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When expressed in tobacco cells, the catalytic subunit of the
dimeric ribosome inactivating protein, ricin, is first inserted into the
endoplasmic reticulum (ER) and then degraded in a manner that
can be partially inhibited by the proteasome inhibitor clasto-
lactacystin �-lactone. Consistent with the implication of cytosolic
proteasomes, degradation of ricin A chain is brefeldin A-insensitive
and the polypeptides that accumulate in the presence of the
proteasome inhibitor are not processed in a vacuole-specific fash-
ion. Rather, these stabilized polypeptides are in part deglycosy-
lated by a peptide:N-glycanase-like activity. Taken together, these
results indicate that ricin A chain, albeit a structurally native
protein, can behave as a substrate for ER to cytosol export,
deglycosylation in the cytosol, and proteasomal degradation. Fur-
thermore, retrotranslocation of this protein is not tightly coupled
to proteasomal activity. These data are consistent with the hy-
pothesis that ricin A chain can exploit the ER-associated protein
degradation pathway to reach the cytosol. Although well charac-
terized in mammalian and yeast cells, the operation of a similar
pathway to the cytosol of plant cells has not previously been
demonstrated.

R icin is a dimeric cytotoxin produced and stored in the
developing endosperm tissue of Ricinus communis seeds.

The mature toxin is composed of an enzymatic ribosome inac-
tivating A chain (RTA) disulfide-bonded to a galactose-binding
B chain (RTB). Each subunit is N-glycosylated, giving apparent
molecular masses for RTA and RTB of 32 kDa and 34 kDa,
respectively. During seed biogenesis, ricin is synthesized from a
catalytically inactive precursor, preproricin. From N to C ter-
minus, this polypeptide comprises a 35-aminoacyl residue pre-
sequence of which the first 26 residues comprise a signal peptide
(1), the mature RTA, a 12-residue linker containing a vacuolar
targeting signal (2), and RTB. Nascent preproricin is targeted to
the endoplasmic reticulum (ER) and then core-glycosylated and
disulfide-bonded before being transported by means of the Golgi
to storage vacuoles of the endosperm cells (3–5). There, the
N-terminal and internal propeptides are proteolytically removed
(5–9), leaving active, mature holotoxin inert within a compart-
ment from which it cannot escape to damage sensitive Ricinus
ribosomes.

We previously have demonstrated that these biosynthetic
events can be reproduced in tobacco protoplasts (10). In this
heterologous system the proricin precursor was quantitatively
targeted to vacuoles, as determined by the appearance of
processed RTA and RTB with time (10). However, during this
earlier investigation, we observed that the RTA precursor
(comprising the 35-residue presequence in front of mature
RTA), when synthesized without the intervening linker or RTB,
did not travel along the secretory pathway but disappeared in a
time-dependent, brefeldin A (BFA)-insensitive fashion. We also
showed that RTA disappearance was tightly coupled to a reduc-
tion in protein synthesis, suggesting that RTA might be able to
access the cytosol at some stage during its degradation (10),

possibly by exploiting an ER quality-control mechanism that
normally deals with aberrant proteins.

Quality control of newly synthesized proteins in the ER
ensures that only correctly folded and assembled proteins exit
this compartment for transport through the secretory pathway
(11). Those proteins that are not allowed to proceed along the
secretory pathway are degraded in a nonlysosomal process,
aspects of which have been elucidated in recent years. For
aberrant glycoproteins, one ER quality-control mechanism op-
erating in mammalian cells is the calnexin-calreticulin cycle,
which can be interrupted by mannose trimming events that
somehow target the protein for destruction (11–13). Other
chaperones (e.g., BiP) can be involved in retaining malfolded or
orphan polypeptides (14, 15), but eventually, if not correctly
folded or assembled, these, too, are degraded. This degradation
process is commonly referred to as ER-associated protein deg-
radation (ERAD). The current model proposes that ERAD
substrates are recognized by chaperones in the ER, retrotrans-
located via Sec61 translocons, and degraded by proteasomes in
the cytosol (for recent reviews see refs. 16 and 17). In most cases,
degradation is preceded by ubiquitination and, for glycoproteins,
deglycosylation by cytosolic peptide:N-glycanase (PNGase). The
driving force for retrotranslocation may be substrate-dependent
because in different cases chaperones (18), ubiquitination (19,
20), and the proteasome itself (14) have been implicated.

In plants, there is evidence for a quality-control system within
the secretory pathway (21), although little is known about the
way defective proteins are actually removed. Although protea-
somal degradation is the normal route of disposal for cytosolic
proteins (22, 23), it is as yet unknown whether plants use
proteasomes to degrade malfolded proteins detected and trans-
located from the ER. Orphan subunits in the secretory system
can be targeted to plant vacuoles (24, 25), and it is evident that
many plant cells are well equipped to dispose of unwanted
proteins within this compartment that is rich in hydrolytic
enzymes. Indeed, the plant ER quality-control system may well
work in concert with vacuolar delivery because of this potent
alternative site for protein degradation. Vacuolar degradation of
misfolded proteins has also been shown in yeast where it appears
to depend on the vacuolar sorting receptor Vps10p (26). How-
ever, no homologs of Vps10p have yet been found in plants.

Using the RTA precursor (mature RTA with a 26-residue
signal peptide and nine-residue propeptide) as a model protein,
we have investigated in some detail the previously reported
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disappearance of newly synthesized RTA in tobacco leaf cells. In
particular, we have focused on the cellular site of this degrada-
tion. We demonstrate that there is no detectable mislocalization
of RTA to the cytosol during its biosynthesis. Rather, a signif-
icant fraction of the newly synthesized protein becomes post-
translationally retrotranslocated to the cytosol from the ER
lumen and is degraded at this site and not within vacuoles.
Furthermore, we show that RTA can be deglycosylated in
the cytosol before its degradation. These data demonstrate the
existence of an operational pathway from the ER lumen to the
cytosol in plant cells and support the hypothesis that free ricin
A chain can behave as an ERAD substrate.

Materials and Methods
Materials. Preproricin, RTA, and phaseolin DNA constructs in
the expression vector pDHA have been described (10). For
constitutive expression in transgenic tobacco, pDHA-containing
RTAE177D (27) was inserted into the HindIII site of the binary
vector pGA470 (28), which was then used to transform Agrobac-
terium tumefaciens EHA105 (29) by electroporation. 35S Pro-
Mix, immobilized pH gradient (IPG) strips, and IPG buffer 3–10
NL were purchased from Amersham Pharmacia. clasto-
Lactacystin �-lactone (�-lactone, 20 mM stock in DMSO) and
MG132 (100 mM stock in DMSO) were obtained from Calbio-
chem. Flavobacterium meningosepticum PNGase F was from
New England Biolabs. BFA (2 mg�ml stock in ethanol), tuni-
camycin (TM, 5 mg�ml stock in 10 mM NaOH), and 1-deoxy-
mannojirimycin (DMM, 200 mM stock in water) were from
Sigma.

Transient Transformation of Leaf Protoplasts and Production of Trans-
genic Tobacco Plants. Protoplasts were prepared from axenic
leaves (4–7 cm long) of N. tabacum cv. Petit Havana SR1.
Protoplasts were subjected to polyethylene glycol-mediated
transfection as described (30). The agrobacterium contain-
ing RTAE177D was used to produce transgenic plants as de-
scribed (21).

Pulse–Chase Analysis. Cells were radiolabeled with Pro-Mix and
chase was performed exactly as described (10). In some exper-
iments, before radioactive labeling, protoplasts were incubated
for 1 h at 25°C in K3 medium supplemented with either 10 �g�ml
BFA, 25 �g�ml TM, or 5 mM DMM. �-Lactone and MG132
were added, at the indicated final concentration, at the beginning
of the labeling period. At the desired time points, 3 vol of W5
medium (10) were added and protoplasts were pelleted by
centrifugation at 60 g for 5 min. Cells were frozen in liquid
nitrogen and stored at �80°C.

Preparation of Protein Extracts and Immunoprecipitation. Frozen
samples were homogenized by adding 2 vol of protoplast ho-
mogenization buffer supplemented with Complete protease
inhibitor mixture (Roche) (21). Homogenates were used for
immunoprecipitation with rabbit anti-RTA, anti-BiP (21), or
anti-phaseolin antisera. Immunoselected polypeptides were an-
alyzed by 15% SDS�PAGE. Gels were treated with DMSO-PPO
(31) and radioactive polypeptides were revealed by fluorography.

Cell Fractionation. Protoplast pellets (from 500,000 cells) obtained
at the desired time points during pulse–chase were resuspended
in 400 �l sucrose buffer [100 mM Tris�HCl, pH 7.6�10 mM
KCl�1 mM EDTA�12% (wt�wt) sucrose] and homogenized by
repeated passage through a 23-gauge syringe needle. Intact cells
and debris were removed by centrifugation for 5 min at 500 g. An
aliquot of the supernatants was saved and directly used for
immunoprecipitations. The rest was loaded on top of a 17%
(wt�wt) sucrose pad and centrifuged at 100,000 g for 30 min at
4°C. Pellets (microsomes) and supernatants (soluble proteins)

were diluted in protoplast homogenization buffer and immuno-
precipitated as described above.

PNGase F Treatment. Protein A Sepharose beads carrying the
immunoprecipitated protein were washed twice in water and the
proteins were denatured by adding 1�10 vol of 5% SDS and 10%
�-mercaptoethanol, and boiling for 5 min. Supernatants were
split into two aliquots, one of which was treated at 37°C for 60
min with 1,000 units of PNGase F (or water) in 50 mM sodium
phosphate buffer (pH 7.5), 1% Nonidet P-40 in a total volume
of 20 �l. The second aliquot was mock-treated.

Two-Dimensional Electrophoresis. Samples (15 �l) from PNGase
treatments (or mock-treated controls) were solubilized for 1 h at
room temperature in a final volume of 100 �l in 9 M urea, 4%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate,
65 mM DTT, 0.7% IPG buffer 3–10 NL. In the first dimension,
samples were applied by gel rehydration, and proteins were
separated by isoelectric focusing (IEF) (20,000 V-h) in the
nonlinear pH range of 3 to 10 by using 7-cm strips and the
IPGphor IEF System (Amersham Pharmacia). IPG strips were
equilibrated before the second dimension by incubating for 15
min at room temperature in 6 M urea, 30% glycerol, 2% SDS,
50 mM Tris�Cl (pH 6.8), 2% DTT, followed by a 5-min incuba-
tion in the same buffer but with 2.5% iodoacetamide in place of
DTT. Strips were analyzed for the second dimension by 15%
SDS�PAGE, and radioactive polypeptides were revealed by
autoradiography.

Results and Discussion
We have previously shown that the RTA precursor, when
transiently expressed in tobacco protoplasts, is degraded intra-
cellularly (10). Fig. 1 shows that the time course of degradation
of ER-segregated RTA in plant cells after a 1-h pulse with

Fig. 1. Ricin A chain is degraded in transfected and transgenic tobacco
protoplasts. (A) Tobacco mesophyll protoplasts transfected with the construct
encoding RTA or from transgenic plants stably expressing RTAE177D were
subjected to pulse labeling and chased for the indicated periods of time. RTA
was immunoprecipitated and polypeptides were visualized by SDS�PAGE and
fluorography. (B) Protoplasts transiently expressing RTA were pulse-labeled
and chased for the indicated periods, in the presence or in the absence of
DMM or presence of TM. RTA was immunoprecipitated and polypeptides were
visualized by SDS�PAGE and fluorography. The number at the left indicates
molecular mass in kDa.
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radiolabeled amino acids is similar in both transfected proto-
plasts and protoplasts derived from leaves of stably transformed
plants expressing a RTA transgene (Fig. 1 A). This transgene
encodes a well-characterized catalytically defective, but struc-
turally native, variant known as RTAE177D (27). Thus, data from
either transfected or transgenic sources can be regarded as
comparable. It is noticeable from Fig. 1 A that the RTA band
acquires a smeared appearance during the chase (also evident in
Fig. 2B, lanes 2, 4, 6, and 8) apparently caused by the conversion
of a fraction of the molecules to faster migrating forms, whereas
Fig. 1B reveals that all of the detectable RTA synthesized
became N-glycosylated. Here, in cells treated with tunicamycin,
all detectable RTA had a faster gel mobility consistent with its
naked polypeptide molecular mass of �31 kDa (10, 32). That the
smearing of the RTA band during the chase is caused by
mannose trimming events (33) is indicated in Fig. 1B where, in
the presence of the mannosidase inhibitor DMM, RTA with the
mobility of fully core-glycosylated protein is detected.

Because RTA is not secreted into the incubation medium (not
shown; ref. 10), degradation must occur within the cell. In plant
cells, proteolysis is one function of lytic vacuoles. Despite this
fact, one appealing possibility is that RTA within the ER is able
to masquerade as a substrate for ERAD. Exploitation of such a
physiological process in mammalian cells is a hallmark of several
protein toxins. By subverting this pathway, endocytosed toxins
are able to cross the membrane barrier that separates them from
their targets in the cytosol (34). Although the destiny of more
typical ERAD substrates in animal cells is proteasomal degra-

dation, a lethal dose of toxin somehow escapes this fate and
instead refolds, possibly on ribosomes in the case of RTA (35),
and goes on to kill the cell. However, such a pathway to the
cytosol has not been previously shown to exist in plant cells.
Indeed, in the absence of a complete itinerary of the proteolytic
systems in plant cells, there remained a strong possibility that
RTA in this system was being degraded within the early secretory
pathway itself or within vacuolar compartments.

One of the most direct ways to biochemically detect whether
the disappearance of an ER protein is by means of the ERAD
pathway is to block the activity of downstream cytosolic protea-
somes by using inhibitors (36) to thereby stabilize or at least
retard degradation of the ERAD substrate. The specific pro-
teasomal inhibitor, �-lactone, (37) and the nonspecific protea-
somal inhibitor, MG132 (36), have been previously used to affect
proteasomal degradation of normally short-lived cytosolic pro-
teins in plant cells (23, 38, 39). Fig. 2 A shows the effects of
treating tobacco protoplasts with the two inhibitors. It is clear
that proteasomal inhibitors were able to partially stabilize RTA,
permitting visualization of a faster migrating form (Fig. 2 A,
arrowhead). This effect was particularly evident with the specific
inhibitor, �-lactone. Fig. 2B shows that in tobacco protoplasts 8
�M �-lactone was sufficient to stabilize a proportion of the
radiolabeled RTA. Furthermore, Fig. 2B clearly shows that
the faster moving species seen when �-lactone is present has the
same mobility as nonglycosylated RTA made in the presence of
tunicamycin (compare lane 8 with lane 9). Treatment with
proteasomal inhibitor for 1 or 2 h before the radioactive pulse did
not increase the amount of stabilized RTA (data not shown). It
therefore appeared that blocking cytosolic proteasomes pro-
tected a fraction of RTA from disappearance, including an
immunoprecipitable species migrating with the mobility of non-
glycosylated RTA. Because this species of RTA is particularly
evident when proteasomes are inhibited, we shall refer to it as a
degradation intermediate.

Because proteasomes are found in the cytosol and yet all of the
RTA we normally see is clearly N-glycosylated, it was important
to confirm the location of the toxin and its degradation inter-
mediate upon proteasome inhibition. Cell fractionation revealed
that a proportion of glycosylated RTA but strikingly all of the
putative deglycosylated RTA degradation intermediate were in
the soluble fraction (Fig. 3A). The ER resident chaperone BiP
was predominantly detected in the microsomal pellets (Fig. 3B),
indicating microsomal integrity. On closer examination it can be
seen that glycosylated RTA present in the microsomes during the
chase when proteasomes are inhibited had a more diffuse
appearance typical of the mannose-trimmed species seen for
example in Fig. 1B (DMM). By contrast, glycosylated RTA in the
soluble fraction was resolved as a much sharper band (Fig. 3,
compare lanes 11 and 12). This finding suggests the existence of
two populations of RTA distinguishable by a differential trim-
ming of mannose residues (Fig. 1B) and that we are not
observing leakage of RTA from microsomes.

Because the soluble fraction could represent cytosol or vacu-
oles, which break during homogenization (21), we carried out a
series of controls that are shown in Fig. 4. First, we examined
whether the accumulation of the RTA degradation intermediate
could be blocked by BFA, a drug that inhibits Golgi-mediated
trafficking to the vacuole (40) (Fig. 4A). To monitor the efficacy
of BFA treatment, we also followed the transport of the bean
storage protein phaseolin, whose arrival in the vacuoles is
followed by proteolytic processing and generation of a series of
fragments in the 22- to 28-kDa range (21). Whereas BFA alone
did not block the degradation of RTA during the chase (Fig. 4A,
compare lanes 7 and 8, and ref. 10), it did block the generation
of phaseolin vacuolar processing products (Fig. 4A, lane 16).
�-Lactone itself did not compromise vacuolar processing be-
cause cells treated with the inhibitor were still able to accumulate

Fig. 2. The proteasomal inhibitor �-lactone retards the degradation of RTA
and leads to the accumulation of a degradation intermediate. (A) Protoplasts
transiently expressing RTA were subjected to pulse labeling (1 h) in the
presence of 80 �M �-lactone (�L), or 1 mM MG132, and then chased for the
indicated periods. (B) Protoplasts transiently expressing RTA were subjected to
pulse labeling in the presence of the indicated concentrations of �-lactone,
either in the presence (�) or absence (�) of TM, and chased for the indicated
periods. The arrow at the right indicates the RTA degradation intermediate.
The number at the left indicates molecular mass in kDa.
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vacuolar fragments of phaseolin (Fig. 4A, lane 12). However, in
�-lactone-treated protoplasts, BFA efficiently inhibited phase-
olin fragmentation (Fig. 4A, compare lanes 14 and 12) but did
not block the accumulation of the RTA degradation interme-
diate (Fig. 4A, compare lane 4 with lane 6).

Although these data are consistent with nonvacuolar events
being responsible for the proteolysis of RTA, it is known that
some membrane proteins can be routed to vacuoles in a non-
conventional pathway that bypasses the Golgi and is therefore
BFA-insensitive (40). To examine this possibility we took ad-
vantage of the fact that transport of RTA to the vacuole as part
of proricin is accompanied by a processing event that leads to a
clear decrease in molecular weight. This decrease is consistent
with removal of the 9-aminoacyl residue N-terminal propeptide
that remains after signal peptide removal is cleaved in the ER (1,
2, 10). We therefore compared the molecular sizes of free RTA
targeted to the ER via the full 35-residue presequence, with that
of RTA generated in vacuoles from the proricin precursor (Fig.
4B). To eliminate any distortion caused by the presence of
sugars, the glycans on the polypeptides were removed after cell
lysis. This was achieved by using commercial PNGase F on
immunoprecipitated samples prepared from cells treated in the
presence or absence of DMM, as indicated. DMM blocks
mannose trimming and has the effect of precluding the known
addition of fucose to the RTA glycan within the Golgi (41),
which in turn would render the protein resistant to PNGase. In
fact, in the absence of DMM treatment, whereas B chain could
be efficiently deglycosylated, proricin-derived A chain was re-
sistant to PNGase treatment (Fig. 4B, compare lanes 3 and 4).
In contrast, proricin-derived A chain synthesized in DMM-
treated protoplasts was sensitive to PNGase treatment and was
converted to a deglycosylated form that comigrated with de-
glycosylated B chain (Fig. 4B, compare lanes 7 and 8). These
polypeptides provide a size marker for bona fide deglycosylated
vacuolar RTA.

In protoplasts expressing just RTA, the degradation interme-
diate accumulating in the presence of �-lactone had a slower

Fig. 3. The RTA degradation intermediate is not found within the ER.
Protoplasts transiently expressing RTA were subjected to pulse labeling
either in the presence (�) or absence (�) of �-lactone (�L) and chased for
the indicated periods. Protoplasts were fractionated as described in Ma-
terials and Methods. Total cell homogenates (T), microsome pellets (M),
and supernatants (S) were immunoprecipitated with (A) anti-RTA anti-
serum or (B) anti-BiP antiserum. The arrow at the right indicates the RTA
degradation intermediate, and the numbers at the left indicate molecular
mass in kDa.

Fig. 4. RTA is not degraded within the vacuole. (A) Protoplast obtained from plants expressing RTAE177D and phaseolin T343F (21) were mixed at a 7:3 ratio,
pulse-labeled in the presence of the indicated inhibitors (�L: �-lactone; BFA), and chased for the indicated periods of time. Aliquots of the protoplast
homogenates were immunoprecipitated with anti-RTA or anti-phaseolin antiserum, as indicated. The arrow at the left indicates the RTA degradation
intermediate. The numbers at the left indicate molecular mass in kDa. Open arrowhead to the right indicates intact phaseolin. Bar indicates phaseolin
fragmentation products. (B) Transiently transfected protoplasts expressing RTA or preproricin (ppricin) were subjected to pulse labeling in the presence (�) or
absence (�) of �-lactone (�L), in the presence (�) or absence (�) of DMM, and chased for 5 h. Polypeptides immunoselected with anti-RTA antiserum were
incubated with PNGase (�) or buffer (�) as a control. A and B refer to glycosylated and deglycosylated RTA and RTB, respectively. The arrow at the left indicates
the RTA degradation intermediate. Note the size difference by comparing lanes 2 and 6 with lane 8. In lane 8, deglycosylated RTB comigrates with RTA.
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mobility than deglycosylated vacuolar RTA (Fig. 4B, compare
lanes 1 and 5 with lane 8), strongly suggesting that the two
proteins are located in different compartments. Treatment of
RTA immunoprecipitates with PNGase (regardless of DMM
treatment) did not convert the degradation intermediate to a
faster migrating species, confirming that these polypeptides do
indeed lack N-linked glycan chains (Fig. 4B, compare lane 1 with
lane 2 and lane 5 with lane 6). The fact that the PNGase-treated
RTA band comigrated with the natural degradation intermedi-
ate indicates a lack of vacuole-specific processing. These data are
consistent with the presence of the 9-aa N-terminal propeptide
when RTA was expressed in the ER as a free polypeptide, but
the absence of it when RTA was generated from the natural
precursor that is processed only within vacuoles (5, 10). In
addition, Golgi-specific modifications that render A chain resis-
tant to PNGase treatment (fucosylation) did not occur on
glycosylated RTA accumulated in the presence of �-lactone,
further supporting the conclusion that when expressed as an
individual subunit, RTA is not transported through the Golgi
complex before degradation.

Altogether, the data presented so far indicate that RTA
stabilized by �-lactone accumulates in the cytosol. In addition,
the visualization of a putative deglycosylated RTA in a soluble
fraction when cells are treated with proteasomal inhibitors is
reminiscent of the accumulation of deglycosylated ERAD sub-
strates in the cytosol of mammalian and yeast cells under similar
conditions (42). Cytosolic PNGases have been shown responsible
for this processing (43–46). To assess whether the faster migrat-
ing RTA seen in plant cells on inhibition of proteasomes truly
represented a deglycosylated species, rather than a nonglycosy-
lated but signal peptide-cleaved RTA that has been prematurely
aborted from the import translocons (47), we analyzed the
isoelectric point of RTA and its degradation intermediate. When
a cytosolic glycanase removes a N-linked glycan, it concomitantly
converts the glycan-bearing Asn to an Asp residue, thus render-
ing the protein more acidic. To compare the isoelectric points of
the two RTA forms accumulated in the presence of �-lactone,
protoplasts expressing RTA and control protoplasts were radio-
labeled for 1 h in the presence of the protease inhibitor and
chased for 3 h. Polypeptides selected with anti-RTA antibodies
were analyzed by two-dimensional electrophoresis, before and
after treatment with PNGase. Fig. 5A shows aliquots of the
prepared samples run on SDS�PAGE only, confirming that the
PNGase treatment successfully converted glycosylated RTA to a
deglycosylated form. It has been reported that RTA is extremely
difficult to resolve by IEF (48), and indeed we found that
recovery of RTA on standard two-dimensional analysis was very
poor. Still, Fig. 5B shows that the two species of RTA seen at 3-h
chase in the presence of �-lactone have different isoelectric
points, with the faster migrating species being more acidic, and
that upon treatment with PNGase, only the faster migrating,
more acidic species is recovered. This finding is compatible with
the degradation intermediate representing a deglycosylated
form of RTA.

We have previously shown that, when expressed in tobacco
protoplasts, RTA is toxic and can readily assemble with its
companion B chain, indicating that the protein is structurally
mature (10). The data presented here suggest that RTA ex-
pressed alone, despite being a native protein, is exploiting the
plant ERAD pathway to reach the cytosol where a proportion of
it is subjected to deglycosylation and proteasomal degradation in
the cytosol. This finding provides evidence for the existence of
a functional retrotranslocation pathway in plant cells.

Although RTA is a structurally native protein, there is evi-
dence that in the absence, or upon reduction of its partner B
chain, it is able to retrotranslocate from the ER of Saccharo-
myces cerevisiae (49) and mammalian cells (50). It is plausible
that reduced RTA has inherent properties that allow it to hijack

the ERAD machinery in a way that is currently unclear. Here we
provide compelling evidence that in vivo, RTA acquires the
expected glycan within the ER lumen and subsequently loses this
upon emergence into the cytosol, a modification that can be
visualized when proteasomal degradation is blocked. Although
a complete analysis of the mechanism and driving force for toxin
retrotranslocation is beyond the scope of this study, our obser-
vations suggest that the process is not tightly coupled with
proteasomal activity in contrast to what has been observed for
some ERAD substrates (14, 51). For a number of mammalian
glycoprotein ERAD substrates, mannose trimming in the ER
lumen condemns them to the retrotranslocation apparatus (12,
13) in a process that can be blocked by the inhibition of
mannosidases (15, 52, 53). By contrast for RTA, it appears that
the nontrimmed version can be degraded (Fig. 1B) and indeed,
this version is found in the cytosol fraction (Fig. 4). This puzzling
observation may reflect differences in the way the ER quality
control system perceives this particular protein as compared with

Fig. 5. The RTA degradation intermediate is deglycosylated by PNGase. (A)
Protoplasts transiently expressing RTA or mock-transfected protoplasts (Co)
were labeled in the presence of 80 �M �-lactone (�L) and chased for 3 h. RTA
was immunoprecipitated and immunoprecipitates were treated (�) or not
treated (�) with PNGase. Samples were analyzed by SDS�PAGE. (B) Aliquots of
the same samples shown in A were analyzed by two-dimensional electro-
phoresis. (C) As in B but samples were treated with PNGase before two-
dimensional electrophoresis. Numbers at the left indicate molecular mass in
kDa. Numbers at the top indicate the pH range of the first-dimension IEF. gRTA
is glycosylated RTA, dgRTA is deglycosylated RTA.
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other, more structurally abnormal substrates, or it may reflect
peculiarities of the plant cell ER.

One striking feature of the behavior of RTA in plant cells
is the magnitude of its degradation. It is conceivable that
conventional proteasomal inhibitors characterized for use in
other systems may not be completely effective in plant cells.
Alternatively, other proteolytic pathways may be operating
that will require further analysis. Whatever the dominant
degradation system, the present study has demonstrated that
at least a proportion of RTA that had at one time been
segregated in the ER lumen was subsequently detected in the

cytosol. This was determined by a combination of cell frac-
tionation and IEF analyses. The presence of a deglycosylated
RTA species is suggestive of an operational ERAD pathway in
plants, the mechanistic details of which now require rigorous
investigation.
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