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Abstract. Among two-chain ribosome-inactivating pro-
teins (RIPs), volkensin is the most toxic to cells and ani-
mals, and is retrogradely axonally transported in the rat
central nervous system, being an effective suicide trans-
port agent. Here we studied the binding, endocytosis, in-
tracellular routeing, degradation and exocytosis of this
RIP. The interaction of volkensin with HeLa cells was
compared to that of nigrin b, as an example of a type 2
RIP with low toxicity, and of ricin, as a reference toxin.
Nigrin b and volkensin bound to cells with comparable
affinity (approx. 107! M) and had a similar number of
binding sites (2 x 10%/cell), two-log lower than that re-
ported for ricin. The cellular uptake of volkensin was
lower than that reported for nigrin b and ricin. Confocal
microscopy showed the rapid localization of volkensin in

the Golgi stacks with a perinuclear localization similar to
that of ricin, while nigrin b was distributed between cyto-
plasmic dots and the Golgi compartment. Consistently,
brefeldin A, which disrupts the Golgi apparatus, pro-
tected cells from the inhibition of protein synthesis by
volkensin or ricin, whereas it was ineffective in the case
of nigrin b. Of the cell-released RIPs, 57% of volkensin
and only 5% of ricin were active, whilst exocytosed ni-
grin b was totally inactive. Despite the low binding to,
and uptake by, cells, the high cytotoxicity of volkensin
may depend on (i) routeing to the Golgi apparatus, (ii) the
low level of degradation, (iii) rapid recycling and (iv) the
high percentage of active toxin remaining after exocyto-
sis.
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Ribosome-inactivating proteins (RIPs) [reviewed in refs
1-4] from plants are characterized by an N-glycosidase
activity, which removes a specific adenine residue (A3,
in rat liver rRNA) from eukaryotic rRNAs [5]. This
depurination results in an irreversible alteration of the ri-
bosomal proteo-synthetic machinery [6] with consequent
cell death [7]. RIPs also depurinate DNA, and thus the de-
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nomination, adenine polynucleotide glycosylase, has
been proposed for them [8].

RIPs are classically divided into type 1, single-chain pro-
teins with enzymatic activity, and type 2, two-chain pro-
teins consisting of an A chain similar to type 1 RIPs, and
a B chain with lectin properties. A type 3 group of RIPs
was also proposed recently, and under discussion is
whether it should comprise two RIPs, JIP60 from barley
[9] and b32 from maize, [10] or should be limited to the
latter RIP only [2].
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Type 2 RIPs include some potent toxins, namely abrin,
modeccin, ricin, viscumin and volkensin. Volkensin,
from the Passifloraceae Adenia volkensii, is the most
powerful of these [reviewed in ref. 11], with an LDy, of
1.7 pg/kg for mice, approximately 1/5 that of ricin, and
50—-60 ng/kg for rats [12]. It also has the highest cytotox-
icity, inhibiting protein synthesis by HeLa cells with an
1C4, (concentration giving 50 % inhibition) of 0.3 pM, ap-
proximately 1/3 that of ricin. Volkensin is also more toxic
than ricin to nervous cells [13].

Toxic type 2 RIPs, like other lectins, are retrogradely
transported along axons, and have been used to produce
selective lesions in the nervous system by a technique
termed ‘molecular neurosurgery’. Modeccin and vol-
kensin are the only toxins that are retrogradely transport-
ed not only along peripheral nerves, but also in the cen-
tral nervous system, and for this property volkensin has
been used in a variety of experiments [reviewed in ref.
14].

The toxicity of type 2 RIPs has been attributed to their
structure: their B chains bind to sugar residues on the
membrane of most cells, thus allowing and helping the
entry of the A chains, which kill the cells through their
enzymatic activity [reviewed in ref. 1]. Ricin, however,
also enters macrophage and liver sinusoidal cells through
an additional and alternative mechanism, through the
mannose receptors of these cells, which bind the mannose
residues present in the ricin molecule [15—17].

All type 2 RIPs were thought to be toxins, although a
Ricinus agglutinin (RCA 120) was known which is a
tetramer consisting of two A chains and two B chains
with the same properties as the corresponding chains of
ricin, but is much less toxic [reviewed in ref. 1]. During
the last decade other lectins were found in Cinnamomum,
Eranthis, Iris, Momordica, Polygonatum and Sambucus
[reviewed in ref. 3], which are type 2 RIPs, with similar
structure, and the same enzymatic and lectinic properties
as ricin and related toxins. However, compared with toxic
type 2 RIPs, they have a some thousandfold lower toxic-
ity, similar to that of type 1 RIPs [reviewed in ref. 11].
The reasons for the different toxicity of toxic and non-
toxic type 2 RIPs [reviewed in refs 3, 18], as well as for
the differences in the potency of toxic type 2 RIPs are
largely unknown. These differences cannot be explained
by diversity in the catalytic activity of the A chains, which
all efficiently inhibit cell-free protein synthesis. They
could, rather, be due to differences between their B chains
[19], which mediate the interaction with cells, in particu-
lar (i) binding to the cell membrane, (ii) the uptake by
cells, (iii) the intracellular routeing, (iv) the degree of
degradation and (v) the exocytosis of the toxin by cells.
The mechanism of entry and intracellular routeing of
ricin has been extensively studied. This RIP binds to the
terminal galactose or N-acetylgalactosamine residues of
glycans largely exposed by glycoproteins and glycolipids
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of the cell surface [20]. After binding, ricin is taken up by
cells either via a clathrin-dependent or a clathrin-inde-
pendent pathway [reviewed in ref. 21]. Most of the inter-
nalized ricin is routed from the endosomal compartment
to lysosomes, while a small fraction (only 5%) reaches
the trans-Golgi network (TGN) [22]. The transport of
ricin through the Golgi apparatus was suggested to be a
crucial event in the cytotoxicity of this RIP [23]. Consis-
tently, treatment of cells with brefeldin A (BFA), which
disrupts the Golgi stack, strongly reduced the cytotoxic-
ity of ricin [24, 25]. Afterwards (i) ricin reaches the en-
doplasmic reticulum (ER) by using the retrograde trans-
port system of proteins recycling from the TGN to the ER
compartment, (ii) the disulphide bridge between the A
and B chain is reduced and (iii) the A chain enters the cy-
tosol through the translocation path that mediates the
routeing of misfolded proteins [reviewed in ref. 26].
Little information is available about the binding to, and
the endocytosis by, cells of the less toxic type 2 RIPs. Bat-
telli et al. [27] studied the binding to, and the internaliza-
tion by, HeLa cells of nigrin b and compared it to ricin.
Both RIPs initially followed the same pathways, binding
to receptors on the cell membrane and reaching an endo-
somic compartment. From this point onward, nigrin b
was recycled back to the plasma membrane into the lyso-
somal compartment and was expelled from cells, without
apparently entering the TGN as ricin does. These results
led to the suggestion that nigrin b has a low cytotoxicity
because the majority of the RIP was degraded by cells
and its intracellular routeing did not include passage
through the TGN. A very low binding to the cell mem-
brane was associated with a low cytotoxicity in the case
of IRA, a type 2 RIP from [ris, which has an ICj, for
HeLa cells of 1.34 x 107 M [28]. Also in the case of ebu-
lin I, one of the type 2 RIPs from Sambucus, the negligi-
ble cytotoxicity (IC, for HeLa cells 6.2 x 10* M [29])
was attributed to a reduced affinity of its lectin B chain
for galactosides compared to the ricin B chain [30].
Nothing is known about the mechanism of entry into cells
and intracellular routeing of volkensin. In previous stud-
ies, attempts were made to elucidate the intracellular fate
of modeccin, a type 2 RIP from A. digitata, a plant be-
longing to the same family, Passifloraceae, as A. volken-
sii. After binding to the cell membrane, modeccin enters
the cytosol by two different routes [31]: a major one that
requires endosomal acidification and a minor one that is
activated by nigericin [32]. Moreover, Yoshida et al. [24]
have shown that BFA blocks the toxicity to Vero and other
cell lines of both modeccin and ricin, suggesting an in-
volvement of the Golgi apparatus in the activity of these
toxins.

The present investigation was undertaken to study the
binding, endocytosis, intracellular routeing, degradation
and exocytosis of volkensin. HeLa cells were used to
study the interaction of volkensin with cells in compari-
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son with nigrin b, as an example of a type 2 RIP with low
toxicity, and ricin, as a reference toxin. The intracellular
localization of these RIPs was analyzed by confocal mi-
croscopy on immunostained samples. Anti-RIP poly-
clonal rabbit antibodies recognized p-formaldehyde-
fixed antigens and allowed the performance of indirect
immunofluorescence. Compared with direct methods,
this technique has the advantage of avoiding any modifi-
cation of the molecule to be detected; on the other hand,
this analysis is not quantitative. This work may contribute
to clarifying the reasons for the different toxicity of type
2 RIPs.

Materials and methods

Materials

Nigrin b, ricin and volkensin were prepared as described
by Girbés et al. [33], Nicolson et al. [34] and Stirpe et al.
[12], respectively. The RIPs were labelled with '*°I with
the Todogen reagent as described by Fraker and Speck
[35]. Rabbit anti-RIP polyclonal antibodies were pre-
pared as previously described [36].

BFA, bovine serum albumin (BSA) and 1,4-diazobicy-
clo-[2.2.2]-octane were from Sigma (St. Louis, Mo.).
L-[4,5-H]leucine (3.1 TBg/mmol) was supplied by
Amersham Biosciences (Rainham, UK). Fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG
polyclonal antibodies were from ICN ImmunoBiologi-
cals (Lisle, Ill.). Cy5-conjugated donkey anti-mouse IgG
polyclonal antibodies were from Jackson ImmunoRe-
search (West Grove, Pa.). Mouse GM 130 monoclonal an-
tibody was from BD Transduction Laboratories (Heidel-
berg, Germany). Mowiol 4-88 was from Aldrich-Chemie
(Steinheim, Germany). All culture reagents were sup-
plied by Gibco (Grand Island, New York). All other
reagents were obtained from Merck (Darmstadt, Ger-
many) and Farmitalia Carlo Erba (Milan, Italy).

Analysis of volkensin and nigrin b binding to HeLa
cells

HeLa cells were seeded in 24-well tissue culture plates
(8 x 10* cells/well) in RPMI 1640 medium supplemented
with 10% FCS and antibiotics (complete medium). After
24 h at 37°C, cells were incubated at 0°C for 1 h with
scalar concentrations (3 x 10°—107M, 10° cpm/well) of
125]-volkensin or '?’I-nigrin b, washed five times with ice-
cold phosphate-buffered saline (PBS) pH 7.5, and dis-
solved in 0.1 N KOH for 10 min at 37 °C. Parallel cultures
were incubated in the same conditions in the presence of
0.1 M lactose to determine the non-specific binding of
125]-RIP to the cell membrane. The cell-associated ra-
dioactivity was determined in a y-counter and was re-
ferred to protein concentration, determined as previously
described [37]. Cell number was calculated by linear re-
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gression analysis using a standard protein concentration
curve of a known number of cells. The number of binding
sites per cell and the K, values were determined by
Scatchard analysis [38].

Cell protein synthesis

HeLa cells were seeded in 24-well tissue culture plates
(3 x 10* cells/well) in complete medium. After 18 h, cells
were incubated at 37°C for different times with nigrin b,
ricin or volkensin (5 X 10-° M) or for 90 min with scalar
concentrations of RIP (from 108 to 10~ M) in complete
(nigrin b and volkensin) or in serum-free (ricin) medium.
After washing once with complete medium, cells were in-
cubated at 37°C for 30 min with L-[4,5-*H]leucine (18.3
TBg/well) in serum- and leucine-free medium. Protein
synthesis was arrested with 20% trichloroacetic acid
(TCA). Cells were washed three times with 5% TCA and
dissolved with 0.1 N KOH. The radioactivity incorpo-
rated by cells was measured in a -counter with a liquid
scintillation cocktail for aqueous solution [39]. The time
of exposure to RIPs required to inhibit cell protein syn-
thesis by 50% was calculated by linear regression analy-
sis.

To evaluate the effect of BFA on the inhibition of cell pro-
tein synthesis by RIPs, cells were pre-incubated for 1 h at
37°C with the drug (5 pg/ml) and then exposed to RIPs
for 1-2 h in the presence of BFA and pulsed with L-[4,5-
SH]leucine to determine cell protein synthesis, as de-
scribed above.

Endocytosis and exocytosis

HeLa cells were seeded in 24-well tissue culture plates
(10° cells/well) in complete medium 18 h before the ex-
periments. Binding to, uptake and degradation of RIPs by
cells were determined as described by Battelli et al. [40]
with minor modifications.

To measure the uptake of volkensin, cells were incubated
with 2’I-RIP (10-® M, 10° cpm/well) at 37°C for 15—
180 min in Hepes-buffered complete medium. After
washing once with ice-cold medium and twice with PBS,
the cells were stripped for 30 min at 0°C with 0.1 M
glycine/HCI buffer, pH 2, containing 0.04 M NacCl, to
evaluate the amount of membrane-associated toxin after
the warm incubation. Cells were extracted at 37°C for
10 min with 0.1 M KOH to measure the intracellular ac-
cumulation of the RIP. Parallel cultures were incubated at
0°C and stripped as above as a measure of the progressive
binding of volkensin to HeLa cells.

To evaluate the amount and activity of RIPs released af-
ter endocytosis, cells were pulsed for 1 h at 0°C with '?°]-
RIP (5 x 10 M, 10° cpm/well), in complete medium, to
allow cell binding. The plates were washed three times
with ice-cold medium and further incubated at 37°C for
15—180 min in complete medium. The internalization of
RIPs was stopped by placing the plates on ice. An aliquot
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(100 pl) of cellular supernatant was adjusted to 10%
TCA (w/v final concentration) and centrifuged at 1130 g
for 20 min to determine the amount of radioactivity re-
covered in the acid-soluble and in pelleted fractions as a
measure of the degraded and undegraded exocytosed tox-
ins, respectively. The remaining supernatant was col-
lected to determine RIP activity by measuring the inhibi-
tion of cell protein synthesis, as described above.

Cells were washed twice with cold complete medium and
once with PBS and dissolved in 0.1 N KOH for 10 min at
37°C to determine the cell-associated RIP. The radioac-
tivity was measured in a y-counter and the results were re-
ferred to the cell number calculated as above.

Immunofluorescence and confocal microscopy

HeLa cells were seeded on cover slips into 24-well plates
(3 x 10 cells/well) in complete medium. After 18 h, cells
were incubated for 1 h at 0°C with nigrin b, ricin or
volkensin (5 x 10° M) in complete (nigrin b and
volkensin) or serum-free medium (ricin), washed three
times with ice-cold complete medium and incubated in
complete medium at 37°C for 15—60 min.

At the end of treatment, cells were washed three times
with serum-free medium at 0°C and fixed with 1% p-
formaldehyde for 30 min at 30°C, washed twice with
PBS and permeabilized with 1% saponin for 45 min at
30°C. After saturation with 1% BSA in PBS for 1 h at
30°C, cells were incubated with the relevant anti-RIP an-
tibodies and the anti-GM130 monoclonal antibody di-
luted 1:1000 in 1% BSA for 1 h at 30°C, washed and
stained with the FITC-conjugated anti-rabbit antibodies
diluted 1:100 and the Cy5-conjugated anti-mouse anti-
bodies diluted 1:20 in 1% BSA for 1 h at 30°C. Finally,
cover slips were mounted on glass slides using a Mowiol
4-88 solution (10% w/v) containing the anti-fade 1,4-di-
azobicyclo-[2.2.2]-octane (2.5% w/v) in 0.1 M Tris-HCI
buffer, pH 8.5, plus glycerol (20% v/v). The multi-la-
belling immunofluorescence experiments were carried
out avoiding cross-reactions between primary and sec-
ondary antibodies and a variety of controls were per-
formed to ensure antibody specificity.

Confocal imaging was performed on a Radiance 2000
confocal laser scanning microscope (BioRad, Hercules,
Calif.), equipped with a Nikon x40, oil immersion 1.4
N.A. objective and with krypton and red diode lasers. For
FITC and Cy5 double detection, the samples were simul-
taneously excited with the 488-nm line of the krypton
laser and with the 637-nm line of the red diode laser. The
emission signals from FITC and Cy5 were separated by a
dichroic mirror (DM; 560 nm) and simultaneously de-
tected by two photomultiplier tubes. Two barrier filters
(BP; 515/30 nm for FITC and LP; 660 nm for Cy5) were
placed before the two photomultiplier tubes to minimize
the overlap between the two signals, as previously de-
scribed [41]. Optical sections were obtained at incre-
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ments of 0.3 pm in the Z-axis and were digitized with a
scanning mode format of 512 x 512 pixels and 256 grey
levels. Image processing and volume rendering were per-
formed using the ImageSpace software (Molecular Dy-
namics, Sunnyvale, Calif.) running on a workstation In-
digo (Silicon Graphics, Mountain View, Calif.).

The colocalization of the fluorochromes was evaluated by
comparing the equivalent pixel positions in each of the
acquired images (optical sections), using LaserPix soft-
ware (BioRad). Briefly, a two-dimensional scatter plot di-
agram of the individual pixels from the paired images was
generated. Dimmer pixels in the image were located to-
ward the origin of the scatter plot, while brighter pixels
were located farther out. Pure red and pure green pixels
tended to cluster more toward the corresponding axes of
the plot. If colocalized pixels were present, they appeared
coloured from orange to yellow, depending on the extent
of colocalization, toward the middle of the plot. For each
scatter plot diagram, an area of interest was drawn on the
scatter plot to indicate threshold levels of signal to be in-
cluded in the analysis. Pixels with intensity values greater
than 150 grey levels (on a scale from 0 to 255) were se-
lected for both detectors, to calculate the colocalization
binary maps that indicate regions containing highly colo-
calized signals [42]. Overlap of the signals (in yellow)
corresponds to the areas of colocalization.

To evaluate the level of overlap of the signals, avoiding the
typical limitations of fluorescence imaging, such as effi-
ciency of immunoreaction, sample photobleaching and
photomultiplier quantum efficiency, the coefficients k,
and k, [43] were calculated on acquired optical sections.
These coefficients split the value of colocalization into the
two separate parameters that depend on the sum of the
products of the intensities of two channels, the coeffi-
cients k, and k, being sensitive to differences in the inten-
sity of green and red signals, respectively. Relative quan-
tification of colocalized fluorescent signals was per-
formed on 30 cells using overlap coefficient k, and was
expressed as a percentage of the amount of green signal in
the areas of colocalization as previously described [44].
The statistical significance of the difference between the
experimental points was evaluated by Student’s t test.

Results

Analysis of nigrin b- and volkensin-specific binding
to HeLa cells

Nigrin b and volkensin binding to HeLa cells at saturating
conditions was analysed by Scatchard plot and values of
the K, and the number of binding sites per cell were cal-
culated and compared to those reported for ricin (fig. 1).
HeLa cells showed similar numbers of receptors and K,
values for nigrin b and volkensin, which were two to three
orders of magnitude lower than those reported for ricin.



CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004

BIF
"
»
BIF

o o
1] 2 4 -] 1] 2 4 -]
Nigrin b bound (fmoliwell) Volkensin bound (fmoliwell)

[RIP Binding sites Kq
(mol/cell) (M)
Nigrin b 2.48x 10° 8.73x 10"
Ricin 3.30x 107 3.00x 10°%
Volkensin 2.26 x 10° 9.89 x 10"

Figure 1. Scatchard plots of nigrin b- and volkensin-specific bind-
ing to HeLa cells. The cells were incubated with scalar concentra-
tions of '»’I-nigrin b (4) or '*I-volkensin (B) for 1 h at 0°C. Results
are means of duplicate samples of one experiment. The K, values
and the numbers of binding sites were calculated by Scatchard
analysis and compared to those reported for ricin binding to HeLa
cells [45].

Uptake of volkensin by HeLa cells

The time-course of volkensin binding to, and uptake by,
HeLa cells was investigated (fig. 2). At 0°C, the amount
of RIP bound to the cell membrane increased progres-
sively, nearly reaching a plateau after 3 h of incubation.
When cells were incubated at 37°C, volkensin accumu-
lated inside the cell rapidly, the intracellular amount of
RIP almost matching the aliquot bound to the cell surface
as early as 15 min after incubation. Moreover, cell-bound
volkensin did not increase with time while total cell-as-
sociated RIP approximately doubled after 1.5 h. The
amount of membrane-associated volkensin was 5- and
50-fold less, and that of intracellular volkensin 5- and 60-
fold less compared with the corresponding values re-
ported for nigrin b and ricin, respectively [27].

Intracellular localization of RIPs

To investigate the intracellular site at which anti-RIP an-
tibodies localize, a double immunofluorescence analysis
was performed with a monoclonal antibody against
GM130, a cis-Golgi-associated protein involved in ER-
Golgi vesicular transport. Confocal microscopy analysis
showed nigrin b to be localized in discrete cytoplasmic
dots (fig. 3A, E, I). Immunostaining with anti-GM130
antibody gave a fluorescent signal that was used as a
marker for the Golgi apparatus (fig. 3B, E L). The
merged images, green for nigrin b and red for GM130,
provided evidence that the two molecules partially colo-
calized at the level of the Golgi compartment (fig. 3C, G,
K), as shown in detail in the insets. Colocalization was
evaluated by binary maps, and was analysed in confocal
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Figure 2. Uptake of volkensin by HeLa cells. Binding to cell mem-
brane (m) and intracellular accumulation (e) of volkensin after in-
cubation at 37°C for the indicated times with 10-* M 'I-volkensin.
Total cell-associated RIP (A) was calculated as the sum of the in-
tracellular and membrane-bound protein. The inset shows the bind-
ing of volkensin at 0 °C. Results are means + SD of two experiments
in duplicate samples. The amounts of membrane-bound and intra-
cellular RIP after 3 h incubation at 37°C were compared to corre-
sponding nigrin b and ricin values calculated from those reported
[27].

microscopy, using the overlap coefficient k,, which pro-
vides information about the differences in intensity of the
green fluorescent signals on the red signals (fig. 3D, H,
L). This method describes the amount of green in the ar-
eas of higher colocalization. The values of colocalization
demonstrated that the maximum level of colocalization
was significant (Student’s t test, p < 0.01) within 30 min
of incubation (table 1).

The immunofluorescence analysis with anti-ricin anti-
bodies gave a signal that localized mainly in perinuclear
regions, probably corresponding to ER and Golgi vesi-
cles, as expected (fig. 4 A, E, I). The colocalization analy-
sis of ricin with GM 130 (merged images presented in C,
G and K, and binary maps in D, H and L) demonstrated
that the signal given by ricin present in the Golgi vesicles
progressively and significantly increased from 15 to
60 min of incubation.

Immunostaining with anti-volkensin antibodies resulted
in a pattern very similar to that observed with ricin, al-
though the fluorescence intensity in the perinuclear re-
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Nigrin b GM130 Merge Colocalization

30 minutes 15 minutes

60 minutes

Figure 3. Double immunofluorescence analysis of nigrin b (4, E,
1), and GM130 (B, F and J) in HeLa cells. The cells were incubated
with nigrin b (5 x 10® M) in complete medium for 1 h at 0°C,
washed and incubated in complete medium at 37°C for 15 (4-D),
30 (E—H) and 60 (/~L) min. Merged reconstructed images of ex-
tended focus projections (green for nigrin b and red for GM130) are
also shown in (C, G, H). The insets show a detail at three times mag-
nification. The binary maps presented in panels (D, H, L) give a
more precise evaluation of colocalization, as they show only regions
in which the two signals are present together above a defined
threshold of fluorescence intensity. The values given show the
amount of green signal (nigrin b) that colocalized with red signal
(GM130). The values represent mean values of three different ex-
periments expressed as percentages. Bar, 5 pm.

30 minutes 15 minutes

60 minutes

Figure 4. Double-immunofluorescence analysis of ricin (4, E, [),
and GM130 (B, E J) in HeLa cells. The cells were incubated with
ricin (5 x 10°° M) in serum-free medium for 1 h at 0 °C, washed and
incubated in complete medium at 37°C for 15 (4-D), 30 (E-H)
and 60 (/—L) min. The panels are the same as in figure 3 except for
the anti-RIP antibodies.

gions was weaker (fig. 5A, E, I). The colocalization
analysis of volkensin with GM130 (merged images pre-
sented in C, G and K, and binary maps in D, H and L)
show that the maximum level of colocalization was
reached after 30 min of incubation and no significant dif-
ferences were observed between 30 and 60 min (table 1).
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Table 1. Statistical analysis (Student’s t test) of overlap coefficient
k, calculated on acquired optical sections between the colocalized
fluorescent signals of anti-RIP antibodies and the anti-GM 130 an-
tibody.

Comparison between Comparison between

15 and 30 min 30 and 60 min
Nigrin b p=0.002* p=0.877
Ricin p =0.002* p=0.018*%
Volkensin p=0.001* p=0.337

The analysis was performed comparing the different times of incu-
bation of RIPs. The asterisk indicates a significant difference.

Volkensin Merge

Colocalization

30 minutes 15 minutes

60 minutes

Figure 5. Double-immunofluorescence analysis of volkensin (4, E,
I),and GM 130 (B, £ J) in HeLa cells. The cells were incubated with
volkensin (5 x 10-° M) in complete medium for 1 h at 0°C, washed
and incubated in complete medium at 37°C for 15 (4-D), 30
(E—H) and 60 (/—L) min. The panels are the same as in figure 3 ex-
cept for the anti-RIP antibodies.

Inhibition of protein synthesis by HeLa cells

The inhibition of protein synthesis by HeLa cells caused
by RIPs was studied in the same experimental conditions
as the immunofluorescence test (fig. 6). The concentra-
tion-response curves of protein synthesis by HelLa cells
after 2 h exposure to nigrin b, ricin and volkensin show
the marked difference in cytotoxicity of the three RIPs
(fig. 6A). Within the range of concentrations tested, only
volkensin totally inhibited protein synthesis, whereas ni-
grin b and ricin lowered it to 39 and 23 % of control cul-
tures, respectively. The time of exposure to nigrin b re-
quired to inhibit cell protein synthesis by 50% was
2.5-3.3 times higher than that required by ricin and
volkensin, respectively (fig. 6B). The effect of BFA on
the inhibition of cell protein synthesis was evaluated at 1
and 2 h. The addition of BFA completely or partially pro-
tected cells from the toxic effect of volkensin or ricin, re-
spectively, whereas no protection was observed in the
case of nigrin b.
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Amount and activity of RIPs released by HeLa cells

The amount and activity of RIPs released after endocyto-
sis were evaluated in cells pulsed for 1 h at 0°C with '>°I-
RIPs and chased at 37°C up to 180 min (fig. 7). After dif-
ferent times of incubation at 37°C (between 15 and
180 min), almost no variation was observed in the amount
of radioactivity associated with cells or in the culture

medium either in the acid-precipitable or the acid-soluble
fractions (results not shown).

The amounts of cell-associated and cell-released (acid-
soluble plus acid-precipitable) ricin were noticeably
higher than the analogous quantities of nigrin b or
volkensin (fig. 7A). Only a low percentage of the total in-
ternalized radioactivity (cell-associated plus released)
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was found associated with cells, being 8, 4 and 13 % for
nigrin b, ricin and volkensin, respectively. Most of the ra-
dioactivity was released by cells in the acid-precipitable
fraction and was 57, 94 and 75 % of internalized nigrin b,
ricin and volkensin, respectively. The percentage of ni-
grin b released by cells in the acid-soluble fraction was
higher than that of ricin or volkensin (35 versus 1 and
12%, respectively).

The activity of RIPs released by cells was evaluated by
the inhibition of cell protein synthesis and expressed as
the percentage of the inhibitory activity of a RIP concen-
tration corresponding to total cell-released RIP (fig. 7B).
No activity was found in cell-released nigrin b. Only 5%
of released ricin was active versus 57% of exocytosed
volkensin.

Discussion

The present work analysed for the first time the binding
to, and the uptake and degradation by, cells of volkensin,
as well as its intracellular routeing and exocytosis, and
compared these parameters with those of nigrin b and
ricin. Our results confirm in the present experimental
conditions, the higher toxicity to HeLa cells of volkensin
(IC5=3.00 x 103 M [12]) compared to nigrin b and
ricin (IC5,=5.36 x 10¥M and 1.00 x 10> M, respec-
tively [27]).

The first step in the study of the interaction of volkensin
with cells concerns its binding to glycosylated molecules
on the cell membrane through their lectinic B chains.
Scatchard analysis (fig. 1) showed that HeLa cells had
comparable binding affinity and number of binding sites
(2 x 10%/cell) for nigrin b and volkensin, two-logs lower
than those reported for ricin (1 to 3 x 107/cell [45]), and
equal to those for modeccin (2 x 105/cell [46]). In com-
parison to ricin, a lower number of binding sites corre-
sponded either to a lower (nigrin b) or to a greater
(volkensin) toxicity to cells (fig. 1). These results indicate
(1) that the higher cytotoxicity of volkensin compared to
nigrin b is not caused by differences in the binding to the
cell membrane and (ii) that the significantly different
number of binding sites between ricin and volkensin is
not associated with an equally great difference in cyto-
toxicity. The lack of correlation between the number of
cell-binding sites for an RIP and its cytotoxicity could be
explained in part by the fact that the same ligand may be
routed to various subcellular compartments through
binding to different receptors, which may condition the
fate and the biological activity of the ligand.

Our results for volkensin binding to, and uptake by, HeLa
cells (fig. 2) indicate that volkensin is rapidly taken up by
cells and suggest that the receptors for this toxin on the
cell surface are effective in the internalization process.
These receptors must also be efficient in directing
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volkensin to the intracellular target, since this RIP has a
higher cytotoxicity than nigrin b and ricin, despite its
lower uptake. Consistent with the higher number of ricin-
binding sites, HeLa cells internalized much more ricin
than nigrin b or volkensin. On the other hand, the amount
of nigrin b inside the cell was higher than that of
volkensin, although HeLa cells have an analogous num-
ber of binding sites for each RIP. Thus, the differences in
the intracellular accumulation of these RIPs can be at-
tributed only in part to differences in the number of cell
receptors. Compared with volkensin receptors, nigrin b
receptors could be more efficient in ensuring endocyto-
sis, or could be recycled more rapidly, more being avail-
able per time unit. Ricin cytotoxicity is lower than that of
volkensin, although the uptake of the former is higher, in-
dicating that the amount of cell-associated ricin is for the
most part not correlated to its cytotoxicity. This consider-
ation is consistent with the finding that only approxi-
mately 5% of the total amount of ricin within the cells
reached the subcellular compartment that allows translo-
cation to the cytosol [22]. Together, the above results sug-
gest that there is a low correlation between (i) the level of
cell binding and the uptake of RIPs and (ii) the intracel-
lular accumulation of RIPs and their cytotoxicity.

That ricin must be delivered to the Golgi complex to ex-
ert its cytotoxic action has been known for some time
[23]. Recently, the pathway followed by ricin to reach the
cytosol from the Golgi through the ER has been clarified
[reviewed in ref. 47]. The present work demonstrates for
the first time the localization of volkensin in the Golgi
stacks by morphological observations with confocal mi-
croscopy (fig. 5). Ricin and volkensin showed a very sim-
ilar pattern of intracellular distribution and were clearly
seen to be located mainly in the perinuclear regions. The
above results were confirmed by the markedly reduced
cytotoxicity of both volkensin and ricin (fig. 6 A) when
the transit of the RIPs through the Golgi apparatus was
prevented by treating HeLa cells with BFA. This drug is
known to prevent the transport of ricin to that subcellular
compartment [reviewed in ref. 48]. The main difference
between the internalization of volkensin and that of ricin
was the progressive accumulation of ricin versus a more
rapid turnover of volkensin, which reached a plateau after
30 min of incubation. The more rapid recycling of the
toxin associated with a better resistance of its activity to
degradation could contribute to the higher toxicity of this
RIP compared to ricin. However, time-dependent interac-
tions between toxin molecules or with the vesicular mem-
brane could change antigenic epitope availability for
polyclonal antitoxin antibodies and contribute to the dif-
ferent temporal pattern of ricin and volkensin colocaliza-
tion in the Golgi.

Consistent with previous observations [27], BFA did not
protect cells from the inhibition of protein synthesis by
nigrin b, validating the hypothesis that the intracellular
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routeing of this RIP is different from that confirmed for
ricin and ascertained for volkensin in the present work.
Indeed, nigrin b was clearly seen to be located in discrete
cytoplasmic dots and only partly colocalized at the level
of the Golgi compartment. Furthermore, the maximum
level of colocalization of nigrin b with anti-GM130 anti-
body (35.1%) was obtained after 30 min of incubation at
37°C in complete medium. These data support the idea
that nigrin b was degraded by cells in cytoplasmic vesi-
cles with, as a result, lower amounts remaining, possibly
already inactivated, inside the cells. Our results with con-
focal microscopy experiments support the conclusion
that the perinuclear localization of ricin and volkensin
and their high level of colocalization with the cis-Golgi
structure correlate with the higher cytotoxic effect of
these RIPs compared with nigrin b [49, 50].

RIP accumulation inside the cell results from a balance
between endocytosis, degradation and exocytosis. Differ-
ences in degradation have been suggested to account, at
least in part, for the different toxicity of nigrin b and ricin
[27]. The present results show that ricin and volkensin un-
dergo lower degradation than nigrin b, as indicated by the
percentage of RIPs released by cells in the acid-soluble
form (fig. 7A). Moreover, determination of the protein
synthesis inhibitory activity in cell-released RIPs ascer-
tained that 57% of volkensin and only 5% of ricin were
active, while nigrin b was totally inactive (fig. 7B). To-
gether with the low level of degradation, the higher per-
centage of active volkensin exocytosed by the cells ex-
plains, at least in part, its higher cytotoxicity compared to
the other RIPs.

Although the proportions of cell-associated and still active
cell-released ricin are low, the absolute amounts of inter-
nalized and active recyclable toxin are considerably higher
than the corresponding amounts of nigrin b (fig. 7A). The
amounts of cell-associated and cell-released volkensin are
not substantially different from the corresponding amounts
of nigrin b. However, more than 50% of the volkensin re-
leased by the cells is still active, thus being available for en-
tering other cells (fig. 7B). The different amounts of active
recyclable RIPs could be one of the reasons that volkensin
has a higher toxicity than ricin and especially nigrin b not
only to cells in vitro, but also to animals.

Summing up, the different intracellular routeing of the
three type 2 RIPs studied here seems to be an important
factor for the differences observed in their cytotoxicity. In
particular, the fact that nigrin b (i) reaches the Golgi to a
lower extent than ricin and volkensin, (ii) is more de-
graded than ricin and volkensin and (iii) is completely in-
activated when exocytosed, may contribute to the low tox-
icity of this RIP compared with the other toxins. Al-
though the binding to, and uptake by, cells of volkensin
are lower than those of ricin, (i) the routeing to the Golgi
apparatus, (ii) the rapid recycling and (iii) the higher re-
sistance to inactivation of volkensin may contribute to its
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higher overall cytotoxicity. This observation may be even
more important for the toxicity to animals, because the
detoxification mechanism resulting from intracellular
degradation may be largely missing in the case of poison-
ing with volkensin.
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