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Abstract. We have used a protocol for internalization
of ricin, a ligand binding to plasma membrane glyco-
proteins and glycolipids with terminal galactosyl
residues, and infection with the vesicular stomatitis vi-
rus ts 045 mutant in BHK-21 cells to determine
whether internalized plasma membrane molecules
tagged by ricin reach distinct compartments of the bio-
synthetic—exocytic pathway. At 39.5°C newly synthe-
sized G protein of ts 045 was largely prevented from
leaving the endoplasmic reticulum. At the same tem-
perature ricin was endocytosed and reached, in addi-
tion to endosomes and lysosomes, elements of the
Golgi complex. When the temperature was lowered to
19.5°C, no more ricin was delivered to the Golgi com-
plex, but now G protein accumulated in the Golgi
stacks and the trans-Golgi network (TGN). Double-
labeling immunogold cytochemistry on ultracryosec-
tions was used to detect G protein and ricin simultane-

ously. These data, combined with stereological and
biochemical methods, showed that ~5% of the total
amount of ricin within the cells, corresponding to 6-8
X 10* molecules per cell, colocalized with G protein
in the Golgi complex after 60 min at 39.5°C. Of this
amount ~70-80% was present in the TGN. Since
most of the ricin molecules remain bound to their
binding sites at the low pH prevailing in compartments
of the endocytic pathway, the results indicate that a
fraction of the internalized plasma membrane mole-
cules with terminal galactose are not recycled directly
from endosomes or delivered to lysosomes, but are
routed to the Golgi complex. Also, the results
presented here, in combination with other recent
studies on ricin internalization, suggest that transloca-
tion of the toxic ricin A-chain to the cytosol occurs in
the TGN.

in the sorting of membrane molecules: the Golgi com-
plex for outward (exocytic) membrane traffic, and the
endosomal system for inward (endocytic) membrane traffic
(5,9, 12, 29, 46). Considerable attention has been paid to the
possible existence of a link between the exocytic and endo-
cytic pathways, that is, whether—and to what extent—endo-
cytosed membrane molecules are delivered to the Golgi com-
plex (4, 5, 7, 8, 16, 17, 39, 40, 47). Two lines of argument
can be advanced in support of such a connection. First, the
membrane that leaves the trans-Golgi compartment(s) to be
inserted into the plasma membrane during exocytosis must
somehow be compensated for by equivalent amounts of en-
docytosed membrane (4, 5). Second, recent evidence indi-
cates that a small percentage of transferrin receptors (39) as
well as the mannose-6-phosphate receptors (both the 46- and
215-kD receptors; Duncan and Kornfeld, manuscript in prep-
aration) recycle via the trans-Golgi compartment(s) where
sialyl transferase activity is localized (6, 12, 32).
It has previously been shown that endocytosed conjugates
of the toxic plant protein ricin and horseradish peroxidase

THE cell has two distinct organelle systems specialized
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(HRP)!, as well as native ricin, detected by preembedding
immunoperoxidase cytochemistry, reach a Golgi-associated
compartment (10, 37, 43, 44). This compartment typically
comprised an irregularly shaped, fenestrated cisternal struc-
ture with numerous branching, tubulo-vesicular profiles
which were localized to one side of the Golgi stack. It thus
resembled the Golgi compartment recently named the trans-
Golgi network (TGN) (16}, and previously called GERL by
Novikoff (25). Since ricin binds to plasma membrane mole-
cules with terminal galactose residues (2, 27, 34), these ob-
servations indicated that a proportion of internalized plasma
membrane glycoproteins and glycolipids with terminal ga-
lactose was delivered to the TGN. Moreover, our recent data
suggest that the toxic effect of ricin is coupled to the delivery
to the Golgi complex (37, 44). Elegant support for this notion
was recently published by Youle and Colombatti (48), who
showed that a hybridoma cell secreting antibodies against ri-
cin was resistant to the toxic effects of ricin. This observation

1. Abbreviations used in this paper: HRP, horseradish peroxidase; PAG,
protein-A gold; TGN, trans-Golgi network; VSV, vesicular stomatitis virus,
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is most readily explained by assuming that the internalized
ricin is inactivated by the anti-ricin antibodies during their
transport through the Golgi complex.

In our previous morphological studies, however, we could
not conclude with certainty whether the compartment we de-
tected with peroxidase conjugates and immunoperoxidase
cytochemistry really belonged to the biosynthetic-exocytic
pathway, or whether it represented a late endosomal com-
partment (44). In the former case we could also not decide
unequivocally whether the labeled structure was on the cis
or trans side of the Golgi stack. Further, we could not quan-
tify the amount of internalized ricin that was targeted to the
para-Golgi compartment by the methods used in the earlier
studies.

In the present study we have used the membrane spanning
protein “G” of a temperature sensitive mutant of vesicular
stomatitis virus (VSV) as a marker for the Golgi stack and
TGN. In the ts (45 mutant of VSV the G protein is synthe-
sized at the nonpermissive temperature, 39.5°C, but trans-
port out of the ER is blocked. By switching to the permissive
temperature, 31°C, the G protein is transported through the
Golgi complex to the plasma membrane. If, however, the
temperature is changed from 39.5°C to ~20°C, the protein
accumulates in high concentration in the last Golgi compart-
ment, the TGN and, in variable amounts, in the other com-
partments of the Golgi stack (16). We have used a double-
labeling protocol on ultracryosections with G protein as a
marker for the Golgi stack/TGN in VSV-infected baby ham-
ster kidney (BHK)-21 cells which had been simultaneously
incubated with ricin. In this way we could address two im-
portant questions with respect to ricin internalization. First,
is internalized ricin delivered to compartments of the Golgi
complex, delineated by the G protein labeling? Second, if so,
what percentage of the total internalized ricin is delivered to
this (these) compartment(s)? We addressed the latter ques-
tion by a combination of quantitative immunocytochemistry
and biochemistry.

Materials and Methods
Cell Culture

BHK-21 cells were grown in 30- or 60-mm plastic culture dishes in the Glas-
gow modification of minimal essential medium (GME) with 5% FCS, 10%
phosphate tryptone broth, 1 mM glutamine, penicillin, and streptomycin,
10 mM Hepes, pH 7.2. Cells were grown to confluence or near confluence
(~2 d) before use.

Virus Infection and Incubation with Ricin

The cells were infected with the VSV ts 045 mutant, 40 pfu per cell. Infec-
tion was carried out for 1 h at 31°C in a high bicarbonate MEM-Hepes
medium with 0.2% BSA and 1 mM glutamine. Then the medium was
replaced with fresh, prewarmed medium without virus and the cells were
further incubated for 3 h at 39.5°C. Subsequently, the medium was re-
moved, a new, low bicarbonate (0.35 g/l) MEM-Hepes containing 20 pg cy-
cloheximide per ml, preadjusted to 19.5°C, was added, and the cells in-
cubated for 2 h at 19.5°C in a waterbath. In some experiments the cells were
finally incubated for 15 min at 31°C. This incubation protocol is outlined
in Fig. 1.

Ricin, at a final concentration of 10 pg/ml medium, was added to the
VSV-infected cells as shown in Fig. 1. In some experiments ricin was also
added to uninfected cells which were then incubated for 1 h at 37°C.

Ricin-binding Studies

The experiments were carried out in serum-free MEM-Hepes medium with
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Figure 1. Schematic drawing of the experimental protocol with ricin
incubation of VSV-infected cells used for the ultrastructural immu-
nocytochemical experiments reported in this study. (#=-4 ) Incuba-
tion with 10 pg/ml ricin; (- - ) further incubation without ricin.
The experiments were stopped by fixation as indicated ( ™ ). CH,
change to fresh medium containing cycloheximide, with or without
ricin. For more details, see Materials and Methods.

0.2% BSA and 2 mM glutamine. To measure binding of ricin, »*I-labeled
toxin was added to BHK-21 cells growing in 24-well disposable trays. After
incubation for the times indicated, the cells were washed twice with PBS
containing 2 mM CaCl,, dissolved in 0.1 M KOH, and the cell-associated
radioactivity was measured.

Endocytosed toxin was measured as the amount of lactose-resistant cell-
bound toxin in the following way. After incubation with ["*I]ricin, the
cells were incubated with PBS containing 0.1 M lactose for 5 min at 37°C
and then rinsed three times in the same solution. Finally, the cell-associated
radioactivity was measured.

Measurement of Protein Synthesis Inhibition

After incubation with toxin as indicated, the rate of protein synthesis was
measured by incubating the cells with 1 pCi/mi [*H]leucine and no unla-
beled leucine for 10 min at 37°C.

The medium was then removed and the cells were treated twice with 5%
wt/vol TCA. They were then dissolved in 0.1 M KOH and the radioactivity
associated with the cells was measured. Control experiments showed that
cells that had been exposed to monensin, ammonium chloride, or cyclohexi-
mide, and then washed, incorporated [*H]leucine at essentially the same
rate as untreated cells.

Immunofluorescence Studies

Cells grown on coverslips were fixed with 4 % formaldehyde in PBS and per-
meabilized with 0.2% Triton X-100. Thereafter they were incubated with
anti-ricin antibody followed by rhodamine-conjugated goat anti-rabbit anti-
body and finally mounted for light microscopy.

Ultrastructural Immunocytochemistry

At the end of the incubations indicated in Fig. 1, the cells were placed on
ice, washed with ice-cold PBS, and fixed by adding an ice cold solution of
4% formaldehyde, 0.5% glutaraldehyde in 200 mM Pipes buffer, pH 7.2.
After fixation in monolayer for ~30 min at room temperature, the cells were
scraped off and centrifuged. The pellets were further fixed for ~30 min,
washed with PBS, cryoprotected with 2.1 M sucrose, mounted on stubs, and
frozen in liquid nitrogen. Sections were cut on an LKB CryoNova or a
Sorvall MT2B ultracryomicrotome with tungsten-coated glass knives (I5).

For immunocytochemistry two antibodies were used: a rabbit affinity-
purified anti~G protein (luminal domain of spikes) (21), and a rabbit anti-ri-
cin (13; a gift from Dr. D. Louvard). Incubation of sections was carried out
for 30 min at room temperature. To visualize the antibodies, sections were
thereafter incubated with protein A-gold (PAG) prepared according to Slot
and Geuze (38) for 20 min at room temperature. Finally, the sections were
contrasted with uranyl acetate and embedded in methyl cellulose (15). For
single labeling experiments, 8 or 10 nm PAG was used. For double labeling,
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the sections were first incubated with the anti-ricin antibody followed by
9 or 10 nm PAG, then with the anti-G protein antibody followed by 5 or
6 nm PAG (all experiments used for quantitations, and illustrated in this
study). In a few experiments this pattern of labeling was reversed with re-
spect to the gold size. Also, in a few experiments we used a monoclonal
antibody to the cytoplasmic domain of the G protein (kindly provided by
T. Kreis; 19) instead of the anti-G spike antibody.

The following controls were used: (a) incubations where the antibody
was omitted; (b) complete incubations where protein A was used to block
antibodies before incubation with PAG; and (¢) complete incubations of
cells not exposed to ricin with anti~ricin followed by PAG. (a) and (b) gave
very little labeling. Thus, in (b) we had only 0.17 £ 003 {» = 1) gold parti-
cles (with 10 nm PAG) per um? sectioned nucleus (see below). However,
in (c) a higher background was found, due to unspecific binding of the
anti-ricin antibody. Therefore, in complete double labeling experiments
with VSV-infected cells exposed to ricin, the number of gold particles (10
nm PAG for ricin, 6 nmn PAG for G protein} per um? of sectioned nucleus
was calculated. For anti-~ricin we found 1.37 + 007 (n = 22) gold particles
per pm? of nuclear profile, and for anti-G protein 0.26 + 004 (n = 10).
Thus the background level produced by the anti-ricin antibody is ~8 times
higher than that caused by the 10 nm PAG. The background level for G pro-
tein is so low that it can be ignored.

Quantitation

Qur rationale to quantify the absolute amount of ricin in endosomes, lyso-
somes, and Golgi/TGN was to relate the number of gold particles to the area
of organelle profile in a micrograph by point counting (see below). This area
multiplied by the section thickness gives the volume of that organelle in the
section. The number of gold particles over the profile is thus related to the
organelle volume. Since the total volume of the endosomes, lysosomes,
Golgi stack, and TGN in the BHK-21 cell was already known (Griffiths,
G., R. Back, S. Swift, and M. Marsh, manuscript in preparation; Griffiths,
G., 8. D. Fuller, S. D. Back, S. Pleifferank, and K. Simons, manuscript sub-
mitted for publication) we could estimate the total number of gold particles
which labeled the respective organelies per cell. From this we could esti-
mate the total number of intracellular gold particles as well as the percentage
which is associated with each class of organelle per cell. Since the total
amount of internalized ricin per cell could be determined biochemically, we
could now relate the number of ricin molecules to the number of gold parti-
cles. In this way we could estimate the average labeling efficiency (i.e., gold
per ricin) for all the intracellular organelles that contain ricin. Further, by
assuming the same labeling efficiency for all the intracellular organelles we
could use the number of gold particles over one class of organelle (e.g.,
TGN) to have an estimate of the total amount of ricin in that organelle,

It should be emphasized that for a 100% labeling efficiency there would
have to be complete access of antibody to antigens and full penetration of
PAG throughout the section. Any deviation from this would reduce the
labeling efficiency. The access of antibody to antigens and the penetration
depth of PAG remain unknown parameters. Even though there is significant
penetration of label into some compartments in the section, complete acces-
sibility of antibody and PAG is most likely only obtained for a superficial
layer of the section. Nevertheless, since the labeling efficiencies that could
be estimated directly in this study (the plasma membrane and the (pooled)
intracellular organelles under two different experimental conditions) were
all in the range of 1.8%-3.8%, we believe the above assumption is a reason-
able one in the context of this study.

For the plasma membrane, whose surface area in BHK-21 cells is known
(14), the number of ricin molecules bound under various conditions was de-
termined biochemically. By division this gives the average number of bound
ricin molecules per area of cell surface. This can now be related to the num-
ber of gold particles over the plasma membrane by relating the number of
gold particles to intersection counts (see below), and the calculated labeling
efficiency can then be compared with that obtained for the intracellular or-
ganelles.

The immunogold labeling was quantified on randomly selected cell
profiles in sections with a thickness of ~0.1 pm (11, 15). To determine the
amount of gold particles per pm? cell surface area (and per pm? of sec-
tioned nucleus for background counts; see above), pictures were photo-
graphed at X17,000 and the negatives enlarged to %69,500 in a projector
designed at EMBL.. To determine the amount of gold particles per pm?®
of Golgi stacks, TGN, endosomes, and lysosome-like structures in the
sections, pictures were photographed at X28,000 and finally enlarged to
x114,500.

The quantitation was carried out largely as described by Griffiths and
Hoppeler (11). The following formulae were used: (@) Number of gold parti-
cles per wm? of plasma membrane in the 0.1 um thick sections through the
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cells, using a 20 mm square lattice grid is equal to (G)/(d X ¢ X [) where
G is the number of golds, d is the distance between the lines of the lattice
grid, t is the average section thickness, and I is the number of intersections.

It is important to note that this formula () is valid only when the intersec-
tions are counted in both vertical and horizontal directions. (b} Number of
gold particles per um? organelle (Golgi stack, TGN, endosome, lysosome-
like structure) in the 0.1-um thick sections through the cells, using point
counting and a 10-mm square lattice grid is equal to (G)J/(P X d* X )
where G is the number of gold particles over the organelle profile, P is the
number of points falling on the profile, d is the distance between the grid
points, and t is the section thickness.

To correct the number of gold particles per organelle profile for back-
ground labeling, i.e., the number of gold particles per um? sectioned
(profile) nucleus (1.37/um?; see above), the number of gold particles per
um? of sectioned organelle profile (Golgi stack, TGN, endosome, lyso-
some, and nucleus) was first calculated using the formula (¢); (GY/(P X d9)
and then the background value for the nucleus (1.37 golds/um?) was sub-
tracted from the amount of gold per pm? organelle profile. The resuiting
value was then divided by the section thickness (t in formula b).

All figures in the Tables are given as mean + SE; n = the number of
pictures analyzed.

Results

Biochemical Characterization of Ricin
Binding and Uptake

It is well established that ricin binds with high affinity to a
variety of plasma membrane glycoproteins and glycolipids
with terminal galactosyl residues (2, 27). To measure the
extent of binding to BHK-21 cells, increasing amounts of
[®I]ricin were added to cells and the amount of celi-bound
radioactivity was measured. When the data were transformed
into a Scatchard plot (Fig. 2), the total number of ricin-
binding sites per BHK-21 cell was found to be 1.25 x 107.
This value is in good agreement with data obtained on other
cell types including other strains of BHK (18, 22, 24, 34, 35).

We also measured the binding of ricin under conditions
used in the experiments outlined in Fig. 1. The endocytic up-
take of ricin in BHK-21 cells was slightly higher at 39.5°C
than at 37°C (data not shown). The amount of cell surface
bound ricin and of ricin within the cell after incubation with
ricin for 60 min at 39.5°C followed by incubation for 2 h at
19.5°C with or without ricin (see Fig. 1) is shown in Table
1. The fact that the amount of lactose resistant [*I]ricin as-
sociated with the cells was approximately twice as high in
the cells where ricin was present not only during the 1 h at
39.5°C, but also during the following 2 h at 19.5°C, indicates
that a considerable amount of ricin is internalized at 19.5°C.
Immunofluorescence experiments also revealed marked up-
take of ricin at 19.5°C. The ligand was localized to endo-
somes both throughout the cytoplasm and in a distinct peri-
nuclear position at 19.5°C (Fig. 3).

Although it has been reported that infection with wild-type
VSV strongly inhibits endocytosis in BHK-21 cells, the ts
045 mutant was found to have this effect only at the permis-
sive temperature (45). To test whether this was also the case
under our experimental conditions, we compared the uptake
of ricin in ts 045 infected cells and noninfected cells after in-
cubation for 60 min at 39.5°C followed by 2 h at 19.5°C. In
agreement with Wilcox et al. (45) we found that VSV ts 045
infection had no significant influence on endocytosis under
these conditions (data not shown).

To eliminate the possibility that the intracellular routing of
ricin observed was due to cytopathic effects of ricin, we stud-
ied the toxic effect of ricin in BHK-21 cells by measuring the
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Figure 2. Scatchard plot of the binding of *’I-labeled ricin to
BHK-21 cells. Increasing amounts of '>’I-labeled ricin (127 cpm/
ng) were added to cells growing in 24-well disposable trays at a den-
sity of 2.5 X 10° cells/well. After a 1-h incubation at 0°C, the cells
were washed three times, and the cell-bound radioactivity was mea-
sured. The amount of toxin per cell was calculated and plotted ac-
cording to Scatchard. (r) Number of toxin molecules bound per
cell; (¢) molar concentration of free toxin.

rate of protein synthesis after increasing periods of time. The
data shown in Fig. 4 a demonstrate that ricin has no toxic
effect after 60 min of incubation at 39.5°C. Although a pro-
nounced inhibition in the incorporation of [*H]leucine oc-
curred between 60 and 120 min of incubation, this does not
interfere with our experimental protocol (see Fig. 1). Thus,
after the first 60 min of ricin incubation, the temperature was
reduced to 19.5°C and, concomitantly, cycloheximide was
added to prevent further protein synthesis.

Figure 3. Immunofluorescence localization of internalized ricin (10
pg/ml) in BHK-21 cells. The cells were incubated with ricin for 1 h
at 39.5°C (a) or for 2 h at 19.5°C (b) before fixation. In (a) the
characteristic perinuclear location of ligand-containing lysosomes
and endosomes is evident. (b) Shows that at the low temperature
a marked endocytosis takes place, and that ligand-containing endo-
somes (which are the only labeled compartment at this tempera-
ture) are found throughout the cytoplasm as well as in a perinuclear
position. Bar, 10 pm.

As will be demonstrated below, internalized ricin is trans-
ported to the TGN. We have shown previously that com-
pounds that induce morphological changes and interfere with
functions of the Golgi complex, such as monensin, ammo-
nium chloride, and cycloheximide, have a sensitizing effect
on ricin toxicity in Vero cells and HeLa cells (33, 36, 37).
The data in Fig. 4 b show that this is also the case in BHK-21
cells.

To use ricin as a valid label for internalized plasma mem-
brane molecules that contain terminal galactose residues, it
is necessary to establish that a significant proportion of ricin
molecules remain attached to their binding sites at the low
pH prevailing in compartments of the endocytic pathway
(23). Control experiments with [*I}ricin showed that ex-
posure to pH 5.0 did not strongly increase the dissociation
of ricin from the surface of BHK-21 cells. Thus, at pH 50
in the medium the amount of [2*T]ricin bound after 20 min

Table I. Biochemical Data on Ricin Binding and Uptake in BHK-21 Cells

Ricin within Total cell-
Total cell- Ricin on the cell associated ricin
Experiment associated ricin the cell surface (lactose resistant) within the cell
X 10% molecules per cell %
['*[ricin (10 pug/mb)*
60 min 39.5°C followed by 2 h
19.5°C with ['®]ricin 10 8.1 1.9 19
[***IJricin (10 pg/ml)
60 min 39.5°C followed by 2 h
19.5°C without ["*’IJricin 3.1 2.2 0.93 30
* 125]-]abeled ricin: 150 cpm/ng.
The Journal of Cell Biology, Volume 106, 1988 256
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at 37°C was 78% of the value obtained at pH 7.0 (data not
shown). It should be noted that in BHK-21 cells as well as
in the other cell lines (Vero, MCF-7, T47D) where we have
studied the intracellular routing of ricin, an endocytic tracer
that is not bound to membranes, i.e., the fluid-phase marker
HREP, is not delivered to the Golgi complex (16, 20, 43, 44).

Ultrastructural Immunocytochemistry

In some experiments, uninfected BHK-21 cells were incu-
bated with ricin for 60 min at 37°C. Ricin was then detected
by immunogold labeling in endosomes and lysosomes as
well as in the Golgi complex, mainly in structures which we
believe represent the TGN (not shown).

BHK-21 cells were infected with VSV and incubated as
outlined in Fig. 1. During the last 15 or 60 min of the 3 h
period of incubation at 39.5°C, the cells were exposed to ri-
cin. At the end of this period, G protein was localized by im-
munogold labeling to the ER, whereas ricin was mainly
found on the cell surface, in endosomes and in lysosome-like
structures. However, as expected, some ricin was also de-
tected in Golgi-associated structures.

After further incubation at 19.5°C for 2 h, G protein was
detected in Golgi stacks and the TGN (Figs. 5 and 6). Small
amounts of G protein were also scattered on the cell surface
(Table II), indicating that the 19.5°C temperature block for
exocytosis is not completely tight. In experiments where the
cells were incubated with ricin for only 15 min at 39.5°C be-
fore the 2 h at 19.5°C, ricin was confined largely to endo-
somes. However, after the 60 min at 39.5°C incubation with
ricin before the 19.5°C incubation ricin was distinctly local-
ized to the Golgi region (Fig. 7), and in double-labeling
experiments colocalization of G protein and ricin in some
Golgi cisternae and in the TGN was seen (Fig. 8). The ma-
jority of this ricin most likely reached the Golgi complex be-
fore the 19.5°C block, since we have previously shown that
low temperature prevents delivery of ricin to the Golgi com-
plex (37, 44).

In favorable sections, that is, thin sections with an optimal
contrast due to uranyl acetate staining, a distinct periodicity
was seen on the luminal aspect of the TGN membrane (Figs.
6 and 8 b) due to the dense packing of G protein (16). While
the majority of the TGN profiles appeared as fenestrated
sheaths and/or a system of anastomosing tubules, vacuolar
portions were also encountered (Fig. 8 c¢). A pronounced
variation in the degree of labeling for G protein with the
anti-spike antibody was noticed. Thus, in portions of the
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Toxin concentration (ng/ml)

1000 Methods. (#) 107 M monensin; (@) 10 pg/ml cy-
cloheximide; (a) 10 mM NH,CI; (O) none.

TGN with very densely packed G protein, the corresponding
gold labeling was sometimes low (Fig. 8 b) or even absent.
This phenomenon is most likely due to steric hindrance (11).
In contrast, the antibody to the cytoplasmic tail of the G pro-
tein labels most parts of the TGN extensively (not shown).
With this antibody, however, the large number of G protein-
associated gold particles often makes it more difficult to
quantify the relatively few gold particles associated with
ricin.

Quantitative data on the presence of ricin in the Golgi
stacks and the TGN (as defined by colocalization with G pro-
tein in double-labeling experiments), as well as in endo-
somes and lysosome-like structures, are shown in Tables III -
and IV. Itis seen that 4-6 % of the total amount of ricin within
the cell (depending on the experimental protocol; cf. Tables
III and IV) is found together with G protein in the Golgi com-
plex. Of this amount, at least 70-80% is present in the TGN.
Relating these data to the biochemical data in Table I, we find
that ~6-8 x 10 ricin molecules are present in the Golgi
complex after ricin incubation for 60 min at 39.5°C followed
by 2 h at 19.5°C with or without ricin.

The total amount of gold particles in the four classes of or-
ganelles per cell after 60 min at 39.5°C followed by 2 h at
19.5°C in the presence of ricin is ~3.5 x 10¢ (Table III).
Comparing this amount with the number of ricin molecules
within the cell as revealed by biochemical measurements
(~1.9 x 10° molecules/cell; Table I), we obtain a labeling
efficiency for the total (pooled) set of ricin-containing in-
tracellular organelles of 1.8% (i.e., 1.8 gold particles per
100 antigens). In the same experiment we calculated a total
amount of 2.6 X 10° gold particles associated with the cell
surface per BHK-21 cell (Table V). The corresponding bio-
chemical data showed 8.1 X 106 ricin molecules on the cell
surface (Table I), giving a labeling efficiency of 3.2%. For
the other experiment shown in Table IV a similar calculation
gives labeling efficiencies of 2.7% for internal structures and
3.8% for the cell surface.

An important observation to stress here is that parts of the
TGN were often found in areas of the sections without Golgi
stacks in their neighbourhood (Figs. 6 and 8, b and c¢). This
is not surprising considering the three-dimensional organi-
zation of the Golgi complex (31), but it means that many
structures labeled with ricin would be difficult or impossible
to classify as TGN without the use of a double-labeling pro-
tocol as in the present study. Moreover, trans-Golgi/TGN
elements sometimes appeared dilated (Figs. 5 ¢ and 8 ¢).
Without a precise colocalization of G protein and ricin, many
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Figure 5. Appearance of the Golgi complex in BHK-21 cells infected with VSV ts 045, kept at 39.5°C for 3 h, the last 60 min with ricin,
and then shifted to 19.5°C for 2 h in the presence of ricin. The cryosections have been incubated only with anti-G antibody followed by
10 nm PAG. In some parts of the sections only Golgi stacks (GS) are seen (a), while other parts show both Golgi stacks and the TGN.

(b). Sometimes trans-Golgi elements/TGN are dilated or swollen (asterisks) (c). All these Golgi structures are clearly labeled for G protein.
CS, cell surface; M, mitochondrion. Bars, 200 nm.
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Figure 6. Appearance of the TGN in a part of a cryosection without Golgi stacks. The cells were incubated as indicated for Fig. 5, and
G protein visualized with 10 nm PAG. Note the regularly spaced arrangement of G protein on the luminal aspect of the TGN membrane

(small arrows). M, mitochondria. Bar, 200 nm.

such structures labeled with ricin could easily have been mis-
taken for endosomes.

When VSV-infected cells were exposed to ricin only at
19.5°C (for 2 h, cf. Fig. 1), label was detected over endo-
somes, but essentially no ricin was seen in the Golgi region.
This observation confirms our previous findings of the ef-
fect of low temperature on the intracellular routing of ricin
(37, 44).

Upon warming the VSV-infected, ricin-incubated cells to
the permissive temperature, 31°C, for 15 min (Fig. 1), the
amount of G protein in the Golgi complex had significantly
decreased, and the TGN appeared more fragmented. How-
ever, distinct TGN elements with densely packed G protein,
as judged by the appearance of periodically arranged struc-
tures (G protein) on the luminal side of the TGN membrane,
could still be observed. These elements were labeled with ri-

Table II. Amount of G Protein on the Cell Surface of BHK-21 Cells as Detected by Immunogold Labeling (6 nm PAG)

Gold particles/um?
cell surface in

Total calculated amount
of gold particles per

Experiment 0.1-pm sections cell surface*
VSV 3 h 39.5°C followed by

2 h 19.5°C 2.79 + 0.43 (n = 26) 9.5 x 10?
VSV 3 h 39.5°C followed by

2 h 19.5°C and then

15 min 31°C 32.90 + 3.0 (n = 29) 1.1 x 10°

* The surface area of BHK-21 cells is 3,400 um?® (see reference 14).

van Deurs et al. Transport of Ricin to the Golgi Complex
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Figure 7. Cryosection of a VSV-infected cell exposed to ricin as indicated for Fig. 5. The section has only been incubated with anti-ricin
followed by 10 nm PAG. Ricin is present in Golgi-associated structures (arrows), but it is not possible to further define the nature of the

ricin-containing compartments. GS, Golgi stack. Bar, 200 nm.

cin (Fig. 9). Under these experimental conditions, G protein
was seen in high concentrations on the cell surface (Table IT),
together with ricin. While the distribution of ricin on the
plasma membrane was fairly uniform, G protein often oc-
curred in high concentrations on microvilli (Fig. 10). Bud-
ding virions labeled for G protein could also be observed
(Fig. 11 b). Moreover, G protein and ricin (and occasionally
virions) now colocalized in peripheral endosomes (Fig. 11,
a, ¢, and d).

Discussion

‘We show here that a proportion of endocytosed ricin is deliv-
ered to the Golgi complex. After 60 min of incubation with
ricin, we found that 4-6 % of the total amount of the internal-
ized ricin was localized in the Golgi complex, corresponding
to ~6-8 X 10¢ ricin molecules. Assuming that there is only
one accessible ricin-binding site per plasma membrane mol-
ecule with terminal galactose, this amount reflects the pres-
ence of 6-8 X 10* internalized glycoproteins and/or glyco-
lipids in the Golgi complex. This value, which may reflect

a steady state situation, is probably a slight underestimate,
because some ricin molecules detach from their binding sites
at the low pH in endocytic compartments.

Our observation that a small but distinct proportion of in-
ternalized plasma membrane molecules with terminal galac-
tose is routed to the TGN is in agreement with previous
studies by Snider and Rogers (39). These authors found that
desialylated transferrin receptors were slowly recycled (¢
= 2-3 h) and reappeared on the cell surface in a sialylated
form, indicating that they must have passed through that
compartment(s) of the Golgi complex where the sialyl trans-
ferase resides. Both immunocytochemical (32) and biochem-
ical (6) data indicate that most, if not all, of this enzyme ac-
tivity must reside in the TGN. We wanted to follow the
routing of ricin to the Golgi complex for longer periods of
time, but the marked toxicity of ricin shortly after 60 min of
incubation did not allow this. At shorter incubation times,
e.g., 15 min, at 39.5°C almost no ricin was present in the
Golgi complex.

The present findings must also be considered with respect
to vesicular traffic between the individual Golgi compart-

Figure 8. Cryosections of VSV-infected cells exposed to ricin as shown in Figs. 5-7, but here incubated first with anti-ricin followed by
10 nm PAG, and thereafter with anti-G protein followed by 6 nm PAG. The Golgi stacks (GS) in a as well as the TGN in a-c are labeled
for G protein. Ricin, as revealed by 10 nm PAG, is indicated by arrows. Note the dilated part of the TGN (asterisk) in ¢ containing both
ricin and G protein. CS, cell surface; M, mitochondria. Bars, 200 nm.
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Table III. Amount of Ricin in Intracellular Compartments of BHK-21 Cells as Detected by Immunogold Labeling
(10 nm PAG). * Ricin Incubation for 60 min at 39.5°C Followed by 2 h at 19.5° C with Ricin

Gold particles/pm?
compartment in 0.1-pm

Calculated amounts

Total volume of of gold particles

thick sections of the the compartment per compartment
Compartment cellst per cell$ per cell
pm’
Golgi stackst 32.1 £ 83 (n = 40) 12.78 410
TGN 102.9 + 11.9 (n = 57) 9.83 1,012
Endosomes 1108.4 + 119.3 (n = 28) 19.9 22,057
Lysosome-like structures 160.4 + 57.4 (n = 16) 71.8 11,517

Total ~3.5 x 10¢

* For details, see Materials and Methods.
t All values have been corrected for background labeling.

§ Data from Griffiths et al. (manuscript submitted for publication, and manuscript in preparation).
I Ricin-gold labeling of Golgi stacks and TGN was established by colocalization with gold labeling (6 nm PAG) for G protein.

Table IV. Ricin Incubation for 60 min at 39.5° C Followed by 2 h at 19.5° C Without Ricin

Gold particles/pm?
compartment in 0.1-pm
thick sections of the

Calculated amounts
of gold particles
per compartment

Total volume of
the compartment

Compartment cells* per cellt per cell
um’

Golgi stackst 243 +62(n = 18) 12.78 311

TGNS 1247 £ 10.1 (n = 24) 9.83 1,226

Endosomes 7332 + 82.0(n = 26) 19.9 14,591

Lysosome-like structures 124.5 £ 33.7 (n = 18) 71.8 8,939

Total ~2.5 x 10*

* All values have been corrected for background labeling.

i Data from Griffiths, G., R. Back, S. Swift, and M. Marsh, manuscript in preparation; Griffiths, G., $. D. Fuller, S. D. Back, S. Pfeifferank, and K. Simons, manu-

script submitted for publication.

# Ricin-gold labeling of Golgi stacks and TGN was established by colocalization with gold labeling (6 nm PAG) for G protein.

Table V. Amount of Ricin on the Cell Surface of BHK-21 Cells as Detected by Immunogold Labeling (10 nm PAG)

Gold particles/pm?
cell surface in
0.1-um sections

Experiment

Total calculated amount
of gold particles per
cell surface*

30 min at 4°C with ricin

60 min at 39.5°C with ricin
followed by 2 h at 19.5°C
with ricin

60 min at 39.5°C with ricin

followed by 2 h at 19.5°C
without ricin

86.3 + 11.3 (n = 33)

76.2 + 5.4 (n = 28)

23 +12(n =24)

2.9 x 1¢°

2.6 x 10°

8.3 x 104

* The surface area of BHK-21 cells is 3,400 um? (see reference 14).

ments (cis-, medial-, and trans) as well as between the TGN
and the plasma membrane. Since the size of the Golgi com-
partments normally stays constant, it is clear that for every
vesicle that leaves a certain compartment there must be an
equivalent amount of membrane that recycles back. Con-
sider, for example, the traffic between the TGN and the
plasma membrane. The vesicles that transport G protein
from the TGN to the plasma membrane have been visualized
in the living cell (1) and, less conclusively, at the ultrastruc-
tural level in VSV-infected cells after releasing the 20°C
block, a condition where large amounts of the G protein are
transported from the TGN to the cell surface (16). In con-
trast, attempts to follow the pathway from the plasma mem-
brane to the TGN, a traffic which may either be direct or

The Journal of Cell Biology, Volume 106, 1988

occur via endosomes (4), have been far less conclusive, al-
though both non-specific and specific markers for plasma
membrane molecules have been unambiguously shown to
reach the stacked Golgi cisternae (4, 5, 47). We are con-
vinced that the delivery of ricin to the Golgi complex/TGN
in the cell types we have studied occurs via endosomes, for
two reasons (44). First, time sequence studies have consis-
tently revealed ricin in endosomes before it is detected in
Golgi elements. Second, a direct pathway from the plasma
membrane to the Golgi complex would necessitate a sorting
step at the plasma membrane to separate the Golgi pathway
from the endosome pathway. The fact that a number of stud-
ies have shown that different cell surface receptors are inter-
nalized in the same coated pits argues against such a sorting
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Figure 9. Appearance of the Golgi complex of VSV-infected cells incubated with ricin for 1 h at 39.5°C, then for 2 h at 19.5°C without
ricin, and finally for 15 min at 31°C. The Golgi stack (GS) and in particular the TGN still shows G protein as detected by 6 nm PAG.
Moreover, the TGN is labeled for ricin by 10 nm PAG (arrows). Bar, 200 nm.

(9). We have shown previously that both native ricin and var-
ious mono- and polyvalent ricin conjugates are taken up and
rapidly reach endosomes. Here sorting takes place, since
only native ricin and monovalent conjugates are routed to the
Golgi complex (42-44). There are only few qualitative (3,
4, 28), and no quantitative, studies that have unequivocally
shown that a marker for a cell surface protein or lipid can
be delivered to bona fide (exocytic) Golgi compartments.
The large number of studies that claim to have shown this
are hampered by the difficulty that, in the absence of double
labeling experiments, it may be difficult, if not impossible,
to unequivocally distinguish the TGN from endosome com-
partments (12).

Our observation that ricin is present in both the Golgi
stack and the TGN, although most frequent in the latter com-
partment (ratio ~v1:4), may be explained in two ways: (a) all
ricin in the Golgi complex has been delivered exclusively to
the TGN from where some molecules are sent back to the
preceding stacked cisternae, and (b) ricin, or rather, the
plasma membrane molecules to which ricin is bound, are

van Deurs et al. Transport of Ricin to the Golgi Complex

also delivered directly to Golgi cisternae. At present we can-
not determine which explanation is the correct one. An
added complication here is that the TGN consists of both a
cisternal and a tubulo-reticular part. The cisternal part rep-
resents roughly 10% of the total surface area of this compart-
ment in BHK-21 cells infected with VSV at 20°C (Griffiths,
G., R. Back, S. Swift, and M. Marsh, manuscript in prepa-
ration). This cisternal part of the TGN is morphologically
indistinguishable from the cisternae that comprise the pre-
ceding Golgi compartments. This makes it difficult to say pre-
cisely how much of the gold label observed over the Golgi
stack is attributable to the TGN. We can, however, conclude
that at least 70-80% of the Golgi associated ricin is in the TGN,

Using morphological approaches to define the Golgi com-
partment(s) where exocytic and endocytic membrane traffic
possibly meet, two serious problems should be considered.
First, as shown here and elsewhere (16, 31), the TGN may
extend far away from the Golgi stacks and thus may be found
in random sections without any apparent contiguity to Golgi
stacks. Accordingly, the TGN can be detected unequivocally

263



10 —m

Figure 10. Part of the surface of a BHK-21 cell incubated as indicated in Fig. 9. Both ricin (10 nm PAG) and G protein (6 nm PAG) are
seen on the cell surface. Labeling for G profein is most prominent on a microvillus (arrow). The asterisk indicates ricin-gold labeling

of a presumptive peripheral endosome. Bar, 200 nm.

only by using specific markers of the biosynthetic-exocytic
pathway such as VSV G protein, to distinguish it from ele-
ments of the endosomal system. Moreover, it is also well es-
tablished that the endosomal system is highly pleomorphic
(20, 42, 44) and that endosomal elements may be present
close to the Golgi complex or even be intercalated with Golgi
elements. A good example of these problems is illustrated in
a recent paper by Orct et al. (26) where structures containing
internalized HRP were found in various positions within the
Golgi stack. Again, the application of specific markers is re-
quired to distinguish between endosomal elements and the
Golgi complex (here defined strictly as a series of compart-
ments on the biosynthetic-exocytic pathway).

The second problem to be considered is that to obtain a
rough estimate of the proportion of internalized molecules
being delivered to the Golgi complex, particulate markers
such as colloidal gold have to be used. Although peroxidase
is a useful gross marker of intracellular compartments (20,
43, 44) above a certain threshold concentration for the en-
zyme, the reaction product will be expected to fill up a given
compartment completely. It must be emphasized that not
only can the reaction product of HRP not be quantified, the
technique can be quantitatively misleading. The high sensi-
tivity of the method means that a quantitatively minor frac-
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tion of HRP in one structure can give a reaction product
which is indistinguishable from that found in another struc-
ture with 10 or 100-fold more enzyme. In the present study,
for example, using immunogold labeling we found roughly
20-fold more ricin in endosomes/lysosomes than in the Golgi/
TGN. In our previous studies, however, the amount of reac-
tion product for ricin conjugated to HRP appeared largely to
be the same in these compartments (43, 44). On the other
hand, ligands which are directly conjugated to particulate
markers for endocytic studies may lead to an incorrect pic-
ture of the intracellular routing and distribution of the ligand.
For instance, we have shown that ricin-gold, in contrast to
ricin-HRP, is not transported from endosomes to the Golgi
complex (43, 44). For the reasons given here it must be
apparent that for future studies where the precise pathway
of a ligand is to be followed quantitatively, this goal can
only be reached by using double-label immunocytochemis-
try with particulate markers and a postembedding incubation
technique. Our present results strongly support previous
work which has indicated that reliable estimation of the
amount of protein in a certain compartment is possible by
using immunogold labeling on ultracryosections (11, 30).
The small but distinct fraction of internalized ricin that is
delivered to the Golgi complex may be of crucial importance
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Figure 11. Parts of BHK-21 cells incubated as shown in Figs. 9 and 10. (a) The peripheral cytoplasm of a cell with endosomes (EN) labeled
both for ricin (10 nm PAG) and G protein (6 nm PAG; arrows). The lysosome-like structure (LY) is unlabeled. (b) shows a budding VSV
virion (V) distinctly labeled for G protein (6 nm PAG). On the adjacent cell surfaces, both G protein and ricin (10 nm PAG) are seen.
c and d are endosomes (EN) labeled for both ricin (10 nm PAG) and G protein (6 nm PAG). In addition, the endosome in ¢ contains several
endocytosed virions. M, mitochondria; N, nucleus. Bars, 200 nm.

for the translocation of the ricin A-chain into the cytosol and  do not increase the pH in endosomes, but are known to affect
the subsequent inhibition of the protein synthesis. Thus, the  the Golgi apparatus (41). The finding that the transfer of ricin
low concentrations of monensin that sensitize cells to ricin  to the Golgi complex as well as the toxic effect of ricin are
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strongly inhibited at temperatures below 20°C (37, 44) agrees
with the hypothesis that transfer to the Golgi complex is
necessary for entry of ricin into the cytosol. Recently Youle
and Colombatti (48) found that a hybridoma cell producing
monoclonal antibodies against ricin was resistant to ricin.
This indicates that the endocytosed ricin A-chain is not trans-
located into the cytosol before the internalized ricin mole-
cules meet the newly synthetized anti-ricin antibodies, and
that this meeting takes place in the Golgi complex, most
likely the TGN.
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