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Ricin is a heterodimeric toxin that accumulates in the storage vacuoles of castor bean (Ricinus communis) endosperm. Proricin
is synthesized as a single polypeptide precursor comprising the catalytic A chain and the Gal-binding B chain joined by a
12-amino acid linker propeptide. Upon arrival in the vacuole, the linker is removed. Here, we replicate these events in
transfected tobacco (Nicotiana tabacum) leaf protoplasts. We show that the internal linker propeptide is responsible for
vacuolar sorting and is sufficient to redirect the ricin heterodimer to the vacuole when fused to the A or the B chain. This
internal peptide can also target two different secretory protein reporters to the vacuole. Moreover, mutation of the isoleucine
residue within an NPIR-like motif of the propeptide affects vacuolar sorting in proricin and in the reconstituted A-B
heterodimer. This is the first reported example of a sequence-specific vacuolar sorting signal located within an internal

propeptide.

Soluble proteins targeted to plant vacuoles need
specific signals to reach their destination. These sig-
nals have been recently divided in three categories:
sequence-specific vacuolar sorting signals (ssVSS),
C-terminal signals (ctVSS), and physical structure
signals (psVSS; Matsuoka and Neuhaus, 1999; Vitale
and Raikhel, 1999). ssVSS are predominantly located
at the N terminus and present an NPIR-like motif,
which is necessary for sorting of sporamin (Matsuoka
and Nakamura, 1991). The NPIR-containing spo-
ramin propeptide is sufficient to target a secreted
reporter protein to the vacuole (Matsuoka et al.,
1995). Putative sorting receptors that bind to NPIR-
containing peptides have been identified in pea (Kir-
sch et al.,, 1994), Arabidopsis (Ahmed et al., 1997,
2000), and pumpkin (Shimada et al., 1997). The pres-
ence of the isoleucine residue in NPIR is essential for
sorting and in vitro binding to the putative receptors,
suggesting that its large hydrophobic side chain is
crucially involved in the interaction (Matsuoka and
Nakamura, 1999; Cao et al., 2000).

ctVSS are extremely variable in size and amino acid
composition and although no consensus sequence
has been identified, a common requirement is the
presence of a C-terminally exposed hydrophobic
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amino acid patch (Matsuoka and Neuhaus, 1999; Vi-
tale and Raikhel, 1999). The third class of signals is
rather ill defined at present. Internal folded domains
of proteins have been shown to be necessary for
sorting, for example in the case of phytohemaggluti-
nin (von Schaewen and Chrispeels, 1993) and in the
case of the saposin-like insert of barley phytepsin
(Kervinen et al., 1999), but they have not yet been
characterized. The fact that these domains are part of
the mature protein has led to the hypothesis that
interaction with a sorting receptor requires particular
structural features in the native domain (Matsuoka
and Neuhaus, 1999).

In the present work we report characterization of
the internal sorting signal of proricin, which is pro-
cessed upon vacuolar delivery. We also show that
this internally cleaved propeptide is necessary and
sufficient for vacuolar sorting and that it is function-
ally similar to a normally N-terminal ssVSS.

Ricin is a type II (heterodimeric) ribosome-inacti-
vating protein (RIP) that accumulates in the castor
bean (Ricinus communis) endosperm. Ricin is synthe-
sized as a single precursor protein (proricin) where the
catalytically active A chain (RTA) is joined to the
sugar-binding B chain (RTB) by a 12-amino acid “link-
er” peptide (Lamb et al., 1985). Preproricin is translo-
cated into the endoplasmic reticulum (ER) lumen via a
35-residue presequence, the first 26 residues of which
represent an ER signal peptide (Ferrini et al., 1995).
The remaining nine residues, absent from mature
RTA, must therefore form an N-terminal propeptide
(Lamb et al., 1985). Within the ER, proricin is glyco-
sylated and disulfide bonded within RTB and be-
tween the RTA and RTB regions. In castor bean en-



dosperm cells, proricin is then transported via the
Golgi complex to the periphery of precursor accumu-
lating vesicles (PAC; Hara-Nishimura et al., 1998),
and eventually to protein storage vacuoles. There the
N-terminal and the linker propeptides are proteolyti-
cally cleaved, releasing the mature, disulfide-linked
heterodimeric toxin (Butterworth and Lord, 1983;
Lord, 1985; Hara-Nishimura et al., 1995).

We have recently demonstrated that it is possible to
transiently express the cytotoxic proricin in tobacco
(Nicotiana tabacum) leaf mesophyll protoplasts and
that the intracellular transport events normally oc-
curring in castor bean are faithfully reproduced in
the heterologous system (Frigerio et al., 1998b). That
is, preproricin reaches the vacuole through the Golgi
complex and is processed to its mature form. When
we fused the single A and B chains, engineered to
lack the linker peptide, to signal peptides and co-
expressed them in protoplasts, RTA and RTB associ-
ated very rapidly to form the disulfide-linked ricin
heterodimer within the ER lumen. However, unlike
proricin, the heterodimer was quantitatively secreted
into the extracellular medium (Frigerio et al., 1998b).
This led us to speculate whether the presence of the
internal linker peptide could be necessary for vacu-
olar sorting. Here we report that this is the case, and
we characterize the linker as a ssVSS of the sort more
typically found at the N terminus of vacuolar
proproteins.

RESULTS

Preproricin Reaches the Vacuole via Vesicular
Transport in Tobacco Protoplasts

We characterized the intracellular fate of preprori-
cin in tobacco protoplasts. The preproricin sequence
(ppricin) was placed downstream of the cauliflower
mosaic virus (CaMV) 355 promoter (Fig. 1) and tran-
siently expressed in tobacco protoplasts. Protoplasts
transfected with the ppricin construct were subjected
to pulse-chase analysis and ricin polypeptides de-
tected by immunoprecipitation with anti-RTA anti-
serum, followed by 15% (w/v) SDS-PAGE and fluo-
rography (Fig. 2). At the end of the pulse, an
immunoreactive polypeptide of the size expected for
preproricin was detected (open arrowhead, Fig. 2,
lane 1). This polypeptide disappeared with time and
was eventually converted into two polypeptides of
the sizes expected for mature glycosylated RTA and
RTB (32 and 34 kD, respectively, lanes 2 and 3). Such
proteolytic processing normally occurs within the
storage protein vacuoles of castor bean endosperm
cells (Harley and Lord, 1985; Hara-Nishimura et al.,
1995). The appearance of processed subunits is there-
fore indicative of the arrival of proricin within vac-
uolar compartments. By non-reducing PAGE analy-
sis we have previously shown that such processed
polypeptides are linked by a disulfide bond and are
stored as heterodimeric ricin (Frigerio et al., 1998b).
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Figure 1. Schematic diagram of the constructs used in this work. All
coding sequences were under the control of the CaMV 35S promoter.
SP, Preproricin signal peptide; sp, prephaseolin signal peptide; sp,
Arabidopsis basic chitinase signal peptide.

Because RTA and RTB are covalently linked by a
disulfide bridge, anti-RTA antiserum immunoselects
the RTA-RTB heterodimer, which is then reduced
into its two components upon reducing SDS-PAGE
analysis. Treatment of cells with the fungal metabo-
lite brefeldin A (BFA) inhibited the formation of ma-
ture polypeptides and led to the accumulation of
intact proricin (Fig. 2, lanes 4-6). BFA has been pre-
viously shown to inhibit Golgi-mediated transport to
vacuoles in plant cells (Gomez and Chrispeels, 1993;
Pedrazzini et al., 1997). This suggests that preproricin
is being targeted to its site of processing via Golgi-
mediated transport. No extracellular secretion of pre-
proricin or mature ricin was detected (Fig. 1, lanes
7-12). Overall, therefore, the sequence of events ob-
served here is consistent to that occurring in the
endosperm cells of castor bean seeds.

The Presence of the Linker Peptide Causes Vacuolar
Sorting Even When It Is Not in Peptide
Continuity with Both Ricin Subunits

So far we have shown that preproricin is trans-
ported via a Golgi-mediated trafficking pathway to
vacuoles in a BFA-sensitive fashion. Previous work
suggested that the vacuolar sorting signal might lay
within the 12-aminoacyl residue linker that is local-
ized between the A and B chains of proricin (Frigerio
et al., 1998b). We next tested whether peptide conti-
nuity of the subunits with the linker is required for
functional sorting to vacuoles. We cotransfected pro-
toplasts with RTA and RTB, or RTA-L and RTB, or
RTA and L-RTB (Fig. 1), and then subjected the cells
to pulse-chase followed by immunoprecipitation
with anti-RTA antiserum. In this and other experi-
ments (e.g. in Fig. 7B) the amount of radiolabeled
RTB coprecipitated with RTA somehow increased
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Figure 2. Transport of proricin to vacuoles is sensitive to BFA in
tobacco leaf protoplasts. A, Protoplasts from tobacco leaves were
transfected with the ppricin construct, pulse labeled for 1 h in the
presence (+) or in the absence (-) of 10 ug mL~" of BFA, and chased
for the indicated periods of time. Cell homogenates (lanes 1-6) and
incubation media (lanes 7-12) were subjected to immunoprecipita-
tion with rabbit anti-RTA antiserum and analyzed by SDS-PAGE and
fluorography. White arrowheads indicate the position of proricin and
black arrowheads indicate mature RTA and RTB. Numbers at right
indicate molecular mass markers in kilodaltons.

during the chase. The reason for this increase was not
investigated, but it may be dependent on the kinetics
of RTA-RTB assembly. As shown in Figure 3A, most
of the ricin made by expressing pRTA and pRTB in
the absence of the linker (Fig. 3A, lanes 1-3) was
secreted after a 5-h chase period (lanes 4-6). During
secretion there was a clear increase in the mobility of
RTB, which may be due to oligosaccharide trimming
(Lord, 1985). When the linker was appended to the C
terminus of RTA (Fig. 3B, lanes 1-3), the ricin het-
erodimers were retained within the cells. The addi-
tion of the linker peptide to the C terminus of RTA
caused an observable decrease in electrophoretic mo-
bility at the 0-h chase (Fig. 3B, lane 1). During the
chase (lanes 2 and 3), this polypeptide showed a
faster mobility compatible with the removal of the
linker and possible removal of the N-terminal
propeptide (as mentioned above). Likewise, addition
of the linker peptide to the N terminus of RTB (Fig.
3C, lanes 1-3) blocked secretion of the heterodimers
(lanes 4-6). Moreover, RTA and RTB underwent pro-
cessing during the chase (Fig. 3C, lanes 2 and 3).
To verify whether this processing was effectively
occurring in vacuoles, we cotransfected cells with
pRTA-L and pRTB or with pL-RTB and pRTA and
subjected them to pulse labeling for 5 h. Vacuoles
were then purified and the ricin polypeptides immu-
noselected with anti-RTA antiserum (Fig. 3D). In all
cases the final mobilities of the two cotransfected
subunits were indistinguishable from the mobilities
of mature RTA and RTB generated from proricin
(compare lane 1 with lanes 2 and 3). The mature
subunits were recovered from within purified vacu-
oles (Fig. 3D, lanes 4-6). Thus, we conclude that the
linker does not have to covalently bridge both sub-

units to direct ricin to the vacuole, where the linker is
proteolytically removed.

The Linker Peptide Is Sufficient to Redirect Reporter
Proteins to Vacuoles

The results shown so far demonstrate that the
linker peptide is necessary for vacuolar sorting of
ricin, but they do not allow us to conclude that the
linker is also sufficient; other domains present on
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Figure 3. The presence of the linker peptide causes vacuolar sorting
even when it is not in peptide continuity with both ricin subunits. A
through C, Cells were transfected with the indicated constructs,
pulse-labeled for 1 h, and chased for the indicated periods of time.
Cell homogenates and incubation media were immunoprecipitated
with anti-RTA antiserum and analyzed by SDS-PAGE and fluorogra-
phy. Numbers at right indicate molecular mass markers in kilodal-
tons. D, Cells were transfected with the indicated constructs and
subjected to pulse labeling for 5 h. Total cell homogenates or purified
vacuoles were immunoprecipitated with anti-RTA antiserum and
subjected to SDS-PAGE and fluorography.



RTA or RTB could contribute to a complete sorting
signal. It is, therefore, necessary to examine whether
the ricin linker peptide alone can redirect secreted
reporter proteins to the vacuole. We, therefore, stud-
ied the fate of two reporter proteins: green fluores-
cent protein (GFP) and a secreted mutant of the stor-
age protein phaseolin, A418 (Frigerio et al., 1998a).
GFP has been recently used with success as a reporter
for vacuolar targeting in vivo in tobacco protoplasts
(Di Sansebastiano et al., 1998). We fused the 12-
residue ricin linker to the C terminus of mGFP5 (a
secretory version of GFP) to yield mGFP5-L (Fig. 1).
As an expression system, we used protoplasts pre-
pared from a suspension cell culture of Arabidopsis
(Axelos et al., 1992). The advantage of these cells over
tobacco leaf protoplasts is the homogeneity of the cell
population, which seems to present only one type of
large central vacuole, whereas tobacco protoplasts
contain a mixed population of cells presenting differ-
ent vacuolar structures that are, at present, difficult
to characterize (Di Sansebastiano et al., 1998). In ad-
dition, leaf protoplasts contain chloroplasts whose
autofluorescence interferes with the detection of
GFP. We transfected Arabidopsis protoplasts with
mGFP5 and mGFP5-L (Fig. 4A). Twenty-four hours
after transfection, cells expressing mGFP5-L show
strong fluorescence in their central vacuoles (Fig. 4A,
note the absence of signal from the adjacent, non-
transfected cells).

In a converse manner, cells expressing mGFP5 did
not show any fluorescence with the same laser inten-
sity settings (not shown), suggesting that the protein
was secreted as expected (Boevink et al., 1999). We
confirmed this evidence biochemically by transfect-
ing tobacco protoplasts and subjecting them to pulse-
chase, followed by immunoprecipitation with anti-
GFP antiserum. Figure 4B shows that after 24 h, most
mGFP5 is recovered in the extracellular medium
(Fig. 4B, lanes 1-6). A proportion of mGFP5 mole-
cules is still detectable intracellularly, and it has
greater mobility than the extracellular GFP. How-
ever, tobacco protoplasts transfected with mGFP5-L
do not secrete the reporter at all (Fig. 4B, lanes 7-12).
Rather, GFP-L is converted with time to a faster
migrating species, identical to the faster migrating
form detectable intracellularly for mGFP5 (Fig. 4B,
compare lanes 2 and 3 with lanes 8 and 9). This
shows that addition of the linker peptide causes
efficient intracellular retention of GFP. GFP under-
goes intracellular proteolytic trimming at its C or N
terminus, probably within vacuoles (Fig. 4A). The
precise intracellular location and the sequence-
specificity of this processing are at present un-
known and their analysis is beyond the scope of this
work.

In a further demonstration we showed that the
ricin-linker peptide redirects a second reporter pro-
tein to vacuoles in tobacco protoplasts. In this case
the linker was fused to phaseolin A418, a secretory
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Figure 4. The linker peptide is sufficient to redirect GFP to the
vacuole. A, Protoplasts from Arabidopsis suspension-cultured cells
were transfected with mGFP5-L and analyzed by bright field (left) or
fluorescence confocal microscopy (right) 24 h after transfection. Bar:
10 um. B, Tobacco leaf protoplasts were transfected with mGFP5 or
mGFP5-1, pulse labeled for 1 h, and chased for the indicated periods
of time. Cell homogenates and incubation media were immunopre-
cipitated with anti-GFP antiserum and analyzed by SDS-PAGE and
fluorography. The number at right indicates molecular mass marker
in kilodaltons.

mutant of the vacuolar storage glycoprotein phaseo-
lin (Frigerio et al., 1998a). Figure 5 shows that the
46-kD wild-type phaseolin (T343F; Pedrazzini et al.,
1997) disappears during the chase period with the
concomitant appearance of faster migrating polypep-
tides (Fig. 5, lane 2). These are known to represent
proteolytic fragments of phaseolin that arise within
heterologous storage vacuoles (Bagga et al., 1992;
Pedrazzini et al., 1997). By contrast, a phaseolin mu-
tant in which the four C-terminal amino acid residues
(AFVY) were removed (phaseolin A418) did not gen-
erate such fragments internally, but was instead se-
creted into the extracellular medium (Frigerio et al.,
1998a; Fig. 5, lanes 5, 6, 11, and 12). When this secre-
tory phaseolin was tagged with the ricin linker to
yield A418-L, it was efficiently retained within the
cells (Fig. 5A, lanes 3, 4, 9, and 10). The appearance of
proteolytic fragments, diagnostic of successful target-
ing to the vacuoles (Fig. 5, lane 4), confirms that the
ricin linker is not only necessary for proricin vacuolar
targeting, but also sufficient to redirect to the vacuole
an otherwise secreted phaseolin mutant. A propor-
tion of wild-type, as well as of A418-linker, phaseolin
was also recovered in the medium (Fig. 5, lanes 7-10).
We have previously demonstrated that this is due to
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Figure 5. The linker peptide is sufficient to redirect phaseolin A418
to the vacuole. Tobacco leaf protoplasts were transfected with the
indicated phaseolin constructs, pulse-labeled for 1 h, and chased for
the indicated periods of time. Cell homogenates (lanes 1-6) and
incubation media (lanes 7-12) were immunoprecipitated with anti-
phaseolin antiserum and analyzed by SDS-PAGE and fluorography.
The white arrowhead indicates intact phaseolin. Numbers at right
indicate molecular mass markers in kilodaltons.
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saturation of the vacuolar targeting machinery dur-
ing the burst of protein synthesis following transient
expression (Frigerio et al., 1998a). The amount of
vacuolar fragments observed for wild-type and for
A418-linker phaseolin is comparable (Fig. 5, compare
fragments in lanes 2 and 4), suggesting that A418-
linker phaseolin is also saturating the targeting ma-
chinery. The lower amount of secreted A418-linker
compared with wild-type phaseolin (Fig. 5, compare
lanes 7 and 10) likely reflects its lower overall expres-
sion levels (compare lane 1 with lane 3).

An Isoleucine Residue in the NPIR-Like Motif of the
Linker Peptide Is Essential for Its Targeting Function

To determine whether the linker contains an ssVSS,
or whether it is more typical of a ctVSS or psVSS we
studied the primary sequence of the ricin-linker pep-
tide. All type II RIPs contain a catalytic A subunit
disulfide bonded to a Gal-specific lectin (B subunit).
Therefore, we analyzed the primary sequence of the
propeptides in several proricin-related proteins (Fig.
6): castor bean agglutinin, proabrin A from the abrin
protein family of Abrus precatorius (Hung et al., 1993),
two members of a group of type II RIPs isolated from
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elderberry (Van Damme et al., 1996), cinnamomin
from Cinnamomum camphora, and a novel RIP recently
isolated from Polygonatum multiflorum (Van Damme
et al., 2000). Alignment of the linker peptides of these
proproteins shows that an Ile residue, as well as the
following Arg, are highly conserved. In ricin these
residues exist within a sequence, LLIRP (Figs. 1 and
6), that resembles what is now regarded as the “ca-
nonic” consensus for an ssVSS. Matsuoka and Naka-
mura (1999) recently performed an extensive analysis
of the sporamin ssVSS, NPIRL, which emphasized
the importance of the Ile residue. The possibility that
the Ile residue could be involved in the sorting of
proricin was, therefore, investigated. We generated a
mutant of preproricin where Ile 271 is changed to Gly
(ppricin 1271G, Fig. 1) and expressed 1271G prepro-
ricin in tobacco protoplasts. Figure 7A clearly shows
that the mutant proricin is secreted into the medium
(Fig. 7A, lanes 10-12), in contrast to the wild-type
toxin that remains intracellular and becomes pro-
cessed to generate ricin subunits within the vacuoles
(Fig. 7A, lanes 1-3). Thus, the Ile residue in the linker
is essential for correct vacuolar targeting of proricin.
A small proportion of secreted proricin 1271G ap-
peared to undergo fragmentation (Fig. 7A, lanes 11
and 12); this extracellular trimming could be due to
hydrolases that are secreted by the protoplasts, as we
have previously shown for a different reporter pro-
tein (Frigerio et al., 1998a).

When we introduced the same mutation into the
linker fused to the C terminus of RTA (pRTA-L
1271G), we observed secretion of the RTA-RTB het-
erodimer during the chase (Fig. 7B, lanes 7 and 8).
Note that the secreted pRTA-L 1271G did not un-
dergo vacuolar processing and the presence of the
linker on RTA caused it to comigrate with RTB. How-
ever, a proportion of the heterodimers was appar-
ently vacuolar since we observed some intracellular
processing (Fig. 7B, lane 4). Therefore, when the
linker was positioned at the C terminus of RTA,
mutation of the Ile did not completely abolish vacu-
olar sorting. This could mean that in this particular
context, the two Leu residues adjacent to the mutated
Ile are now playing a crucial role in receptor binding.
In an alternate manner, it is possible that the proricin
linker peptide is now being recognized by the vacu-
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Figure 6. A conserved isoleucine residue in the linker peptides of proricin and proricin-related proteins. Amino acid
sequence alignment was generated using the MegAlign program (DNAstar, Madison, WI). Identical amino acid residues are
boxed. The conserved isoleucine residue is shown by an white arrowhead.
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Figure 7. The isoleucine residue in the linker peptide is required for
vacuolar sorting. A, Effect of the 1271G on the intracellular fate of
proricin. Cells were transfected with ppricin or ppricin 1271G, pulse
labeled for 1 h, and chased for the indicated periods of time. Cell
homogenates and incubation media were immunoprecipitated with
anti-RTA antiserum and analyzed by SDS-PAGE and fluorography.
White arrowheads indicate the position of proricin and black arrow-
heads indicate mature RTA and RTB. Numbers at right indicate
molecular mass markers in kilodaltons. B, Effect of the 1271G muta-
tion on the intracellular fate of the RTA-L/RTB heterodimer. Cells
were transfected with the indicated constructs, pulse labeled for 1 h,
and chased for the indicated periods of time. Cell homogenates and
incubation media were immunoprecipitated with anti-RTA antiserum
and analyzed by SDS-PAGE and fluorography.

olar sorting machinery as a signal of the C-terminal
type (ctVSS).

DISCUSSION
An Internal, Processed Vacuolar Sorting Signal

We present evidence for a processed vacuolar-
sorting signal that is located internally to a vacuolar
proprotein. We have previously shown that the ab-
sence of the linker propeptide caused the mature
ricin heterodimer to be secreted (Frigerio et al.,
1998b). Here we show that the linker is able to redi-
rect the dimer to the vacuole even when it is not in
peptide continuity with RTA and RTB. This indicates
that secretion of RTA-RTB dimers is not due to an
indirect effect of the interruption in polypeptide con-
tinuity, but rather suggests that the linker itself con-
tains vacuolar sorting information. The linker pep-

tide proved sufficient to target two different reporter
proteins to the vacuole. In the case of phaseolin A418,
Figure 5 shows clearly that the linker can restore the
efficiency of vacuolar sorting to wild-type levels.
Moreover, the size of the vacuolar fragments is iden-
tical to those observed in the wild type, suggesting
that as in the case of proricin and single ricin chain-
linker fusions, the linker is ultimately removed. Like-
wise, when fused to GFP, the linker is efficient in
abolishing secretion of the protein in tobacco proto-
plasts, and GFP-L accumulates in the large central
vacuole of Arabidopsis protoplasts. A proportion of
the secretory GFP (mGFP5) appears to be retained
inside the cell and to undergo what resembles vacu-
olar processing (Fig. 4B, lanes 1-3); however, no flu-
orescence was detectable in Arabidopsis protoplasts
expressing mGFP5. One possible explanation is that a
proportion of mGFP5, which is not a natural secre-
tory protein, may fold incorrectly (and therefore be
incapable of fluorescing) to be eventually targeted to
the vacuole by quality control mechanisms. We have
recently demonstrated that when a hybrid immuno-
globulin A/G (a secretory antibody) is expressed in
transgenic tobacco, a large proportion of the mole-
cules is delivered to the vacuole (Frigerio et al., 2000)
instead of being secreted. Thus, the clear difference in
GFP signal when protoplasts are transfected with
mGFP5 or mGFP-L might be due to the accumulation
of correctly folded protein in the vacuolar compart-
ments only in the latter case.

The Isoleucine Is Essential for Targeting

The sequence of the linker peptide contains a motif
(LLIRP) that resembles NPIRL. According to the con-
sensus proposed by Matsuoka and Nakamura (1999)
based on mutational analysis of the sporamin NPIRL
sequence, the context for the Ile residue in the linker
is by no means ideal, although it is worthy of note
that the motif in the aleurain propeptide also con-
tains Pro in position X4 (Holwerda et al., 1992). Nev-
ertheless, exchanging the iso-Leu for Gly causes se-
cretion of proricin, demonstrating that the Ile is
critical for targeting, even in this theoretically not-
ideal context. Our work has the advantage of dem-
onstrating the sequence specificity feature of the pro-
ricin linker in vivo and in a native context. To our
knowledge, this is the first example of a ssVSS lo-
cated in an internal position.

It is interesting that when the 1271G mutation was
introduced into the C-terminal fusion of the linker
with RTA, the phenotype was not one of complete
secretion, and a proportion of the protein was still
targeted to vacuoles. Similar results were obtained
with the phaseolin-linker fusion (data not shown).
One possible explanation is that the two Leu residues
that are present immediately before 1271 could, in the
absence of the native proricin structural context, be-
come exposed and substitute the Ile in binding to a



sorting receptor. Another possibility is that the linker
peptide, when present at the C terminus of the pro-
tein, behaves partially as a ctVSS. This would not be
surprising, as a similar phenotype was previously
observed when the sporamin propeptide containing
the corresponding I to G mutation was appended to
the C terminus of sporamin (Koide et al., 1999).

Implications for Trafficking

We present evidence for a ssVSS that resides inter-
nally to a proprotein destined to storage vacuoles.
NPIR-like motifs have been shown in vitro to be
ligands for the putative sorting receptor BP-80/
AtELP. The ssVSS-BP-80 interaction is believed to
sort proteins into clathrin-coated vesicles for trans-
port to the lytic vacuole via the pre-vacuolar com-
partment (Vitale and Raikhel, 1999). Proteins des-
tined to the storage vacuole are believed to enter
dense vesicles at the trans-Golgi; these vesicles do
not contain BP-80 (Hinz et al., 1999) and this trans-
port pathway appears to be more sensitive to treat-
ment with wortmannin in tobacco bright yellow 2
cells (Matsuoka and Neuhaus, 1999), although it is
not clear at present whether the dense vesicle path-
way and the wortmannin-sensitive pathway coin-
cide. The proricin linker peptide has the features of a
potential BP-80 ligand, but ricin is a vacuolar storage
protein. How do we interpret these apparently con-
flicting findings?

Hara-Nishimura and coworkers (1998) recently
provided evidence that in pumpkin and castor bean
endosperm, storage 2S5 albumins travel from the ER
to the storage vacuole in large PAC. Terminally gly-
cosylated storage proteins are found at the periphery
of the PAC around the 2S albumin core. The authors
detected these glycoproteins, which are believed to
include ricin and castor bean agglutinin, using an
antiserum raised against complex glycans (Hara-
Nishimura et al., 1998). This is also compatible with
the direct labeling of ricin subunits with tritiated Fuc
in cell fractions corresponding to the Golgi apparatus
(Lord, 1985). Together, this evidence suggests that
these proteins have traveled through the Golgi com-
plex where glycan processing occurs, before joining
the PACs. Nothing is known about the mechanisms
that sort such glycoproteins from the trans-Golgi to
the periphery of the PAC. Nevertheless, it would be
plausible to postulate the existence of a sorting re-
ceptor with similar specificities to those of BP-80 that
captures glycoproteins at the trans-Golgi level and
sorts them into the PAC, rather than into clathrin-
coated vesicles. We speculate that proricin could be
recognized by a BP-80-like receptor for sorting to
PAC. In pumpkin seeds the PAC themselves have
been shown to contain two proteins, PV72 and PV82,
functionally similar to BP-80 (Shimada et al., 1997),
which might be the endogenous receptors for 25
albumins. In a similar manner, proteins presenting a

high degree of homology to the BP-80 lumenal,
ligand-binding domain have recently been identified
in dark intrinsic protein bodies, the likely precursors
to the protein storage vacuole crystalloid in root tip
cells and developing seeds (Jiang et al., 2000). Dark
intrinsic protein bodies contain proteins whose gly-
cans have undergone modification in the Golgi and
could represent a form of multivesicular body that is
functionally similar to the PAC (Jiang et al., 2000).
Since it is well established that BP-80 orthologs can
bind ssVSS regardless of their position in the
polypeptide (Kirsch et al., 1996; Saalbach et al., 1996;
Matsuoka and Neuhaus, 1999; Matsuoka, 2000), the
internal location of the proricin ssVSS would not
preclude it from being a ligand for BP-80 or a BP-80-
like molecule.

MATERIALS AND METHODS
Recombinant DNA

All constructs used in this work are shown in Figure 1.
All protein-coding sequences were fused downstream to
the CaMV 35S promoter in expression vector pPDHA (Tabe
et al., 1995). The preparation of constructs for the expression
of ppricin, pRTA, and pRTB has been described previously
(Frigerio et al., 1998b). The C-terminal RTA-linker fusion
was generated from the ppricin-coding sequence by PCR
using the oligonucleotides 5'-TCTAGAATGAAACCGG-
GAGGAAATACTATT -3’ and 5-CTGCAGTCAATTA-
AAATTTGGTACCS-'. The fusion between the signal pep-
tide and the mature coding sequence of pRTB was generated
by PCR using the oligonucleotides 5'-TCTGCCTCATTTGC-
CTCTTTGCTTATAAGG-3" and 5'-CCTTATAAGCAAA-
GAGGCAAATGAGGCAGA-3'. mGFP5 was amplified from
plasmid pGFP5-ER (a gift from J. Haseloff), and the linker
peptide-coding region fused to the 3" of GFP by PCR with
the oligonucleotide 5'-CTGCAGCTAATTAAAATTTGGTAC-
CACTGGCCTTATAAGCAAAGATTATTTGTATAGTTC-3'.
The oligonucleotide 5'-CTGCAGCTAATTAAAATTTG-
GTACCACTGGCCTTATAAGCAAAGAACCCTTTCTTCC-
CTTTGC-3" was used to fuse the ricin linker to phaseolin
A418 (Frigerio et al., 1998b).

The Ile 271 to Gly mutation was introduced into the
linker sequence of ppricin, pRTA-L, and A418-L by using
the oligonucleotides 5'-TCTTTGCTTGGAAGGCCAGT-3’
and 5'-ACTGGCCTTCCAAGCAAAGA-3' and the Quick-
Change in vitro mutagenesis system (Stratagene, La Jolla,
CA), following the manufacturer’s instructions.

Protoplast Transfection

Protoplasts were prepared from axenic leaves (47 cm
long) of tobacco (Nicotiana tabacum cv Petit Havana SR1.) or
from cultured suspension cells of Arabidopsis (Axelos et
al.,, 1992). Protoplasts were subjected to polyethylene
glycol-mediated transfection as described by Pedrazzini et
al. (1997) and were incubated overnight at 25°C in the dark
before pulse labeling or for 24 h at 25°C in the dark before
microscopical observation.



In Vivo Labeling of Protoplasts and Analysis of
Expressed Polypeptides

Pulse-chase labeling of protoplasts using Pro-Mix (a
mixture of **S-Met and *°S-Cys; Amersham, Buckingham-
shire, UK) was performed as described (Pedrazzini et al.,
1997). Where indicated cells were pre-incubated with 10 ug
mL ™" of brefeldin A (Boehringer Mannheim, Basel) for 1 h
before labeling. Homogenization of protoplasts and incu-
bation media was performed by adding to the frozen sam-
ples 2 volumes of ice-cold homogenization buffer (150 mm
Tris-Cl, 150 mm NaCl, 1.5 mm EDTA, and 1.5% [w/v]
Triton X-100, pH 7.5) supplemented with complete pro-
tease inhibitor cocktail (Boehringer Mannheim). Immuno-
precipitation of expressed polypeptides was performed as
described previously (Frigerio et al., 1998a) using rabbit
polyclonal antisera raised against RTA, RTB, GFP (Molec-
ular Probes, Eugene, OR), or phaseolin. Immunoselected
proteins were analyzed by 15% (w/v) reducing SDS-PAGE
and fluorography.

Vacuole purification was performed as described (Frige-
rio et al., 2000). The recovery of vacuoles in the vacuolar
fraction was around 15% based on a-mannosidase activity;
the vacuolar fraction contained less than 1% of the total
cellular amount of the ER resident chaperone binding pro-
tein, indicating very low contamination by other compart-
ments of the secretory pathway (data not shown)

Confocal Microscopy

Arabidopsis protoplasts were transfected with GFP con-
structs as described (Di Sansebastiano et al., 1998). Cells
were incubated in the dark for 24 h at 25°C before obser-
vation. Images were collected with a confocal laser-
microscope (DMR, Leica Microsystems, Wetzlar, Germany)
using an operating system (TCS 4D, Leica) with a 40X
objective. A fluorescein isothiocyanate filter set was used to
detect GFP fluorescence from living protoplasts. An image
with transmitted light was also collected using the confocal
microscope. Images were assembled with Adobe Photo-
shop (Adobe Systems, Mountain View, CA).
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