- 
partment of Agriculture 31b 110 (Nitragin Co., Milwaukee, 
WI), and the plants were grown in a growth chamber as 
previously described (Polayes and Schubert, 1984). Cell sus- 
pension cultures of alfalfa cv Apollo were initiated and 
maintained in a modified Schenk and Hildebrandt medium 
as described (Dixon et al., 1981). Cells were treated with 
elicitor from the cell walls of Colletotrichum lindemuthianum 
at a final concentration of 60 pg of Glc equivalents mL-' of 
culture medium or with tunicamycin at 10 pg mL-' of culture 
medium as described previously (Shorrosh and Dixon, 1992). 

Abbreviations: IPTG, isopropylthio-0-galactoside; PDI, protein di- 
sulfide isomerase; pI, isoelectric point; TBS, Tris-buffered saline. 
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Cells were collected by filtration through Miracloth, frozen 
in liquid nitrogen, and stored at -8OOC. 

Protein Extraction 

Alfalfa suspension culture cells (75 g) for preparation of 
PDI activity were homogenized on ice in 150 mL of 0.1 M 
sodium phosphate (pH 7.5), 0.1 M NaCl, 5 mM EDTA, 0.5% 
(w/v) Triton X- 100, 1 mM benzamidine, 0.1 mM PMSF. The 
homogenate was sonicated 10 times and incubated on ice for 
2.5 h, and cell debris was pelleted by centrifugation at 
13,OOOg for 30 min. Solid ammonium sulfate was added 
slowly to the supematant to bring the final concentration to 
90% saturation, the mixture was stirred ovemight at 4OC, 
and protein was collected by centrifugation at 15,0008 for 30 
min and resuspended in 10 mL of 0.1 M sodium phosphate 
(pH 7.5). The same extraction conditions, including ammo- 
nium sulfate precipitation, were used, on a small scale (1 g 
of tissue), for exiiacts for western blot analysis. 

Proteins expressed in Escherichia coli SB221 cells were 
extracted as described previously (Shorrosh and Dixon, 199 1). 
Protein content was determined by the Bradford (1976) assay 
using BSA as a standard. 

Production of Anti-(Alfalfa B2) Serum 

Alfalfa B2 was expressed in E. coli SB221 cells as described 
previously (Shorrosh and Dixon, 1991). The expressed pro- 
tein was resolved by electrophoresis in an 8% preparative 
SDS-PAGE gel (Laemmli, 1970). The protein band encoded 
by the B2 clone was localized by staining with Coomassie 
brilliant blue, and regions from 12 gel lanes were excised, cut 
into small fragnients, destained to completion with 50% 
(v/v) isopropanol/3% (w/v) SDS overnight, rinsed with 
water, vacuum dried, ground in liquid nitrogen, and finally 
resuspended in I'BS buffer. Antiserum was obtained by im- 
munizing a female New Zealand White rabbit. The primary 
immunization contained approximately 30 pg of B2 protein 
in 2.7 mL of complete Freunds adjuvant, injected subcuta- 
neously along the back at nine separate sites (300 pL per 
site). Booster injections containing B2 from six excised gel 
lanes (approximately 15 pg) in incomplete Freund's adjuvant 
were given at 4 and 6 weeks after the primary injections. The 
serum was stored at -2OOC. 

lmmobilization of B2 Antibodies 

Antibody immobilization was performed essentially as de- 
scribed by Harlow and Lane (1988). Protein-A beads (0.5 g) 
were swollen in 2 mL of PBS buffer (pH 7.0) and then mixed 
with 1 mL of anti-(B2) serum for 1 h at room temperature. 
The beads were washed twice in 10 volumes of 0.2 M sodium 
borate (pH 9.0) and resuspended in 30 mL of 0.2 M sodium 
borate (pH 9.0). Solid methylpimelimidate was then added 
to a final concentration of 20 mM. After the beads were mixed 
for 30 min at room temperature, they were washed once in 
0.2 M ethanolamine (pH &O), incubated in the same buffer 
for 2 h with gentle mixing, washed, and resuspended in PBS 
containing 0.01 o/c (w/v) merthiolate. Immobilized antibody 
was stored at 4OC. 

lmmunoprecipitation and Assay of PDI Activity 

Alfalfa cell extracts (425 pg protein) were incubated over- 
night at 4OC with gentle mixing in 200 pL of 0.1 M sodium 
phosphate buffer (pH 7.5) with the addition of either 0.5 mL 
of bed volume of protein-A beads coupled to anti-(B2) anti- 
bodies or 0.5 of mL bed volume of uncoupled protein-A 
beads. After the extract was centrifuged, 90 pL of the super- 
natant was mixed with 110 pL of a solution containing 0.18 
M sodium phosphate (pH 7.5), 9 mM EDTA, 0.56 pg pCLI--' of 
GSH, 1 pCi of '251-insulin (monoiodinated on A14, 371 pCi 
pg-', NEN), and 0.9 pg pL-' of unlabeled insulin and incu- 
bated for 1 h at 37OC. At the end of the incubation, 300 pL 
of 2.5% (w/v) BSA and 500 pL of 15% (w/v) TCA were 
added to enzyme reactions and controls and mixed, and the 
mixtures were incubated on ice for 10 min. The samples were 
centrifuged at 15,3008 for 15 min at 4OC. Radioactivity in an 
aliquot (850 pL) of the supernatant was determined by y 
counting. Background activity was determined with pl.otein 
extract incubated at 4OC ovemight, treated with 0.1 M DTT 
for 20 min at 37OC, and then boiled for 20 min. This back- 
ground is due to PDI-independent degradation/solubiliz:ation 
of '251-insulin and was subtracted from the data presented. 

The assay for PDI activity of B2 expressed in E. coli 58B221 
cells was performed as described previously (Shorrosh and 
Dixon, 1991). 

Electrophoresis and Blotting Procedures 

Proteins from plant tissues were separated by SDS-F'AGE 
according to standard procedures (Laemmli, 1970). Resolved 
proteins were transferred electrophoretically to nitrocellulose 
for 1 h at 100 V in 25 m~ Tris, 192 mM Gly, 20% (v/v) 
methanol (pH 8.3) and reversibly stained with Poncem S. 
IEF gels were run as previously described (Robertson cit al., 
1987), rinsed with water, and then incubated in 100 mhi Tris 
(pH 7.0), 1% (w/v) SDS, 10% (v/v) glycerol for 30 min. 
Proteins were transferred from IEF gels to nitrocellulose in a 
solution prepared by mixing 84 mg of NaHC03 with 3 18 mg 
of Na2C03 in 800 mL of water and 200 mL of methanol. 
Transfer was for 2 h at 300 mA, and blots were reversibly 
stained with Ponceau S. Tissue printing of plant sections onto 
nitrocellulose was as described elsewhere (Ye and Vamer, 
1991). Blots were blocked in TBS (10 m~ Tris, 0.9% [w/v] 
NaCI), 2.5% (w/v) BSA, 0.02% (w/v) NaN3. 8 2  protein was 
detected with immune serum (1:10,000 dilution) in TBST 
(TBS plus 0.05% [v/v] Tween 20), 1% (w/v) BSA, 0.02% 
(w/v) NaN3, and visualized with alkaline phosphatase- con- 
jugated anti-(rabbit immunoglobulin G) (Promega) according 
to the manufacturer's instructions. 

Specimen Preparation for EM 

Soybean root nodules (16-21 d old) were fixed in 3% 
(w/v) glutaraldehyde in 50 m~ Sorensen's phosphate biiffer 
(pH 7.2) for 1.5 h at room temperature and washed in the 
same buffer for 1 h with at least three changes. The I'ixed 
nodules were dehydrated through a series of ethanol concen- 
trations (10, 30, 50, 70, 90, and 100%) and then embedded 
in LR White acrylic resin at 50 to 55OC for 24 to 36 h. 
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Immunolabeling

Immunolabeling of ultrathin sections was carried out as
described by Van den Bosch and Newcomb (1986). Sections
were poststained with 2% (w/v) aqueous uranyl acetate for
5 to 10 min before observation in a JEOL 2000 FX electron
microscope operated at 100 kV.

RESULTS

The B2 cDNA was cloned into the expression vector
pSE380, and the mouse ERp59 PDI sequence in the expres-
sion vector T19 was obtained from Dr. Michael Green (St.
Louis University Medical Center). The encoded proteins were
expressed in £. coli cells. E. coli lysates were assayed for PDI
activity, measured as release of I25I-labeled insulin A-chain
in the presence of GSH (Shorrosh and Dixon, 1991). Lysates
from cells induced with IPTG and expressing B2 or ERp59
contained approximately equal specific activities of PDI (Fig.
1A). The induced activities were in each case associated with
the presence of new proteins of approximately 60 kD detected
by SDS-PAGE analysis of the E, coli lysates (data not shown).
E. coli cells harboring B2 exhibited a higher basal (non-IPTG-
induced) apparent PDI activity than did cells harboring
ERp59; this could have been due to use of the two different
expression vectors. Immobilized antibodies raised against B2
protein purified from E. coli lysates immunoprecipitated ap-
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Figure 1. PDI activity determined by the CSH:insulin transhydro-
genase assay. A, Activity in lysates of uninduced (—) or IPTC-
induced (+) E. coli cells harboring the expression vector pSE380
containing the alfalfa B2 sequence or T19 harboring the mouse
ERp59 (PDI) sequence. B, PDI activity in extracts from alfalfa sus-
pension cells after treatment with anti-(B2) serum linked to protein-
A beads (+Ab) or protein-A beads alone (-Ab). Error bars represent
the spread of values from duplicate determinations.
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Figure 2. Western blot analysis of PDI levels in alfalfa cell suspen-
sion cultures. Total protein (25 jjg) was isolated from suspension
cultures treated with tunicamycin (t) at 10 ^g ml_~' or with an equal
amount of water (w) for the times (h) indicated. Blots of SDS-PACE
gels were probed with anti-(B2) serum. The arrow marks the migra-
tion of a standard molecular mass marker.

proximately 65% of the apparent PDI activity present in
alfalfa suspension cell extracts (Fig. IB); the remaining activ-
ity is probably not due to the action of PDI. These data
further support the conclusion that B2 encodes alfalfa PDI.

Anti-(alfalfa B2) serum recognized a single protein band of
approximately 60 kD on western blot analysis of proteins
extracted from control alfalfa cell suspension cultures treated
with water (Fig. 2). Levels of this protein remained relatively
constant for up to 24 h after exposure of cells to tunicamycin.
Tunicamycin treatment induced the appearance of a slightly
lower molecular mass protein, which was first apparent ap-
proximately 6 to 8 h after treatment with the protein glyco-
sylation inhibitor. Western blotting of IEF gels of soluble
protein extracts of alfalfa cells from cultures 24 h after
exposure to water or tunicamycin indicated the presence of a
single band of pi 4.65 (Fig. 3B). This band was also observed
in lysates of E. coli cells expressing B2 (Fig. 3A). This protein
and a slightly lower pi component were detected on western
blots of IEF separations of alfalfa microsomal proteins isolated
from control suspension cultures or cultures exposed to elic-
itor from C. lindemuthianum (Fig. 3C), a treatment that
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Figure 3. Western blot analysis of alfalfa cell suspension proteins
resolved by IEF and probed with anti-(B2) serum. A, Total protein
(25 Mg/lane) from IPTC-treated E. coli SB221 cells harboring either
the pSE380 vector alone (lane 1) or the B2 sequence in pSE380
(lane 2). Lane 3 shows total protein from an alfalfa cell suspension.
B, Total protein (25 Mg) from alfalfa cell suspension cultures treated
with (+) or without (—) tunicamycin (10 ^g ml"1) for 24 h. C,
Microsomal protein (25 ^g) from alfalfa cell suspension cultures
treated with (+) or without (-) C. lindemuthianum cell wall elicitor
at a final concentration of 60 Mg of Glc equivalents ml"1 of culture
medium. The pis of IEF standard proteins are indicated.
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strongly induces prolyl 4-hydroxylase activity. The PDI doub-
let seen in tunicamycin-treated material is unlikely to be the
result of the induction of a new charge isoform of the enzyme
in view of the single band observed on western blots of IEF
gel separations of proteins from tunicamycin-treated cells.
Therefore, it is most likely a nonglycosylated form of the
enzyme.

Western blot analyses were performed to investigate the
developmental regulation of PDI levels in alfalfa, soybean,
and tobacco (Fig. 4). The anti-(B2) serum detected a single
band of approximately 60 kD in total protein extracts from
alfalfa roots and soybean roots and stems. A single band of
slightly lower molecular mass was detected in tobacco root
and stem extracts (Fig. 4A). Leaves, roots, and root nodules
were harvested from alfalfa plants at various stages of de-
velopment. PDI was constitutively expressed in leaves, roots,
and nodules. PDI levels in leaves appeared low at all stages
of development, and the protein was of slightly higher mo-
lecular mass than in roots and nodules (Fig. 4B). The absolute
level in leaves compared to other tissues is probably an
underestimate in view of the equal protein loadings and the
high level of Rubisco in leaves. A lower molecular mass form
of the enzyme was detected in roots of seedlings during the
first 5 weeks of development; this may be a degradation
product, because it was not seen in extracts from freshly
harvested roots that had not been stored at —80°C and,
therefore, had not undergone freezing and thawing.

PDI may be necessary for processing of storage proteins in
developing seed endosperm (Roden et al., 1982). PDI levels
relative to total protein were greatest in developing soybean
seeds at approximately 17 DAF and then gradually declined
(Fig. 4C).

Tissue print immunoblots of alfalfa stem sections appeared
to reveal the presence of PDI in epidermal, subepidermal,
vascular, and cortical cells (Fig. 5, A-C), although the reso-
lution was not good because the alfalfa stems were soft and
did not blot well. Better resolution was seen on tissue print
blots of soybean stems, in which most PDI was localized in
the cambial region, with no apparent signal in epidermal cells
(Fig. 5, D-F). Expression in the vascular cambium was also
clearly seen in tissue prints of soybean petioles (Fig. 5 G-I).
In tobacco stems, equally strong staining for PDI was ob-
served in cambial, epidermal, and subepidermal regions (Fig.
5, J-L). PDI was present throughout the endosperm in de-
veloping soybean seeds (data not shown).

To investigate the subcellular localization of plant PDI, we
performed EM of immunogold-labeled sections of active ni-
trogen-fixing soybean nodules, a source material rich in ER.
In preliminary experiments, nodule extracts from which bac-
teroids had been separated by differential centrifugation were
shown to posses a single protein band of approximately 60
kD recognized by the anti-(alfalfa B2) serum on western
blots. Bacteroids contained a number of cross-reacting pro-
teins, the major one being of approximately 100 kD; they did
not contain a cross-reacting protein of similar molecular mass
to plant PDI (data not shown). Gold particles were localized
exclusively to the ER and the bacteroids in cross-sections of
nodules developed with anti-(B2) serum (Fig. 6, A and B).
The Golgi apparatus (Fig. 6A) and plasma membrane (data
not shown) were not labeled. Labeling of bacteroids occurred
in the central region, possibly associated with chromosomal
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Figure 4. Western blot analysis of PDI levels in developing tissues
of alfalfa, soybean, and tobacco. Total proteins (25 Mg/lane) were
isolated from plant tissues, resolved by 8.5% SDS-PACE, blotted,
and probed with anti-(B2) serum. A, Alfalfa, soybean, tobacco roots
(R), and stems (S). B, Alfalfa leaves, roots, and nodules at the
indicated developmental stages (in weeks). C, Soybean seeds at the
indicated developmental stages, in DAF. Total protein from an
alfalfa cell suspension culture (CSC) was included on all gels as a
control. The positions of standard protein molecular mass markers
are indicated.

material. No signal was observed with preimmune serum
(Fig. 6C).

DISCUSSION

The alfalfa B2 cDNA was originally identified as a putative
PDI on the basis of sequence similarity to mammalian PDI
and expression in £. coli (Shorrosh and Dixon, 1991). The
specific activity of PDI expressed from the B2 clone was
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B

H

Figure 5. Localization of PDI in tissue print immunoblots. Sections were stained with toluidine blue (A, D, C, J),
preimmune serum (B, E, H, K), or anti-(alfalfa B2) serum (C, F, I, L). Sections are from alfalfa stems (A-C), soybean stems
(D-F), soybean petioles (C-l), and tobacco stems (J-L).
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Figure 6. Electron micrographs showing im-
munogold labeling of PDI in soybean root nod-
ule tissue embedded in LR White acrylic resin.
A and B, Sections labeled with anti-(B2) serum
followed by protein-A gold. Note localization
of PDI in the ER (curved arrows) and the bac-
teroids (b). No labeling was observed on Colgi
(large arrow) or other structures. C, Control
treated with preimmune serum and protein-A
gold. Note the lack of label in ER (arrow) and
the bacteroids, as well as mitochondria (*). Bar
= 200 nm.
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similar to that from the mouse ERp59 PDI. The antiserum
raised against the B2 protein expressed in £. coli immunopre-
cipitated PDI activity from crude alfalfa cell extracts. Other
plant proteins, e.g. thioredoxin and Gl, a 40-kD protein
related to the mammalian endomembrane protein ERp72
(Shorrosh and Dixon, 1992), contain the same catalytic sites
as PDI and may exhibit PDI activity, at least in vitro. This
may explain the basal PDI activity remaining after immuno-
precipitation of alfalfa cell extracts. The antiserum did not
inhibit PDI activity in solution, suggesting that the antibodies
do not recognize the thioredoxin-like active sites, which are
the only conserved sequences between B2 and Gl. The anti-
(B2) serum recognized a single band (occasionally a doublet)
on western blots of alfalfa cell proteins. The pi of the recog-
nized band was identical with that calculated from the de-
duced amino acid sequence of B2, whereas the molecular
mass determined by SDS-PAGE was approximately 5 kD

higher than the calculated value. This could be the result of
unusual protein conformation or possibly glycosylation.

PDI protein levels were not induced by fungal elicitor in
alfalfa suspension cells, consistent with previous observations
at the transcript level (Shorrosh and Dixon, 1991). Thus, if
PDI serves as a 0-subunit for prolyl 4-hydroxylase in plants,
the induction of the activity of this enzyme by elicitor (Bolwell
et al., 1985; B. Shorrosh, unpublished results) is most likely
the result of an increase in the levels or activity of the catalytic
<*-subunits.

The increase in PDI levels in cells exposed to tunicamycin
is probably initiated by the build up of underglycosylated or
incorrectly processed proteins in the ER, as observed in
relation to induction of the so-called Glc-regulated proteins
of mammalian cells (Lee, 1987). Tunicamycin likewise in-
duces transcripts encoding B2 and Gl in alfalfa cells (Shor-
rosh and Dixon, 1991, 1992), and a plant homolog of the
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immunoglobulin-binding protein (BiP) in maize cells (Fontes 
et al., 1991). It is possible that the lower molecular mass 
immunoreactive band seen on western blot analysis of pro- 
teins from tunicamycin-treated cells is a non- or undergly- 
cosylated form of PDI; B2 contains a single putative N- 
glycosylation site at amino acid 278 (Shorrosh and Dixon, 
1991). Because IEF blot analysis of extracts from tunicamycin- 
treated cells did not reveal the presence of charge isoforms 
of PDI at the level of resolution obtained, it is unlikely that 
the lower molecular mass band is the product of a second 
PDI gene in alfalfa (Shorrosh and Dixon, 1991). 

PDI protein was expressed constitutively in alfalfa roots, 
root nodules, leaves, and stem tissue. The protein in alfalfa 
leaves was of slightly higher molecular mass than from other 
alfalfa tissues. Both root and nodule tissues contained a lower 
molecular mass form of PDI, which may or may not be 
identical with that seen in tunicamycin-treated cells. Tobacco 
PDI was of slightly lower electrophoretic mobility than the 
enzyme from the legumes soybean and alfalfa. 

PDI activity appears in wheat endosperm from 10 to 50 d 
postanthesis (Roden et al., 1982), consistent with a require- 
ment for PDI activity for the formation of disulfide bonds 
during storage protein synthesis. PDI levels in developing 
soybean seeds appeared maximal at approximately 17 DAF. 
This coincides with the early stages of accumulation of stor- 
age protein (glycinin and P-conglycinin) transcripts (Walling 
et al., 1986). The apparent decline in PDI after 17 d is 
probably artifactual, resulting from equal protein loadings 
from tissues that produce increasing levels of storage proteins. 

The cellular localization of PDI in plant vegetative tissues, 
as assessed by tissue print immunoblot analysis, varied some- 
what depending on the species. In alfalfa and tobacco stems, 
considerable signal was observed in the epidermal and sub- 
epidermal regions, whereas in soybean stem sections these 
same regions stained only weakly. This may be due to the 
fact that the soybean tissues were more mature, showing 
extensive secondary thickening in the stem. In this respect, 
PDI in more mature alfalfa stems was not found in epidermal 
and subepidermal tissues, being localized exclusively in the 
cambial zone (data not shown). Likewise, in soybean stems 
and petioles, PDI was localized predominantly to the cells of 
the cambial zone and its immediate phloem derivatives. PDI 
was also present in stem pith from a11 species examined. The 
level of PDI may reflect the metabolic activity of particular 
cell types in relation to production of proteins that require 
processing in the ER. Cambial cells are highly active in 
production of new cell wall material. Wall-bound Hyp-rich 
glycoproteins and their corresponding transcripts have re- 
cently been shown, by tissue print analysis, to be localized 
primarily in cambial tissues of soybean stems and petioles 
(Ye and Varner, 1991). PDI may serve a dual role in Pro 
hydroxylation and glycosylation of Hyp-rich glycoproteins. 

Because the alfalfa B2 PDI contains a KDEL C-terminal ER 
retention sequence (Pelham, 1990), it would be predicted that 
the protein would be localized in the ER. However, rat PDI 
is exported from the ER to the plasma membrane in exocrine 
pancreatic cells (Yoshimori et al., 1990), and the maize auxin- 
binding protein exhibits plasma membrane localization in 
spite of the possession of a C-terminal KDEL tetrapeptide 
(Klambt, 1990; Jones and Herman, 1993). Our data confirm 

exclusive localization of PDI to the endomembrane system in 
soybean nodule tissue, a rich source of ER. Immunogold 
labeling of bacteroids is due to the presence of a possible 
chromosomal protein of high molecular mass from the Rhi- 
zobium that is antigenically related to plant PDI. Localization 
of PDI to plant endomembranes has been previously sug- 
gested based upon results of subcellular fractionation studies 
(Roden et al., 1982). 

Taken together, our results confirm that the alfalfa 82  
clone encodes a PDI, the expression and localization of which 
are consistent with current hypotheses of PDI function. The 
highly specific plant PDI antibodies should be of value in 
future studies of protein processing and will help in assessing 
the role of PDI in the plant prolyl4-hydroxylase reaction. 
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