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Developing rice endosperm cells display two morphologically distinct rough endoplasmic reti-
culum (ER) membranes, the cisternae ER (C-ER) and the protein body ER (PB-ER), the latter
delimiting the prolamine protein bodies. We (Li er al., 1993) have recently shown that the
storage protein mRNAs are not randomly distributed on these ER types; the C-ER is enriched
for glutelin mRNAs, whereas the PB-ER harbors predominantly prolamine transcripts. To add-
ress whether these ER types have different capacities to translate these mRNAs and translocate
their proteins into the lumen, a microsomal fraction enriched in C-ER vesicles was prepared
from developing rice seeds. When present in an in vifro translation system, the microsomes
were able to proteolytically remove the signal peptide and internalize both preproglutelin and
preprolamine within the microsomal vesicles. Of the two species, preprolamine was more effec-
tively translocated and processed. These results suggest that the C-ER has the capacity to
recognize and bind both storage protein mRNAs during protein synthesis. Moreover, efficient
translocation and processing of glutelin requires additional factors that are deficient or absent

in the in vitro system.

Keywords : Oryza sativa L., storage protein, glutelin, prolamine, transport

Proteins that are sorted to their final cellular desti-
nation through the secretory pathway are translated
on the endoplasmic reticulum (ER) in eucaryotic
cells. The translation of these proteins, however, is
initiated in the cytosol. Upon emergence of the sig-
nal peptide during translation the nascent polypep-
tide chain-ribosome-mRNA complex is targeted to
the ER (Walter and Lingappa, 1986). Biochemically
purified microsome fractions enriched for rough ER
vesicles, .e. ER. membranes with attached ribosomes,
possess all the factors essential to direct the targeting
of the translational complex to the membrane, and
subsequent proteolytic processing of the signal pep-
tide and translocation of the protein across the mem-
brane (Walter and Lingappa, 1986). Among the
major factors identified by in vitro reconstitution ex-
periments are the signal recognition particle (SRP)
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that mediates the targeting of the translation comp-
lex onto the ER membrane, the ER-receptor as well
as other membrane associated ancillary factors that
mediate polypeptide translocation, and the signal
peptidase that cleaves the signal peptide (Walter and
Lingappa, 1986).

Plant cells appear to employ a similar mechanism
to sort vacuolar-localized and secretory proteins. Iso-
lated microsomes from wheat germ (Prehn er al,
1987) and maize endosperm (Campos er al., 1989a)
contain the necessary factors required for targeting
the translational complex to the membrane, and
translocation and processing of the protein. SRP-like
factors have been identified from plant cells and are
functionally identical to their mammalian counter-
parts (Campos er al, 1989a; Prehn er af., 1987). Differ-
ences, however, may exist between the plant and
mammlian SRPs as viewed by the heterogeneity of
the 7S RNA component. At least three species of
75 RNAs are present in a population of plant SRPs
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(Campos et al., 1989b; Marshallsay et al., 1989), whe-
reas only a single RNA species has been identified
in mammalian cells (Walter and Lingappa, 1986).
The functional significance, if any, of the diversity
of plant SRPs in protein translocation remains un-
clear.

Rice endosperm provides an excellent system to
analyze intracellular protein transport. This tissue
accumulates both types of storage proteins that are
ubiquitously present in most plant seeds. The major
storage proteins of rice endosperm are the insoluble
glutelins, proteins homologous to the salt-soluble 118
globulins of legumes. In addition, rice also accumu-
lates the alcohol-soluble prolamines, the storage pro-
tein typically observed in cereals, but at reduced le-
vels as compared to the glutelins. The cellular path-
ways of transport and packaging of these storage
proteins are distinct. Glutelins are targeted to a va-
cuolar compartment via the Golgi complex, whereas
prolamines are retained within the ER lumen. The
ER membrane delimiting the prolamine protein
body (protein body ER or PB-ER) is often associated
with ribosomes, suggesting that prolamines may be
synthesized specifically on these membranes (Krish-
nan et al., 1986; Yamagata and Tanaka, 1986). In-
deed, we have recently demonstrated that the PB-ER
membranes harbor predominantly prolamine mRNA
as compared to glutelin transcripts (Li et al,, 1993).
In contrast, the cisternae ER (C-ER) membranes are
enriched in glutelin transcripts despite the somewhat
higher steady-state levels of prolamine mRNAs du-
ring most stages of seed development (Kim e al,
1993). The segregation of glutelin and prolamine
mRNAs on the C-ER and the PB-ER, respectively,
raises an interesting question as to whether the C-
ER membrane may be more efficient in binding the
translational complex, and translocating and proces-
sing glutelin as compared to prolamine, As an initial
step to elucidate the biochemical basis of the segre-
gation of these mRNAs on these ER membranes,
we isolated an enriched C-ER fraction and specifi-
cally addressed whether this membrane fraction pos-
sessed varying capacities to translocate and process
these storage proteins in an in virro protein synthesi-
zing system. Here, we show that the enriched C-ER
vesicles are capable of translocating and processing
both rice prolamine and glutelin with prolamine
being more efficiently translocated and processed.

J. Plant Biol., Vol. 37, No. 3

MATERIALS AND METHODS
Plant material

Rice (M-201) was grown in an environment cont-
rolled growth chamber under conditions described
by Krishnan et al. (1986). Developing rice seeds (14-
15 d after flowering) were harvested, immediately
frozen in liquid nitrogen and stored at —80TC,

Preparation of microsomes

Twenty grams of seeds were pulverized with a cof-
fee mill and suspended in 40 mL of buffer A [20
mM Tris-HC], pH 8.5, 50 mM MgCl,, 100 mM KCl,
1 mM dithiothreitol (DTT) and 0.2 M sucrose] simi-
lar to that described by Larkins and Hurkman
(1978). The homogenate was filtered through two la-
vers of nylon cloth (80 mesh) and then centrifuged
at 5000 g for 10 min. The supernatant was collected
and centrifuged at 30,000 g for 30 min. The superna-
tant fluid was carefully removed and the pellet was
suspended in 5 mL of buffer A, supplemented with
CaCl; to 2 mM, and treated with 150 units of micro-
coccal nuclease (Boehringer Mannhem) for 10 min
at room temperature. The nuclease digestion was ter-
minated by the addition of 4 mM cthylene gly-
col-bis(B~aminoethyl ether (EGTA). After incubation
on ice for 10 min, the sample was diluted to 10 mL
with buffer A, layered onto a 35% (w/v) sucrose cu-
shion in homogenization buffer and then centrifu-
ged at 100,000g for 1 h at 4C. The supernatant was
thoroughly removed and the pellet was processed
either for electron microscopic (EM) examination
or for protein transiocation assay.

For EM examination the pellet was fixed over-
night at 4C in 10 mM Hepes, pH 72, 5 mM CaCl,,
1.5% (v/v) glutaraldehyde and 2% paraformaldehyde.
After extensive washing with cacodylate buffer (10
mM, pH 7.2), the sample was postfixed in 1% (w/v)
050, in cacodylate buffer for 1 h. The sample was
washed with cacodylate buffer, dehydrated with
ethanol, embedded in L. R, White resin, sectioned
and examined with an electron microscope as desc-
ribed previously (Kim et al., 1988; Li and Franceschi,
1989). For protein translocation assay, the pellet was
suspended in ! mL of storage buffer (5 mM Hepes,
pH 76, 1 mM Mg acetate, 1 mM DTT and 20%
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glycerol). The resulting suspension was clarified of
large membranous aggregates by spinning in a mic-
rocentrifuge for 5 min. After adjusting the concent-
ration to 100 Ax/mL the microsome sample was
divided into small aliquots, frozen in liquid nitrogen
and stored at —80C.

In vitro transcription

In vitro transcriptions of pProl 17 (Kim and Okita,
1988) and pGlut 22 (Okita ez al., 1989) were conduc-
ted in the presence of the GpppG, the cap analog,
according to the manufacturer’s recommendation
(Promega) using T3 or T7 RNA polymerase. After
transcription the reaction mix was treated with
RNase free DNase to remove the DNA template.
The synthetic glutelin and prolamine mRNAs were
then precipitated with sodium acetate and ethanol
(Maniatis et al., 1982) and their concentrations esti-
mated by absorbance at 4.

Protein translocation asssay

Protein translocation assay was carried out in a
wheat germ cell-free translation system using synthe-
tic mRNAs transcribed from pGlut 22 (Okita er al.,
1989) for glutelin or pProl 17 (Kim and Qkita, 1988)
for prolamine. The wheat germ translation system
was essentially the same as described by Anderson
et al. (1983) with 25 mM Mg*" and 65 mM K'.
The mRNAs were translated in a 25 uL reaction
mix in the presence or absence ol microsomes (4.0
mL). Protein translocation activity was detected by
the appearance of the mature size polypeptides gen-
erated by proteolytic removal of the signal peptides
and protease protection assay. Protease protection
assays were performed according to Connolly and
Gilmore (1986). Briefly, after translation the reaction
mix was incubated on ice for 10 min and then dilu-
ted to 50 pL with an equal volume of 2X buffer
B (100 mM Tricine-acetate, pH 8.0, 300 mM K™ ace-
tate, 5.0 mM Mg** acetate and 4.0 mM CaCls) or
Buffer C (100 mM Tricine-acetate, pH 8.0, 300 mM
K* acetate, 5.0 mM Mg** acetate and 2% Triton
X-100). Twenty-five mg of proteinase K (Sigma) was
added to the mixture which was then incubated on
ice for 30 min. The protease digestion was tcrmina-
ted by the addition of 5 pL of 100 mM phenylmeth-
ylsulbonyl (PMSF). After incubation on ice for 10
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min, an equal volume of 2X SDS sample buffer
(Connolly and Gilmore, 1986) was added to the mix-
ture and immediately boiled for 5 min. The resulting
samples were resolved on either a 10% (for glutelin)
or 15% (for prolamine) SDS polyacrylamide gel. The
gels were treated with Resolution (EM Corp). dried
onto filter papers and exposed to X-ray film.

Miscellaneous

A protein body fraction was prepared from the
5000g pellet during microsome preparation (see
above). The pellet was suspended in 25 mL homoge-
nization buffer and the suspension was centrifuged
at 500 ¢ for 5 min to remove starch grains and nuc-
lei. The supernatant was collected and centrifuged
at 2000 g for 10 min to pellet the protein body frac-
tion. The protein concentrations of the microsome
and protein body fractions were determined accord-
ing to Bradford (1976). Twenty-five pg of protein
samples of microsomes and protein body fractions
were resolved on 15% SDS polyacrylamide gels. The
polypeptide bands were visualized by silver staining
(Ohsawa and Ebata, 1983) or transferred to nitrocel-
Iulose membrane and immunoblotted with a mixture
of antibodies against the glutelin large subunit and
prolamine (Krishnan and Okita, 1986). The bound
antibodies were probed with "“I-Protein A as descri-
bed (Krishnan and Okita, 1986).

RESULTS AND DISCUSSION

Electron microscopic examination of the enriched
rough ER membrane preparation revealed that it
contained some smooth membranes but was comp-
rised primarily of small vesicles with attached ribo-
somes, presumably derived from the C-ER and thus
referred to as microsomes (Fig. 1). As viewed by
SDS-PAGE, the protein profile of the microsome
fraction exhibited numerous polypeptides (Fig. 2A).
The protein body fraction (see Materials and Me-
thods for preparation), however, exhibited different
protein profile to that of microsome fraction (Fig
2A). The major polypeptide bands displayed by the
protein body fraction were storage proteins. Both the
glutelin large and small subunits displayed a nega-
live staining pattern when visualized with reduced
silver, while the prolamine polypeptide of about 14
kD in size was positively stained (Fig. 2A). However,
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Fig. 1. Electron micrograph of a microsome fraction enri-
ched for cisternac ER (C-ER) membranes. An enriched
C-ER fraction was obtained from developing rice cells by
differential centrifugation as discussed in the Materials and
Methods section, Bar represents 035 um.

Fig. 2. Polypeptide composition of microsome fractions
and enriched protein body. The microsome fraction enri-
ched for C-ER (lanes 1) and protein body fraction (lanes
2) were resolved by SDS polyacrylamide gel electrophoresis
and silver stained (panel A) or subjected to immunoblot
analysis using a mixture of anti-prolamine and anti-glute-
lin large subunit (panel B). The arrowheads denote the
location of the glutelin large and small subunits. The size
in kD and location of the protein molecular weight stan-
dards are indicated between panels A and B. a, proglutelin;
b, glutelin large subunit; ¢, glutelin small subunit; d, prola-
mine polypeptide.
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the presence of common polypeptide bands were
also observed in the microsome and protein body
fractions, probably reflecting the presence of ribo-
somes in these two fractions (Krishnan et al., 1986;
Yamagata and Tanaka, 1986; Li et al,, 1993) as well
as the fact that the protein body fraction was signifi-
cantly contaminated with large C-ER membrane
complexes (Li er al, 1993).

To determine the extent of contamination of the
microsome fraction by small protein bodies, protein
samples of the microsome and protein body frac-
tions were resolved on a SDS polyacrylamide gel,
transferred to nitrocellulose membrane and subject-
ed to immunoblot analysis using a mixture of anti-
bodies raised against prolamine and glutelin large
subunit (Krishnan and Okita, 1986). The latter anti-
body preparation is able to recognize not only the
glutelin large subunit but also the post-translational-
ly uncleaved proglutelin and, to a much lesser ex-
tent, the glutelin small subunit. As expected, signifi-
cant amounts of prolamines and glutelins, particular-
ly the two glutelin subnunits, were present in the
protein body fraction (Fig. 2B, lane 2). In contrast,
only small amounts of glutelins (Fig. 2B, lane 1,
bands b and c) and prolamines (band d) were found
in the microsome fraction. The proglutelin polypep-
tides (band a) were present at a higher proportion,
as compared to the glutelin large subunit (band b),
in the microsome fraction than in protein body frac-
tion (Fig. 2B, lane 1). This observation is consistent
with the temporary residence of these proteins in
the rough ER lumen, which are subsequently trans-
ported to the protein body via the Golgi complex
(Krishnan er al., 1986). Since proglutelins are presum-
ably cleaved into the large and small subunits du-
ring their transport from the Golgi or within the
protein bodies, the presence of a small amount of
glutelin subunits in the microsome fraction (Fig. 2B)
suggested that this fraction was slightly contamina-
ted with either Golgi/transport vesicles or small pro-
tein bodies. The low level of prolamines in the mic-
rosome fraction (Fig, 2B) is consistent with the fact
that prolamines are retained and accumulated in the
rough ER lumen.

To test for their ability to transport and process
the seed storage proteins, prolamines and glutelins,
the microsomes were first treated with micrococcal
nuclease to digest mRINAs associated with these mem-
branes. The microsomes were then added to an
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in vitro translation mix in the presence of synthetic
glutelin or prolamine mRNAs and the protein syn-
thesis reaction was carried out at 30C for 50 min
at optimal Mg?* and K™ concentrations, conditions
optimal for the translation of these mRNAs (results
not shown). Fig. 3 depicts the results of a fluorogram
of the polypeptide products resolved by SDS-PAGE
produced by the in vitro translation of synthetic glu-
telin and prolamine transcripts in the presence or
absence of microsomal membranes. In the absence
of microsomal membranes, the 53 kD preproglutelin
and 16 kD preprolamine polypeptides were synthe-
sized, a result initally observed by Krishnan and
Okita (1986). When the in virro translation reaction
was carried out in the presence of microsomes, how-
ever, additional smaller mol wt species of 51 kD
and 14 kD corresponding to the proglutelin and ma-
ture prolamine polypeptides, respectively, were evi-
dent. The differences in molecular sizes of the pre-
proteins and the corresponding processed smaller mol
wt counterparts are consistent with the predicted
sizes of their signal peptides as determined by DNA
sequence analysis of full length cDNA clones of
these transcripts (Kim and Okita, 1988; Okita et al,
1989). To determine whether the processed polypep-
tides were internalized within microsomal vesicles,
the reaction was post-incubated with proteinase K.
As shown in Fig. 3, only the processed smaller mol
wt polypeptides and not the larger preproteins were
resistant to proteinase K digestion. When the protein-
ase K protection experiments was conducted in the
presence of detergent, which disrupts the integrity
of the microsomal membranes (Fig. 3), these proces-
sed protein bands were no longer detectable, indica-
ting that the protection of the processed proteins
against proteinase K digestion was dependent on
membrane integrity. The results of the protease pro-
tection assay support the view that the smaller poly-
peptides (proglutelin and mature prolamine) were
localized within the microsomes, whereas the pre-
proglutelin and preprolamine (larger polypeptides)
were excluded from these membranes and suscep-
tible to proteolysis. The translocation and processing
of glutelin and prolamine occurred co-translational-
1y, as addition of microsomes to the mix after trans-
lation did not result in the cleavage of the signal
peptides or protection of the synthesized products
(data not shown). Increasing amounts of microsomes
in the in vitro translation reaction up to 16 Axe
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Fig. 3. In vitro translation of synthetic glutelin and prola-
mine mRNAs and their transglocation and processing by
rice microsomal membranes. Translation assays were corn-
ducted in the absence or presence of microsomal mem-
branes (MS). Some reactions were then subsequently treat-
ed with proteinase K (PK) in the presence or absence of
Triton X-100 (TX).

units/mL resulted in increasing translocation and
processing activities, but addition of higher amounts
of microsomal membrancs resulted in severe inhibi-
tion of translation (data not shown). Similar obser-
vations have been made in other protein transla-
tion/translocation systems (Walter e al., 1981; Cam-
pos et al., 1989a).

As observed with the maize endosperm microso-
mes (Campos er al.. 1989a), the translocation and
processing activities in this system was relatively in-
efficient. About 30-40% of the prolamines were trans-
located and processed and even a smaller proportion
was evident for glutelin (Fig. 3). The ineflicient trans-
location and processing activities may stem from the
heterologous system where one or more factors, eg.
SRP, may be limited. It has been shown that supple-
mentation of SRP 1o a heterogeneous system can
improve the efficiency of translocation and proces-
sing to 100% (Walter et al, 1981).

In a previous study. we have shown that the C-
ER were enriched (about 2-fold) with glutelin trans-
cripts as compared to prolamine mRNAs (Lt e al.,
1993). The uptake and processing of prolamine by
microsomes derived {rom C-ER are consistent with
our earlier observation that these membrancs have
the capacity to synthesize, translocate and process
preprolamine (Krishnan and Okita, 1986). These mi-
crosomal membranes, however, were significantly
less efficient in translocating and processing prepro-
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glutelin as compared to preprolamine. The relative
inefficient transport and processing of preproglutelin
suggests that the wheat germ extract and/or rice mic-
rosomal membranes are deficient in one or more
cellular factors required for glutelin synthesis. In
support of this hypothesis is the finding that the
protein translocation efficiency of maize microsomes
can be significantly enhanced by the addition of
purified 70 kD heat shock protein, a cytosolic pro-
tein. Alternatively, differences in the structures of
preprolamine and preproglutelin signal peptides may
contribute to the difference in translocation ef(icien-
cies in vitro. DNA sequencing of cDNA clones re-
veals that preprolamines possess a typical signal pe-
ptide structure (Kim and Okita, 1988) whereas the
preproglutelin signal peptides contain two cysteines
separated by four leucine residues (Okita et al., 1989).
These cysteines in the glutelin signal peptides can
potentially form a disulfide bond during polypeptide
synthesis in vivo but such a secondary structure may
not be formed under the in virre conditions due to
the high levels of reducing agent required by the
in vitro translation assay.

Lastly, attempts have been made to obtain a frac-
tion enriched for PB-ER to determine whether these
membranes are predisposed toward preprolamine
synthesis, translocation and processing as suggested
by the predominance (5-10 folds) of these transcripts
relative to glutelin species on these membranes (Li
et al., 1993). At present we have been unable to ob-
tain an enriched PB-ER fraction to carry out these
experiments due to substantial contamination of the
protein body fraction with large membranous C-ER
complexes as well as the fact that the PB-ER consti-
tute only a small percentage of the total membranes
of the endosperm cell. Inevitably, studies to address
the capacity of these ER types to synthesize specific
storage proteins must be conducled in an in vivo
system, where the membrane targeting of genetically
engineered transcripts can be evaluated in transgenic
plants.
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